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The widespread global adoption of Bt crops elevates concerns
about the evolution of Bt resistance in insect pest species.
Current insecticide resistance management (IRM) strategies
focus solely on genetic variation as a causal factor in the
evolution of resistance, but ignore the role that environmental
factors, such as nutrition, may play. In this opinion paper, we
discuss the benefits that insect herbivores gain from
consuming foods with protein—carbohydrate content that
matches their self-selected protein—carbohydrate intake, and
show that even within monocultures there is amply opportunity
for insect herbivores to regulate their macronutrient intake.
Next we review new data that show that dietary protein and
carbohydrates can: firstly, have predictably strong effects on
the survival and performance of caterpillars challenged with Bt
toxins, and secondly, mediate plasticity in susceptibility to
Cry1Ac, which can account for large differences in LCs values.
Nutrition-Bt interactions such as these have important
implications for IRM, particularly given that diet-incorporated
Bt bioassays commonly use artificial diets that vary
substantially from their self-selected optimal diets, which likely
results in underestimates of resistance in the field. Failing to
bioassay larvae on ecologically-relevant diets can seriously
confound the results of Bt resistance monitoring bioassays and
undermine our ability to detect resistance in the field.
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Introduction

Since their introduction in 1996, genetically-modified Bz
crops have revolutionized agriculture. B7 crop acreage has
increased over 60-fold in the last 2 decades, currently
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exceeding 1 billion acres worldwide [1]. With this sharp
increase in Bf crop usage, concerns about Bz resistance are
growing. Presently, incidents of field-evolved resistance
to Bt have been reported in 5 of the 13 pest species
examined [1]. Current methods for slowing the evolution
of resistance include: firstly, producing Bz lines that
express a high lethal dose of toxin and/or pyramided lines
that express two different Cry toxins simultaneously,
secondly, controlling the spread of resistant genotypes
by planting non-B7 refuges to encourage hybridization
between resistant and susceptible individuals, and third-
ly, early detection and quick mitigation of resistance by
monitoring the dose-response of field-collected larva over
time, particularly in regions where reductions in field
efficacy are apparent.

The overriding assumption in B/ resistance management is
that genetic factors are primarily responsible for the pres-
ence of resistant phenotypes [2-4]. This is true despite the
fact that the genetic components of field resistance are
rarely identified. An alternative to this gene-centric view is
that environmental factors can also mediate resistance
through effects on gene expression. This is a phenomenon
we refer to as ‘environmentally-mediated resistance’.
Interactions between genes and their environment can
permit a single genotype (individual) to produce a range
of phenotypes across different environmental conditions; a
phenomenon referred to as phenotypic plasticity.

Nutrition is of fundamental importance to all animals,
including insect herbivores [5,6], but has been neglected
as a factor contributing to variation in insect herbivore
susceptibility to Bz toxins. Plant nutrient content, particu-
larly protein and carbohydrates, has been shown to be both
spatially and temporally variable [7,8,9°], meaning that
insect herbivores forage in a highly heterogeneous nutri-
tional landscape. There is also strong evidence that the
absolute amounts and ratios of protein and carbohydrates in
insect herbivore diets strongly affect their performance,
including growth rate and reproduction [5,10-12,13°,14], as
well as their tolerance to plant toxins [15,16] and immuno-
logical challenges [17-19].

So how might nutrition affect susceptibility to B7 trans-
genic crops? In Figure 1 we show a general phenotypic
plasticity (genotype X environment interaction) model
applied to variation in susceptibility to Bz The usual
expectation in resistance monitoring — that differences
in larval performance are entirely a function of geno-
type — is shown in panel (a). By contrast, panel (b) shows
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A general phenotypic plasticity model showing reduced-susceptibility to Bt mediated by the nutritional environment. Panel (a) shows a genetically-
determined effect, while panel (b) shows an environmentally-determined effect.

that a genotype characterized as susceptible on one diet
can exhibit reduced susceptibility mirroring that of a
constitutively-resistant phenotype when it is reared on
a high quality diet (e.g., the protein—carbohydrate is more
balanced relative to that insect’s protein—carbohydrate
requirements). Knowledge of such nutritionally-mediat-
ed effects can help to explain variation in susceptibility,
and aid in the development of more robust resistance
monitoring assays in the lab that reflect insect perfor-
mance in the field.

