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Abstract
BACKGROUND: A Chrysodeixis chalcites nucleopolyhedrovirus from the Canary Islands (ChchNPV-TF1) has proved to be eﬀective
for control of Chrysodeixis chalcites on banana crops. Commercialization of this virus as a bioinsecticide requires an eﬃcient
production system.
RESULTS: The sixth instar (L6 ) was the most suitable for virus production, producing 1.80 × 1011 occlusion bodies (OB)/larva
and showed a lower prevalence of cannibalism (5.4%) than fourth (L4 ) or fifth (L5 ) instars. Inoculation of L6 at 24 h post
molting produced six times more OB (5.72 × 1011 OB/larva) than recently molted L6 larvae (1.00 × 1011 OB/larva). No significant
diﬀerences were recorded in mean time to death (165–175 h) or OB production per larva (3.75 × 1011 to 5.97 × 1011 ) or per mg
larval weight (1.30 × 1011 to 2.11 × 109 ), in larvae inoculated with a range of inoculum concentrations (LC50 –LC90 ). Groups of
infected L6 larvae reared at a density of 150 larvae/container produced a greater total number of OBs (8.07 × 1013 OB/container)
than lower densities (25, 50 and 100 OB/container), and a similar number to containers with 200 inoculated larvae (8.43 × 1013
OB/container).
CONCLUSION: The processes described here allow eﬃcient production of suﬃcient OBs to treat ∼ 40 ha of banana crops using
the insects from a single container.
© 2018 Society of Chemical Industry
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INTRODUCTION
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The tomato looper, Chrysodeixis chalcites (Esper) (Lepidoptera:
Noctuidae) is considered a major lepidopteran pest in many parts
of Europe, Africa and the Middle East.1–4 This pest causes serious
damage to banana crops in the Canary Islands,3–5 and to horticultural greenhouse crops in Spain and other parts of Europe.4
Previous studies revealed that an isolate of C. chalcites nucleopolyhedrovirus from southern Tenerife (Canary Islands), named
ChchNPV-TF1, was a highly eﬀective biological insecticide for control of this pest.4,7–9 The pathogenicity and virulence of this strain
is comparable with that of the most pathogenic and virulent baculoviruses currently commercialized as the basis for insecticidal
products.10–13
Commercial production of baculovirus insecticides requires an
eﬃcient and economically viable occlusion body (OB) production system. As obligate pathogens, viruses require living hosts
for replication, and this can be achieved only in host larvae (in
vivo) or in cell culture (in vitro). The expenses associated with
both these systems can make it diﬃcult to produce virus-based
insecticides at competitive costs.14,15 In addition, in vitro system
techniques, currently used in recombinant baculovirus expression
systems, vaccine development and gene therapy,16 face important
Pest Manag Sci 2018; 74: 1586–1592

technical constraints. For instance, cell culture production can lead
to a variety of mutations in baculovirus genomes that can reduce
the biological activity of insect viruses,17–20 which together with
the high cost of cell culture media, has hindered the development
of suitable reactor-based production systems.14,21
At present, the only viable option for large-scale production
of baculoviruses involves using the host insect as a biofactory,
and so all the baculovirus products used against diﬀerent insect
pests worldwide are currently produced using in vivo production
systems.14,22–24 Each baculovirus requires a specific combination
of conditions to maximize its production. Although most baculoviruses present a narrow host range, others have a wider host
range and can be produced in several host species.14
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In addition, eﬃcient in vivo production systems also require
optimization of diverse biological variables, particularly the larval
stage at inoculation and inoculum concentration that strongly
influence the total yield of OBs. These two parameters need to
be precisely determined for each virus–host system to maximize the trade-oﬀ between speed of kill, larval biomass and OB
production.24,25 Larval rearing density during the period that follows inoculation is also influential in the growth and survival of
infected insects.23 In general, when cannibalism is not an issue of
concern, larvae tend to be reared at the highest densities possible
to reduce handling times, while keeping larval stress to a minimum
to avoid reductions in host weight gain. However, cannibalism may
be an issue when rearing late instar larvae gregariously, and this
can greatly reduce survival and overall yields of OBs.26
In this study our aim was to evaluate the influence of inoculum
concentration, growth stage at inoculation and rearing density
on the quantities of ChchNPV-TF1 OBs produced in C. chalcites
larvae from the same geographical region. Our findings should
prove valuable for the commercial production of ChchNPV-based
insecticides for control of this pest in banana and horticultural
crops.

