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The adaptive significance of plasticity of digestive enzyme responses to
allelochemical stress was tested on 32 full-sib gypsy moth families from an oak forest
(the Quercus population) and 26 families from a locust-tree forest (the Robinia
population), reared on control or tannic acid-supplemented diets. By using the relative
growth rate as a fitness measure in phenotypic selection analyses, we revealed that higher
specific activity of leucine aminopeptidase in Quercus larvae and lower specific activity
of trypsin in Robinia larvae were adaptive in the control environment. In Quercus larvae,
elevated specific activities of leucine aminopeptidase and lipase were adaptive in the
stressful environment. There were no plasticity costs for the enzyme activities in either
experimental group. The obtained results suggest that adaptive plasticity of digestive
enzyme activity in gypsy moth larvae contributes to optimal growth rate under various
environmental conditions.
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INTRODUCTION
The gypsy moth is one of the most serious insect pests of the northern hemisphere.
Considering the wide range of host plants (VANHANEN et al. 2007), gypsy moth larvae are exposed
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to various selective pressures imposed by numerous host-specific allelochemicals. Increased
content of allelochemicals in leaves or in artificial diets significantly influence gypsy moth
performance (BOURCHIER and NEALIS 1993; LAZAREVIC et al. 2002; HEMMING and LINDROTH
2000; BARBEHENN and KOCHMANSKI, 2013). In the previous study (MRDAKOVIC et al. 2011), we
recorded significant negative effects of a tannin-supplemented artificial diet on masses of gypsy
moth larvae originating from oak and locust-tree populations. For the gypsy moth, oak species are
preferred hosts, while the locust-tree is one of the hosts that larvae avoid due to the high
allelochemical content in leaves (BARBOSA and KRISCHIK 1987; LAZAREVIC et al. 2003). Long-
term evolution of gypsy moth populations in locust-tree forest (SIDOR and JODAL 1983) has led to
significant population divergence for various life-history, behavioral and physiological traits
(LAZAREVIC 2000; LAZAREVIC et al. 2002, 2003; MRDAKOVIC 2010; MRDAKOVIC et al. 2013a).
With regard to digestive enzymes, previously published results (MRDAKOVIC et al. 2013a, 2013b)
revealed changes in the specific activity of digestive proteases, a-glucosidase and lipase in gypsy
moth larvae from these populations, in response to allelochemical stress. Diverse responses of two
local populations to tannin treatment were recorded for o-glucosidase and lipase activities.
Significant expression of genetic variation in enzyme activities, as well as their plasticity, detected
within both populations, points to the potential for evolution of an adaptive plastic response to
stressful environments. Being that inter-relations between various life-history traits determine the
evolution of life-history strategy and net relative fitness in a population within specific
environment (STEARNS 1992), plastic responses of digestive enzymes could have various patterns
of effects on different life-history traits. Recently, using phenotypic selection analyses where the
duration of larval development was an indirect measure of fitness, we revealed adaptive plastic
responses of listed digestive enzymes that contribute to gypsy moth fitness under allelochemical
stress (MRDAKOVIC et al. 2014). In the present study, we present results on how changes in activity
of gypsy moth digestive enzymes influence relative growth rate (RGR) - the parameter which is
frequently used as a proxy of fitness value.

