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Abstract: The adaptiveness of plasticity of digestive enzyme responses to allelochemical stress was tested on 32 full-sib families of gypsy moth
larvae from an oak forest population (the Quercus population) and 26 families from a locust-tree forest (the Robinia population), reared
either on control diet, or ontannin-supplemented diet. Using the duration of larval development as anindirect measure of fitness, phenotypic
selectionanalysesrevealedthatlower specific activities of total proteases andtrypsin, and higher specific activity of leucine aminopeptidase
were adaptive for both populations in the control environment. Plasticity was only shown to be costly for total proteases and trypsin
activity in Quercus larvae. In a stressful environment, the most apparent adaptive response was a significant increase in lipase activity.
There was no plasticity cost for lipase activity. The two populations differed in the direction of selection acting on a-glucosidase activity,
which favoured decreased activity in Quercus larvae and increased activity in Robinia larvae in the control environment. o.-glucosidase
activity in Quercus larvae is characterized by cost of homeostasis, while cost of plasticity was shown for Robinia larvae. The results
obtained on the plasticity of digestive enzyme activity indicate how this generalist species copes with variation in plant allelochemicals.
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1. Introduction

Phenotypic plasticity, the capacity of individuals of the
same genotype to express different phenotypes in
different environments, is an important mechanism by
which a population can respond rapidly to changing
environmental conditions [1]. Adaptive plasticity can
evolve toward expression of the optimal phenotype in
each environment, if there is genetic variation of trait
plasticity and selection on it. Evolution of adaptive
plasticity may be constrained by genetic correlations
across environments and by the costs of plasticity [2,3].
Since complex life-history traits are composed of many
subordinate traits, the response to selection, which acts
most strongly on those phenotypic aspects that are most
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strongly correlated with fithess, comprises associated
changes in both mean values and plasticity of various
aspects of morphology, physiology, and biochemical
pathways [4-6]. Analyses of the relationships
between plasticity of these numerous traits and life-
history characteristics of organisms can improve our
understanding of diverse adaptations that evolve in
populations inhabiting heterogeneous environments.
Phytophagousinsects express a variety of phenotypic
responses to the quality of their hosts, such as changes
in behavioral, morphological, and life-history traits
[7-11]. Considerable plasticity of digestive enzyme
activity in response to variation in the nutritive and
antinutritive characteristics of host plants has also been
detected in these insects [12-14]. Many plant secondary
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compounds may bind to plant protein, preventing its
digestion, or reduce the activity of digestive enzymes
(such as total serine proteinase, trypsin, aminopeptidase
[15,16], amylase [17], and glucosidase [18]), or affect
enzyme regulation [13], thus hampering food digestion.
On the other hand, insects can respond to these
challenges through quantitative changes, i.e. changes
of the levels of enzyme activity, and/or qualitative
changes, i.e. synthesis of less sensitive or insensitive
enzyme forms. As serine proteases contribute to about
95% of the total digestive activity in lepidopteran larvae,
their functional diversity plays a key role in the response
to different plant compounds [19]. Dynamic modulation
of digestive enzyme activity could be the basis of insect
adaptation to various host plants [20]. The role of
plasticity of enzyme activity in the evolution of specific
adaptations on different hosts can best be understood by
analyzing phytophagous insects which survive and feed
on a large range of host plants, i.e., generalist species.
Specifically, it is expected that plastic adjustments of
enzyme activity are of crucial importance for coping with
a variety of plant chemicals in order to maintain at least
sufficiently functioning life-history strategies to survive
and reproduce.

