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Abstract. Host diet often influences its biological parameters and the success of their parasitoids, both in mass rearing, field
research and parasitism in applied biological control programs. Habrobracon hebetor (Say, 1836) (Hymenoptera: Braconidae) is
an important biological control agent of the flour moth Ephestia kuehniella (Zeller, 1879) (Lepidoptera: Pyralidae), which infests
tobacco, grain and other products in storage. This study aimed to evaluate the effect of different proportions of tobacco in artificial
diets on the biological parameters of the host E. kuehniella and its parasitoid H. hebetor. Four classes of Virginia tobacco with dif-
ferent sugar and nicotine concentrations were added to flour diets for moths in different percentages (5, 10 and 15%).The experi-
mental design was completely randomized in a 3 x 4 factorial scheme (percentage of dietary tobacco x class of tobacco). In the
parasitoid bioassays, hosts fed only with 5% tobacco were used. For E. kuehniella, the development time (egg-adult), viability of
immature stages, sex ratio, fecundity, egg viability and longevity were measured. For H. hebetor, percentage parasitism, offspring
sex ratio, number of paralyzed and parasitized larvae, egg-adult viability and parasitism preference were measured. Tobacco
classes and percentages added to the diet influenced the development time and viability of E. kuehniella. The 5% host diet did not
influence the different biological parameters and behaviour of H. hebetor. For mass rearing of H. hebetor, it is unnecessary to add

tobacco to the artificial diet in order to improve parasitoid performance.

INTRODUCTION

Integrated pest management programs using parasitoid
wasps are becoming increasingly widespread because they
are very effective at suppressing populations of agricul-
tural insect pests (Heimpel & Mills, 2017; Sampaio, 2018).

The rearing of parasitoids on a natural host is widely
used and therefore, it is necessary to simultaneously im-
prove the methods of rearing of their hosts and the mass
production of high quality parasitoids (Parra, 2002, 2009).
The food of the hosts is one of the main factors that can
influence the quality of natural enemies produced in the
laboratory. The diet must contain all the essential nutrients
for the good development of the host and of high quality
parasitoids (Vacari et al., 2012). Thus, these diets must be
tested to verify the quality of both the hosts and natural
enemies produced (Urrutia et al., 2007; Kishani Farahani
et al., 2016).

Host quality is an essential factor in determining the fit-
ness of the parasitoids. For the immature parasitoid the
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host is the sole source of nutrients (Urrutia et al., 2007).
As a result, evaluation of host quality by the parental fe-
male parasitoid is critical to her reproductive success and
offspring fitness, which results in a host selection trade-off
between maximizing fecundity and selecting the most suit-
able hosts for the development of her offspring (Kishani
Farahani et al., 2016). Studies indicate that host quality af-
fects the adult size and reproductive performance (Harvey,
2005), female egg load at emergence, as well as sex alloca-
tion, percentage parasitism and immature developmental
time of parasitoids (Kishani Farahani et al., 2016).

Quality of the food of the host affects not only the devel-
opment or survival of parasitoids, but also their searching
behaviour (Kazumu et al., 2019). The few studies on the
foraging behaviour of parasitoids in a tritrophic context in-
dicate that females prefer the odour of the food on which
their host developed (Liu & Jiang, 2003).

Habrobracon hebetor (Say, 1836) (Hymenoptera: Braco-
nidae) is a larval ectoparasitoid, which parasitizes different
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species of moth such as Ephestia kuehniella (Zeller, 1879),
Ephestia elutella (Hiibner, 1796) and Plodia interpunctella
(Hiibner, 1813) (Lepidoptera: Pyralidae) (Ghimire & Phil-
lips, 2010, 2014; Farag et al., 2015; Lucas et al., 2015).
These moths damage various stored products such as to-
bacco, flour and grain (Lorini et al., 2015; Athanassiou &
Arthur, 2018).

To use this parasitoid in biological control programs,
mass rearing is necessary in order to obtain the large num-
ber of individuals required (Kehrli et al., 2005; Parra,
2009; Silva & Brito, 2015; Sola et al., 2018). There are
some reports of rearing H. hebetor on artificial diets in
vitro (Magro & Parra, 2002; Magro et al., 2006), however,
mass rearing of this parasitoid on natural hosts is the most
widely used (Aamer et al., 2015; Eslampour & Arami-
deh, 2016). Therefore, the host is often raised on artificial
diets that best support their development in the laboratory
(Kurtulus et al., 2020; Mohammadi & Mehrkhou, 2020).