Insect growth rate is a plastic trait that can be affected by many environmental factors,
such as photoperiod, temperature, density, dietary variations (STOCKHOFF 1992, 1993b; TAMMARU
et al. 2000, 2004; MARGRAF et al. 2003; OJEDA-AVILA et al. 2003; KINGSOLVER et al. 2004,
JANKOVIC-TOMANIC and LAZAREVIC 2012). In phytophagous insects larval growth encompasses
several physiologically different instars (STOCKHOFF 1993a; NIDHOUT 1994) exposed, among
others, to spatial and temporal variations in host plant chemical composition (HEMMING and
LINDROTH 1995; SCHEIRS et al. 2002). Individuals that grow faster achieve larger pupal and adult
masses during shorter juvenile development. For folivorous insects, this adaptive trait enables
avoidance of feeding on low quality mature leaves during younger instars and shortens the period
of exposure to parasites and pathogens. In addition, faster growth of these insects is accompanied
with increase of body mass, which is positively correlated with reproductive potential. This is
especially important for insects with a non-feeding adult stage, where reproductive potential
depends on the resources accumulated in larval periods. As a fitness trait, growth rate itself can be
subjected to natural selection (reviewed in NYLIN and GOTTHARD 1998). For example, higher
growth rate can be favored in species with outbreaking population dynamics (TAMMARU et al.
2000). Differences in larval growth result from variation in underlying behavioral, physiological
and biochemical characteristics (GOTTHARD 2008). Plastic adjustments of physiological responses
allow phytophagous insects to cope with harmful effects of allelochemical stress and maintain
functional strategies for survival and reproduction in heterogeneous environments. Rapid relative
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growth rate of lepidopteran larvae depends on acquisition and utilization of ingested food (KAUSE
et al. 1999) as well as on its conversion into larval biomass. This conversion, furthermore, depends
on the activity of enzymes involved in protein, carbohydrate and lipid digestion.

The present study aimed to assess the adaptive significance of plasticity of total proteases,
trypsin, leucine aminopeptidase, o-glucosidase and lipase of gypsy moth larvae (from Quercus and
Robinia populations), in response to allelochemical stress imposed by feeding on a tannin-
supplemented rearing diet. In order to quantify the intensity of selection on the specific activity
and plasticity of these enzymes, we used relative growth rate from the third to fourth moulting, and
relative growth rate during three days of the fifth instar, as fitness measures. We presumed that a
higher relative growth rate is optimal and positively correlated with greater fitness of gypsy moth
larvae.

MATERIALS AND METHODS
Experimental design

As previously described in MRDAKOVIC et al. (2013a, b), the experiment involved gypsy
moth larvae originating from two populations with different host-use histories. A total of 32 egg
masses from an oak forest (Quercus population) and 26 from a locust-tree forest (Robinia
population) were collected. From each egg mass 7-9 larvae were randomly assigned to groups
reared on the control diet (HWG diet, according to O'DELL et al. 1985) or the HWG diet
supplemented with 5% tannic acid (Sigma Aldrich, lot number 32K 1248). Thus, four experimental
groups were created: Quercus larvae reared either on the control (QC) or the tannin-supplemented
diet (QT), and Robinia larvae reared on the control (RC) and the tannin-supplemented diet (RT).
Larvae were kept in Petri dishes (9cm diameter) at 23°C with a 12" light : 12" dark photoperiod.
Fresh food was supplied daily.

The following traits were measured for each larva: relative growth rate from 3 to 4"
moult - RGR, and relative growth rate during 3 days of the 5" instar - RGR,. RGR was calculated
as: RGR = (In M, — In My) / t, where M, and M, were masses at the beginning and end of the
examined period and t was time interval in days. For RGR; t represents the duration of the 4"
instar, and for RGR; it is equal to 3 days. RGR; and RGR, were used as the measures of larval
fitness.

On the third day of the fifth instar, larvae were sacrificed; their midguts were removed by
dissection and homogenized individually in 0.15 mol NaCl (final tissue concentration — 100
mg/ml). The supernatants (crude midgut extracts) were used to determine the specific activity of
digestive enzymes: total proteases (TP) (KUNITZ 1947), trypsin (TRY) and leucine aminopeptidase
(LAP) (ERLANGER et al. 1961), alpha-glucosidase (0-G) (BAKER 1991) and lipase (LIP)
(MRDAKOVIC et al. 2008). Specific enzyme activity, measured for each larval midgut extract in all
experimental groups, was expressed as U/mg of midgut protein. Protein content was determined
according to the method of BRADFORD (1976).

Statistical analyse

To quantify the intensity and direction of phenotypic selection acting on the enzyme
activity of gypsy moth larvae, standardized selection gradients were estimated for each of the
experimental environments (control and treatment), in both Quercus and Robinia populations (SAS
2003). As coefficients of partial regression, standardized selection gradients quantify (in units of
phenotypic standard deviation; z - transformation, SOKAL and ROHLF 1981) the effect of each trait
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on relative fitness, holding the effects of all other traits constant (LANDE and ARNOLD 1983).
Regression models were used to test for directional selection.