2

EXPERIMENTAL METHODS

2.1 Insect source, rearing and virus strain
Larvae of C. chalcites were obtained from a laboratory culture
established in 2007 at the Universidad Pública de Navarra (Spain),
using insects collected from banana crops in southern Tenerife, and maintained at the Instituto Canario de Investigaciones
Agrarias (ICIA), Tenerife (Spain). This colony was refreshed periodically with insects collected from the same island. Larvae were
reared at 25 ± 1 ∘ C, 70 ± 5% humidity, and a photoperiod of 16:
8 h (light: dark), on a semi-synthetic diet described by Greene
et al.27 Adults were fed 30% w/v diluted honey. The ChchNPV-TF1
strain was originally isolated from a single larva collected during
a natural epizootic in a banana crop in southern Tenerife, Canary
Islands (Spain).7 ChchNPV-TF1 was characterized and selected
from among other strains due to its high pathogenicity, measured by concentration–mortality metrics, and rapid speed of kill.
ChchNPV-TF1 OBs were amplified in a single passage in fifth instar
C. chalcites larvae. OBs from virus-killed larvae were extracted,
filtered through muslin, washed twice with 0.1% SDS and once
with 0.1 M NaCl and finally resuspended in distilled water. Purified
OBs were stored at 4 ∘ C. All experimental procedures described in
the following sections were performed at 25 ± 1 ∘ C and 70 ± 5%
humidity.
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Larvae were checked every 8 h until death. When observed
to be moribund (∼ 8 h prior to death), larvae were weighed
individually, and placed individually in microcentrifuge tubes until
death. However, L4 larvae were too small to be weighed with
consistent precision. Therefore, we could not obtain the value of
OBs/mg larval weight in this instar. After death, all virus-killed
larvae (at least 40 for each larval stage and replicate) were frozen
and stored at −20 ∘ C until required for OB titration. For this,
cadavers were thawed, homogenized in 0.1% SDS, filtered through
muslin and duplicate samples of OBs for each insect were counted
in a Neubauer chamber. The influence of instar on the mean time
to death (MTD) was analyzed by recording larval mortality at 8-h
intervals.
To estimate cannibalism, the L4 , L5 and L6 stages were inoculated
each with their corresponding LC90 concentration of OBs using
the droplet feeding technique. Larvae that ingested the inoculum
in 10 min were placed in groups of 50 in rectangular plastic
containers of 13.5 cm (length) × 10.5 cm (width) × 8.5 cm (height)
and covered with a ventilated plastic lid. A piece of semi-synthetic
diet of 10 × 5 × 1 cm was placed in each container on top of a
plastic grid. Groups of 50 larvae of each instar were inoculated
with food dye and sucrose solution as negative controls. Numbers
of larvae that reached the pupal stage, cannibalized larvae (that
were partially or totally consumed), and virus-killed larvae were
recorded daily. The experiment was performed on nine occasions
using diﬀerent batches of insects.
2.3 Eﬀect of inoculation time on OB production and MTD
Groups of 25 L6 insects were inoculated with 9.02 × 108 OB/ml,
which was expected to result in 90% mortality,8 using the droplet
feeding method. Larvae were inoculated at one of two diﬀerent
physiological times during the L6 stage: (1) recently molted (1–8 h
post molting) and (2) 24 h after molting had occurred (24-h-old
L6 ). Inoculated larvae were placed individually in 30 ml plastic
cups with artificial diet and incubated until death or pupation.
Mortality was recorded at 8-h intervals to estimate MTD. Groups
of 25 larvae of each physiological age were inoculated with food
dye and sucrose solution without OBs as negative controls. The
experiment was performed on three occasions using diﬀerent
batches of insects. Larvae were weighed individually when they
were moribund (∼ 8 h prior to death), at which time they were
placed individually in microcentrifuge tubes. Following death,
larvae were homogenized in 0.1% SDS, OBs were extracted and
filtered through muslin and duplicate samples were counted in a
Neubauer counting chamber.