Although E. kuehniella attacks stored tabacco, it is usu-
ally reared on artificial diets mainly consisting of white or
whole wheat flour and corn flour, with different percentag-
es of yeast (Magrini et al., 1995; Solis et al., 2006; Ayvaz &
Karabdorklii, 2008; Bhavanam, 2016; Vasconcelos, 2017).
In general, based on the best development, nutritional qual-
ity, cost of production and ease of acquisition, the afore-
mentioned authors recommend using a diet composed of
whole wheat flour (97%) and yeast (3%) to E. kuehniella.
Furthermore, the processes by which parasitoids find and
recognize their hosts in the field can be influenced by the
food used for rearing the host, which can adversely affect
their effectiveness as biocontrol agents (McAuslane et al.,
1990).

In Brazil, H. hebetor has already been evaluated for the
control of Ephestia spp. (Parra, 2014) and according to this
author (pers. commun.) this parasitoid is produced for con-
trolling of E. elutella in stored tabacco. The tobacco plant
provides a special challenge to parasitoids because of the
presence of natural toxins and repellents (Ujvary, 1999),
even so, H. hebetor has been found in surveys of tobacco
warehouses. However, these parasitoids are adapted to the
toxins in their environment (Brower et al., 1995). Accord-
ing to these authors, parasitoids from other cultures and
those produced commercially are probably extremely sen-
sitive to tobacco and must be selected for resistance over
many generations in order for them to acquire tolerance.
Therefore, commodities such as tobacco or hosts feeding
on it may be toxic for strains of parasitoids that are not
adapted to tobacco.

Although dry tobacco has an average of 0 to 20% sugar
and 1 to 5% nicotine, these concentrations vary accord-
ing to the variety, class, leaf position on the plant and its
curing process, and is categorized into classes (Collins &
Hawks, 2011). The moths do not infest air-cured (Burley)
and cigar types of tobacco or attack manufactured tobacco
products. It prefers tobacco leaves with a high sugar and
low nicotine content (Ashworth, 1993). However, the ef-
fect of a diet containing tobacco on the wasp has not been
well studied. The hypothesis raised in this work is that, if
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tobacco is added to the diet when producing parasitoids
for the biological control of E. kuehniella that infest stored
tobacco, this may help females to recognize the host when
released where the tobacco is stored. On the other hand,
the addition of tobacco can compromise the development
of hosts and parasitoids.

Thus, this study aimed to evaluate the effect of adding
different percentages and classes of tobacco to the artificial
diet used for rearing E. kuehniella on its biological param-
eters, such as the total development time, adult emergence,
viability, sex ratio, number of oocytes per female, viability
of the first eggs laid and adult longevity. In addition, the
number of larvae paralyzed and parasitized, viability of
egg to adult and sex ratio of its parasitoid, H. hebetor, as
well as its preference for parasitizing hosts reared on dif-
ferent diets, were recorded.

MATERIAL AND METHODS

Laboratory rearing

Habrobracon hebetor and E. kuehniella were reared in the En-
tomology Laboratory at the Universidade de Santa Cruz do Sul
(UNISC), in acclimatized rooms at a temperature of 28 & 2°C, rel-
ative humidity (RH) of 50 + 20% and 14-h photoperiod. The bio-
assays were conducted under the same environmental conditions.
E. kuehniella was reared on an artificial diet consisting of wheat
flour (97%) and yeast (3%) (Parra et al., 2014). The parasitoid
was supplied with E. kuehniella larvae of last instar to parasitize.

Bioassays with E. kuehniella

Diets containing tobacco (Nicotiana tabacum var. Virginia) of
four different classes with varying sugar and nicotine concentra-
tions (Table 1) were tested. Each class of tobacco was added in
percentages of 5, 10 and 15% to the basic artificial diet (wheat
flour + yeast).

Previously ground tobacco (in 3 mm) was supplied by the JTI
Company (Japan Tobacco International) and nicotine and sugar
concentrations (glucose, maltose, sucrose, inositol, fructose)
were measured using Near Infrared Ray equipment with electro-
magnetic waves from 80 nm to 2500 nm.

The diets were prepared and stored in plastic containers (12.2
cm tall X 14.6 cm wide x 16.2 cm long) and covered with fine
mesh fabric, which held 200 g of the food and 0.08 g of eggs
(approximately 2,880 eggs). To evaluate the effect of the treat-
ment on the biological parameters of E. kuehniella 20 replicates
(containers) of each treatment were used. The experimental de-
sign was completely randomized in a 3 x 4 factorial scheme (per-
centage of tobacco in diet X class of tobacco). The artificial diet
without tobacco was used as a control.

The development time (egg-adult), the viability of immature
stage and the sex ratio of adults were measured from the mo-
ment the first adults emerged. Then, the number of individuals

Table 1. Sugar and nicotine concentrations in each class of Vir-
ginia tobacco.