Lymantria  dispar  (Linnaeus) (Lepidoptera:
Lymantriidae) is one of the most important insect pests
in broadleaf forests of the Northern Hemisphere. It can
feed on more than 500 plant species [21]. Considering the
tremendous variety of host-specific chemical defenses,
it can be expected that the digestive enzyme activity of
the gypsy moth is exposed to a wide range of selective
pressures and that the evolution of enzyme plasticity
could be one of the major ways to adapt to heterogeneous
host environments. The gypsy moth is considered a
tannin-tolerant herbivore [22], although higher tannin
levels in leaves or increased tannin concentration in
an artificial diet has been shown to decrease fitness in
this species [23-25]. In our previous study, we reported
adverse effects of a tannin-supplemented rearing diet
on some larval traits in gypsy moths originating from two
populations: oak and locust-tree forests [26]. Here, we
present the results of an experiment performed on the
same two populations. Hydrolyzable tannins have been
detected in both oak and locust-tree leaves [24,27,28],
but importantly, locust-trees have higher levels of
tannin [28]. As part of quantitative plant defense, these
allelochemicals could be the agents of selection on
gypsy moth larvae. As expected after more than 50
years of independent evolution of these two populations
[29], significant between-population divergence has
been revealed for various life-history, behavioral, and
physiological traits [30-32]. Regarding enzyme plasticity,
previously published results [33] revealed changes

in total protease, a-glucosidase, and lipase activity
in response to a tannin-supplemented rearing diet.
Quantitative genetic analysis has detected significant
expression of genetic variation of enzyme activity and
enzyme plasticity within populations, indicating that
there is potential for the evolution of adaptive plastic
responses to new or otherwise stressful environments
[33]. Also, the specific activity of trypsin decreased, while
leucine aminopeptidase activity showed a tendency to
increase in response to a tannin-supplemented rearing
diet. Significant variability of enzyme plasticity was
demonstrated in both Quercus and Robinia populations
[34]. Changes in the activity of five digestive enzymes
and the duration of larval development are also given in
the present study.

Our aim was to assess the adaptive significance of
plasticity of the five previously listed enzymes in response
to allelochemical stress imposed by increasing tannic
acid in the rearing diet. Specifically, gypsy moth larvae
from two populations, oak and locust-tree, were exposed
to two different experimental conditions: control and
stressful environment. In order to quantify the intensity of
selection on the specific activities of digestive enzymes
in each environment and on the plasticity of these
activities, we used developmental time as an indirect
measure of fitness. Our premise was that acceleration
of larval development is positively correlated with higher
net fitness in this species. As reviewed in Nylin and
Gotthard [35], in some species and specific ecological
circumstances, such as species with opportunistic life-
styles and fluctuating population dynamics, a short
developmental time should be considered beneficial.
However, shorter juvenile development could lead to
smaller size at maturity. The theory on optimal insect
size involves the trade-off between fitness advantage
of large size, and disadvantage of prolonged juvenile
development. Although prolonged development can be
a way of increasing food consumption on a suboptimal
diet [36], it can also result in longer exposure of young
and more vulnerable larvae to natural enemies [37].
Young larvae have greater sensitivity to secondary plant
compounds and mechanical leaf traits [38-40], and
their mortality is higher [41]. Considering these facts, a
shorter duration of larval stage, especially of younger
larval instars, should be adaptive and contribute to
fitness. In the gypsy moth, larval development time
increased and pupal weight decreased in response to
low protein (nitrogen) diets and higher concentrations
of some plant secondary compounds [42-44]. In an
experiment with natural host plants, Lazarevi¢ et al.
[45] failed to detect the trade-off between the duration
of larval development and pupal weight or fecundity
in the gypsy moth. A significant negative correlation
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was recorded between development time and weight
in gypsy moth larvae reared on a low-quality artificial
diet [46]. Therefore, based on these premises and
earlier studies, in our analyses of patterns of selection
we considered negative correlation between enzyme
and developmental time to be an indicator of positive
selection on enzyme activity in specific environments
and populations, whereas the cost of plasticity was
indicated by the positive correlation between enzyme
plasticity and developmental time.