Following SCHLICHTING (1986), 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 (1998) was used
to test for cost of plasticity of enzyme activities within each of the treatments and each of the
populations: W = Constant + B; X X + B, x X + B3 x pIX, where W was the relative fitness in one
environment/population, X was the value of the trait in the complementary
environment/population, and plX was the between-treatment plasticity of the analyzed trait.
Significant regression coefficients 8, and 3, measure direct selection on the trait value and account
for the linear and non-linear components of selection, while ; describes how the ability to be
plastic affects fitness. Since quadratic terms were non-significant in preliminary tests, they were
removed from the analyses.

Relative fitness was estimated as the ratio of individual absolute fitness and average
absolute fitness in both environments (C and T) within populations. The same procedure for
estimating relative fitness of individuals was used in both phenotypic selection analysis and
plasticity cost analysis. 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 the analysis of covariance (SAS 2003).

RESULTS
Selection gradients

Relative growth rates (RGR; and RGR;) of gypsy moth larvae from both Quercus and
Robinia populations decreased significantly in response to the tannin-supplemented rearing diet
(Table 1) (MRDAKOVIC et al. 2013a, and herein). Selection analyses were performed in order to
assess the adaptive significance of digestive enzyme plasticity, i.e. its contribution to higher larval
fitness in the two environments. The phenotypic selection model applied to Quercus larvae in both
control and stressful environments revealed that increased leucine aminopeptidase (LAP) activity
was associated with higher RGR; and RGR; (Table 2a and 3a), i.e. higher relative fitness. The
positive functional relationship between activity of lipase (LIP) and RGR,, detected in Quercus
larvae reared on the tannin-supplemented diet (Table 2a), suggests a positive fitness effect of
higher LIP activity in the stressful environment. Significantly increased lipase activity and the
trend of increasing leucine aminopeptidase activity, which we have already found in Quercus
larvae reared on the tannin-supplemented diet (Table 1), (MRDAKOVIC et al. 2013a, b, and herein),
may be considered as adaptive responses to allelochemical stress. In the Robinia population,
decreased trypsin (TRY) activity was correlated with higher RGR, (Table 2a) and RGR; (Table 3a)
while increased alpha-glucosidase (0-G) activity was associated with higher RGR, (Table 3a) in
the control environment. Selection gradients for enzyme activities of gypsy moth larvae from the
Robinia population failed to be detected as significant in the stressful environment (Table 2a and
Table 3a), i.e. the plasticity of the enzyme activities was selectively neutral.

Low values of selection gradients observed in the phenotypic selection analysis resulted
in predominantly non-significant differences in selection gradients between the experimental
groups. Significant differences were found only between the two populations within the control
environment for trypsin (TRY) and leucine aminopeptidase (LAP) (QC-RC comparison, Table
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2B), and for alpha-glucosidase (a-G) (QC-RC comparison, Table 3B). The adaptive lipase (LIP)
response to the tannin-supplemented rearing diet differed significantly between control and
stressful conditions in the Quercus population (QC-QT comparison, Table 2B). A significant
between-environment difference was detected for trypsin (TRY) activity in the Robinia population
(RC-RT comparison, Table 2b).

Table 1. Means and standard errors (X + SE) of relative growth rate (RGR; and RGR,) and specific activity of
digestive enzymes in gypsy moth larvae from Quercus and Robinia populations, reared on the
control (C) and on the tannin-supplemented (T) diets. Values marked with different letters indicate
significant differences among experimental groups within a row (P < 0.05, Sheffes's multiple range
test). Abbreviations are explained in Material and Methods.

