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ABSTRACT Epiphyas postvittana (Walker) (light-brown apple moth) is a polyphagous herbivore of
economic significance, which also feeds on Vitis vinifera L. The E. postvittana–V. vinifera interacting sys-
tem also involves the participation of the fungus Botrytis cinerea Persoon ex Fries. We have been explor-
ing the relationship among E. postvittana–V. vinifera–B. cinerea over the past two years. In this article,
we report the preference and performance of the larvae of E. postvittana raised solely on a synthetic diet
incorporated with the mycelial material of B. cinerea (Diet B). To characterize the effect of fungus on the
development of E. postvittana, another synthetic diet was prepared that included the lyophilized leaf ma-
terial of V. vinifera (Diet C). When raised on Diets B and C, a decrease in the duration of larval develop-
ment and an increase in the survival and fecundity rate of E. postvittana occurred. Diet B influenced the
pupal mass, but a significant increase occurred when the larvae were fed on Diet C. The larval emer-
gence rate was the greatest in E. postvittana raised on Diet B, followed by those on Diet C. The F2 gener-
ation of the larvae reared on Diet B showed similar effects as F1 on the life-history performance of the
larvae. Diet B enhanced the life-history performance of E. postvittana, although the larvae of E. postvit-
tana showed little preference to Diet B. The greater fertility rate of E. postvittana reared on Diet B sug-
gests the importance of sterols as shown in Lobesia botrana (Denis & Schiffermüller) (Lepidoptera: Tor-
tricidae) and in a few Myrmicinae (Hymenoptera: Formicidae), which serve as precursors to different
ecdysteroids that regulate many critical processes through embryonic development.

KEY WORDS artificial diet, gray mould, light-brown apple moth, insect–fungus mutualism, insect–
plant interaction

Incidence of Epiphyas postvittana (Walker) on multiple
fruit crops (e.g., Vitis vinifera L., Malus domestica Des-
fontaines (Rosaceae), several species of Citrus (Ruta-
ceae), and Pyrus (Rosaceae)), a few vegetables (e.g.,
Pisum sativum L., (Fabaceae)), and flower crops (e.g.,
species of Dahlia and Gerbera (Asteraceae)) results in
considerable economic loss (Brockerhoff et al. 2011).
E. postvittana is an Australian native tortricid but has
spread to and established in New Zealand, England,
Ireland, the Netherlands, and Sweden, and in Hawaii
and California of United States (Danthanarayana 1975,
Suckling and Brockerhoff 2010, Rizvi et al. 2014a).

The larvae of Lepidoptera, which usually are vora-
cious feeders, are so physiologically adapted that they
utilize plant materials that differ markedly in their nutri-
tive value, water content, and defense compounds in-
cluding several enzymatic inhibitors. The general
mechanism of utilization of proteins and carbohydrates
by the larvae of the Lepidoptera has been clarified
(Jongsma et al. 1995, Markwick et al. 1998). When

E. postvittana larvae were fed on a synthetic diet incor-
porated with proteinase and a-amylase inhibitors, the
growth rates of the larvae were seldom affected, and the
mortality rate was not significantly reduced. The larvae
“compensated” the lack of activity of proteinase and a-
amylase through either hyperproduction of inhibited en-
zymes or production of an inhibitor-insensitive form of
an absent enzyme (Markwick et al. 1998).

Lipid requirements of adult Lepidoptera are largely
met during their larval stages (Ojeda-Avila et al. 2003).
Insects in general and Lepidoptera in particular lack the
capacity to synthesize essential sterols to build key hor-
mones and other lipid molecules that regulate develop-
ment. The plant-feeding insects, therefore, acquire
sterols (or sterol precursors) from their host plants, mi-
crobial symbionts, or both (Mondy and Corio-Costet
2000, Behmer and Nes 2003). Polyunsaturated fatty
acids, such as linoleic, and linolenic acids are vital for ec-
dysis, and their deficiency leads to failure of ecdysis and
wing deformities (Dadd 1985, Canavoso et al. 2001).