2. Experimental Procedures

2.1 Experimental design

As described previously [26,33], the experiment was
performed on larvae of the gypsy moth Lymantria
dispar from two populations with different host use
histories (oak and locust-tree). Thirty-two gypsy moth
egg masses were collected from a mixed oak forest
within the Bogovadja forest complex, referred to as
the Quercus population (locality “Bogovadja”, 70 km
south-west of Belgrade). Twenty-six egg masses were
collected from a locust-tree (Robinia pseudoacacia L.)
forest, referred to as the Robinia population (locality
‘Bagremara”, near Backa Palanka, 122 km north-west
of Belgrade). Egg masses were kept in the refrigerator
at 4°C until transferring to a constant temperature of
23°C for hatching. Larvae were reared at 23°C and a
photoperiod of L12:D12. Fresh food was supplied daily.

All larvae hatched from a single egg mass
represented full-sibs. From both populations within
each egg mass 7-9 larvae were randomly assigned to
two groups: a group fed on the control diet, C (HWG
diet for gypsy moth, according to ODell et al. [47]), and
a group fed on the HWG diet containing 5% tannic acid,
T (5% dry weight, Sigma Aldrich, lot No 32K1248). Four
experimental groups were created: 1) QC, Quercus
larvae fed on the control diet; 2) QT, Quercus larvae fed
on the tannin-supplemented diet; 3) RC, Robinia larvae
fed on the control diet; and 4) RT, Robinia larvae fed on
the tannin-supplemented diet.

Duration of development (in days) from hatching
until moulting into the fourth instar (LD,), duration of
fourth instar (L,), and developmental time from hatching
until moulting into the fifth instar (LD,) were determined
for each larva. Values of these traits, representing life-
history characteristics in sequential temporal order
within the larval period, were used as indirect measures
of individuals® fitness. On the third day of the fifth
instar, larvae were sacrificed, and their midguts were
removed by dissection and homogenized individually in
0.15mol L' NaCl (final tissue concentration 100 mg ml).

After centrifugation at 10,000 x g for 20 min at 4°C,
the supernatants (crude midgut extracts) were used to
determinethe activity of digestive enzymes. Ingypsy moth
larvae, the digestive proteinase activities are attributed
to serine proteinases responsible for the primary
digestion of proteins. Trypsin is a serine proteinase that
preferentially cleaves protein chains on the carboxyl
side of basic L-amino acids. Leucine aminopeptidase
catalyze the cleavage of amino acids from the amino
terminus of protein or peptide substrates [48]. Alpha-
glucosidase catalyzes the hydrolysis of terminal, non-
reducing 1,4-linked a-D-glucose residues, releasing
a-D-glucose from dietary small oligosaccharides
[49], while lipases successively hydrolyze dietary
triacylglycerols to di- and monoacylglycerols, with free
fatty acids as coproducts. Additionally, lipases hydrolyze
nitrophenyl esters at the oil-water interface [50]. Specific
activity of total proteases (TP) [51], trypsin (TRY) and
leucin aminopeptidase (LAP) [52], a-glucosidase
(a-G) [53], and lipase (LIP) [54] were measured for each
larval midgut extract in all experimental groups, and
expressed as U mg™ of midgut protein. Protein content
was determined according to the methods of Bradford
[55].

2.2 Statistical analysis

Standardized selection gradients were estimated in
order to quantify intensity and direction of phenotypic
selection acting on the digestive enzyme activity of
gypsy moth larvae. As coefficients of partial regression,
standardized selection gradients quantify (in units of
phenotypic standard deviation; z-transformation [56])
the effect of each trait on relative fitness, holding the
effects of all other traits constant [57]. Regression
models were used to test for directional selection.
Selection gradients were calculated for each of the
experimental environments (control and treatment) in
both Quercus and Robinia populations [58].