2.4 Eﬀect of inoculum concentration on MTD and OB
production
Five groups of 25 larvae (24-h-old L6 ), were inoculated with a range
of 2.5-fold dilutions: 9.02 × 108 , 3.56 × 108 , 1.41 × 108 , 5.57 × 107
and 2.20 × 107 OB/ml, previously calculated to kill between 90%
and 50% of larvae in a sample.8 Each group of larvae was placed in
one of the rectangular plastic containers with diet, as described
previously. As controls, identical numbers of larvae were inoculated with food dye and sucrose solution, without OBs. To determine the influence of inoculum concentration on the MTD, larval mortality was recorded at 8-h intervals. Larvae were weighed
when they were visibly moribund (∼ 8 h prior to death), and incubated individually in microcentrifuge tubes until death, whereupon OBs were extracted and duplicate samples from each larva
were counted using a counting chamber. The experiment was performed on six occasions using diﬀerent batches of insects.
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2.2 Eﬀect of larval instar on OB production, cannibalism
and mean time to death
Groups of 50 recently molted (2–8 h previously) C. chalcites larvae
of each of the fourth, fifth and sixth instars (L4 , L5 and L6 ), were
starved for 12 h and inoculated with ChchNPV-TF1 OBs using
the droplet feeding method.28 Inoculated larvae were placed
individually in 30 ml plastic cups containing semi-synthetic diet,
covered with a ventilated plastic cap and incubated until they
died or pupated. A single concentration producing ∼ 90% larval
mortality (LC90 ) was used to inoculate each instar: 5.56 × 106 ,
5.00 × 107 and 9.02 × 108 OB/ml for L4 , L5 and L6 , respectively.8
As controls, identical numbers of larvae were inoculated with
food dye and sucrose solution (10% sucrose and 0.001% Fluorella
Blue dye), without OBs. This procedure was performed on three
occasions using diﬀerent batches of insects.
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2.5 Eﬀect of larval rearing density on cannibalism rates
and OB production
A batch of 600 C. chalcites larvae (24-h-old L6 ) were orally inoculated with the LC90 (9.02 × 108 OB/ml) using the droplet-feeding
method and distributed in groups of 1, 25, 50, 100, 150 and 200
in the rectangular plastic containers with diet, as mentioned previously. Identical numbers of larvae were inoculated with food dye
and sucrose solution, without OBs, as negative controls. Each container was checked daily for 8 days post inoculation. The numbers of pupae and cannibalized larvae (disappeared or partially
devoured) were noted and diseased larvae were collected and
weighed immediately prior to death. Following death, virus-killed
larvae were stored at −20 ∘ C until required for titration, whereupon
they were thawed, homogenized in 0.1% SDS, filtered through
muslin and duplicate samples of OBs were counted in a Neubauer
chamber. The experiment was performed 10 times using diﬀerent
batches of insects.
2.6 Statistical analysis
The means of final larval weights, OB production and OBs/mg larval weight values of each replicate were calculated and subjected
to univariate analysis of variance (ANOVA), when data were normally distributed. OB production values across larval rearing
den√
sities were normalized by square root transformation ( x) prior to
ANOVA. Comparisons of larval weights and OB production at different ages (following molting and 24 h later) were performed by
t-test. The correlation between OB production and larval weight
was examined by Pearson’s coeﬃcient. MTD values recorded at
diﬀerent larval stages, inoculation times and inoculum concentrations were determined by fitting Weibull survival models using the
Generalized Linear Interactive Modeling (GLIM) program.29 Finally,
the average prevalence of pupation, cannibalized larvae (i.e., larvae that disappeared or were partially devoured) and virus-killed
larvae in each replicate were all normally distributed and were subjected to ANOVA and Tukey test. All analyses, except Weibull survival analysis, were performed using SPSS v. 23 (IBM SPSS Statistics,
Softonic, Barcelona, Spain).

