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Abstract

Soybean flour and wheat germ are the two most important protein components of wheat germ-based insect artificial
diets. The effect of modifying the proportion of these two ingredients in a Noctuidae-specific diet was investigated
utilizing the tobacco budworm Heliothis virescens (F.) (Lepidoptera: Noctuidae), with the goal of developing a suboptimal
diet that, without drastically affecting this insect’s growth and reproductive rates, could manifest subtle negative effects

in this insect. The original diet formula contained 2.51% protein. When the proportions of soybean flour and wheat
germ were changed to 2.15% protein the net reproductive rate of the first generation was significantly lower. In the
second generation, the net reproductive rate, development time, percent female survivorship, fertility, intrinsic rate of
increase, finite rate of increase and female longevity were significantly lower in both the 2.15% and 2.26% protein diets.
The survival rate of immatures to the adult stage was 1% in the 2.05% protein diet in the first generation. Interestingly,
females exposed to these suboptimal diets produced a significantly higher number of eggs but the survival of their larvae
was significantly reduced. It is evident from these results that modifications to the protein content and the nutrient
composition profile of the original wheat germ-based insect artificial formula can be used to produce subtle negative
effects on the growth of tobacco budworm.
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Materials and Methods

Insect artificial diets are essential tools for arthropod re-
search. There are a wide range of commercial diets as
well as published formulations. These diets have been de-
veloped to maximize insect growth and reproduction, by
meeting or surpassing their minimum nutritional require-
ments. Therefore, these diets may mask potential devel-
opmental negative effects when they are used for repro-
ductive studies that would be apparent only when the in-
sects are exposed to sub-optimal diets. For example, in-
sects reared on plant tissue might not develop as well as
when they are reared on artificial diet because the plants’
secondary chemistry and or lower nutritional value might
arrest their optimal development (Blanco et al. 2008).

Soybean-flour/wheat-germ diets are commonly used to
rear Noctuidae (Brewer and Martin 1976; Brewer and
Tidwell 1978; Brewer and King 1979; Brewer 1981).
The Shaver and Raulston (1971) formulation, an eco-
nomical medium to produce large quantities of Lepidop-
tera, has been the basis for rearing multiple noctuid spe-
cies in the USDA Agricultural Research Service facility
in Stoneville, Mississippi for over 30 years. Over time, its
original formula has been modified to meet different
needs and to optimize costs.

Protein is an essential ingredient of the wheat germ-based
diets and a component that can be easily manipulated
without having considerable extra effort or expense be-
cause soybean flour and wheat germ ingredients amount
to only =10% of the diet’s cost. Soybean flour and wheat
germ are commercially available in large quantities that,
under proper storage, can produce consistent batches of
diet through time. The appropriate protein content for
rearing the tobacco budworm is =3% (Guerra and
Bhuiya 1977). NutriSoy® flour is the main source of pro-
tein in this diet’s formula as compared to wheat germ. By
adjusting the proportion of NutriSoy and wheat germ the
total protein of the diet can be reduced and this manipu-
lation might result in small negative developmental and
Heliothis
(Lepidoptera:Noctuidae). In this way, a suboptimal diet

reproductive  effects  on virescens  (F.)
could be developed that might stress the insect’s develop-
ment as compared to a diet composed entirely of plant
tissue, that could allow the identification of physiological
and reproductive effects caused by suboptimal nutrition

for ecological and reproductive biology studies.

This study had the goal of lowering the protein content
of the Shaver and Raulston (1971) formula, to decrease
the reproductive potential of the tobacco budworm, such
that artificial diet might more accurately reflect this in-
sect’s development on its plant hosts. Our hypothesis was
that reduction of protein content would result in a de-
cline in biological fitness of this species thus unmasking
the effects of “over-nutrition” and allowing non-
nutritionally-based fitness problems to be expressed.
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This study was conducted using the f. virescens colony of
the USDA Agricultural Research Service of Stoneville,
Mississippi, a colony that was initiated in 1971 from lar-
val collection from wild host plants. Neonates (300 < 16
hold) from the same cohort (P, generation) were placed
individually in plastic cups (37-ml [T-125 Solo® plastic
soufflés, www.solocup.com]) containing =15 ml of one of
the diets described in Table 1. These diets reduced the
proportion of protein by reducing the amount of
NutriSoy ™ (which contains 40-42% protein) and increas-
ing the amount of wheat germ (which contains 29% pro-
tein). Cups were closed with cardboard lids and kept in
an incubator at 27 (£ 0.4) °C, 75 = 10 % RH and a
14:10 L:D photoperiod. Larval developmental time, im-
mature mortality (eggs, larvae, pupae), and adult eclosion
and sex were recorded for the parental (Py), F, and F,
generations on a daily bass.