Following Schlichting [59], plasticity was measured
as the absolute value of the differences in family mean
enzyme phenotype between the two treatments (control
and tannin-supplemented diets). The simplified statistical
model of Scheiner and Berrigan [60] was used to
estimate the cost of plasticity of enzyme activities within
each of the treatments and each of the populations:
W = Constant + B,"X + B,"X? + B,*pIX, where W is the
relative fitness in one environment/population, X is the
value of the trait in the complementary environment/
population, and pIX is the between-treatment plasticity
of the analyzed trait. Significant regression coefficients
B,and B, measure direct selection on the trait value and
account for the linear and non-linear components of
selection, while B, describes how the ability to be plastic
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affects fitness. Assuming that faster larval development
is beneficial in the gypsy moth (see Introduction), a
significant positive value of f, indicates the cost of
maintaining the capacity for plastic responses, while a
negative coefficient suggests the cost of homeostasis,
i.e., beneficial effects of the ability to respond plastically
to environmental conditions. The quadratic terms
were not significant in preliminary tests and thus were
removed from the analyses.

In both phenotypic selection analysis and plasticity
cost analysis, relative fithess was estimated as
the ratio of individual absolute fitness and average
absolute fitness in both environments (C and T) within
populations. Differences of standardized regression
coefficients between diets within populations (QC-QT,
RC-RT), and between the two populations on each diet
(QC-RC, QT-RT) were tested by analysis of covariance
[58].

3. Results

3.1 Selection gradients

Among estimated life-history traits, only the first
observed period of larval development (LD,) was shown
to be sensitive to stressful concentrations of tannic
acid (Table 1). Later larval stages (L,), as well as the
total duration of assessed larval development (LD,),
maintained similar mean developmental durations in
allelochemical stress as in the control environment. This
result is not surprising for generalist species such as
the gypsy moth, presuming the ability of these species
to cope and maintain high fithess in a great number

of circumstances. Selection analyses were performed
in order to estimate the adaptivity or maladaptivity
of enzyme plasticity and the contribution of adaptive
enzyme plasticity to maintaining fitness across control
and stressful environments. The phenotypic selection
model applied on Quercus larvae in the control
environment revealed that decreased activity of total
proteases (TP) in all larval stages and of a-glucosidase
(0-G) in the second assessed larval period (L,) was
associated with shorter duration of the development
(Table 2). This result implies that significantly lower
mean activities of both enzymes in treatments with
high tannin concentration (Table 1) may be considered
to be an adaptive response to allelochemical stress.
Though significant gradients in stress treatment were
not detected, this was likely due to the joint influence
of decreased variance of life-history and enzyme traits
on the partial regression test (Table 2). Generally low
values of selection gradients detected in the whole
statistical model resulted in very high sensitivity to
the variance levels. A negative functional relationship
between increased activity of leucine aminopeptidase
(LAP) and developmental time (L, and LD,) indicated
the positive fitness effects of these enzymes in non-
stressful environment. Similar to TP and a-G patterns,
the trend of increasing mean LAP activity on the tannin-
supplement treatment (Table 1) implied active adaptive
response of this enzyme to dietary stress.

Regarding the Robinia population, in which the larvae
evolved under higher levels of tannins, the influence of
digestive enzymes on larval fitness differed in some
aspects relative to the Quercus population (Table 2).
In the Robinia population in the control environment,

Quercus population Robinia population
control diet tannin-supplemented diet control diet tannin-supplemented diet

N XY = SE N X =+ SE N X + SE N X = SE

'LD, 220 16.127  0.115%° 241 15.983  0.126% 178 16.635 0.177° 196 16.015 0.162°
L, 217 5.373 0.060% 244 5.471 0.0542 182 5.385 0.0612 202 5.460 0.0712
LD, 219 21.438 0.1382 235 21.434 0.1482 177 22.006 0.1922 194 21.412 0.1872
TP 215 1.824 0.042% 238 1.557 0.040° 176 1.996 0.055° 193 1.746 0.045°
STRY 213 0.387 0.010% 239 0.307 0.007¢ 180 0.418 0.0132 198 0.353 0.009°
SLAP 218 0.633 0.0142 244 0.671 0.015% 179 0.622 0.0142 189 0.656 0.0142
20-G 217 1.058 0.030% 236 0.865 0.024° 174 0.905 0.032° 189 0.881 0.030°
2Lip 212 0.918 0.020% 223 1.133 0.029° 175 0.885 0.0232 195 1.289 0.027°