Quercus population Robinia population

C T C T
N X +SE N X +SE N X +SE N X +SE

'RGR, 175 0216 0.003* 207 0.187 0.002® 160 0218 0.003* 180  0.190 0.002°
RGR, 177 0300 0.005* 221 0263 0.003° 164 0293 0.004* 185 0263 0.003°
'TP 215 1.824  0.042® 238  1.557 0.040° 176 1996 0.055° 193  1.746 0.045°
TRY 213 0387 0.010® 239 0307 0.007° 180 0418 0.013* 198 0353 0.009°
ZLAP 218  0.633 0.014° 244 0.671 0015 179 0.622 0.014* 189  0.656 0.014°
'a-G 217 1.058 0.030° 236 0.865 0.024° 174 0905 0.032° 189  0.881 0.030°
'LIP 212 0918 0.020° 223  1.133 0.029° 175 0.885 0.023* 195 1289 0.027°

I ZResults for RGR, as well as for specific enzyme activities were published previously (MRDAKOVIC et al. 2013a, b).

Table 2. Standardized linear (f°) selection gradients for digestive enzyme specific activity in gypsy moth
larvae from two populations, reared on the control (C) and on the tannin-supplemented (T) diets
(within a row) (A.); F-values obtained from ANCOVA for comparison of ° between the diets
within each population (QC-QT, RC-RT), and between two populations within each diet (QC-RC,
QT-RT) (B.). Relative growth rate RGR; was the measure of fitness. Abbreviations are explained in

Material and Methods.
A. Quercus population Robinia population B.
C T C T QC-QT RC-RT QC-RC QT-RT

B TP -0.020 -0.030 0.061 -0.002 0.06 232 348 0.47

TRY -0.024 -0.004  -0.135""  -0.003 0.21 8.13" 552" 0.00

LAP 0.073™ 0.042" 0.016 0.015 1.16 0.00 411" 0.79

a-G -0.019 0.002 0.010 0.004 0.68 0.05 1.18 0.01

LIP 0.018 0.0717" 0.034 0.030 4.61" 0.06 0.37 3.14

*P < 0.05, **P < 0.01, ***P < 0.001
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Table 3. Standardized linear (B°) selection gradients for digestive enzyme specific activity in gypsy moth
larvae from two populations, reared on the control (C) and on the tannin-supplemented (T) diets
(within a row) (A.); F-values obtained from ANCOVA for comparison of ° between the diets
within each population (QC-QT, RC-RT), and between two populations within each diet (QC-RC,
QT-RT) (B.). Relative growth rate RGR, was the measure of fitness. Abbreviations are explained in

Material and Methods.
A. Quercus population Robinia population B.
C T C T QC-QT RC-RT QC-RC QT-RT

g TP 0.008 -0.039 0.010 -0.003 1.00 0.11 0.00 0.83

TRY -0.033 0.023 -0.085" -0.010 1.31 2.76 0.96 0.63

LAP 0.074™ 0.055™ 0.028 0.027 0.38 0.00 2.16 0.94

a-G -0.030 -0.016 0.044 0.000 0.28 3.06 6.48" 0.50

LIP 0.039 0.021 0.013 -0.012 0.46 1.08 0.92 1.99

*P < 0.05, **P < 0.01

Cost of plasticity

In the stressful conditions, none of the regression coefficients were significant in the
Quercus population (Table 4a). The active plastic responses of leucine aminopeptidase (LAP)
(Table 2a and Table 3a) and lipase (LIP) (Table 2a) to stressful conditions did not incur any
plasticity costs in the Quercus population. Moreover, the significant positive regression coefficient
for lipase activity, detected in Quercus larvae in the control environment, points to the cost of
homeostasis (Table 4a), although no significant selection gradient was revealed in phenotypic
selection analyses (Table 2a). Similarly, in the Robinia population we found no evidence for a cost
of plasticity of enzyme activities (Table 4a and Table 5a).

Table 4. Regression analysis testing for plasticity costs of digestive enzyme specific activity in gypsy moth
larvae from Quercus (Q) and Robinia (R) populations, reared on the control (C) and on the tannin-
supplemented (T) diets (within a row) (A.); F-values obtained from ANCOVA for comparison of
standardized regression coefficients for plasticity costs between the diets within each population
(QC-QT, RC-RT), and between two populations within each diet (QC-RC, QT-RT) (B.). Relative
growth rate RGR; was the measure of fitness. Abbreviations are explained in Material and