3

RESULTS
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3.1 Eﬀect of larval instar on OB production, cannibalism
and MTD
No virus-induced mortality was recorded in the control group.
The yield of OBs from each larva was significantly aﬀected by
instar at inoculation (F 2,6 = 187.4, P < 0.001), which increased from
8.87 × 109 ± 4.23 × 108 OB/larva in L4 to 1.80 × 1011 ± 1.03 × 1010
OB/larva in L6 (Fig. 1A). Production was positively correlated with
larval weight across the three instars tested (Pearson’s r = 0.982,
P < 0.001). The L4 , L5 and L6 stages diﬀered significantly in MTD
values (F 2,6 = 145.90, P < 0.001), with MTD ± SE values of 140 ± 1,
152 ± 1 and 167 ± 1 h, respectively.
The prevalence of cannibalism, defined as larvae that disappeared or were partially devoured, diﬀered significantly with
instar, being lowest in L6 (5.3%), highest in L4 (18%) and intermediate in L5 (F 2,24 = 13.7, P < 0.001) (Fig. 1B). Larvae that were not
victims of cannibalism either succumbed to polyhedrosis disease
(79–86%), the prevalence of which did not diﬀer significantly
among instars (F 2,24 = 2.4, P = 0.109), or pupated (2.8–8.4%),
which was significantly more prevalent in L6 than in L4 (F 2,24 = 5.3,
P = 0.012) (Fig. 1B).
According to these results, although L6 larvae took longest to die,
this instar yielded greater numbers of OBs and showed a lower
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Figure 1. A) Mean OB production of ChchNPV-TF1 in L4 , L5 , and L6 C. chalcites larvae. Values above bars indicate average OB production. Diﬀerent
letters accompanying values indicate significant diﬀerences between them
(Tukey, P < 0.05). B). Percentages of larvae reaching the pupal stage, larval
cannibalism and virus-killed larvae in C. chalcites L4 , L5 and L6 instars inoculated with their corresponding LC90 of OBs.

prevalence of cannibalism than the other instars, and so L6 was
selected as the most appropriate stage for use in the subsequent
studies.
3.2 Eﬀect of inoculation time on OB production and MTD
No virus-induced mortality was registered in the control group.
At 24 h after molting, L6 insects weighed 1.4 times more than
newly molted L6 (t = 13.8; d.f. = 5; P < 0.001), with average (±
SE) live weights of 315 ± 41 and 230 ± 36 mg, respectively. However, this increase in larval weight resulted in a 5.7-fold increase
in the average number of OBs produced per larva (t = 3.156; d.f.
= 5; P = 0.025) (Fig. 2A). Similarly, the eﬃciency of OB production (OB/mg larval weight) increased by 4.2-fold in 24-h-old L6
larvae compared with recently molted insects (t = 3.573; d.f. =
5 P = 0.016) (Fig. 2B). Mean OB production per larva was positively correlated with larval weight (Pearson’s r = 0.981, P = 0.001).
Finally, MTD values did not diﬀer significantly, with a MTD value of
168 h for L6 larvae and 176 h for 24-h-old L6 larvae.
3.3 Eﬀect of inoculum concentration on MTD and OB
production
Virus-induced mortality was not registered in the control group.
Inoculum concentration did not significantly aﬀect the final
weight (F 4,25 = 0.905, P = 0.476), or the MTD of infected larvae.
Diseased insects died with mean body weights between 290 ± 35
and 358 ± 48 mg and at between 165 and 175 h post infection,
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Figure 2. A) Mean OB production per larva of ChchNPV-TF1 (OBs/larva)
and B) mean OB production per mg of larva of ChchNPV-TF1 (OBs/mg)
in C. chalcites L6 , newly molted (L6 ) or 24 h after molt to L6 had occurred
(L6 + 24). Values above bars indicate mean OB production. Diﬀerent letters
accompanying values indicate significant diﬀerences between these values (Tukeyt-test, P < 0.05).