Leaf position  Indoor Concentration (%)
Class . ——

on the plant class Sugar Nicotine
Tobacco 1 B (leaf) B2LF 20.37 3.51
Tobacco 2 C (cutters) C2LS 17.60 1.58
Tobacco 3 B (leaf) B2MF 6.39 3.97
Tobacco 4 C (cutters) C4BS 4.57 1.07

* Classification followed by JTI Company (leaf position on the plant,
quality, colour, style).
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that emerged was recorded every 48 h, until no more emerged for
two weeks. The classification of the sexes was done by observing
the external reproductive organs under a stereomicroscope.

After emergence, 20 couples of 24-h old E. kuehniella were
separated, which consisted of the first individuals that emerged
in each treatment. Each couple was placed in a plastic bottle (5.0
cm diameter and 6.5 cm height) with no food and the longevity of
the males and females recorded. The fecundity of E. kuehniella
was obtained by counting the number of oocytes in 20 < 24-h old
paired females, which again consisted of the first to emerge in
each treatment. Females were killed using ethyl acetate vapour
and dissected in ethanol (70%) under a stereomicroscope.

Adults of E. kuehniella from each treatment were placed in
oviposition cages for 24 h to record the viability of the first eggs
laid. Afterwards, 1,000 eggs were separated and observed for 48
h to determine the percentage that hatched. The sex ratio of the
next generation (F2) was obtained by placing the eggs from each
treatment in a container with the same diet as that used to rear the
adult E. kuehniella. There were twenty replicates of each treat-
ment (0.08 g of eggs in 200 g of diet) in which the sex of all the
adults that emerged were recorded.

Bioassays of H. hebetor

Last instar larvae of E. kuehniella reared on diets each contain-
ing 5% of one of the four classes of tobacco used in the previous
bioassays (Table 1) were used to test parasitism by H. hebetor,
which emerged from hosts raised on an artificial diet without to-
bacco. This percentage was chosen, since in previous bioassays
it was recorded that E. kuehniella did not develop on diets with a
higher percentage of tobacco.

To evaluate the numbers of larvae paralyzed and parasitized,
viability and sex ratio of H. hebetor, females from different origi-
nal hosts (these hosts reared on different diets) received offered
hosts also reared on the four types of diets or in the control (Table
2).

Mortality of the developmental stages of H. hebetor in each of
the treatments was determined as described above by evaluating
the responses of 10 E. kuehniella larvae exposed to a parasitoid
couple for 24 h in Petri dishes (9 cm diameter by 2 cm height).
Afterwards, the parasitoids were removed from the plates and the
number of larvae paralyzed and parasitized, and the number of
eggs on the larvae were recorded. Paralyzed larvae were those
that did not move when stimulated and parasitized larvae were
those that had parasitoid eggs on their body. To record the number
of living individuals at each stage of development, the reproduc-
tive success and sex ratio, the progeny were kept under the same

Table 2. Treatments evaluated according to the larvae diet (Ephe-
stia kuehniella) of the original host of Habrobracon hebetor females
and the larvae offered to parasitism.

E. kuehniella diet

Original host Offered host
Wheat flour

Wheat flour with tobacco 1

Wheat flour Wheat flour with tobacco 2

Wheat flour with tobacco 3
Wheat flour with tobacco 4
Wheat flour with tobacco 1
Wheat flour with tobacco 2
Wheat flour with tobacco 3
Wheat flour with tobacco 4

Wheat flour with tobacco 1
Wheat flour with tobacco 2
Wheat flour with tobacco 3
Wheat flour with tobacco 4

Tobacco diets contained 5% of tobacco in addition to the other con-
stituents. Tobacco 1: sugar 20.37%, nicotine 3.51%. Tobacco 2:
sugar 17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%, nicotine
3.97%. Tobacco 4: sugar 4.57%, nicotine 1.07%.
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Fig. 1. Schematic diagram of the double choice arena for determin-
ing parasitism preferences of Habrobracon hebetor.

conditions. After three days, the host larvae were inspected and
the number of last instar larvae of the parasitoid recorded, after
nine days the number of pupae and after 12 days the number of
adults. There were twenty replicates of each treatment, with a
completely randomized design.

Host preference of H. hebetor

The preference of H. hebetor females for different hosts was
evaluated by comparing the origin of the parasitoid in which
hosts that were fed the basic artificial diet (white wheat flour +
yeast) and those fed a diet containing 5% of tobacco 2. The E.
kuehniella larvae offered for parasitism were reared on the same
two diets.