Table 1. Means and standard errors (} + SE) of three measures of developmental time and specific activity of digestive enzymes in gypsy
moth larvae from Quercus and Robinia populations, reared on the control and on the tannin-supplemented diets; Numbers in a row
that are followed by a different letter are significantly different (P < 0.05, Sheffe's multiple range test); Data from '[26], 2[33] and °[34];
N = sample size.

Abbreviations are explained in Experimental Procedures.

312



M. Mrdakovi¢ et al.

the activity of TP was not associated with larval fitness
(except for L,), while dependence of developmental
time (LD,) on activity of trypsin (TRY) was found,
whereas this dependence was not found in the Quercus
population. Interestingly, in contrast to the Quercus
population where decreased activity of a-glucosidase
(0-G) was related to increased larval fitness (L,), in
the Robinia population higher levels of activity of this
enzyme were correlated with faster development, hence
the higher larval fitness. As in the Quercus population,
most of selection gradients in stressful treatments failed
to be detected as significant. However, active adaptive
response to high tannin levels was statistically revealed
for the increased activity of leucine aminopeptidase
(LAP) in later larval phases and total development until
the fifth instar (L, and LD,).

Finally, the most pronounced adaptive response to
allelochemical stress in both populations was found for
the activity of lipase (Lip). For each larval stage (with
the exception of L, in the Robinia population), faster
development was indubitably connected with increased
activity of Lip (Table 2). Also, the levels of Lip activity
were significantly higher in tannin-supplemented
treatments compared to the control (Table 1).

Generally low values of selection gradients in
the whole analysis resulted in mostly non-significant

differences between experimental groups. As
expected, significant differences were found between
the two populations within control conditions (QC-RC
comparison, Table 2) and for the enzymes previously
noted as biomolecules with different plasticity patterns
between populations, particularly for a-glucosidase
(a-G) (F=10.17, P < 0.01, Table 2). Adaptive lipase (Lip)
response to dietary stress was revealed as significantly
different between control and stress conditions within
each population (QC-QT and RC-RT comparisons,
Table 2). Similarity in patterns of stress responses of
enzymes and mostly insignificant selection gradients in
stressful conditions resulted in the absence of statistical
differences between populations on the tannin-
supplemented diet (QT-RT, Table 2).

3.2 Cost of plasticity

Selection analyses of the cost of ability to plastically
respond to stressful conditions provided several
evidences for both the cost of plasticity and the cost of
homeostasis for digestive enzyme activity in Quercus
larvae reared on the control diet. Generally, in the first
three larval instars that were most sensitive to stress
(i.e., LD, life-history measure, Table 1), large plastic
decrease of the activity of total proteases (TP) was
costly, i.e., associated with low larval fitness (positive