Methods.
A. Regression coefficients B. Comparison
QC QT RC RT QC-QT RC-RT QC-RC QT-RT
TP -0.020 -0.017 -0.017 0.005 0.01 1.03 0.01 1.48
TRY 0.006 -0.015 -0.032 0.002 1.04 249 2.35 0.92
LAP 0.009 0.004 -0.001 -0.014 0.07 0.40 0.20 1.02
a-G 0.031 -0.002 -0.025 -0.020 2.72 0.05 5.62" 0.95
LIP 0.033" 0.011 0.011 -0.017 1.09 1.40 0.82 1.73

*P < 0.05
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Table 5. Regression analysis testing for plasticity costs of digestive enzyme specific activity in gypsy moth
larvae from Quercus (Q) and Robinia (R) populations, reared on the control (C) and on the tannin-
supplemented (T) diets (within a row) (A.); F-values obtained from ANCOVA for comparison of
standardized regression coefficients for plasticity costs between the diets within each population
(QC-QT, RC-RT), and between two populations within each diet (QC-RC, QT-RT) (B.). Relative
growth rate RGR, was the measure of fitness. Abbreviations are explained in Material and

Methods.
A. Regression coefficients B. Comparison
QC QT RC RT QC-QT RC-RT QC-RC QT-RT
TP -0.006 -0.002 -0.031 -0.007 0.03 1.32 0.94 0.08
TRY 0.004 0.016 0.012 0.004 0.027 0.13 0.08 0.46
LAP -0.007 0.015 -0.006 0.024 1.12 2.25 0.00 0.27
a-G -0.018 -0.012 0.000 0.016 0.08 0.65 0.47 2.46
LIP 0.028 0.013 -0.008 0.002 0.40 0.21 1.96 0.28
DISCUSSION

As a generalist species, the gypsy moth encounters great variation in nutrient and allelochemical
contents in host plant leaves. Oak species are highly preferred hosts, while the locust-tree is
avoided by gypsy moth larvae. Locust leaves contain large quantities of tannins and have a lower
nutrient value than oak leaves (MONTGOMERY 1986; UNRUH-SNYDER et al. 2007). Tannins affect
feeding behavior and physiology of phytophagous insects through different mechanisms. They can
act as phagodeterrents, digestibility reducers and oxidative stressors. Various mechanisms of
defense in the larval midgut allow gypsy moths to overcome the harmful effects of tannin
oxidation, so this species is considered to be a tannin-tolerant insect (BARBEHENN and CONSTABEL
2011). However, in the processes of development of environmentally safe and effective biological
control agents for insect pests, the influence of tannins should be taken into account, as they
significantly affect the sensitivity of gypsy moth larvae to bacterial and viral infections
(BRODERICK et al., 2003; MARTEMYANOV et al. 2006).

Higher allocation of resources towards induction of defense mechanisms affects
individual performance in stressful conditions (HOFFMANN and PARSONS 1991). Reduction of
relative growth rate in gypsy moth larvae exposed to unsuitable host plants was suggested to be a
consequence of high metabolic costs of the biochemical and physiological processes associated
with induction of digestive and detoxification enzymes (LAZAREVIC et al. 2002; LAZAREVIC and
PERIC-MATARUGA 2003). In this study, we analyzed the adaptive plastic response of digestive
enzymes to allelochemical stress, related to beneficial higher growth rate of gypsy moth larvae.
Much evidence suggested that lepidopteran larvae do not grow at the physiologically maximal
rate, and their growth rate was found to be optimized by natural selection (FISCHER et al. 2004;
GOTTHARD 2008).