A sample of recently emerged (< 72 h) F, and F, moths
was used to set-up 18 pairs (replicates) from each treat-
ment, except treatment 5 that had only 3 moths on the P,
generation. Individual pairs were held in 500 ml contain-
ers (Model 42505LY, Consolidated®  Plastic Co.,
www.consolidatedplastics.com) with free access to 10%
sucrose solution, capped with Batist cloth (Zweigart®,
www.zweigart.com) and maintained in incubators as pre-
viously described. Cloths with eggs were replaced daily
form each pair, the number of eggs was estimated visu-
ally and placed in sandwich bags (Ziploc® 94600,
www.Ziploc.com) in incubators set as previously de-
scribed for larval hatching. Egg visual estimation was
previously determined based on the comparison of the
following three eggs counts: a) experienced personnel
made visual estimations of eggs on cloth, b) eggs were
counted on 20% of the area of the same egg cloth
samples under magnification with a microscope and
counts were extrapolated to total area (65.03 ch), and c)
eggs on 20% of the area of the same egg cloth samples
were counted using the software Image Pro-Plus for Win-
dows and extrapolating to total area. The three different
egg-counting methods did not differ statistically (F =
0.06, P = 0.94, df = 2, 24). Using the personnel’s visual
estimation departed 20.04 = SEM 4.1% from the abso-
lute counted area mean.

A set of 300 < 16-h old neonates obtained simultaneously
from the 18 pairs from the P, and F, generations was
used to set-up the next generation for each treatment.
Moth pairs were maintained in their containers until
death to assess longevity. The position of the moth con-
tainers inside the incubators was arranged daily in a dif-
ferent pattern.
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Table 1. List of ingredients and amounts of the modified Shaver and Raulston’s diet.

Ingredient Amount to produce 100 g of diet' Manufacturer
NutriSoy® flour 3824 g Archer Daniels Midland Co., Decatur, IL
Wheat germ 3.258¢g Anacon Foods, Atkinson, KS
Wesson salt 0.882 g MP Biomedicals, Inc., Solon, OH
Table sugar 3824 g Different local sources
Vitamin mix 0.882g DSM Nutritional Products, Alberta, Canada.
Agar 1.039 g AEP Colloids, Saratoga Springs, NY
Methyl hydroxybenzoate 0093 g MP Biomedicals, Inc., Solon, OH
Sorbic acid 0.093 g MP Biomedicals, Inc., Solon, OH
Aureomycin 0.093 g Fort Dodge Animal Health, Fort Dodge, IA
Hot distilled water 85.758 g
Acid mix" 0.255 g

Protein source amount

Proportion of NutriSoy® to wheat germ

Treatment 2 (2.37% protein) 0.75:1.25
NutriSoy® flour 2655g
Wheat germ 4426 g
Treatment 3 (2.26% protein) 0.50:1.50
NutriSoy® flour 1.770 g
Wheat germ 5311g
Treatment 4 (2.15% protein) 0.25:1.75
NutriSoy® flour 0.885¢g
Wheat germ 6.19 g
Treatment 5 (2.05% protein) 0.0:2.0
NutriSoy® flour Og
Wheat germ 7.081 g

(Fisher Scientific, Fair Lawn, NJ).