A double-choice parasitism arena was built with a 7 cm x 5
cm container in the centre to which at opposite ends equal sized
containers were connected by means of a 1 cm x 5 cm pipe (Fig.
1). The containers at each end of the arena contained 10 larvae of
E. kuehniella with no food. A previously paired H. hebetor female
(<24 h old), without experience of parasitism, was released in the
central container of the arena.

The first choice of each parasitoid for one of the outer con-
tainers was recorded and after 24 h of exposure the number of
larvae paralyzed and parasitized in each container and the number
of eggs on them were counted. There were 40 replicates of each
treatment.

Data analysis

The data were averaged and analysed for normality using the
Shapiro-Wilk test, homoscedasticity using the Hartley test and
independence of residues using graphic analysis.

For the different biological parameters evaluated for E. kuehn-
iella and H. hebetor, ANOVA assumptions were met, therefore,
the parametric student t-test was used for two samples and Tukey
for more than two samples (p < 0.05). The sex ratio, viability and
percentage preference for parasitism were compared using the y?
heterogeneity test (p < 0.05) (Ayres et al., 2007).

RESULTS

Biological aspects of E. kuehniella

Within one generation, the total development time of E.
kuehniella was influenced by the class and percentage of to-
bacco added to the diet (Table 3). The duration of egg-adult
period on diets containing tobacco 1 and 3 was significant-
ly longer than on those containing the same percentages
of tobacco 2 and 4. In addition, there was a significant in-
crease in development time with increase in the percentage
of'tobacco 1 and 3 in the diet (Table 3). Ephestia kuehniella
did not develop when the diet contained 15% of tobacco 1
and 3. The average development time of insects reared on
diets containing 5% of tobacco 2 and 4 did not differ from
that of the control (wheat flour only). For other percent-
ages, the development time was longer for these classes of
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Table 3. Biological data (mean + standard deviation) of Ephestia kuehniella reared in the different treatments and tobacco percentage
at 28 £ 2°C, 50 + 20% RH and 14-h photoperiod: Control: wheat flour diet. Tobacco 1: sugar 20.37%, nicotine 3.51%. Tobacco 2: sugar
17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%, nicotine 3.97%. Tobacco 4: sugar 4.57%, nicotine 1.07%.

Treatment/Percentage of tobacco in diet  Developmental time (days) Number of adults that emerged  Viability (%) Sex ratio*

Control 39.8+1.10a 939.0+91.33 a 32.6 0.50

5% 48.2+1.10¢c 443.2+59.86 d 15.4 0.55

Tobacco 1 10% 65.4+4.22 ¢ 33.2+16.61f 1.2 0.57
15% - - - -

5% 42.2+1.10 ab 858.8+18.02 ab 29.8 0.51

Tobacco 2 10% 47.8+1.10 bc 783.4+52.45b 27.2 0.52

15% 57.8+1.80d 321.8+62.15¢ 11.1 0.55

5% 49.4+1.67c 360.2+29.56 de 12.5 0.54

Tobacco 3 10% 77.4+8.66 f 54+585f 0.2 0.56
15% - - - -

5% 42.2+1.10 ab 860.2+53.04 ab 29.8 0.49

Tobacco 4 10% 45.8+1.10 bc 811.2+32.32b 28.1 0.50

15% 55.0+1.41d 547.0£32.21¢ 18.9 0.53

— No adults emerged. Different lower case letters in a column indicate significant differences based on a Tukey test (p < 0.05). * No sig-

nificant difference based on x? heterogeneity test (p > 0.05).

tobacco, however, development was also recorded on diets
containing 15% (Table 3).

The average numbers of adults of E. kuehniella that
emerged from the control and 5% tobacco 2 and 4 treat-
ments was similar, with significantly lower averages for
the other treatments (Table 3). Viability (%) of E. kuehn-
iella decreased as more tobacco was added to the diet, re-
gardless of the class of tobacco tested (Table 3). In the first
generation the sex ratio did not differ significantly between
any of the treatments (Table 3). Similarly, no change in the
sex ratio of the F2 generation was recorded for any treat-
ment, which ranged from 0.59 to 0.43 (x> =4.518; gl = 10;
p <0.05).

The number of oocytes per female did not differ be-
tween females reared on the different diets, which ranged
from 182.7 +37.05 to 208.4 + 41.40 (Table 4). Despite the
emergence of adults from treatments with class 1 and 3
tobacco (10%), it was not possible to evaluate the number
of oocytes per female, viability of first oviposition eggs or
longevity of adults due to the low number of individuals

due to the viability being below 1.2% (Table 3, 4). The
viability of the eggs from individuals that were reared on
artificial diets with different classes and percentages of to-
bacco was above 97% for all treatments (Table 4). Similar-
ly, the average longevity of females and males did not dif-
fer significantly from the control in any of the treatments.
On average, males lived longer than females, regardless of
treatment (Table 4).