One essential nutritional requirement of plant-
feeding insects is sterols. Cholesterol, a primary sterol,
maintains cell-membrane integrity, regulates perme-
ability, and acts as a precursor for hormones (Behmer

1 Corresponding author, e-mail: araman@csu.edu.au.

VC The Authors 2015. Published by Oxford University Press on behalf of Entomological Society of America.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article-abstract/108/4/1646/2379965 by C

harles Sturt U
niversity user on 22 August 2019



and Nes 2003). A mutualistic relationship among
Botrytis cinerea Persoon ex Fries–Lobesia botrana (De-
nis & Schiffermüller) (Lepidoptera: Tortricidae)–V. vi-
nifera has been demonstrated, wherein L. botrana has
been shown to gain from B. cinerea for acquiring ste-
rols, which in turn enhances the capacity of L. botrana
to metamorphose rapidly by gaining greater biomass,
lower pupal mortality, and greater egg production
(Mondy and Corio-Costet 2000). Incidence of B. cin-
erea in the diet of L. botrana influences diapause ter-
mination and thus adult emergence (Mondy and Corio-
Costet 2004). In general, ergosterol predominantly oc-
curs in fungi and the most insects symbiotic with fungi
have the ability to acquire ergosterol from fungi and
metabolize it to cholesterol (Svoboda et al. 1995,
Behmer and Nes 2003). When Manduca sexta L. (Lep-
idoptera: Sphingidae) were reared on artificial diet that
included ergosterol, a significant quantity of 7-dehydro-
cholesterol was derived from ergosterol (Svoboda et al.
1995). These findings indicate that the fungus could be
a source of sterols to insects, although, in essence, a
majority of insects can feed on plant tissues only and
still perform.

Microorganisms influence the nutritional value of
host plants, establishing either a positive or a negative
relationship, ultimately reflecting on the fitness of
plant-feeding insects. The interaction between the lar-
vae of E. postvittana and the B. cinerea, both occurring
on V. vinifera, has demonstrated a mutual relationship
between E. postvittana and B. cinerea (Rizvi et al.
2014b) with shorter larval period, heavier pupal mass,
and greater fecundity rate. In the three-way interacting
system involving Hadena bicruris (Hufnagel) (Lepidop-
tera: Noctuidae), Silene latifolia (Miller) (Caryophylla-
ceae), and Microbotryum violaceum (Persoon) G. Deml
& Oberwinkler (Microbotryales: Microbotryaceae) vari-
ations in the quantity of volatile compounds produced
in S. latifolia due to infection by M. violaceum influ-
ence the behavior of H. bicruris negatively (Dötterl
et al. 2009). These indicate that the fungi play a critical
role in the development of Lepidoptera. Every possibil-
ity prevails that the fungi supplement the sterol re-
quirements of insects in such intimate associations.

Keeping above in view, in the present study involving
three interacting genomes—E. postvittana, V. vinifera, and
B. cinerea—, we hypothesize that although E. postvittana
relies on V. vinifera as its principal host, B. cinerea influ-
ences the growth of larvae and performance of adults of E.
postvittana. We reared the larvae of E. postvittana—from
egg to adult—on 1) a standard synthetic diet (diet A), 2)
the standard synthetic diet amended with a known volume
of freeze-dried mycelial material of B. cinerea (Diet B),
and 3) the standard synthetic diet amended with a known
volume of freeze-dried leaf material of V. vinifera only
(Diet C). We also determined the preference of the larvae
of E. postvittana toward Diets A, B, and C. To verify this,
we sought answers to the following questions: 1) Does B.
cinerea mycelial material enhance the life-history perfor-
mance of E. postvittana? 2) Do the larvae of E. postvittana
prefer to feed on a diet that includes the B. cinerea myce-
lial material? 3) Do the leaf materials of V. vinifera enable
the life-history performance of E. postvittana?

Materials and Methods

Insect Culture. Eggs of E. postvittana were
obtained from determined stocks of E. postvittana
maintained at Charles Sturt University, Orange Cam-
pus (CSU—O). The neonate larvae were maintained
on semisynthetic diet in plastic containers (35 by 20 by
4 cm3). The semisynthetic diet contained 250 g dry
lima beans (Phaseolus lunatus L.), 1,600 ml water, 32 g
agar, 8 g ascorbic acid, 80 g dried Brewer’s yeast, 4 ml
of formaldehyde, and 5 g paraben. The diet was auto-
claved (Tomy, ES–315, Tokyo, Japan) at 121�C for
20 min and cooled to 65–70�C before adding 8.0 g
ascorbic acid and 4 ml formaldehyde. The diet was
blended in a blender. This hot diet was poured to
depths of 2 cm in rearing plastic containers. Three to
five individual egg masses were cut from the corrugate-
walled Dixie cup (for details, see below) and inserted
into the diet layer in the rearing containers. The larvae
were maintained in incubator (Sanyo Incubator, MIR–
253, Osaka, Japan) at 21 6 1�C, 60–80% relative
humidity (RH), and a photoperiod of 16:8 (L:D) h. On
pupation, the insects were sexed and segregated con-
sidering total-body length and numbers of abdominal
segments. A 24-h-old adult female was paired with a
similar aged adult male in a corrugated-walled Dixie
cup. These pairs were fed on cotton balls soaked in
10% aqueous-honey and 0.1% sorbic acid. Oviposition
occurred on the walls of cups, which were later cut
into rafts bearing egg masses with numbers varying
from 3 to 95. Some of the rafts were stored at 4–6�C
for future use, and the remaining was used to raise
adults. The eggs (5–6 d old) were surface-sterilized
using 5% formaldehyde solution and then washed with
sterile water (Bürgi and Mills 2010). For all bioassays
in this study, only the neonate larvae (<4 h after emer-
gence) were used.