depending on inoculum concentration. Similarly, no significant
diﬀerences were observed in mean OB production per larva
(F 4,25 = 0.359, P = 0.835), ranging from 3.75 × 1011 ±1.19 × 1011
to 5.97 × 1011 ±1.79 × 1011 OB/ml. Also, OB production/mg larval
weight varied from 1.30 × 109 ±4.63 × 108 to 2.11 × 109 ±6.66 × 108
OB/mg larva but did not diﬀer significantly among the inoculum concentrations tested (F 4,25 = 0.408, P = 0.801). However, the
highest inoculum concentration (9.08 × 108 OB/ml) resulted in
the highest percentage of virus-killed larvae (97%) and therefore
the highest overall OB yield (7.17 × 1012 OBs per group of 25
inoculated larvae).

Pest Manag Sci 2018; 74: 1586–1592

Mean OB production varied from 7.19 × 108 ± 1.97 × 108 to
1.74 × 109 ± 3.87 × 108 OB/mg larval weight but did not diﬀer significantly among larval densities (F 5,54 = 1.427; P = 0.229) (Fig. 3B).
However, the total OB production per container varied significantly with rearing density (F 5,54 = 27.216; P < 0.001) (Fig. 3C). Of
the gregarious rearing treatments, the containers with 200 or 150
larvae were the most productive, with 8.43 × 1013 ± 1.87 × 1013
and 8.07 × 1013 ± 1.86 × 1013 OB/container, respectively, whereas
the density of 25 or 50 larvae/container were the least
productive treatments (with 5.72 × 1012 ± 1.33 × 1012 and
1.10 × 1013 ± 2.74 × 1012 OBs, respectively), and the 100 larvae
treatment was intermediate. By contrast, individual larvae reared
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3.4 Eﬀect of larval density on OB production
No virus-induced mortality was recorded in the control group.
The diﬀerent larval densities tested (1, 25, 50, 100, 150 and 200)
did not significantly influence mean (± SE) larval weight immediately prior to death (317 ± 23, 354 ± 30, 318 ± 14, 295 ± 19,
303 ± 13 and 327 ± 21 mg, respectively) (F 5,54 = 1.003; P = 0.425).
The prevalence of larvae that reached the pupal stage varied
between 11 ± 2% and 12 ± 2%, and did not diﬀer significantly
among densities (F 4,40 = 0.150; P = 0.962). By contrast, cannibalism
increased significantly with rearing density from 2.4 ± 1% at 25 larvae/container to 14 ± 1% at the density of 200 larvae/container
(F 4,40 = 13.69; P < 0.001) (Fig. 3A). By contrast, the prevalence of
virus deaths decreased significantly with rearing density from
85 ± 2% in the 25 larvae density to 75 ± 1% in the 200 larvae density (F 4,40 = 3.22; P = 0.022).

Figure 3. A) Percentages of larvae reaching the pupal stage, larval cannibalism and virus-killed larvae reared at larval densities: 1, 25, 50, 100, 150
and 200 in rectangular plastic containers. Twenty-four h old L6 C. chalcites
larvae were inoculated with the ChchNPV-TF1 LC90 (9.02 × 108 OBs/ml). B)
Mean OB production per mg of larva (OBs/mg) and C) total OB production
per container in 24-h-old L6 C. chalcites larvae in rectangular plastic containers at larval densities: 1, 25, 50, 100, 150 and 200. Values above bars
indicate mean OB production. Same letters accompanying values indicate
no significant diﬀerences between them (Tukey, P > 0.05).
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alone produced 4.13 × 1011 ± 8.15 × 1010 OBs (Fig. 3C), similar to
the value for L6 insects inoculated at 24 h post molting reported
in the previous experiment.