The average daily emergency curves showed that for E.
kuehniella more than 95% of the individuals on the con-
trol diet and tobacco classes 2 and 4 to 5% have already
emerged after one month (Fig. 2). However, from treat-
ments with the same percentage of class 1 and 3 tobacco
less than 58% emerged (Fig. 2). In the same period, the cu-
mulative emergence from the treatments with 10% of class
2 and 4 tobacco was 54% and 75%, respectively, and for
class 1 and 3 tobacco, 9% and 3% (Fig. 2). Only 12% and
24% had emerged within four-weeks from the treatments
with 15% class 2 and 4 tobacco (Fig. 2).

Table 4. Reproductive parameters and adult longevity (mean * standard deviation) of Ephestia kuehniella under conditions of 28 + 2°C, 50
+ 20% RH and 14-h photoperiod, recorded in the different treatments. Control: wheat flour diet. Tobacco 1: sugar 20.37%, nicotine 3.51%.
Tobacco 2: sugar 17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%, nicotine 3.97%. Tobacco 4: sugar 4.57%, nicotine 1.07%.

Treatment / Percentage of tobacco Number of oocytes

Viability of first Adult longevity (days)

in diet per female* eggs laid (%)** a* Q*
Control 204.2+50.71 98.1 10.8+2.93 a 73£188b
5% 192.2+ 33.38 97.7 1A%+117a 75+1.99b
Tobacco 1 10% — — - -
15% - - - -
Tobaces 2 5% 202.8+37.31 98.6 10.9+1.07 a 7.3£1.86 b
10% 208.4+41.40 98.7 104+1.13 a 72+152b
15% 187.3+34.88 97.5 10.3+1.37 a 77+151b
Tobaces 3 5% 188.8 +43.61 98.1 11341264 83+221b
10% - - - -
15% - - - -
5% 182.7+37.05 98.8 10.5+1.69 a 7.6+1.80b
Tobacco 4 10% 207.9+29.17 97.9 10.6+1.60 a 6.9+1.87b
15% 196.2+43.46 98.9 10.8+1.47 a 7.9+2.04b

— No emergence of adults or insufficient for evaluation. * No significant difference based on Tukey test (p > 0.05). ** No significant differ-
ence based on x? heterogeneity test (p > 0.05). Different lower case letters in a line indicate significant differences based on t test (p <

0.05).
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Fig. 2. Average number (z standard error) of adult Ephestia kuehn-
iella that emerged over time in the different treatments. A — control,
B — 5% tobacco added to the diet, C — 10%, D — 15%. Control:
wheat flour diet. Tobacco 1: sugar 20.37%, nicotine 3.51%. To-
bacco 2: sugar 17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%,
nicotine 3.97%. Tobacco 4: sugar 4.57%, nicotine: 1.07%.

Biological aspects and behaviour of H. hebetor

The diets of the original host of the parasitoid females
and of those larvae that they parasitized, did not influence
the ability of H. hebetor to paralyze and parasite (Table 5).
Within each treatment, the average number of larvae para-
lyzed per female was always higher than that parasitized,
with no difference between treatments for both parameters
(Table 5).

In terms of fecundity, the average number of eggs laid
by H. hebetor in 24 h was also not affected by the diet of
their original hosts or of the larvae they parasitized (Table
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Offered host diet
‘Wheat flour Tobacco (5%)
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Origin host diet
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% responses

Fig. 3. Percentage of females of Habrobracon hebetor that
emerged from larvae reared on either a diet of wheat flour or the
same diet to which 5% tobacco added, which responded to simul-
taneously exposed larvae of Ephestia kuehniella fed on the above
two diets, under conditions of 28 +2°C, 50+20% RH 14-h photo-
period. Values in parentheses indicate the number of responses to
each parasitism unit. (ns — no significant difference based on the 2
heterogeneity test, p > 0.05).

6). The overall viability of the immature stages of H. he-
betor did not vary between treatments and was between
34.92% and 45.03%. Comparison of the effect of the diet
of their original hosts and that of the larvae they parasitized
revealed no significant differences in the sex ratio, which
on average was 0.69 (> = 0.368; gl = 8; p > 0.05) (Table 6).

Parasitism preference

Females of H. hebetor that emerged from hosts fed only
on wheat flour or this diet with 5% tobacco showed no
preference for larvae reared on either of these diets (Fig.
3). When offered a choice between the two parasitism units
the parasitoid did not change its response and remained in
a unit for up to 24 h.