A. Standardized linear selection gradient (") B. Comparisons

QcC QT RC RT Qc-Qr RC-RT QC-RC QT-RT

LD, TP 0.034* 0.007 -0.021 0.014 117 1.41 4.32* 0.07
TRY -0.010 0.017 0.041 0.006 1.03 1.16 3.07 0.14

LAP -0.014 -0.005 -0.037* -0.034 0.34 0.02 1.81 1.88

a-G 0.003 0.001 0.021 -0.012 0.02 3.04 1.16 0.58

Lip -0.009 -0.027* 0.005 -0.027* 1.52 3.20 0.79 0.00

L, TP 0.068™ 0.006 0.048" 0.032 3.33 0.20 0.36 0.48
TRY -0.041 0.023 0.017 -0.009 3.36 0.41 2.62 0.68

LAP -0.062"" -0.016 -0.022 -0.057" 4.28* 1.72 3.58 224

a-G 0.029° 0.005 -0.035" -0.015 1.52 0.75 10.17** 0.89

Lip -0.014 -0.035" 0.015 -0.0003 1.26 0.47 2.20 2.63

LD, TP 0.034° 0.008 -0.010 0.018 1.44 1.33 4.16* 017
TRY -0.009 0.020 0.046" -0.005 1.76 3.39 5.31* 0.99

LAP -0.030"" -0.009 -0.036" -0.029" 224 0.13 0.18 1.23

a-G 0.004 0.003 0.006 -0.007 0.01 0.75 0.01 0.54

Lip -0.003 -0.034"" 0.011 -0.021" 6.12* 4.53* 1.22 0.77

Table 2. Standardized linear (3") selection gradients for digestive enzyme specific activity in gypsy moth larvae from Quercus (Q) and Robinia (R)
populations, reared on control (C) and tannin-supplemented (T) diets (within a row) (A). F-values obtained from ANCOVA for comparison
of linear selection gradients between the diets within each population (QC-QT, RC-RT), and between the two populations within each diet
(QC-RC, QT-RT) (B). LD,, L,, and LD, are indirect measures of fitness.

o g

*P < 0.05, **P < 0.01, ***P < 0.001
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value of regression coefficient, Table 3). This result was
repeated in the analysis where larval developmental
time until the fifth instar was used as a measure of
fitness (LD,). Although in this experimental group low
TP activity was positively selected (Table 2), the results
of plasticity cost analysis suggested that for the same
enzyme phenotype level, more plastic genotypes
suffered greater fithess disadvantages compared
with less plastic ones. For trypsin (TRY) and leucine
aminopeptidase (LAP) activities in the first observed
period of larval development (LD,), we also revealed
the costs of plasticity and homeostasis, respectively
(Table 3), although no significant patterns of selection
were revealed in phenotypic selection analyses
(Table 2). On the other hand, the association of LAP and
a-glucosidase (a-G) activity with the L, fitness measure,
and LAP with LD, fitness trait, although significant in the
control environment in Quercus population (Table 2),
did not incur any plasticity cost. As expected from the
selection analyses on lipase (Lip) activity, this active
plastic response to stress did not confer any fitness
disadvantage in any treatment. Moreover, deficiency in
the ability to plastically react to variable conditions was
found disadvantageous even in the control environment
in the Quercus population (Table 3).

Except for a-glucosidase in larvae on the tannin-
supplemented diet, in the Robinia population we found
no evidence of a cost of plasticity of enzyme activities.
In a population that evolved on a host plant with a
higher tannin concentration, the evolution of plasticity
in digestive enzymes could probably be an important
course of adaptation.

4. Discussion

It has long been thought that tannins act as digestibility
reducers [61]. However, studies on herbivores have
demonstrated toxic effects of tannins due to production
of reactive oxygen species after tannin autooxidation
and oxidation in the gut lumen, which may further result
in oxidative stress in midgut tissues and damage of the
nutritional quality of food, especially proteins [62]. The
ability of gypsy moth to tolerate increased levels of tannin
oxidation in the midgut contents, with no harmful effects
in surrounding tissue, indicates to strong biochemical
defenses in larval midgut [22]. Responses of fithess traits
to rearing on a tannin-supplemented diet could presume
higher allocation of resources toward energy metabolism
and defense than toward growth (sensu Hoffmann and