Lyophilization of Samples of the Mycelia of
B. cinerea and Leaves of V. vinifera. B. cinerea iso-
lated from infected berries of V. vinifera cv. ‘Chardon-
nay’ from the CSU-O’s Chardonnay vineyard in
February 2013 was used. Stock culture was maintained
on PDA (Fisher Scientific, Inc., Scoresby, Victoria,
Australia) at 22�C and a photoperiod of 12:12 (L:D) h.
For this study, B. cinerea was grown in potato dextrose
broth (Thermo Fisher Scientific, Thebarton, Adelaide,
South Australia) in 500 ml sterile flasks fitted onto a
orbital shaker (90 rpm) for 10 d, filtered, and freeze-
dried (Heto DryWinner, CT/DW 60E, Allerød,
Denmark).

Sixty plants of V. vinifera cv. Chardonnay (hereafter
V. vinifera) were raised in polypropylene pots (17 cm in
height and 10 cm in diameter) containing commercial
potting mix (Osmocote, Plus Organics Vegetable and
Herb Mix, Sydney, Australia) in an insect-proof glass-
house at 23�C, 60% RH, and a photoperiod of 16:8
(L:D) h. At the start of experiments, the raised plants
were 4 mo old with several fully expanded leaves.
Mature, dark-green leaves (9–12 cm in length) were
excised. In field conditions, the larvae of E. postvittana
only selectively feed on intervenal tissues avoiding the
major and minor veins. Therefore, petioles and

August 2015 RIZVI AND RAMAN: EFFECT OF B. cinerea ON E. postvittana 1647

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article-abstract/108/4/1646/2379965 by C

harles Sturt U
niversity user on 22 August 2019



recognizable veins from the leaves were sloughed off
and the remaining leaf tissues were freeze-dried.

Larval Diet Preparation. The synthetic diet for
the larvae of E. postvittana was developed using the
diet formula of Thiéry and Moreau (2005) with minor
modifications. In this diet, in the present experiment,
linoleic acid was used instead of maize oil. Maize oil is
a key source for linoleic acid, an essential fatty acid for
insects, particularly the Lepidoptera (Canavoso et al.
2001, Duckett et al. 2002). Maize oil also includes oleic
acid (Duckett et al. 2002), which does not favor growth
in the Lepidoptera (House and Barlow 1960). In this
diet, we replaced benzoic acid, used as an antifungal
agent (Cohen 2003) by Thiéry and Moreau (2005),
with 95% ethanol, as benzoic acid addition would not
enable us to bring the pH to 6.5. Singh (1974) indicates
that 6.5 is the most appropriate pH in the synthetic
diet for E. postvittana. The pH was adjusted to 6.5
using 4N KOH following Singh (1974). The composi-
tion of the control diet (Diet A) and the B. cinerea-
enriched diet (Diet B) and V. vinifera-enriched diet
(Diet C) is indicated in Table 1.

Agar, casein, and cellulose powder (Sigma-Aldrich,
St. Louis, MO), and Wesson’s salt mixture (MP Bio-
medical, Solon, OH) were mixed and a mixture of
linoleic acid, cholesterol, and dichloromethane (Sigma-
Aldrich, St. Louis, MO) was added. The diet was left in
fume cupboard overnight to allow the solvent to evapo-
rate. Distilled water and KOH were added to the diet
and autoclaved at 121�C for 20 min. The diets
were cooled to 50–55�C before adding Vanderzant vita-
min mixture, glucose, and streptomycin (Sigma-
Aldrich, St. Louis, MO). Sorbic acid and paraben
(Sigma-Aldrich, St. Louis, MO), and 95% ethanol were
mixed in a separate beaker and added with diet. For

diet B, freeze-dried powder of the mycelium of B. cin-
erea and for the diet C freeze-dried powder of leaves
of V. vinifera was mixed with diet cooled to 50–55�C.
Each molten diet was poured into three plastic contain-
ers of 20 by 15 by 7 cm3 each and allowed to cool fur-
ther in a laminar air flow (Gelaire, AHS-104-C, Sydney,
Australia) for 2 h.