N

Dry ingredients were mixed in a cement mixer for 120 minutes before being added to >90 °C distilled water. Once the dry
ingredients are thoroughly homogenized for ~I minute, the acid mix was added and homogenized for another 2—-3 minutes.
*Mixture of 1.0 ml of distilled water, 0.77 ml of propionic acid (Fisher Scientific, Fair Lawn, NJ) and 0.07 ml of phosphoric acid

'Price of these ingredients obtained in Mississippi in 2007 was US$0.175

Demographic Rates of Increase

The net reproductive rate R,, represents the mean num-
ber of female offspring produced by each female during
its entire lifetime (Carey 1993). It was calculated as:

Ro = E lx‘mx

The generation time (7), which is the mean interval sep-
arating the birth of one generation from the birth of the
next, was calculated as:

T=3(,.m.x) 3(.m,)

Where survival (/) is the probability of an individual at-
taining age x, and net fertility (m,) is the mean number of
individual females produced per female of age x. The m,
value was determined by multiplying the mean number
of eggs produced per female at age x by their sex ratio.
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The intrinsic rate of increase (1), is a special case of a
crude growth rate, where its exact r value was determ-
ined from survival and reproduction by substituting trial
values of 7 based on life fecundity tables constructed using
Lotka’s equation (Carey 1993; Krebs 2001).

_ -r(x+0.5) _
r,=>1l .m_.e =1

The intrinsic rate of increase was then used to calculate
the finite rate of increase (A), denoted as the population
increment (female and male individuals/female/genera-
tion based on 7 value), and the doubling time (d¢), which is
the expression for geometrical increase.

Statistical Analysis

The net reproductive rate, developmental time, doubling
time, gross and net fecundity were calculated by con-
structing individual life tables for each pair (19: 13 /rep-
licate) per treatment per generation. Therefore, for the
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Table 2. Effect of different diet's protein content on the development of three sequential generations of Heliothis virescens.
Net reproductive Generation Percent Net fertility . Eggs per Development
Treatment rate (R.) time (T) surviorship (1) (m,) Longevity day time (dt)
Initial (FO) generation
Treatment | (251% 512,79 +28.59 ab 3071 4026 a Bl144243, | 252343391 [11.27:£1.02 | 68.02 +7.21 493 +0.67 2
protein) a a bc
0,
Treatment 2 (2.37% | 53 99 +39.19a 3055 4049 2 843012432 | D03 07| 1394 2057534828761 56540540
protein) a a c
Treatment 3 (2.26% | 5543343771 a 3022 £0.42a 7380 :079b | O'1-52 346261 11.55 2091 932 4180282
protein) a a +12.76 bc
Treatment 4 (2.15% 13473 £17.11 b 3059 £0.24 2 41264051 ¢ | 301083838 1117720511 141.69 4140262
protein) a a +14.99 a
Treatment 5 (2.05% NA. NA. NA. NA. NA. NA. NA.
protein)
F value 2.67 0.32 2.81 0.56 1.56 1.6 0.96
P value 0.05 0.8l 0.04 0.64 0.20 <0.0001 0.41
First (Fl) generation
Treatment | 231% | 35 1442423 ab 3028 £0.30 2 85.19+1.61a | >o+20¥2559 ) 11.66 x0.61 | 10389 3.67 £0.06 2
protein) a a +33.11a
0,
Treatment 2 (2.37% 366.13 +31.79 a 28.75 +0.20 84.98 +3.34 2 384.08 £33.34 | 11.27 £0.58 [ 77.16 £4.91 342 +0.07 2
protein) a a a
Treatment 3 (2:26% | 977 1942703 b 29.93 £0.26 ab 7272+100b | 33970#3312 ) 11.33 209718082 2626\ 349 4021
protein) a a a
Treatment 4 (2.15% 108.05 +19.14 ¢ 29.36 £0.17 be 4468236 ¢ | 20601 £36.43 | 850 051 1 135.00 331 £0.442
protein) b b +23.11 a
F value 18.59 6.07 71.15 5.6 4.52 1.67 0.38
P value <0.0001 0.001 <0.0001 0.001 0.006 0.18 0.77
Second (F2) generation
Treatment .I (2.51% 311.99 £18.30 a 29.56 +0.32 b 83.55 +128 2 347.82 £20.40 | 11.27 £0.38 [ 75.16 +4.22 3.58 +0.08 a
protein) a ab b
Treatment 2 (2.37% 17726 2020 b 3166 4039 a 4754712 | 282383228 | 12,66 085 (72924859 . oo
protein) ab a b
O,
Treatment 3 (226% | |49 74 43098 be 30.00 0.32 b 7194176 | 761623657 | 927063 | 42422820\ 344,049,
protein) c c c
Treatment 4 (2.15% 96.06 £11.84 ¢ 29.15 £0.22 b 42241044 | 20008324671 950 £0.76 | 119.74 4220262
protein) bc bc 1191 a
F value 18.35 11.77 135.93 7.26 5.47 13.72 1.78
P value <0.0001 <0.0001 <0.0001 0.0003 0.002 <0.0001 0.15
N.A. Not available due to lack of moths emerging from this diet.
Means (S.E.) in columns by generation followed by the same letter are not significantly different at P>0.05."