A. Regression coefficients B. Comparison
QC QT RC RT Qc-QT RC-RT QC-RC QT-RT
LD, TP 0.027" 0.014 0.008 0.001 1.24 0.20 1.94 0.97
TRY 0.016" 0.0009 0.012 0.012 1.77 0.00 0.07 0.73
LAP -0.016" -0.011 -0.014 -0.012 0.21 0.02 0.04 0.00
a-G -0.009 -0.037"" 0.002 0.021" 6.40° 1.63 0.68 21.06™
Lip -0.023" 0.0005 -0.017 -0.005 3.75 0.56 0.18 0.12
L, TP 0.011 0.0002 0.030 0.009 0.50 1.33 1.29 0.27
TRY -0.011 -0.003 0.015 0.004 0.31 0.34 2.22 0.15
LAP 0.0001 -0.012 -0.009 -0.009 0.62 0.00 0.39 0.03
a-G -0.007 0.003 -0.006 0.026 0.44 3.19 0.00 1.82
Lip -0.038"" 0.002 -0.010 0.013 5.77 1.26 2.65 0.30
LD, TP 0.020" 0.009 0.016 0.001 1.20 1.39 0.13 0.51
TRY 0.012 0.0001 0.016 0.012 1.31 0.13 0.16 1.08
LAP -0.009 -0.010 -0.010 -0.005 0.02 0.13 0.01 0.21
a-G -0.003 -0.028™" 0.0006 0.023" 6.76" 3.13 0.08 20.64"
Lip -0.029™" 0.0003 -0.010 -0.003 7.54" 0.21 2.70 0.07

Table 3. Regression analysis testing for plasticity costs of digestive enzyme specific activity in gypsy moth larvae from Quercus (Q) and Robinia (R)
populations, reared on control (C) and tannin-supplemented (T) diets (within a row) (A). F-values obtained from ANCOVA for comparison
of standardized regression coefficients for plasticity cost between the diets within each population (QC-QT, RC-RT), and between two
populations within each diet (QC-RC, QT-RT) (B). LD,, L,, and LD, are indirect measures of fitness.

*P < 0.05 **P < 0.01, ***P < 0.001
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Parsons [63]). Thus, the efficiency of exploiting the food
proteins as tissue building blocks and carbohydrates
or lipids as energy sources may significantly influence
individual fitness. Since this efficiency depends on the
activity of enzymes involved in protein, carbohydrate,
and lipid digestion, variation in levels of enzyme activity
will affect organismal performance. Complex regulatory
mechanisms adjust digestive processes to changes in
nutritional needs during development and under stress
[64]. Differential synthesis and/or releasing of digestive
enzymes have important roles in the maintenance of
nutrient balance in different environments [14], and
depending on the net fithess outcome of these complex
physiological relations, some corresponding changes
in enzyme activity may be favoured or eliminated by
selection.

The analyses of enzyme phenotype selection
revealed significant selection gradients mostly on
gypsy moth larvae on a non-stressed diet compared
with those on a tannin-supplemented diet. Although
seemingly counterintuitive, the result is not surprising
since the patterns of enzyme responses to dietary
stress were found to be similar in both populations and
resulted in decreased variance of response. However,
this similarity implies important adaptive patterns of
plasticity in reaction to stress. Decreased activity of total
proteases and increased lipase activity in gypsy moth
larvae from both Quercus and Robinia populations [33,
and this study] are in accordance with increased needs
for energy resources that could be allocated to defense,
or used during the non-feeding pupal and adult stages.
In a previous study on the gypsy moth, it was shown
that older larvae invest more into antioxidant defense
under stressful conditions [30]. Adaptive lower activities
of total proteases in the control environment could be
a postingestive homeostatic mechanism for nutrient
rebalancing under the conditions of feeding on artificial
diets where proteins are present in excess [14,65]. The
opposite selection pattern for leucine aminopeptidase,
i.e., positive selection for higher activity of leucine
aminopeptidase on the control diets in both populations
and on the tannin-supplemented diet in the Robinia
population, implied that protease activity in regulating
nutrient balance was associated with exopeptidase
leucine aminopeptidase activity. Induced leucine
aminopeptidase activity enables more efficient digestion
of oligopeptides and production of more free amino acids
for uptake. Lomate and Hivrale [16] also emphasize the
adaptive significance of aminopeptidase induction in
protein digestion under stressful conditions. Undeniably,
the most evident inducible enzymatic response to
dietary stress, which was clearly connected with higher
larval relative fitness on the tannin-supplemented