The average numbers of larvae paralyzed and para-
sitized, and eggs laid in each unit by the parasitoid did not
differ between treatments (Table 7). All the larvae of E.
kuehniella in the unit not visited by the parasitoid survived.

DISCUSSION

The increased developmental time of E. kuehniella
reared on diets containing tobacco with high levels of nico-
tine (Table 3) could indicate a lower nutritional quality or
the presence of unsuitable substances in these diets. Ac-
cording to Parra et al. (2014) the average egg-adult time
on a diet consisting of wheat flour (97%) and yeast (3%),
at a temperature of 28°C, is 41 days, which corresponds
to that recorded on the control diet in the present study.
On some of the diets used in this study the average de-
velopment times were 77 days, nearly twice the normal
developmental period. In addition, E. kuehniella did not
complete its development on diets with high percentages
of some classes of tobacco. This may be due to the pres-
ence of toxic substances such as pyrimidine alkaloids like
nicotine and anabasine, as well as the steroids, coumarins
and terpenes that are in tobacco and are used as insecti-
cides in agriculture and a vermifuge in livestock because
of the high concentrations of these compounds, especially
nicotine, in class 1 and 3 tobacco (Moratore et al., 2009;
Jacomini et al., 2016).
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Table 5. Number of larvae of Ephestia kuehniella paralyzed and parasitized (mean + standard deviation) by Habrobracon hebetor in the
different treatments, under conditions of 28 + 2°C, 50 + 20% RH and 14-h photoperiod.

E. kuehniella diet

Number of paralyzed Number of parasitized

Original host Offered host larvae * larvae *
Wheat flour 8.5+1.98 a 3.9+1.57b
Wheat flour with tobacco 1 8.0+1.20a 42+119b
Wheat flour Wheat flour with tobacco 2 88+1.30a 3.6+1.31b
Wheat flour with tobacco 3 9.1+0.96 a 44+147b
Wheat flour with tobacco 4 86+1.14a 3.6+1.14b
Wheat flour with tobacco 1 Wheat flour with tobacco 1 79+140a 47+111b
Wheat flour with tobacco 2 Wheat flour with tobacco 2 9.1+0.81a 3.9+1.33b
Wheat flour with tobacco 3 Wheat flour with tobacco 3 84+119a 42+115b
Wheat flour with tobacco 4 Wheat flour with tobacco 4 9.0+141a 3.6+1.23b

Tobacco diets contained 5% of tobacco in addition to the other constituents. Tobacco 1: sugar 20.37%, nicotine 3.51%. Tobacco 2: sugar
17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%, nicotine 3.97%. Tobacco 4: sugar 4.57%, nicotine 1.07%. Different lower case letters on
a line indicate a significant difference based on t test (p < 0.05). * No significant difference based on Tukey test (p > 0.05).

Table 6. Survival of Habrobracon hebetor (mean + standard deviation) in the larvae of Ephestia kuehniella in the different treatments,

under conditions of 28 + 2°C, 50 + 20% RH and 14-h photoperiod.

E. kuehniella diet Number Viability Sex ratio**

Original host Offered host Eggs* Larvae* Pupae* Adults*  egg-adult (%)
Wheat flour 19.1£3.81 991439 8.8+4.22 8.6+4.22 451 0.68
Wheat flour with tobacco1  17.9+3.99 6.9+4.67 6.2+3.93 6.1+4.32 34.2 0.62
Wheat flour Wheat flour with tobacco2 18.1+7.92 9.7+8.84 841748 8.1+7.21 44.6 0.69
Wheat flour with tobacco3 18.5+5.33 9.3+3.86 8.8+4.81 8.2t4.14 44.6 0.70
Wheat flour with tobacco4  17.9+6.06 7.4+3.67 6.6+3.79 6.2+3.30 34.9 0.72
Wheat flour with tobacco 1 Wheat flour with tobacco 1 185+3.64 9.0+533 82+459 8.1+4.17 43.5 0.65
Wheat flour with tobacco 2 Wheat flour with tobacco2  17.1+£3.94 7.7+430 7.1+1448 6.9+4.45 40.7 0.70
Wheat flour with tobacco 3 Wheat flour with tobacco3  18.1+2.96 89+3.30 8.1+3.85 7.9+3.62 43.7 0.71
Wheat flour with tobacco 4 Wheat flour with tobacco4  17.9+6.06 7.4+3.67 6.6+3.79 6.2+3.30 34.9 0.72

Tobacco diets contained 5% of tobacco in addition to the other constituents. Tobacco 1: sugar 20.37%, nicotine 3.51%. Tobacco 2: sugar
17.60%, nicotine 1.58%. Tobacco 3: sugar 6.39%, nicotine 3.97%. Tobacco 4: sugar 4.57%, nicotine 1.07%. * No significant difference
based on Tukey test (p > 0.05). ** No significant difference based on x?heterogeneity test (p > 0.05).