individual pair tables /= 1 for all values of x, so R, has
the same value as mean age of gross fecundity (Mx)
(mean number of individual females and males produced
per female of age x) (Baker et al. 1992). To obtain more
accurate results the values of the 300-unit sample size
used to calculate the mortality of immature stages and
sex ratio were incorporated into the life tables to estimate
the Ix and mx parameters (Portilla et al. 2000). Data
(means * SE) of demographic parameters presented in
table 2 were analyzed using a one-way analysis of vari-
ance (ANOVA) by the general lineal model (GLM) pro-
cedure of SAS (9.1). Differences between least square
means for all variables for each treatment and for each
generation (calculated by the GLM procedure) were
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evaluated by t-test in SAS (9.1). Regression analyses were
used to determine the correlation between net reproduct-
e rate (R, and soybean flour/wheat germ proportions
(treatments).

Results

Wheat germ alone (treatment 5, 2.05% protein, 0% soy-
bean flour: 100% wheat germ content) could not main-
tain this tobacco budworm colony. Although a small pro-
portion (1.3%) of larvae reached pupation, the resulting
moths (19 and 23) did not produce progeny. The negat-
wve effect of this treatment was so drastic that its use

would not result in the desired subtle effects for
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reproductive biology studies. Protein content manipula-
tion might not be the only factor behind these results.
The addition of extra amounts of wheat germ changed
the nutritional composition profile of the diet due to the
fact that wheat germ contains antinutrients and digestive
enzyme inhibitors (Cohen 2004).

The net reproductive rate (R,), of larvae was negatively
affected in the initial (P,) generation for treatments 2
(2.37% protein) and 4 (2.15% protein), and in the sub-
sequent (F)) generation for treatment 3 (2.26% protein).
Thus, a reduction in protein of = 5.5% had a negative ef-
fect on reproduction. An interesting phenomenon was
noticed with moths emerging from treatment 4. Those
females laid a significantly higher number of eggs but lar-
val survivorship (lx) was negatively affected (Table 2). In
the first generation, the net reproductive rate (R,), devel-
opment time, percent immature survivorship, net fertility
(mx), intrinsic rate of increase (mm), finite rate of increase
(A) and female longevity were also significantly reduced
with treatment 4, and some of these effects were also no-
ticeable in treatment 3 as well (Tables 2 and 3). The
same reproductive and developmental parameters were
significantly affected in the second (I,) generation, with
the exception of development time, further corroborating
the effect of lower protein levels on development of .
virescens.

In the second generation, the effects on some of the
above mentioned parameters began to be apparent in H.
virescens fed treatment 2 (2.37% protein) (Table 2 and 3).
Net reproductive rate, net fertility and longevity were
negatively affected, while eggs per day significantly in-
creased for treatment 3 (2.26% protein) following the
same pattern previously found on the first generation
with treatment 4 (2.15% protein). Regression analysis
performed with net reproductive rate (R,) values made
these trends also noticeable (Figure 1). The first genera-

tion was not greatly affected by the treatments (R2
0.51), but the subsequent generations due to the effect of
suboptimal treatments (< 2.26% protein), produced a
clear effect on net reproductive rate (R‘ =0.83 for F, and
R? = 0.86 for F,). Similar tendencies were also noticed
with two other important parameters, cumulative gross
fecundity and immature survival that were negatively af-
fected by some of the treatments when H. virescens were

Blanco et al.

exposed for more than two generations to a suboptimal
diet.

