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A B S T R A C T   

Accumulation of organic pollutants in the environment calls for sensing physiological parameters adequate to 
indicate the presence of contaminants and their effects on ecosystems. Evidence points to the importance of 
insect adaptations in their habitats for the assessment of sensitive biomarkers so we examined the influence of 
origin and multigenerational adaptations of the Lymantria dispar larvae to chronic benzo[a]pyrene (B[a]P) 
treatment under laboratory conditions. The main aim was to compare reactions of larvae from unpolluted and 
polluted forests using alkaline phosphatase (ALP), acid phosphatase (ACP), and carboxylesterase (CE) specific 
activities in the midgut, including electrophoretic isoform patterns; midgut expression levels of Hsp70, larval 
development time (DT), and midgut mass (MM), after chronic exposure to 5 and 50 ng of B[a]P/g dry food 
weight. The biomarker potential of these parameters regarding larval pre-exposure history to pollution was 
estimated by principal component analysis (PCA). B[a]P treatment resulted in inhibition of ALP activity, a rise of 
CE activity, and reduction of MM in larvae from the unpolluted forest, while the population from the polluted 
forest showed significant elevation of Hsp70 expression in the midgut, prolonged DT, and reduction of MM. PCA 
confirmed variations in responses of the selected parameters regarding population origin. The obtained results 
provide insight into insect population variability concerning physiological responses to pollutants. It is indicative 
that all investigated physiological parameters of L. dispar larvae showed origin-dependent responses to long-term 
presence of B[a]P, which may be of great importance in ecotoxicological research.   

1. Introduction 

Over the last few decades, intense anthropogenic influence has led to 
a significant increase in pollution of the biosphere. This can greatly be 
attributed to organic pollutants like polycyclic aromatic hydrocarbons 
(PAH), especially benzo[a]pyrene (B[a]P). B[a]P is considered a pro
totype of this class and is the most studied PAH, primarily due to its wide 
range of toxic effects observed in laboratory animals and the human 
population (Miller and Ramos, 2001). Dominant sources of B[a]P are 
anthropogenic activities, primarily industrial production of coke and 
petroleum products, aluminium and iron but also during common 
practices like heating and traffic circulation (IARC, 2012; Shen et al., 
2011; Liu et al., 2008). For 2012 the average annual concentration of B 

[a]P in the atmosphere above Europe was 0.5 ng/m3 in rural, and 2.7 
ng/m3 in urban areas, while the atmospheric burden of B[a]P rose to 
100 mg/m3 in industrial zones (Guerreiro et al., 2016; EMEP/EEA Air 
Pollutant Emission Inventory Guidebook, 2019). B[a]P ranks eighth on 
the list of the most important poisons and belongs to group 1-proven 
carcinogens for humans (ATSDR, 2017; IARC, 2012). 

In the atmosphere over 90% of PAH is adsorbed on aerosol partic
ulate matter of diameter smaller than 2.5 μm, wherein B[a]P and other 
high molecular weight PAHs predominate (Gao et al., 2015). B[a]P 
reaches the ground by wet and dry atmospheric deposition where it 
mostly deposits on vegetation (40% of PAHs) due to high affinity for 
lipids and waxes within green parts of plants (Wang et al., 2008; Alfani 
et al., 2001). Vegetation is an important sink for B[a]P and a crucial link 
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for its bioaccumulation in animals through which it becomes an integral 
part of human nutrition. 

Investigations have shown significant B[a]P concentrations in the 
foliage of deciduous trees, especially in oak (Quercus) species (Howsam 
et al., 2001; Wang et al., 2008), that are the preferred host plants for 
gypsy moth larvae (Lymantria dispar L., Lepidoptera) (Liebhold et al., 
1995). Lymantria dispar is a phytophagous polyphagous insect species 
that inhabit wide forest areas of the northern hemisphere. Thanks to its 
vast appetite and great adaptability to various host plants, L. dispar 
larvae can accumulate significant amounts of pollutants which makes 
them a suitable model system concerning the adverse effects of xeno
biotics on the environment, as seen in our previous studies (Matić et al., 
2016; Perić-Mataruga et al., 2017; Ilijin et al., 2015). Great importance 
is paid to biomonitoring the biological responses of organisms to 
changes in environmental quality. Molecular biomarkers stand out as 
particularly sensitive agents that have found wide application in eco
toxicological studies, both in laboratory and field conditions (Pan
iagua-Michel and Olmos-Soto, 2016). Depending on the history of 
contact with pollutants, different populations of the same species may 
exhibit diverse biomarker responses due to the development of genetic 
and phenotypic adaptations. Our previous studies revealed that L. dispar 
larvae originating from polluted localities showed different, 
tissue-specific responses of some biochemical parameters to chronic 
treatments with sublethal B[a]P and cadmium concentrations when 
compared to those from unpolluted sites (Matić et al., 2016; Gavrilović 
et al., 2017; Grčić et al., 2019). Therefore we presume that it is necessary 
to examine and establish selection of several physiological parameters in 
L. dispar larvae, wherein each set is suitable for different forest envi
ronments and the level of pollution they are burdened with. That way 
biomonitoring of individual locations would be simplified and more 
relevant. By using the multivariant statistical method of principal 
component analysis (PCA), we hope to elucidate the amount of influence 
that chronic B[a]P treatment has on several variables that represent 
potential biomarkers for pollution by this PAH, depending on the insect 
population origin. 