diet, was significantly higher lipase activity. As shown
in gypsy moth larvae, lipids are very important for
energy storage during advanced larval instars [66].
Since dietary lipids are richer sources of energy than
proteins, higher lipase activity may provide efficient
usage of dietary lipids and accordingly, acquisition of
sufficient energy resources for induction of defense
mechanisms in stressful environments. An interesting
result that was revealed in this study was the detection
of different patterns of selection acting on the activity
of a-glucosidase between the two populations. Being
that selectively favoured decrease of a-glucosidase
activity in the Quercus population and increase of
a-glucosidase activity in the Robinia population were
assessed in the control treatments, this result points
to a long-term divergence of populations that evolved
under distinct conditions. Adaptive higher a-glucosidase
activity in Robinia larvae, related to beneficial shorter
development, could be the consequence of “stress
selection”, i.e., the transgenerational effect of feeding
on nutritive-poor and tannin-rich locust-tree leaves
[27,28]. As noted by Stojkovi¢ et al. [67], “it is important
to understand that immediate plastic responses to an
unsuitable host influence the patterns of long-term
adaptive evolution in insect populations, but, also, that
adaptations across generations in the face of persisting
exposure to low nutritional quality surely affect the
short-term plastic reactions”. The present results
revealed lower activity of a-glucosidase in gypsy moth
larvae reared on tannin-supplemented diet (short-term
effect). Inhibition of a-glucosidase activity by some plant
compounds was shown in insects [68], and tannic acid
is known to inhibit a-glucosidase activity in mammals
[69]. Although decrease in o-glucosidase activity is
evident in both populations when tannic acid was added
in the diet, the activity drop was not significant in the
Robinia population, providing additional evidence for
the imposed evolutionary change in enzyme plasticity.
Long-term, transgenerational larval allelochemical
stress caused by high concentration of tannins in the
Robinia population may have led to selection favouring
allelic variants that confer higher a-glucosidase
activity, at least in some larval developmental periods
(e.g., L,). The opposite trend of selection in the
Quercus population requires further investigation of
the relationship between a-glucosidase activity and
larval fitness. It may be hypothesized that optimal
decrease of a-glucosidase activity could result from
homeostatic balancing with activities of other digestive
enzymes evolved under a low-tannin diet. Simpson and
Raubenheimer [70] showed that the effects of tannic
acid on various characteristics of Locusta migratoria are
highly dependent on the balance of macronutrients in the
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diet, i.e., on the protein:carbohydrate ratio. Caterpillars
of various species tend to ingest either equal to or
greater amount of proteins than carbohydrates, and this
preference is likely to reflect the nutritive landscape of
previous generations [71]. Therefore, optimal decrease
of the a-glucosidase activity in Quercus larvae could
be the result of its adjustment with larval need for
carbohydrates when they are present in excess.

Finally, this study found scant evidence for plasticity
cost and/or cost of homeostasis. In light of evolutionary
theory regarding evolution of plasticity, differences
between the two populations were expected. In the
Robinia population, which is a young population evolved
under stressful conditions, evolution toward a high ability
to plastically respond to environmental heterogeneity is
highly probable [e.g., 5], thus, the costs of plasticity should
not be significant. The only exception in this population
was the cost of plastic decrease in a-glucosidase activity
in the presence of the stressor. Considering the trend
toward reduced a-glucosidase activity in larvae reared on
the tannin-supplemented diet, it can be hypothesized that
this plastic decrease was maladaptive as the consequence
of organismal inability to maintain a constant phenotype
when faced with detrimental circumstances [72], and may
reflect limits of a-glucosidase reaction norms [73] evolved
in this population exposed to continuous stress. On the
other hand, effects of tannin in the Quercus population
revealed the importance of active plastic responses in
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