4

DISCUSSION
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We describe an eﬃcient procedure for the production of large
quantities of ChchNPV-TF1 OBs using the homologous host reared
on semi-synthetic diet alone or gregariously. Specifically, the key
variables of instar, timing of inoculation, inoculum concentration
and post-inoculation rearing density were examined systematically for their eﬀects on OB yields.
ChchNPV-TF1 OB production in L6 C. chalcites was 20- and 5-fold
higher than in L4 and L5 , respectively. Larval weight gain has
been observed to result in exponential increases in OB yields in
several other host–baculovirus systems.14,24,30–32 As observed in
the present study, this is due to the positive relationship between
insect weight at death and OB production, which is dependent
on the weight of the larvae at the moment of inoculation and
the increase in larval weight during infection.33,34 As such, the
final larval instar is often selected for OB production,26 or the
penultimate instar if the final instar is resistant to infection.34–36
Other authors have made use of the relationship between larval
body weight and OB production by applying juvenile hormone
analogues (JHA) to increase larval weight gain32,37 or generate
supernumerary host instars in order to increase OB yields per
insect.38
Another important consideration for the choice of host instar
for OB production is cannibalism. This is a frequent behavior
in many species of Lepidoptera during the larval stage and is
stage-dependent in some species, with later instars often showing
an increasing tendency to devour conspecifics.26,39 Additionally,
nucleopolyhedrovirus-infected larvae often show lower mobility
and sluggish responses, making them more likely to be victims
of conspecific predation than healthy insects.40,41 However, this
was not the case in C. chalcites, as insects in the L6 stage were
less prone to cannibalistic behavior than those in the L5 or L4
stage. A similar tendency was observed in Spodoptera exigua when
JHA-treated larvae were compared with untreated conspecifics.42
In both species, casual observations indicated that L6 were less
agile and apparently less prone to engage in aggressive interactions that earlier instars.
In the present study, the moment of inoculation was also highly
influential in OB production. When inoculated as 24-h-old L6 larvae, OB production increased 6-fold compared with the yield that
resulted from the inoculation of recently molted conspecifics of
the same instar. This eﬀect appears to involve a combination of
increased weight at inoculation and increased replication eﬃciency in 24-h-old infected larvae, in which the mean production
of OB/mg larval weight was over 4-fold higher compared with
recently molted L6 larvae.
The inoculum OB concentration influences overall OB production by aﬀecting speed of kill and the proportion of insects
that succumb to lethal polyhedrosis disease.24–26 High inoculum concentrations usually reduce the duration of the infection, as larvae die in earlier developmental stages and produce
fewer OBs, because infected larvae have less time to develop
and the virus has less time to replicate.22,43 By contrast, if the
inoculum concentration is low, fewer insects acquire a lethal
infection. In the present study, inoculum concentrations ranging from the LC90 to LC50 resulted in similar speed of kill values (MTD), which allowed infected insects to reach a similar

wileyonlinelibrary.com/journal/ps

A Bernal et al.