Generally, detoxification of xenobiotics including B[a]P in Lepi
doptera is mediated by various enzymes - firstly in phase I, cytochrome P 
450 monooxygenase, carboxylesterase, and reductase are producing 
toxic electrophilic metabolites, that are further converted to hydrophilic 
products by the action of the glutathione S-transferases and uridine 
diphosphate glucuronosyltransferases in phase II and, finally in phase 
III, ATP binding cassette and major membrane transporters actively 
pump conjugated xenobiotic out of the cell (Dawkar et al., 2013). Apart 
from these many other enzymes and macromolecules are involved in B 
[a]P metabolism and remediation of its adverse effects, directly or 
indirectly. 

Insect midgut alkaline and acid phosphatases (ALP and ACP) cata
lyze the hydrolysis of various phosphomonoesters, provide a pool of 
inorganic phosphates, regulate reactions of transphosphorylation and 
actively participate in the digestion of food (Terra et al., 1996). Changes 
in ALP activity are related to stress response and resistance to infections 
and insecticides (Wang et al., 2011; Rauschenbach et al., 2007). ACP is 
involved in many metabolic processes, including ion transport, water 
resorption, excretion, growth, and metamorphosis of insects (Terra and 
Ferreira, 2012). Studies have shown a significant negative effect of plant 
secondary metabolites on ALP and ACP activity in Lepidoptera, which 
had adverse effects on nutrient digestion and fitness traits (Senthil-Na
than, 2013; Basiouny et al., 2010). Many of these metabolites have 
complex polycyclic chemical structures, quite similar to B[a]P (Sen
thil-Nathan, 2013; Senthil-Nathan et al., 2005), so it can be assumed 
that this PAH will also interact with phosphatases in the midgut, making 
them a potential biomarker. 

Carboxylesterases (CE) form a class of a/β hydrolases that catalyze 
the hydrolysis of carboxylic esters into alcohols and acids. They are the 
most common esterase class in L. dispar larvae tissues, where they are 
involved in the digestion of food, modulation of metabolism, growth, 

and reproduction (Montella et al., 2012). CE constitutes an integral part 
of the phase I detoxification system and plays an important role in the 
development of resistance to multiple types of insecticides (Hemingway 
et al., 2004). Thus, Farcy et al. (2013) observed that the presence of B[a] 
P increased the activity of CE in shells of Mytilus edulis (Mytilida). The 
authors concluded that CE are probably involved in B[a]P metabolism, 
which is why it would be beneficial to examine further the potential of 
this enzyme for use in ecotoxicological studies. 

Heat shock proteins (Hsp) act as molecular chaperones in the process 
of folding proteins into native conformations, degradation of damaged 
proteins, and preventing their denaturation (Morimoto et al., 1994). 
Hsp70 is closely connected to stressful conditions showing sensitivity to 
chemical contaminants, which is why it has been widely used in eco
toxicological studies as a marker of proteotoxicity (Gupta et al., 2010). It 
was found that PAHs such as B[a]P strongly induce Hsp70 gene 
expression in Eisenia fetida (Haplotaxida) (Zhang et al., 2017), Oniscus 
asellus (Isopoda) (Köhler et al., 1999), and Chironomus tentans (Diptera) 
(Lee et al., 2006). 