In the present study the diets with more than 5% of to-
bacco adversely affected the immature stages of E. kuehn-
iella, resulting in fewer adults emerging, especially from
treatments with the classes of tobacco with high concentra-
tions of nicotine. This result can be expected, since tobacco
contains substances that are toxic for insects, especially
nicotine (Ujvary, 1999). Even so, this species is cited as a
pest of stored Virginia tobacco (Gallo et al., 2002; Guedes
& Costa, 2006) although farmers report that the Burley va-
riety is attacked less (Krsteska, 2014).

On the other hand, the viability of E. kuehniella was low
in all the treatments and similar results are reported for

Table 7. Mean numbers (+ standard deviation) of larvae of E. kue-
hniella that were reared in the different treatments that were para-
lyzed and parasitized and of the eggs laid on them by females of
Habrobracon hebetor, under conditions of 28 + 2°C, 50 + 20% RH
and 14-h photoperiod.

E. kuehniella diet Number of Number of
paralyzed parasitized \umber
Original host  Offered host larvae* larvae* of eggs
Wheat flour 6.5+1.27 3.4+1.19 14.3+5.24

Wheat flour Wheat flour with

tobacco (5%) 7.3+1.28 3.7+1.38 15.6+7.23
Wheat flour  Wheat flour 6.9+1.21 2.8+1.02 13.5+5.97
with tobacco Wheat flour with 6.3+151 29+099 14.3+594

(5%) tobacco (5%)
* No significant differences based on Tukey test (p > 0.05).

different artificial diets (Magrini et al., 1995; Solis et al.,
2006; Vasconcelos, 2017). Reasons for the wide variation
in viability during the egg-adult period may be the geno-
type or origin of the products used to formulate the artifi-
cial diets, since the methodology used in the different stud-
ies are similar. As reported for other insects, another factor
that could be important is adaptation that occurs due to the
accumulation of characteristics in a population reared over
several generations in the laboratory, which can lead to
speciation (Souza, 2016).

Diets on which individuals developed did not affect the
sex ratio of the offspring. The desirable sex ratio for rear-
ing E. kuehniella is close to 0.5 (Bhavanam, 2016; Vas-
concelos, 2017) and the values recorded in our study are
similar to this. This is important as it indicates good insect
breeding as there are a relatively high number of females,
when the sex ratio is close to or higher than 0.5 (Magrini
et al., 1993; Ayvaz & Karaborklii, 2008), which ensures a
large number of eggs for maintenance of their rearing and
of parasitoids’ rearing.

Another biological parameter evaluated was the number
of oocytes per newly emerged female, which did not differ
between treatments. It is important to remember that no
other studies were found evaluating this parameter for E.
kuehniella, however, as the number of oocytes reflects ovi-
position, it is possible to compare our results with those of
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Vasconcelos (2017), which evaluate different rearing diets
and report no variation in the number of eggs, which possi-
bly indicates that there is also no variation in the number of
oocytes in females. The classes and percentages of tobacco
added to the diets did not affect egg viability, which is also
reported by Coelho Filho (2010), Coelho Filho & Parra
(2013), Bhavanam (2016) and Vasconcelos (2017), who
registered an egg viability of over 90% for this species.

No differences were recorded in the longevity of females
of E. kuehniella between the treatments, which indicates
that tobacco in the diets does not affect this parameter. Lon-
gevity records for females are 6 to 8 days (Stein & Parra,
1987; Ayvaz & Karaborklii, 2008; Vasconcelos, 2017) and
are more dependent on temperature, being longer at low
than at high temperatures (Coelho Filho, 2010), than on the
composition of the diet. The males of E. kuehniella lived
longer than the females in all treatments, as they died as
soon as they stopped ovipositing, which is also reported
by Ayvaz & Karaborklii (2008), Coelho Filho (2010) and
Vasconcelos (2017).

The daily percentage emergence of E. kuehniella was
highest in the control up to the fourth week, during which
more than 95% of the adults emerged. Similar results are
reported by Magrini et al. (1995), who report that more
than 97% of the adults emerged until the fourth week when
reared on a diet of white and yellow corn. The same was
recorded here for diets with a 5% content of class 1 and 2
tobacco. In the other treatments, time to emergence was
longer and the number of adults that emerged was lower.