Despite the evidence that plant protein—carbohydrate
profiles can be highly variable, and that food protein—
carbohydrate profile impacts herbivore tolerance to plant
toxins and immune responses, the effect of nutrition on Bz
susceptibility is not well understood. This lack of atten-
tion is particularly noteworthy in agricultural systems
where nutritionally-mediated variation in B7 susceptibili-
ty may have significant economic consequences. The aim
of this review is to discuss how insect nutrition relates to
Brcrops, and the implications for B7 resistance monitoring
and management. We do this by highlighting recent work
that examines the effects of food protein—carbohydrate
content on CrylAc toxicity in caterpillars. We also draw
on studies that compare and contrast the feeding behavior
and performance of Brresistant and Bz-susceptible
strains. A crucial implication of the nutritional effects
that we highlight is that most widely used diets in Bz
resistance monitoring assays for Helicoverpa zea, and po-
tentially other herbivores, are nutritionally sub-optimal
and ecologically unrealistic, likely obscuring the detec-
tion of both phenotypic and genetic variation for resis-
tance when it is mediated by the nutritional environment.

Optimal nutrition in a nutritionally
heterogeneous environment

T'o understand how nutrition may impact an insect’s
susceptibility to Bz toxins, we first need to know which
nutrients are needed and the extent to which some are
prioritized over others. All insect herbivores, including
caterpillars and beetles that are common target pests on
plants containing B7 toxins, require the same broad suite
of nutrients [20]. These include amino acids (mostly
obtained from dietary protein), carbohydrates (sugars
and starch), lipids (fatty acids, phospholipids and sterols),
vitamins and minerals. Lipids, vitamins and minerals are
classified as micronutrients because they occur in plants
at low levels, and generally insect herbivores need only
small amounts. With the possible exception of sterols
[21], micronutrients are not considered limiting for insect
herbivores. By contrast, dietary protein and digestible
carbohydrates are needed in larger amounts, and are
considered limiting nutrients for insect herbivores be-
cause when they occur at low levels in plants they
negatively affect fitness [22]. However, because insect
herbivores (indeed all animals) require multiple nutrients
simultaneously, optimal performance is only realized
when nutrient levels are appropriately balanced [5,6].
Given the importance of protein and carbohydrates to
insect herbivores, many species have been examined with
respect to their ability to actively and simultaneously
regulate these two nutrients [5,23]. Two key findings
have emerged. First, most insect herbivores tightly regu-
late their protein—carbohydrate intake, and this ‘intake
target’ is functionally optimal [12,13°]. Second, the pro-
tein—carbohydrate ratio that leads to optimal fitness is
often species specific [5,12,17,24].

Current Opinion in Insect Science 2016, 15:97-103

www.sciencedirect.com



Protein—carbohydrate intake targets have been identified
for a number of caterpillars that are pests of Bz crops
(Figure 2). These intake targets are important because
they underlie the foraging decisions these caterpillars are
making with respect to regulating, and prioritizing, their
protein and carbohydrate intake. This figure also high-
lights three other important points. First, the protein—
carbohydrate intake target reported by Waldbauer
et al. [25] for Helicoverpa zea (a P:C ratio of 4:1) is an
extreme outlier. Deans er a/. [26°°] recently revisited
protein—carbohydrate regulation in H. zea, using the ex-
perimental approach of the geometric framework for
nutrition [6], and found a self-selected P:C ratio of
1.6:1. As seen in Figure 2, the value reported by Deans
et al. [26°°] is more inline with what has been reported for
other caterpillars. Second, as reported by Shikano and
Cory [27], protein—carbohydrate intake targets can differ
between B susceptible and resistant lines. This suggests
that selection for Bf resistance can also affect nutritional
physiology. Third, a comparison of the four Spodoptera
species indicates that closely-related species can have
very different protein—carbohydrate intake targets. The
sister species Heliothis virescens and H. subflexa also exhibit
very different protein—carbohydrate intake targets [17], as
do grasshoppers from the genus Melanoplus [12]. Thus,
intake targets for one species should not be inferred based
on relatedness.