Figure 2 shows similar cumulative gross fecundity pat-
terns for all treatments and generations where egg pro-
duction rapidly reached its peak by day 11. The highest
cumulative gross fecundity value was recorded for treat-
ment 1 (2.51% protein) in the initial generation (654.62
individuals/female). Immature survival decreased consid-
erably on larvae fed treatment 5 (2.05% protein) after the
first day and became more pronounced after 14 days,
whereas in treatment 4 for all generations the decrease
was delayed untl after the 25h day. The highest imma-
ture survival was obtained on individuals fed treatment 1
(all generations) and treatment 2 (initial and first genera-
tion) (Figure 3).

Discussion

Subtle differences between diet components can have an
effect on noctuids’ feeding preferences (Moore 1986) or
on their development. An insect artificial diet that can
produce suboptimal growth may reflect more accurately
the development pattern of noctuids been fed certain
plant tissue. Because most of the noctuids plant hosts
contain some type of ‘noxious phytochemicals’ capable of
interfering with proper nutrient assimilation on insects
(Whittaker and Feeny 1971), a suboptimal insect artificial
diet may simulate insect growth on plant tissue. Addi-
tions of naturally-occurring plant components such as
gossypol (Gunasena et al. 1988) or nicotine (Gunasena et
al. 1990) to insect artificial diet can also achieve lower de-
velopmental rates on certain insects as well, such as it is
the case of the tobacco budworm. However, adding these
plant components can be expensive or the specific chem-
icals might be difficult to obtain. Since wheat germ is an
essential ingredient in many diets providing =30% less
protein than soybean flour (Cohen 2004), an elevated
proportion of this component, that provides = 68% of
the total protein content of the diet, can produce easily-
measured negative effects on the development of tobacco
budworm such as percent survivorship (lx). Other easy-
to-document parameters such as longevity and egg pro-
duction were not constant in all generations or appeared
only after one generation (longevity), but are important

Table 3. Effect of protein content on finite rate of natural increase and finite rate of increase of three sequential generations of Heliothis

virescens.

Initial (F,) generation

First (F,) generation Second (F,) generation

Percent Protein

2.15%|2.26% (2.37% | 2.51% | 2.15% | 2.26% | 2.37% | 2.51% (2.15% | 2.26% | 2.37% ( 2.51%
Finite rate of natural increase (rm) | 0.164 | 0.186 | 0.172 | 0.175 [ 0.162 | 0.185 | 0.206 | 0.189 | 0.166 | 0.167 | 0.163 | 0.100
Finite rate of increase () 1.1782 1.204 [ 1.187 | 1.191 | 1.175 | 1.203 | 1.228 | 1.208 | 1.180 | I.181 | I.177 | 1.180
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Figure 1. Correlation between Net reproductive Rate (R,) of Heliothis virescens and the percent of protein content in insect artificial diets.

quantifiable parameters that their differences can be no-
ticeable with these suboptimal diets.

Manipulations of the diet’s protein ingredients as de-
scribed in this study might be one way to notice develop-
mental and reproductive parameters that otherwise can-
not be noticeable when insects are fed with diets that sur-
pass all the minimum developmental requirements. One
of the advantages of producing a suboptimal insect artifi-
cial diet that can simulate some of the effects found on /1.
virescens when fed on plant tissue is that an artificial diet
may be more homogenous in its nutritional contents
compared with the potential nutritional and/or chemical
variation that the environment can produce on field-
grown plants. The development of H. virescens on 2.05%
protein closely simulated its development on garbanzo
beans (Cicer arietinum) and white clover (Trifolium repens)
(Blanco et al. 2008).

The interpretation of these results could be mitigated by
the fact that the /1. virescens colony used has been strongly
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selected to feed on the Sharver and Raulston (1971) diet
for hundreds of generations.
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