Our analysis of phenotype selection indicates adaptive higher leucine aminopeptidase
activity and production of more amino acids for uptake in Quercus larvae, as well as lower trypsin
activity in Robinia larvae fed on artificial diet with a protein surplus. This enables allocation of
more resources toward maximal weight gain, which is a characteristic for later larval instars. The
higher a-glucosidase activity, connected with increased relative growth rate RGR,, i.e. greater
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relative fitness of larvae from the Robinia population, was detected in the control environment.
Gypsy moths from the Robinia population had persisted in the locust-tree forest for more than 50
years (generations) (SIDOR and JODAL 1983), and adaptive enhanced o-glucosidase activity could
be the consequence of stress selection, i.e. consumption by previous generations of leaves with
high allelochemical but low protein and free sugar contents. Elevated enzyme activity should
provide better utilization of dietary carbohydrate in such conditions. Significant between-
population differences were recorded for plastic responses of these enzymes in the control
treatment, suggesting long-term divergent evolution of the two populations under different
conditions. Positive selection for higher leucine aminopeptidase activity of larvae from the
Quercus population was also detected in the stressful environment. Similar to our results, adaptive
induction of leucine aminopeptidase was found in Helicoverpa armigera larvae fed on various
non-host plant (LOMATE and HIVRALE 2011) and diets containing plant proteinase inhibitors
(HIVRALE et al. 2013). ZHU-SALZMAN et al. (2005) pointed out that plasticity of peptidases is a
very important mechanism by which larvae phenotypically match nutritional needs in the presence
of defense compounds in their food, which is in accordance with our results for aminopeptidase
activity in Quercus larvae reared on the tannin-supplemented diet. Insects strongly regulate their
intake of dietary macromolecules, while the effects of ingested allelochemicals depend on the
protein : carbohydrate ratio (SIMPSON and RAUBENHEIMER 2001; BEHMER et al. 2002).

Dietary lipids are very important source of essential polyunsaturated fatty acids and the
energy for larval growth (CHRISTELLER et al. 2011), particularly for later gypsy moth instars
(STOCKHOFF 1993a). We recorded adaptive increase in lipase activity that enabled acquisition of
sufficient energy resources from dietary lipids, necessary for induction of defense mechanisms and
faster growth of Quercus larvae from the third to fourth moult in the stressful environment.
Surprisingly, such an adaptive response was not connected with higher relative growth rate during
three days of the fifth instar. Enhanced midgut lipase activity was reported for Glyphodes pyloalis
larvae treated with various concentrations of Artemisia annua extract (KHOSRAVI et al. 2011), and
in response to plant essential oils, providing greater utilization of dietary lipids in biomass
production (YAZDANI et al. 2013).

This study did not find any evidence for plasticity costs, while the cost of homeostasis
recorded for lipase activity in Quercus larvae suggested that an active plastic response in lipase
activity would confer higher larval fitness in the control environment. The selectively favored
sensitivity of leucine aminopeptidase and lipase activity levels, revealed in Quercus larvae under
allelochemical stress, indicated great potential for evolution of digestive enzyme plasticity in
gypsy moth larvae. Even when it evolves in suitable habitats (oak forests) this extremely generalist
species with outbreaking population dynamics is exposed to periodical exhaustion of suitable
hosts. Significant plasticity of physiological traits is important characteristic of insect generalists
(KARBAN and AGRAWAL 2002), and the adaptive plasticity of digestive enzyme activity in gypsy
moth larvae recorded in the present work might enable optimal larval growth in the heterogeneous
and stressful environments they frequently encounter.
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Izvod

Adaptivni znacaj plasti¢nosti aktivnosti digestivnih enzima u odgovoru na alelohemikalijski stres
testiran je na 32 ful-sib familije gubara iz hrastove Sume (Quercus populacija) i 26 familija iz
bagremove Sume (Robinia populacija), gajenih na kontrolnoj dijeti i dijeti sa taninskom kiselinom.
Fenotipska selekciona analiza u kojoj je relativna brzina rasta predstavljala meru adaptivne
vrednosti, pokazala je adaptivnost vece specifi¢ne aktivnosti leucin aminopeptidaze kod Quercus
larvi i manje specifi¢ne aktivnosti tripsina kod Robinia larvi u kontrolnoj sredini, dok je adaptivni
odgovor na prisustvo stresora podrazumevao povecanje aktivnosti leucin aminopeptidaze i lipaze
kod Quercus larvi. Nije detektovana cena plasti¢nosti aktivnosti digestivnih enzima ni u jednoj
eksperimentalnoj grupi. Dobijeni rezultati ukazuju da adaptivna plasti¢nost aktivnosti digestivnih
enzima larvi gubara doprinosi optimalnoj brzini rasta u razli¢itim uslovima sredine.
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