Species-specific and strain-specific protein—carbohydrate
intake targets suggest that protein—carbohydrate regula-
tion is a product of selection. In the field, the ability to
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The intake targets for various caterpillar species targeted by Bt crops,
including: Spodoptera exempta [10], S. exigua [50], S. littoralis [10], S.
litura [51], Plutella xylostera [49], Trichoplusia ni (a resistant (R) and
susceptible (S) strain)[31°°], Heliothis virescens [13°,17], Helicoverpa
zea [26°°] and Waldbauer et al. [25] listed separately.
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regulate protein—carbohydrate intake is particularly valu-
able if an insect experiences a high level of protein—
carbohydrate variability within its lifetime. Generalist
insect herbivores that are highly mobile, and include in
their diet (at the individual level) plants from multiple
plant families, experience a very heterogeneous protein—
carbohydrate landscape [9°]. But what about insect her-
bivores that are specialists, or feed in monocultures?
Studies that examine intra-plant variation in protein
and carbohydrate levels are relatively rare, but it has been
investigated in cotton, a key A7 transgenic host of
H. zea. Within plant protein—carbohydrate content in
cotton is highly variable at a range of spatial and temporal
scales — between varieties, between tissues within a
plant, over plant development, and across different grow-
ing environments [28] (C Deans, PhD thesis, Texas A&M
University, 2015; Dean ez a/. [29]). For example, different
tissues in a single cotton plant can exhibit a 4.5-fold
difference in P:C ratio and a 3-fold difference in total
macronutrient concentration within the same develop-
mental stage (C Deans, PhD thesis, Texas A&M Univer-
sity, 2015; Deans ez al. [29]). There were also strong
differences in tissue macronutrients over time, with leaf
P:C ratio and total macronutrient concentration declining
as much as 60% throughout plant development. Showler
and Moran [28] also documented an almost 200% increase
in protein and a 250% increase in carbohydrate content
between well-watered and water-stressed cotton leaves.
These data suggest that even in agricultural monocultures
with virtually no plant diversity, insect herbivores are
foraging in a highly heterogeneous nutritional landscape.

Interactions between food protein-
carbohydrate content and Cry1Ac

Several studies have connected food protein—carbohy-
drate content with the ability of insect herbivores to cope
with different stressors, including plant toxins and im-
munological challenges. A highly relevant example for
this review is Simpson and Raubenheimer [15], which
showed how food protein—carbohydrate content mediates
the effects of tannic acid (a plant allelochemical) on
locusts (Locusta migratoria). In this study, locusts suffered
low mortality, even at high tannic acid concentrations,
when they were reared on foods that had optimal protein—
carbohydrate balance. However, mortality increased as
food protein—carbohydrate content became more nutri-
tionally unbalanced. Furthermore, on extremely unbal-
anced diets, high mortality was observed at low tannic
acid concentrations. In a similar fashion to locusts, H. zea
was more resilient to CrylAc when reared on a diet
matching their self-selected P:C ratio, exhibiting signifi-
cantly higher survivorship and associated LL.Csq values
when challenged with lethal doses of CrylAc (C Deans,
PhD thesis, Texas A&M University, 2015; Deans ¢ a/.,
unpublished). Feeding on an optimal P:C ratio also im-
proved larval performance at sub-lethal CrylAc concen-
trations. Figure 3 shows that there were no differences in
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Data taken from Deans [26°°] showing % pupating and time to
pupation for larvae reared on diets that differ in P:C ratio and total
macronutrient concentration in the absence of Cry1Ac (a) and with

0.1 ppm (b) and 0.6 ppm (c) of Cry1Ac incorporated into the diets.
Diet effects were only significant for the 0.6 ppm treatment (X = 13.49,
df =3, P < 0.004). Different letter denote significant post hoc
differences at the o = 0.05 level.

time to pupation in the absence of CrylAc, butata sub-
lethal dose of 0.6 ppm CrylAc, the diets that most
closely matched H. zea’s intake target yielded the

fastest developmental time, particularly for the more
concentrated diet.

More research is needed to clearly resolve the relative
importance of diet P:C ratio and total macronutrient
concentration, but it is clear that these two dietary com-
ponents mediate the effects of CrylAc in H. zea with P:C
ratio playing the primary role (C Deans, PhD thesis,
Texas A&M University, 2015; Deans ¢ /., unpublished).
Opert ez al. [30°] also used H. zea to examine interactions
between insect nutrition and CrylAc. They also showed
that food protein—carbohydrate content can affect H. zea
susceptibility to CrylAc in a genetically-susceptible
strain, but it is difficult to interpret the ecological signifi-
cance their results because their optimal reference diet
was based on the 4:1 P:C ratio from Waldbauer ez a/. [25],
which has since been shown to be inaccurately high
[26°°]. Perhaps as a consequence of this, two of their four
protein—carbohydrate treatments reflect high P:C ratios
(4:1 and 9:1) that are rarely experienced by H. zea on
cotton in the field (C Deans, PhD thesis, Texas A&M
University, 2015; Deans ez a/. [29]). Finally, Shikano and
Cory [31°°] examined how food protein—carbohydrate
content affected the CrylAc LCsy in the caterpillar
Trichoplusia ni. 'They found that the L.Cso of resistant
strains, but not susceptible strains, decreased when fed
diets with excess protein. Opert ez al. [30°] also showed
differential responses between resistant and susceptible
H. zea strains, but in this case nutritional variation failed
to have an effect on the resistant strain as it did with the
susceptible insects.