Larval Preference: Two-choice Experiment. The
preference of neonate larvae of E. postvittana toward
Diets A and B was measured following Harris et al.
(1999) with minor modifications. Five grams of solidi-
fied artificial diets A and B were placed at each end of
the horizontal glass tube (30 cm in length and 3 cm in
diameter) under “still-air” condition. At the midpoint of
the horizontal glass tube, a 2-cm-wide circular port
enabled the introduction of the larvae. The distance of
the each diet from the port (midpoint) was 10 cm. Ten
neonate larvae were introduced into the tube through
the port, which was immediately sealed with Parafilm
(Fig. 1) and incubated at 21 6 1�C, 60–70% RH, and a
photoperiod of 16:8 (L:D) h. After 48 h, the location of
the larvae was observed. This experiment was repeated
10 times.

Life-history Performance of E. postvittana:
Growth and Development. Three batches of 30 neo-
nate larvae (n¼ 90) were distributed in three plastic
containers that included either Diet A or B or C. Use
of three containers, each with 30 neonate larvae, was
necessary to minimize competition among the intro-
duced larvae. The larvae were monitored every day
until pupation. Upon pupation, the insects were gently
removed from the diet containers and the mass of each
pupa was measured (A & D Weighing Scales, HM-200,
MA, 0.1 mg sensitivity). The measured pupal mass was
used as an indicator of adult body mass, because adult

Table 1. The composition of the control diet (Diet A), the B. cinerea-enriched diet (Diet B), and the V. vinifera-enriched diet (Diet C)

Materials Diet A Diet B Diet C

Water (ml) 150.0 150.0 150.0
Agar (g) 5.0 5.0 5.0
Casein (g) 7.0 7.0 7.0
Wesson salt mixture (g) 2.0 2.0 2.0
Cellulose (g) 6.0 6.0 6.0
Vanderzant vitamin mixture (g) 4.0 4.0 4.0
Linoleic acid (ml) 0.2 0.2 0.2
Cholesterol (g) 0.12 0.12 0.12
Glucose (g) 3.5 3.5 3.5
4N KOH (ml) 0.8 0.8 0.8
Sorbic acid (g) 0.29 0.29 0.29
Paraben (g) 0.2 0.2 0.2
95% Ethanol (ml) 2.0 2.0 2.0
Streptomycin (g) 0.02 0.02 0.02
Freeze-dried powder of mycelium of B. cinerea (g) – 7.8 –
Freeze-dried powder of leaves of V. vinifera (g) – – 7.8

Fig. 1. Custom-made glass device for the two-choice experiment of larvae of E. postvittana (not to scale) (da—diet A;
db—diet B; hgt—horizontal glass tube; pe—port of entry; ps—parafilm seal).
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body mass could not be obtained without killing them.
Each pupa was quarantined to a glass vial (4 cm in
height and 2 cm in diameter), which was closed with a
one-holed stopper covered by an aluminum sieve, and
stored in the incubator at 22�C until emergence. Adults
were sexed on emergence.

The following parameters were recorded: total
survival rate (¼ adult emergence rate %), total develop-
ment time (from the neonate larva to pupation, from
the pupa to adult), mass of pupae, and adult sex ratio.

Adult Performance. Adults were paired by plac-
ing a 24-h-old female and a male in a corrugate-
walled Dixie cup sealed with Parafilm. A water-
soaked cotton wick was suspended into the cup
through the Parafilm seal (Fig. 2). The adult males
and females used in these trials were randomly
selected from among the emerged population. The
number of eggs laid was counted daily. The quaran-
tined adults were retained in Dixie cups until death.
Eggs were incubated at 22�C and a photoperiod of
16:8 (L:D) h for 15 d to measure the fertility rate of
females. Adult performance was measured using the
fecundity rate, possible delay in oviposition (in d),
and fertility of females (% of hatched eggs). The
number of days from the date of emergence of adults
from the pupal stage to death was also recorded.

F2 Generation. Twenty larvae from five females of
F1 generation reared on Diet A or Diet B were contin-
ued on the respective diets to determine whether any
similar effects prevailed in the F2 generation. Growth
parameters and adult performance, as indicated in
paragraphs above, were measured.