Our results indicate that host diets containing 5% of the
different classes of tobacco had no significant effect on a
wide range of characteristics related to the rearing of H.
hebetor, including paralyzing ability, parasitism, fertility,
fecundity, viability and sex ratio. These variables have
important implications for the population dynamics of
the parasitoid. Although the study of Vacari et al. (2012)
indicates that host diet may influence the performance of
parasitoids, such as Cotesia flavipes (Cameron, 1891) (Hy-
menoptera: Braconidae), the same was not recorded in the
present study. Other studies on the same aspects, such as
those of Urrutia et al. (2007) and Faal-Mohammad-Ali &
Shishehbor (2013), also did not record clear differences in
parasitoid fitness associated with differences in the diet of
the host.

Higher numbers of larvaec were paralyzed than para-
sitized in all treatments, which indicates that females tend
to paralyze many more hosts than they parasitize. Ghimire
& Phillips (2014) report that H. hebetor females try to
paralyze all nearby hosts before ovipositing. According to
Soliman (1940) and Hagstrum (1983), the number of lar-
vae that a female of H. hebetor can paralyze within 24 h
depends mainly on the age of the parasitoid and the density
of hosts.

As mentioned in other studies, paralyzed larvae are used
by females as a source of food as they feed on the haemo-
lymph, which exudes from the body of the host where the
parasitoid inserted its ovipositor in order to paralyse it
(Hagstrum, 1983; Serra, 1992). As no differences in this
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behaviour was recorded in the present study, it seems rea-
sonable to assume that diet did not influence the nutritional
quality of the host larvae.

In our study, the sex ratio of H. hebetor parasitizing E.
kuehniella was not altered by the different treatments. In
contrast, when H. hebetor parasitized Corcyra cephalonica
(Stainton, 1865) (Lepidoptera: Pyralidae) the host diet in-
fluenced the production of more females, with the wheat
diet being the most suitable (Singh et al., 2006). Our study
corroborates the results of Faal-Mohammad-Ali & Shishe-
hbor (2013), who report that the proportion of H. hebe-
tor that are females and their fecundity is not affected by
whether the diet of their host is wheat flour or corn, rice and
barley. The above indicates that host species could possi-
bly have a greater influence on these biological parameters
than the diets of the larvae they parasitized. Although no
differences were recorded in the progeny and sex ratio of
H. hebetor, it is important to remember that qualitative and
quantitative differences in the chemical composition and
physical characteristics of the diets of the host may affect
the biological parameters that influence population growth
(Singh et al., 2006).

As the overall viability of the immature stages of H. he-
betor was not altered by the diet of the original host or by
the diet of the larvae offered to parasitism, it is inferred
that the 5% of the different clases of tobacco added to diet
did not affect its biology. However, the diet of hosts could
affect the searching behaviour and parasitism by the para-
sitoid in the field as is reported by McAuslane et al. (1990),
who report changes in the interaction between parasitoids
and their hosts.

The females of H. hebetor used in this study showed no
preference for parasitizing larvae of E. kuehniella depend-
ing on whether they were reared on diets with or without
5% tobacco and their preference was also not dependent
on the diet of their original host. These results accord from
those of Souza et al. (2014) who report that larvae of Dia-
traea saccharalis (Fabricius, 1794) (Lepidoptera: Cram-
bidae) fed on different varieties of their host plant were
equally preferred by female C. flavipes. Parasitism prefer-
ence seems to be more associated with the original host
species than its diet (Tognon et al., 2014). This is demon-
strated by Goulart et al. (2011), who report that the parasi-
toid T. pretiosum parasitizes eggs of different species, but
prefers those of E. kuehniella. There is little evidence that
parasitoids prefer to parasitize hosts that have fed on a par-
ticular food (Vacari et al., 2012).

According to Darwish et al. (2003) and Akinkurolere et
al. (2009), several host stimuli affect the searching behav-
iour of the parasitoid H. hebetor, in particular, the mandib-
ular gland secretions produced by larvae when feeding, as
well as their facces and secretions. The odours released by
the host stimulate the parasitoid to start probing. Further-
more, Darwish et al. (2013) highlight that H. hebetor fe-
males respond to kairomone released by host larvae, which
intensifies their searching and oviposition behaviour. Fur-
thermore, based on olfactometry tests, the volatiles emitted
by the faeces of E. kuehniella larvae, known as frass, help
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attract H. hebetor females (Favaris, 2016). However. host
larvae fed diets with or without tobacco do not change this
behaviour in the parasitoid, which is attracted to the host
in the same way.

As there were no changes in the biological parameters
studied and no increase in preference for parasitizing par-
ticular hosts, adding tobacco to host diet is unnecessary
when introducing H. hebetor into environments where to-
bacco is stored.
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