Though specific plant tissues can be characterized in
terms of P:C ratios, an individual insect foraging in the
field is not restricted to a specific tissue type, or ratio, and
can choose from available options at a finer scale to
regulate protein and carbohydrate intake with respect
to its nutritional intake target, which may or may not
change in the presence of toxins. Evidence in locusts
suggests that protein—carbohydrate foraging decisions
made in the presence of toxic compounds are strongly
influenced by the nutritional quality of their food. Beh-
mer ¢ al. [16] showed that when locusts have carbohy-
drate-biased food paired with protein-biased food they
tightly regulate their protein—carbohydrate intake. If the
protein-biased food, but not carbohydrate-biased food
contains tannic acid, protein—carbohydrate intake is still
tightly regulated. By contrast, when the carbohydrate-
biased food, but not the protein-biased food contains
tannic acid, they eat little of the diet with tannic acid
and select a protein-biased intake. For lepidopteran spe-
cies, Cry toxins generally have a deterrent effect on larval
feeding [32,33°]. Despite this, no studies have documen-
ted how Cry toxins explicitly modify protein—carbohy-
drate regulation, relative to treatments that lacked Cry
toxins. Interestingly, Gore er al. [34] reported significant
differences in H. zea larval behavior on Bz versus non-B7

Current Opinion in Insect Science 2016, 15:97-103

www.sciencedirect.com



plants, with a higher proportion of larva on Bz plants
infesting flowers and bolls. Flowers and bolls generally
have lower expression levels of CrylAc than leaves and
squares [35-37]; however, these tissues may also have
different nutritional profiles. Although limited macronu-
trient data is available for cotton flowers, Hedin and
McCarty [38] have shown that cotton anthers are a
high-P resource, and developing seeds in cotton bolls
have both a high total macronutrient concentration and a
P:C ratio of 1.6:1 that perfectly matches the intake target
for H. zea [26°°] (C Deans, PhD thesis, Texas A&M
University, 2015; Dean ez al. [29]).

Nutritional implications for Bt resistance and
monitoring

Current definitions of resistance fail to acknowledge the
effect that environmental factors, such as nutrition, can
have on the efficacy of Bz crops [2—4]. Not only does
nutritional plasticity have the potential to impact the
evolution of resistance via survival and sub-lethal effects
on pest species that violate the assumptions of high dose
and low initial resistance allele frequency (H. zea [39]; H.
armigera [40]; Heliothis virescens [41,42); Pectinophora gos-
sypiella [43,44]), but nutritionally-mediated effects on
susceptibility may also explain a large portion of the
variability in B efficacy observed in the field and across
lab studies. Much more work is needed to fully under-
stand the relationship between nutrition and the various
forms of resistance, but the implications of the available
data for insecticide resistance management (IRM) are
perhaps the most crucial in the near term.

Detecting resistance in field populations is at the fore-
front of IRM. Although plant-based bioassays are some-
times used, diet-incorporation bioassays are much more
common. For these assays, neonate mortality is assessed
across a range of Cry concentrations incorporated into an
artificial diet. Typically, commercially-available rearing
diets are used in these assays, often because they are
inexpensive and easy to make. However, new evidence
suggests that, although these diets are adequate for rear-
ing laboratory cultures, they are likely not nutritionally
relevant to the field.

Table 1

Nutrient-Bt interactions Deans, Sword and Behmer 101

Using choice tests, [26°°] showed that H. zea selected for a
slightly protein-biased P:C ratio of 1.6:1. When larval
performance was measured across a range of diet P:C
ratios with CrylAc incorporated, those reared on the diet
closest to this intake target showed the highest survival,
best overall performance, and highest [.Cs, concentration
(C Deans, PhD thesis, Texas A&M University, 2015;
Deans ¢z a/., unpublished). However, the P:C ratios of
artificial diets used in the most recent Bz bioassays on H.
zea, as well as the two most commonly used commercial
rearing diets for H. zea (Southland Products and Frontier
Agricultural Sciences (formerly Bio-Serv)), are all ex-
tremely carbohydrate-biased (Table 1). Not only are
these P:C ratios substantially lower than the optimal
1.6 ratio, but in Deans (PhD thesis, Texas A&M Univer-
sity, 2015; Deans ¢z a/., unpublished) the carbohydrate-
biased diets tested in this range showed the lowest
survival, performance, and L.Cs, for insects challenged
by CrylAc. However, survival data from Orpet ¢z a/. [30°]
suggests that diet—Cry interactions may vary between
insect populations.