Statistics. Prior to statistical analysis, the distribu-
tion of data from each experiment was checked. None
of the data sets, except pupal masses and delaying time
before oviposition, was found normally distributed.
Therefore, use of nonparametric methods was
considered appropriate (Day and Quinn 1989). A
Kruskall–Wallis ANOVA followed by a Steel–Dwass
multicomparison test was selected to discriminate sig-
nificant difference among Diets A, B, and C in larval
and pupal duration, adult life span, number of eggs
laid, and larval emergence. Pupal masses and delay in
time before oviposition were analyzed applying one-
way ANOVA. A contingency table (v2 test) followed by

Fig. 2. Custom-made glass device for the oviposition of
E. postvittana (not to scale). (cc—corrugated cup; dw—dental
wick; /—female moth; ?—male moth; ps—parafilm seal).

Table 2. Effects of larval food on life-history traits of E. postvittana

Life-history traits Larval food Statistics

Diet A Diet B Diet C v2 P

Larval duration (d)
Male 32.7 6 0.7A 30.0 6 0.48B 29.4 6 0.8B 15.32a,b <0.001
Female 33.9 6 0.6A 30.91 6 0.4B 31.10 6 0.8B 14.68a,b 0.001
Pupal duration (d)
Male 10.1 6 0.17 9.3 6 0.40 9.5 6 0.24 4.34a,b 0.110
Female 9.5 6 0.20AB 9.0 6 0.15B 9.6 6 0.10A 11.08a,b 0.004
Pupal mass (mg)
Male 28.5 6 0.80 28.4 6 1.04 28.5 6 0.53 0.389a,b 0.823
Female 42.4 6 1.47A 44.0 6 1.20A 48.7 6 0.81B 16.33a,b <0.001
Adult life span (d)
Male 12.0 6 0.77 13.54 6 0.80 14.2 6 0.64 3.98a,b 0.13
Female 10.1 6 0.45 11.7 6 0.60 11.8 6 0.72 6.0a,b 0.05
Female sex ratio (%) 56.6 6 1.6 53.8 6 4.4 46.5 6 5.4 0.550c,d 0.7
Surviving from hatching to adult (%) 53.3 6 7.4A 72 6 6.2B 76.1 6 2.0B 10.33a,b 0.006
Delay in egg laying (d) 2.1 6 0.08 1.9 6 0.09 2.0 6 0.0 5.880a,b 0.53
Number of eggs/female) 300 6 34.3A 498 6 49.4B 483 6 23.8B 12.77a,b 0.002
No. of larvae emerged per female 235 6 30.1A 435 6 41.6B 369 6 24.6C 14.86a,b 0.001
Fertility ratio (number of larvae emerged/

female� number of eggs / female)
0.77 6 0.04A 0.88 6 0.02B 0.78 6 0.03A 5.52e 0.009

A, B, C—Different letters show the significant difference among diets (P< 0.05)
a Kruskal–Wallis ANOVA.
b Steel–Dwass test for nonparametric multicomparison.
c 2xN v2

d Ryan multicomparison test for proportion.
e Generalized linear model (binomial distribution).
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a Ryan multicomparison test was applied to screen sig-
nificant differences in the sex ratio, percentage of
pupation, and percentage of adult emergence. Fertility
proportions in Tables 2 and 3 were predicted and ana-
lyzed using regression model using generalized linear
model (binomial distribution). In F2 generation, a con-
tingency table (v2 test) was used to analyze sex ratio,
percentage of pupation, and percentage of adult emer-
gence, whereas the Kruskal–Wallis nonparametric test
was applied in assessing the other life-history traits
(Table 3). In two-choice experiment of larval prefer-
ence, the choice of larvae of either Diet B or A was
analyzed applying v2 test. Analyses were made using
JMP software (Version 10.0.0, SAS Institute Inc) and
GenStat (VSN International 2012, Hertfordshire,
United Kingdom). Graphs and tables were generated
in MS Excel 2013.

Results

Larval Preference: Two-choice Experiment. Larvae
of E. postvittana (n¼ 100) showed no significant

preference for Diet B (55.1 6 7.07%) compared with
Diet A (44.96 7.07%; v2¼ 1.02, P¼ 0.31, Fig. 3).