growth stage with similar yields of OB/larva. Nonetheless, the
highest inoculum concentration resulted in the greatest proportion of virus-killed larvae and the greatest overall number of OBs
produced from each batch of inoculated insects. These results
are consistent with those of other baculovirus OB production
systems, such as Spodoptera exigua–SeMNPV,35,42,44 Spodoptera
exempta–SpexMNPV,45 Spodoptera littoralis–SpliNPV,46 Anticarsia
gemmatalis–AgMNPV47 and Helicoverpa armigera–HearNPV.20,26
Each of these viruses was used to inoculate their homologous host
species and the highest production of OBs was obtained using
quantities of inoculum close to the 90 or 95% lethal concentrations.
Rearing density eﬀects on larval development and body weight
have been examined in some species of Lepidoptera. For example,
Mamestra brassicae larvae reared at high densities developed
faster, had a smaller body size and were more susceptible to
disease than conspecifics reared at lower densities.48 The larval
densities tested here had no significant influence on larval body
weight, but did aﬀect cannibalistic behavior. Cannibalism in C.
chalcites tended to be lower than reported for other lepidopteran
species, such as H. armigera,49 S. exigua37 and S. frugiperda,39
so that gregarious rearing was feasible in the ChchNPV-TF1 OB
production system. However, as the prevalence of cannibalism
increased with increasing rearing density, the overall OB yield at
the highest density (200 larvae/container) was similar to the overall
yield observed at the density of 150 larvae/container. Because the
density of 150 larvae/container requires the inoculation of 25%
fewer larvae to set up each container, compared with the 200
larvae/container treatment, the density of 150 larvae/container
was selected as the most appropriate post-inoculation rearing
density.
The OB production process developed here resulted in remarkable yields, which as far as we are aware, are among the highest
observed for any lepidopteran nucleopolyhedrovirus pathosystem reported to date. With 1.81 × 109 OB/mg larval weight or
5.7 × 1011 OB/larva, the productivity of ChchNPV-TF1 in C. chalcites
was higher than the productivity reported for other nucleopolyhedroviruses in permissive hosts which range between 3 × 106
and 6 × 106 OB/mg or 1 × 109 and 5 × 109 OBs/larva in nucleopolyhedroviruses in commercial production.14,25,50 However, because
instar at the moment of infection has a marked influence on total
yield, OB/mg larval weight is a more representative measure of
virus productivity. Accordingly, ChchNPV-TF1 productivity per mg
of larval weight is 53-fold higher than the H. armigera–HearNPV
system (3.42 × 107 OB/mg),30 129-fold higher than the A. gemmatalis–AgMNPV system (1.38 × 107 OB/mg),47 138-fold higher
than the JHA-modified S. exigua–SeMNPV system (1.31 × 107
OB/mg),35 or 240-fold higher than the Trichoplusia ni –AcMNPV
system (7.5 × 106 OB/mg).51 At 5.7 × 1011 OB/larva the production
of ChchNPV-TF1 represents an∼ 100-fold higher OB yield than
any of the previously mentioned nucleopolyhedrovirus pathosystems. Indeed, the productivity of ChchNPV-TF1 was closer to
that of granuloviruses, many of which produce more OBs than
nucleopolyhedroviruses.14 The high OB yields suggest a remarkably eﬃcient use of host cellular resources for OB production by
the ChchNPV-TF1 virus.
The productivity ratio (PR) may be a more valuable parameter
to measure productivity in production systems, as PR values indicate the relationship between the amount of inoculum required
to infect a larva and the number of OBs produced following the
death of each infected larva.52 However, we were unable to calculate the PR for ChchNPV-TF1 as we did not quantify the number of
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inoculum OBs ingested by the diﬀerent instars. To date, the highest PR value reported for a nucleopolyhedrovirus is that of SeMNPV
in its homologous host (1.2 × 106 ),14 although how this compares
with the ChchNPV-TF1 system remains to be determined. Nevertheless, the inoculation of 24-h-old L6 larvae with the corresponding LC90 inoculum concentration, followed by rearing at a density
of 150 larvae/container resulted in the production of 8.07 × 1013
OBs of the ChchNPV-TF1 isolate.
Recent studies have demonstrated highly eﬃcient control of C.
chalcites infestations on banana crops following applications of ∼
1 × 109 OB/l, equivalent to 2 × 1012 OB/ha, as application volumes
of ∼ 2000 l/ha are often required for eﬀective coverage of banana
plants.4 Application of ChchNPV-TF1 OBs proved to be as or more
eﬀective for crop protection, as commercial insecticides based
on indoxacarb or Bacillus thuringiensis var. kurstaki.4,9 Given this,
a single container of 150 virus-killed C. chalcites larvae would,
theoretically, provide suﬃcient OBs to treat ∼ 40 ha of banana
crops. Even if a fraction of the OBs were lost during processing
and formulation of an insecticidal product, the productivity of
this production system is outstanding compared with that of
other nucleopolyhedroviruses, in which tens or hundreds of larvae
have to be infected, reared and harvested to provide suﬃcient
OBs for a single hectare treatment.12,53,54 We conclude that the
eﬃcient production of ChchNPV-TF1 OBs involves inoculation of
24-h-old L6 insects with an inoculum of 9.02 × 108 OB/ml (LC90 )
followed by rearing at a density of 150 larvae/container. The
C. chalcites-ChchNPV-TF1 pathosystem represents a remarkable
opportunity for the production of a biological insecticide for
control of this pest in greenhouse and field crops.
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