Protein—carbohydrate intake targets for insect herbivores
are based on feeding behavior, so they provide the best
representation of foraging behavior in the field. A dis-
crepancy in food protein—carbohydrate content between
the diet larvae consume in the field and the diet used in
resistance bioassays has the potential to seriously con-
found the results of resistance monitoring efforts. For
example, H. zea larvae that appear to be resistant in the
field could actually test as susceptible in lab bioassays
simply because they have been tested on a sub-optimal
diet. The available nutritional data suggest that current
resistance monitoring assays, based on sub-optimal car-
bohydrate-biased diets, are likely overestimating suscep-
tibility in field populations of H. zea by greater than two
orders of magnitude (Dean ef a/., unpublished). Insect
mortality in these assays is a consequence of being
stressed by both a suboptimal diet and Bz toxins. It does
not accurately reflect their susceptibility while foraging to
achieve their nutritional intake target under field condi-
tions and can lead to the erroneous conclusion of low
levels of resistance. It is also likely that similar nutritional

The P:C ratios and total macronutrient concentrations for the rearing diets cited in the most recent studies on Bt resistance in H. zea, as
well as commonly used commercially-available rearing diets for H. zea. If available, the original citation for the diet recipe is given in
parentheses under diet type, along with the main ingredients.

Citation Diet type P:C ratio Total macronutrients (%)
Luttrell et al. [45] Corn, soy flour, wheat germ 1:2 62.5
(King et al., 1985)
Ali et al. [46] Corn, soy flour 1:3 70.9
(Burton, 1970)
Ali et al. [47] Pinto bean, yeast wheat germ 1:2 74.5
(Burton, 1969)
Southland Products Soy flour, wheat germ 1:2.3 62.8
Frontier Agricultural Sciences Soy flour, wheat germ 1:2.5 63.2
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confounds occur in diet-based assays for other pest spe-
cies. Ultimately, the inability to accurately detect re-
duced susceptibility in agricultural pest populations
compromises the effectiveness of IRM programs.

Conclusions

Although the potential economic impact of nutritionally-
mediated plasticity in Bz susceptibility might appear
minor in comparison to that of genetically-determined
resistance, such plasticity may not only help to explain
observed variability in the efficacy of Bf crops, it can also
be an adaptive intermediate stage in the rapid evolution
of genetically-determined resistance [48]. We have dis-
cussed the strong effect that nutrition can have on Br
susceptibility as an example of environmentally-mediat-
ed resistance and highlighted some negative conse-
quences of not accounting for nutrition in IRM
monitoring. Despite the overall success of B7 technology,
field failures can occur without warning. Using ecolog-
ically-relevant diets informed by insect physiology for
resistance monitoring that do not overestimate suscepti-
bility to Bz toxins will improve the ability to detect
resistance in a timely manner as it unfolds in the field,
enabling proactive responses to protect the efficacy of the
technology before it is too late.

Acknowledgements

We would like to thank, members of the Sword and Behmer Labs at Texas
A&M University and the Hutchison Lab at the University of Minnesota for
discussion of the ideas outlined in this article. William Moar provided

valuable feedback. This material is based upon work that is supported by
the Biotechnology Risk Assessment Grants (BRAG) program from the U.S.
Department of Agriculture (2015-33522-24099) awarded to GAS and STB.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Tabashnik BE, Brévault T, Carriere Y: Insect resistance to Bt
crops: lessons from the first billion acres. Nat Biotechol 2013,
31:510-521.

2. Tabashnik BE: Evolution of resistance to Bacillus thuringiensis.
Ann Rev Entomol 1994, 39:47-79.

3. Moar W, Roush R, Shelton A, Ferré, Macintosh S, Leonard BR,
Abel C: Field-evolved resistance to Bt toxins. Nat Biotechnol
2008, 26:1072-1074.

4. Tabashnik BE, Mota-Sanchez D, Whalon ME, Hollingworth RM,
Carriére Y: Defining terms for proactive management of
resistance to Bt crops and pesticides. J Econ Entomol 2014,
107:496-507.

5. Behmer ST: Insect herbivore nutrient regulation. Annu Rev
Entomol 2009, 54:165-187.

6. Simpson SJ, Raubenheimer D (Eds): The Nature of Nutrition: A
Unifying Framework From Animal Adaptation to Human Obesity.
Princeton University Press; 2012.

7. Gulsewell S: N:P ratios in terrestrial plants: variation and
functional significance. New Phytol 2004, 164:243-266.

8. Schoonhoven LM, Van Loon JJA, Dicke M (Eds): Insect-Plant
Biology. Oxford University Press; 2005.

9. Lenhart PA, Eubanks MD, Behmer ST: Water stress in
e grasslands: dynamic responses of plants and insect
herbivores. Oikos 2015, 124:381-390.