Life-history Performance of E. postvittana:
Growth and Development. The percentage of the
larvae that survives from hatching to pupae was signifi-
cantly greater when fed on Diet B (82.6%, v2¼ 4.04,
P¼ 0.04, Fig. 4) and Diet C (88.7%, v2¼ 7.05,
P¼ 0.008, Fig. 4) from those fed on Diet A (66.6%,
Fig. 4). The total larval duration of the larvae reared on
Diet B or Diet C was significantly shorter than that in
the Diet A (Table 2). The duration of male develop-
ment decreased 2.7 d on Diet B (P¼ 0.006) and to
3.3 d on Diet C (P> 0.001). Similarly, female develop-
ment duration decreased by 3.0 d on Diet B
(P> 0.001) and 2.8 d on diet C (P¼ 0.006). Only Diet
C significantly affected the female pupal mass. The
increase in female pupal mass was 14.8% (P¼ 0.001;
Table 2). The survival rate from hatching to adult was
also significantly higher in larvae fed on Diet B
(72 6 6.2%, v2¼ 5.56, P¼ 0.01, Table 2) and Diet C
(76.1 6 2.0%, v2¼ 6.5, P¼ 0.01, Table 2) compared
with those fed on Diet A (53.36 7.4%, Table 2).

Table 3. Effects of larval food on life-history traits of F2 generation of E. postvittana

Life-history traits Larval food Statistics

Diet A Diet B v2 P

Larval duration (d)
Male 32.6 6 0.8 29.8 6 0.44 9.0a,b 0.003
Female 33.8 6 0.5 31.0 6 0.6 12.44a,b <0.001
Pupal duration (d)
Male 10.1 6 0.15 9.3 6 0.37 4.2a,b 0.05
Female 9.2 6 0.15 9.0 6 0.15 0.54a,b 0.461
Pupal mass (mg)
Male 28.1 6 0.82 29.7 6 0.92 0.422a,b 0.516
Female 41.6 6 1.3 43.3 6 1.15 0.008a,b 0.930
Adult life span (d)
Male 11.3 6 0.63 14.0 6 0.62 7.6a,b 0.006
Female 10.3 6 0.45 11.8 6 0.59 7.2a,b 0.07
Female sex ratio (%) 53.6 6 2.1 52.5 6 2.9 0.01c,d 0.927
Surviving from hatching to pupa (%) 69 6 5.2 78 6 8.7 4.57c,d 0.003
Surviving from hatching to adult (%) 61.8 6 6.2 76.2 6 5.2 4.58c,d 0.032
Number of eggs/female) 314 6 26.5 494 6 50.11 7.0a,b 0.008
No. of larvae emerged per female 243 6 26.4 433 6 48.5 8.37a,b 0.004
Fertility ratio (number of larvae emerged/

female� number of eggs / female)
0.78 6 0.04 0.86 6 0.06 5.23e 0.03

a Kruskal–Wallis ANOVA.
b Steel–Dwass test for nonparametric multicomparison.
c 2xN v2.
d Ryan multicomparison test for proportion.
e Generalized linear model (binomial distribution).

Fig. 3. Response of larvae of E. postvittana in a “two-choice” experiment toward Diet A and Diet B.
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Adult Performance. No diet had any effect on the
sex ratio of adults and the length of the period prior to
egg laying whereas Diet B and C significantly increased
fecundity rate (Table 2). The addition of B. cinerea or
V. vinifera to the Diet A positively affected on the fer-
tility and significantly increased (P¼ 0.001) the larval
emergence compared with the base diet (Diet A),
although the larval emergence was significantly greater
(P¼ 0.02) in Diet B than Diet C (Table 2).

F2 Generation. Larvae reared on Diet B developed
faster than larvae raised on Diet A. The percentage of
larvae that survives from hatching to pupae and pupae
to adult were significantly greater when fed on Diet B
(P¼ 0.003) from those fed on Diet A.

B. cinerea did not affect pupal mass, sex ratio of
adult, pupal duration, and the length of preoviposition
period (Table 3). B. cinerea-enriched diet significantly
increased fecundity rates (P¼ 0.008) and larval emer-
gence (P¼ 0.004) compared with Diet A (Table 3).

Discussion

In the present study, B. cinerea mycelial material
used as larval food significantly affected the develop-
ment and reproductive life-history traits of E. postvit-
tana. The larvae reared on Diet B (B. cinerea mycelial
material-enriched diet) survived better, developed
faster, and laid more number of eggs, manifesting sig-
nificantly greater fertility rates on becoming adults.
However, the sex ratio, pupal mass, and adult life span
were not significantly different from those reared on
Diet A (control). Diet C (V. vinifera leaf-enriched diet)
also influenced the development of the larvae: larval
mortality was reduced and developmental time of the
larvae was short, and pupal mass was increased; more-
over, the fecundity rate was greater than the larvae fed
on Diet A. The F2 generation of the larvae reared on
Diet B showed similar effects in the life-history

performance of the larvae as was in F1 generation. No
significant preference of larvae of E. postvittana for
Diet B occurred.