Plant macronutrient content can show high seasonal variability. This
paper documents significant differences in macronutrients over time in
grass and forb species; however, these differences were driven by
changes in plant protein content only, as no significant change in carbo-
hydrate content was detected over time.

10. Lee KP, Raubenheimer D, Simpson SP: The effects of nutritional
imbalance on compensatory feeding for cellulose-mediated
dietary dilution in a generalist caterpillar. Physiol Entomol 2004,
29:108-117.

11. Simpson SJ, Sibly RM, Lee KP, Behmer ST, Raubenheimer D:
Optimal foraging when regulating intake of multiple nutrients.
Anim Behav 2004, 68:1299-1311.

12. Behmer ST, Joern A: Coexisting generalist herbivores occupy
unique nutritional feeding niches. PNAS 2008, 105:1977-1982.

13. Roeder KA, Behmer ST: Lifetime consequences of food

. protein-carbohydrate content for an insect herbivore. Funct
Ecol 2014, 28:1135-1143.

Fitness is optimized on foods that match the self-selected protein—

carbohydrate intake. This paper shows how food P:C ratio affects

performance by following individuals through larval and pupal develop-

ment, and including reproduction, including both egg production and

viability.

14. Le Gall M, Behmer ST: Effects of protein and carbohydrate on
an insect herbivore: the vista from a fitness landscape. Integr
Comp Biol 2014, 54:942-954.

15. Simpson SJ, Raubenheimer D: The geometric analysis of
nutrient-allelochemical interactions: a case study using
locusts. Ecology 2001, 82:422-439.

16. Behmer ST, Simpson SJ, Raubenheimer D: Herbivore foraging in
chemically heterogeneous environments: nutrients and
secondary metabolites. Ecology 2002, 83:2489-2501.

17. Lee KP, Cory JS, Wilson K, Raubenheimer D, Simpson SJ:
Flexible diet choice offsets protein costs of pathogen
resistance in a caterpillar. Proc R Soc B 2006, 273:823-829.

18. Povey S, Cotter SC, Simpson SJ, Lee KP, Wilson K: Can the
protein costs of bacterial resistance be offset by altered
feeding behaviour? J Anim Ecol 2009, 78:437-446.

19. Ponton F, Wilson K, Cotter SC, Raubenheimer D, Simpson SJ:
Nutritional immunology: a multi-dimensional approach. PLoS
Pathogens 2011, 7:e1002223.

20. Chapman RF, Simpson SJ, Douglas AE (Eds): The Insects.
Cambridge University Press; 2013.

21. Behmer ST, Nes WD: Insect sterol nutrition and physiology: a
global overview. Adv Insect Physiol 2003, 31:1-72.

22. Bernays EA, Chapman RF (Eds): Host-Plant Selection by
Phytophagous Insects. Springer Science & Business Media; 1994.

23. Raubenheimer D, Machovsky-Capuska GE, Gosby AK,
Simpson S: Nutritional ecology of obesity: from humans to
companion animals. Brit J Nutr 2015, 113:S26-S39.

24. Simpson SJ, Raubenheimer D: Integrative models of nutrient
balancing: application to insects and vertebrates. Nutr Res Rev
1997, 10:151-179.

25. Waldbauer GP, Cohen RW, Friedman S: Self-selection of an
optimal nutrient mix from defined diets by larvae of corn
earworm, Heliothis zea (Boddie). Physiol Zool 1984, 57:590-597.

26. Deans CA, Sword GA, Behmer ST: Revisiting macronutrient

ee regulation in the polyphagous herbivore Helicoverpa zea
(Lepidoptera: Noctuidae): new insights via nutritional
geometry. J Insect Phys 2015, 81:21-27.

The authors re-assess nutrient regulation in the polyphagous crop pest

Helicoverpa zea using a geometric framework and show that larvae

regulate their intake of dietary protein and carbohydrates to achieve a

1.6:1 P:C ratio. This intake target varies substantially from an earlier

reported intake of 4:1 by Waldbauer et al. [25], but importantly is more

inline with those documented for other lepidopteran species.

Current Opinion in Insect Science 2016, 15:97-103

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0240
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0240
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0240
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0245
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0245
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0250
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0250
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0250
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0255
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0255
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0255
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0255
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0260
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0260
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0265
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0265
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0270
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0270
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0275
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0275
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0280
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0280
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0280
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0285
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0285
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0285
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0285
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0290
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0290
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0290
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0295
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0295
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0300
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0300
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0300
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0305
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0305
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0305
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0310
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0310
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0310
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0315
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0315
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0315
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0320
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0320
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0320
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0325
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0325
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0325
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0330
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0330
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0330
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0335
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0340
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0340
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0345
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0345
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0350
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0350
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0350
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0355
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0355
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0355
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0360
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0360
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0360
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0365
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0365
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0365
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0365

27. Shikano I, Cory JS: Dietary mechanism behind the costs
associated with resistance to Bacillus thuringiensis in the
cabbage looper, Trichoplusia ni. PLoS ONE 2014 a, 9:e105864.