B. cinerea Mycelia Enhance the Life-History
Performance of E. postvittana. The quality of mate-
rial fed during larval stages generally influences the
life-history parameters of the Lepidoptera, such as sur-
vival, development, and adult performance (Thiéry and
Moreau 2005, Tasin et al. 2011). The quality of larval
diet determines the body size and fecundity of adult
stages of most insects (Awmack and Leather 2002) and
the Lepidoptera are no exception (Tasin et al. 2011).
For instance, oocyte production in Euphydryas editha
(Boisduval) and Speyeria mormonia (Boisduval) (both
Lepidoptera: Nymphalidae) depends on the quality of
food consumed during larval period (Boggs 1997). In
our earlier study, we have shown that B. cinerea-
infected berries of V. vinifera influence the feeding
behavior of the larvae of E. postvittana, favoring their
development and survival (Rizvi et al. 2014b).

Sterols are essential for insects, as they are the crit-
ical precursors of hormones necessary for metamorpho-
sis and reproduction, but insects lack the ability to
produce them. Plant-feeding insects meet their sterol
needs, more commonly that of cholesterol, using sterols
from either their host plants or the fungi with which
they are associated symbiotically (Corio-Costet et al.
1987, Behmer and Nes 2003). In the present study,
Diet B influenced life-history parameters such as
decrease in the total duration of development, mortality
rate and increase in fecundity and larval emergence
rates in E. postvittana.

Insects live feeding on fungi without any specialized
relationship or they may feed on a specific fungus and
their relationship ranges from deriving simple materials
to complex molecules such as complex lipids. Different
species of fungi act as a source of sterols (Mondy et al.
1998a, Morales-Ramos et al. 2000), particularly

Fig. 4. Survival rate of larvae of E. postvittana reared on control (Diet A), Fungus–enriched diet (Diet B), and Leaves–
enriched diet (Diet C). A, B—Different letters show the significant difference among diets (P<0.05).
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ergosterol, a common sterol used by various insects
(Behmer and Nes 2003). Six different sterols have been
characterized from B. cinerea and the major sterol is
ergosterol (Mondy and Corio-Costet 2000). Most of the
insects symbiotic with fungi have the ability to metabo-
lize the ergosterol obtained from fungi into cholesterol
(Svoboda et al. 1995, Behmer and Nes 2003).

Deficiency of cholesterol accelerates mortality and
decelerates ecdysis (Canavoso et al. 2001). The neonate
larvae of Helicoverpa zea (Boddie) (Lepidoptera: Noc-
tuidae) do not moult to the next stage when sterols are
absent in the diet and cease growth when older larvae
are raised on a cholesterol-free diet (Ritter and Nes
1981). Therefore, Ritter and Nes (1981) concluded that
the larval survival and number of moults, which a larva
may complete in a given time span, are dependent on
sterol concentration in the diet. Ritter and Nes (1981)
reinforced that at least 0.01% of cholesterol is the mini-
mal dietary requirement for the larvae to grow and
pupate. Cholesterol concentration up to 0.4% did not
adversely affect the survival and growth rates of H. zea
larvae. In the present study, we used 0.06% cholesterol
ensuring that a nonlimiting quantity of the sterol was
available in the experimental diet. Decrease in mortal-
ity rate and larval developmental time indicates that
Diet B supplies, in high likelihood, sterols necessary for
larval survival and growth. Moreover the Diets A, B,
and C, used in the present study, replace maize oil with
linoleic acid. Maize oil is known to supply cholesterol
to developing Lepidoptera (Ritter and Nes 1981).

Diet B influenced multiple changes, such as a
decrease in the larval developmental time and mor-
tality. However, no significant effect was evident in
pupal mass, whereas a significant increase in fecund-
ity and fertility rates occurred in E. postvittana lar-
vae, when reared on Diet B. Generally, insect
fecundity rate depends on adult female sizes and
rate of increment in body size (Karlsson 1987, Honěk
1993). In E. postvittana raised on Diet B, increase in
fecundity did not match with adult female sizes. A
similar result has been shown in the larval population
of L. botrana reared on purified sterols from B. cin-
erea; no significant difference occurred in pupal
mass but the fecundity rate increased significantly
(Mondy and Corio-Costet 2000). Many species of
Scolytinae (Coleoptera: Curculionidae) are depend-
ent on ergosterol produced by their fungal symbionts
for successful oocyte development, oviposition, larval
development, and pupation (Kok 1979). Cholesterol
is the principal sterol stored in many insect eggs
(Behmer et al. 1999, Jouni et al. 2002), indicating
that cholesterol is vital for embryogenesis. The
greater rate of larval emergence when raised on Diet
B in the present study also reinforces the vitality of
cholesterol in eggs, which could be serving as a pre-
cursor to ecdysteroids regulating embryogenesis (Sall
et al. 1983). It is not clear why Diet B induced
shorter developmental period of larvae than Diet A.
This is possible due to one of the following reasons:
1) greater levels of sterols in Diet B acting as phagos-
timulants (Mondy et al. 1998b); 2) greater levels of
bio-available cholesterol.

The Larvae of E. postvittana Show no
Preference to Feed on the Diet Containing the
Mycelial Material of B. cinerea (Diet B). Diet B did
not attract any significant number of larvae in the two-
choice experiment. In polyphagous insects, the quality
and quantity of deterrent compounds in plants deter-
mine the host-plant range (Bernays and Chapman
1994). E. postvittana is a polyphagous tortricid and its
larvae disperse randomly on hatching (Suckling and
Brockerhoff 2010). Visual cues influence the orienta-
tion of larval movement (Harris et al. 1995). Mobile lar-
vae of E. postvittana did not distinguish between
suitable and non-suitable feeding sites from a distance
(Harris et al. 1997) whereas random movement of E.
postvittana larvae led them to unfavorable sites used in
experiment (Suckling and Ioriatti 1996, Harris et al.
1997). That E. postvittana larvae did not show an initial
preference for control diet over the diet enriched with
Bacillus thuringiensis Berliner (Bacillales: Bacillaceae)
o-endotoxins (cryIAc and cryIBa) and over time the lar-
vae rejected o-endotoxin-including diets and gathered
on control diet (Harris et al. 1997) suggest that olfac-
tory cues along with gustatory cues influence their deci-
sion enabling them to either progress with the feeding
or not (Suckling and Ioriatti 1996, Harris et al. 1999).
In our two-choice experiment, the diet possibly lacked
any deterrent or antinutritional compound that could
have influenced the feeding preference of the larvae of
E. postvittana, and this seems a more likely explanation
of our results of larval preference.

The Leaves of V. vinifera Enhance the Life-
History Performance of E. postvittana. E. postvit-
tana can complete its life cycle, feeding solely on
V. vinifera leaves and berries (Mo et al. 2006; Rizvi
et al. 2014b, 2015); however, when the larvae were fed
exclusively on B. cinerea-infected berries of V. vinifera,
they manifested positive effects on key life-history
traits, such as greater survival rate, pupal weight, and
fecundity (Rizvi et al. 2014b). The larvae of Spodoptera
exigua (Hübner) (Lepidoptera: Noctuidae), when fed
on Sclerotium rolfsii (Curzi) C.C. Tu & Kimbrough
(Atheliales: Agaricomycetes)-infected leaves of Arachis
hypogaea L. (Fabales: Fabaceae) manifested similar
positive effects in life-history performance with greater
survival rate and pupal mass, and lower developmental
time than those fed on uninfected leaves of A. hypo-
gaea (Cardoza et al. 2003). In our study, the larvae fed
on Diet C survived better and attained heavier pupal
mass in females with a shorter developmental period
than those fed on Diet A. Diet C also increased the ovi-
position rate compared with Diet A, matching with the
results of Thiéry and Moreau (2005) in which young
berries of V. vinifera (Cabernet-Sauvignon) increased
female pupal mass and fecundity rate, and reduced
developmental period in L. botrana. Although Diet B
influenced key life-history parameters, the present data
do not support that the fungus involvement is critical
for the survival and growth of E. postvittana.

In conclusion, in Australian vineyards, E. postvit-
tana adults frequently encounter B. cinerea during
oviposition, and E. postvittana larvae co-occur with
B. cinerea, feeding on their hyphae and spores
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(Bailey et al. 1996; Rizvi et al. 2014a,b), establishing
a three-way interacting system. Although E. postvit-
tana can complete its life cycle by feeding solely on
the leaves and berries of V. vinifera, for a better
life-history performance, they can feed on the
spores and hyphae of B. cinerea, possibly to meet
the sterol needs of developing E. postvittana.
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