28. Showler AT, Moran PJ: Effects of drought stressed cotton,
Gossypium hirsutum L., on beet armyworm, Spodoptera
exigua (Hiibner), oviposition, and larval feeding preferences
and growth. J Chem Ecol 2003, 29:1997-2011.

29. Deans CA, Behmer ST, Fiene J, Sword GA: Spatio-temporal,
genotypic, and environmental effects on plant soluble protein
and digestible carbohydrate content: implications for insect
herbivores with cotton as an exemplar. J Chem Ecol in press.

30. Orpet RJ, Degain BA, Unnithan GC, Welch KL, Tabashnik BE,

e Carriére Y: Effects of dietary protein to carbohydrate ratio on
Bt toxicity and fitness costs of resistance in Helicoverpa zea.
Entomol Exp Appl 2015, 156:28-36.

This paper looks at the effects of diet P:C ratio on Bt susceptibility in a Bt-

resistant and Bt-susceptible strain of cotton bollworm (Helicoverpa zea).

Results show that diet P:C only had an effect on performance when the

Bt-susceptible strain was challenged with Cry1Ac, while diet had no

effect on the performance of the Bt-resistant strain. It should be noted,

however, that the diets tested in this study are centered around a 4:1 P:C

diet being optimal (Waldbauer et al. [25]), which has since been revised to

a P:C or 1.6:1 by Deans et al. [26°°].

31. Shikano I, Cory JS: Genetic resistance to Bacillus thuringiensis
ee alters feeding behaviour in the cabbage looper, Trichoplusia
ni. PloS ONE 2014 b, 9:e85709.
The authors showed that dietary protein and carbohydrate regulation was
significantly different between a Bt-resistant and Bt-susceptible strain of
cabbage looper (Trichoplusia ni). When allowed to self-select their own
diet the Bt-resistant strain regulated for a more protein-biased intake
target than the Bt-susceptible strain.

32. Gore J, Adamczyk JJ, Blanco CA: Selective feeding of tobacco
budworm and bollworm (Lepidoptera: Noctuidae) on meridic
diet with different concentrations of Bacillus thuringiensis
proteins. J Econ Entomol 2005, 98:88-94.

33. Orpet RJ, Degain BA, Tabashnik BE, Carriére Y: Balancing Bt

e toxin avoidance and nutrient intake by Helicoverpa zea
(Lepidoptera: Noctuidae) larvae. J Econ Entomol 2015,
108:2581-2588.

The authors show that Cry1Ac acts as a feeding deterrent in both a Bt-

resistant and Bt-susceptible strain of cotton bollworm (Helicoverpa zea).

It should be noted, however, that the diets tested in this study are

centered around a 4:1 P:C diet being optimal (Waldbauer et al., 1984),

which has since been revised to a P:C or 1.6:1 by Deans et al. [26°°].

34. Gore J, Leonard BR, Church GE, Cook DR: Behavior of bollworm
(Lepidoptera: Noctuidae) larvae on genetically engineered
cotton. J Econ Entomol 2002, 95:763-769.

35. Greenplate JT: Quantification of Bacillus thuringiensis insect
control protein Cry1Ac over time in Bollgard coton fruit and
terminals. J Econ Entomol 1999, 92:1377-1383.

36. Adamczyk JJ, Hardee DD, Adams LC, Sumerford DV: Correlating
differences in larval survival and development of bollworm
(Lepidoptera: Noctuidae) and fall armyworm (Lepidoptera:
Noctuidae) to differential expression of Cry1A(c) 5-endotoxinin
various plant parts among commercial cultivars of transgenic
Bacillus thuringiensis cotton. J Econ Entomol 2001, 94:284-290.

37. Kranthi KR, Naidu S, Dhawad CS, Tatawadi A, Mate K, Patil E,
Bharose AA, Behere GT, Wadaskar RM, Kranthi S: Temporal and
intra-plant variability of Cry1Ac expression in Bt-cotton and its
influence on the survival of the cotton bollworm, Helicoverpa

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Nutrient-Bt interactions Deans, Sword and Behmer 103

zea (Hubner) (Noctuidae: Lepidoptera). Curr Sci India 2005,
89:292-298.

Hedin PA, McCarty JC: Possible roles of cotton bud sugars and
terpenoids in oviposition by the boll weevil. J Chem Ecol 1990,
16:757-772.

Burd AD, Gould F, Bradley JR, Van Duyn JW, Moar WJ: Estimated
frequency of nonrecessive Bt resistance genes in bollworm,
Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) in eastern
North Carolina. J Econ Entomol 2003, 96:137-142.

Wu K, Guo Y, Lv N, Greenplate JT, Deaton R: Resistance
monitoring of Helicoverpa armigera (Lepidoptera: Noctuidae)
to Bacillus thuringiensis insecticidal protein in China. J Econ
Entomol 2002, 95:826-831.

Gould F, Anderson A, Reynolds A, Bumgarner L, Moar W:
Selection and genetic analysis of a Heliothis virescens
(Lepidoptera: Noctuidae) strain with high levels of
resistance to Bacillus thuringiensis toxins. J Econ Entomol
1995, 88:1545-1559.

Gould F, Anderson A, Jones A, Sumerford D, Heckel DG, Lopez J,
Micinski S, Leonard R, Laster M: Initial frequency of alleles for
resistance to Bacillus thuringiensis toxins in field populations
of Heliothis virescens. PNAS 1997, 94:3519-3523.

Tabashnik BE, Patin AL, Dennehy TJ, Liu Y, Carriere Y, Sims MA,
Antilla L: Frequency of resistance to Bacillus thuringiensis in
field populations of pink bollworm. PNAS 2000, 97:12980-
12984.

Tabashnik BE, Liu Y, Dennehy TJ, Sims MA, Sisterson MS,
Biggs RW, Carriere Y: Inheritance of resistance to Bt toxin
Cry1Ac in a field-derived strain of pink bollworm (Lepidoptera:
Gelechiidae). J Econ Entomol 2002, 95:1018-1026.

Luttrell RG, Wan L, Knighten K: Variation in susceptibility of
noctuid (Lepidoptera) larvae attacking cotton and soybean to
purified endotoxin proteins and commericial formulations of
Bacillus thuringiensis. J Econ Entomol 1999, 92:21-32.

Ali MI, Luttrell RG, Young SY: Susceptibilities of Helicoverpa zea
and Heliothis virescens (Lepidoptera: Noctuidae) populations
to Cry1Ac insecticidal protein. J Econ Entomol 2006, 99:164-
175.

Ali MI, Luttrell RG, Abel C, Richter DA: Monitoring Bt
susceptibilities in Helicoverpa zea and Heliothis virescens: results
of 2006 studies; Proceedings, 2007 Beltwide Cotton Conferences:
2007:9-12.

Pigliucci M, Murren CJ: Perspective: genetic assimilation and a
possible evolutionary paradox: can macroevolution
sometimes be so fast as to pass us by? Evolution 2003,
57:1455-1464.

Warbrick-Smith J, Raubenheimer D, Simpson SJ, Behmer ST:
Three hundred and fifty generations of extreme food
specialisation: testing predictions of nutritional ecology.
Entomol Exp et Appl 2009, 132:65-75.

Merkx-Jacques M, Despland E, Bede J: Nutrient utilization by
caterpillars of the generalist beet armyworm, Spodoptera
exigua. Physiol Entomol 2008, 33:51-61.

Lee KP: Sex-specific differences in nutrient regulation in a
capital breeding caterpillar, Spodoptera litura (Fabricius).
J Insect Physiol 2010, 56:1685-1695.

www.sciencedirect.com

Current Opinion in Insect Science 2016, 15:97-103


http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0370
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0370
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0370
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0375
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0375
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0375
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0375
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0380
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0380
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0380
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0380
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0385
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0385
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0385
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0390
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0390
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0390
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0390
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0395
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0395
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0395
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0395
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0400
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0400
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0400
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0405
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0405
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0405
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0410
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0415
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0420
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0420
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0420
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0425
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0425
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0425
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0425
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0430
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0430
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0430
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0430
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0435
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0435
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0435
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0435
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0435
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0440
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0440
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0440
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0440
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0445
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0445
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0445
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0445
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref1450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref1450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref1450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref1450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref2450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref2450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref2450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref2450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref3450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref3450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref3450
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0455
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0455
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0455
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0455
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0460
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0460
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0460
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0460
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0465
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0465
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0465
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0470
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0470
http://refhub.elsevier.com/S2214-5745(16)30048-7/sbref0470

	Nutrition as a neglected factor in insect herbivore susceptibility to Bt toxins
	Introduction
	Optimal nutrition in a nutritionally heterogeneous environment
	Interactions between food protein–carbohydrate content and Cry1Ac
	Nutritional implications for Bt resistance and monitoring
	Conclusions
	References and recommended reading
	Acknowledgements