The chronic influence of chemical toxicants like B[a]P poses a 
challenge for insects in terms of redistribution of energy resources be
tween maintaining physiological functions at optimal levels and acti
vating energy-demanding defense systems. To ensure survival, insects 
consume most of their metabolic energy on processes related to trans
formation and excretion of B[a]P, as well on protective systems crucial 
for remediation of its toxic effects (Van Straalen and Hoffmann, 2000). 
In the insect, Creontiades dilutus (Diptera), chronic exposure to B[a]P 
harmed larval development and adult reproduction (Du et al., 2014). 
Also, Ilijin et al. (2015) found that long-term feeding of L. dispar larvae 
with B[a]P led to a significant reduction in body mass and prolonged 
development time. 

The focus of our current research was to investigate chronic effects of 
dietary treatment with B[a]P on some midgut biochemical parameters 
such as enzyme activity, including isoform expression of ALP, ACP, and 
CE, as well as the level of Hsp70 expression, in L. dispar larvae from two 
populations. One was derived from an unpolluted oak forest and the 
other from a polluted oak forest. These parameters were selected based 
on their presumable roles in B[a]P detoxification process and the fact 
they are quite responsive to environmental stress, and yet there are very 
little or no data about PAH and B[a]P influence on them. Also, we 
examined some fitness-related traits including larval development time 
and midgut mass. We paid special attention to whether these parameters 
are important elements for B[a]P detoxification and whether their re
sponses differ regarding larval pre-exposure history, as well phenotypic 
plasticity in the response to B[a]P exposure in the laboratory. The goal 
was to determine if the selected parameters are sensitive enough to the 
presence of B[a]P if their responses differ between the two populations, 
and if so, which of them might be used as biomarkers regarding the level 
of environmental pollution. 

2. Materials and methods 

2.1. Insect rearing and experimental conditions 

L. dispar egg masses were collected in November 2013 at two local
ities in Serbia - a mixed oak forest in Đerdap National Park 180 km from 
Belgrade (44◦25′17′′ N, 21◦56′06′′ E); and a mixed oak forest in Bor 
District, 245 km from Belgrade (44◦04′29.57′′N, 22◦05′45.28′′ E). The 
Đerdap National Park forest is considered free of industrial pollution. 
The Bor forest is contaminated by various types of pollutants, byprod
ucts produced in the mining industry and the nearby smelter complex. In 
this locality, very high concentrations of PAHs and B[a]P were measured 
in the gas phase (Živković et al., 2015) and vegetation (Alagić et al., 
2016). L. dispar larvae originating from the unpolluted Đerdap forest 
formed the unpolluted population (UP), whereas those from the Bor 
forest were designated as the polluted population (PP). 

L. dispar egg-masses were kept at 4 ◦C until hatching in April 2014, 
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after which they were grown in plastic containers (V = 200 mL) at 23 ◦C 
with a 12 h light/12 h dark photoperiod. Based on information about B 
[a]P content in oak leaves, the Quercus species preferred by L. dispar 
larvae as a host plant, two concentrations of B[a]P were selected. The 
larvae were offered an artificial diet optimized for L. dispar (O’Dell et al, 
1984) containing one of two concentrations of B[a]P. Namely, 5 ng or 
50 ng of B[a]P was mixed with 1 g of dry diet, without any liquid, using a 
stock solution of B[a]P in acetone (UP 5 ng and UP 50 ng – larvae from 
the unpolluted forest exposed to 5 and 50 ng of B[a]P/g dry food weight; 
PP 5 ng and PP 50 ng – larvae from the polluted forest exposed to 5 and 
50 ng of B[a]P/g dry food weight). Diet mixtures were poured into wide 
plastic boxes and left at 25 ◦C for 4 h so that any residual acetone could 
evaporate. In each population, two control groups were formed to test 
the possible interference of acetone. Larvae in one control group were 
fed with an artificial diet free from acetone, while larvae in the other 
received an artificial diet containing acetone (3% of total diet volume). 
Neither of these control groups contained added B[a]P. As no significant 
differences were recorded between the two control groups, the second 
one was designated as the control (UP 0 ng and PP 0 ng). All groups of 
larvae were offered the same amount of food that was replaced every 48 
h post-hatching until death on the 3rd day of the 5th larval instar (on 
average, after 32 days). No significant changes in the mortality rate 
between the experimental groups were observed. 

2.2. Preparation of midgut homogenates 

L. dispar larvae were anesthetized on ice for 1 min, after which they 
were killed by decapitation (10–12 larvae per group). The gut was 
dissected and the midgut was separated from the foregut and hindgut. 
For the enzyme assays, midguts were homogenized separately in ice- 
cold extraction buffer at pH 7.4 (0.25 M sucrose, 0.05 M Tris HCl, and 
1 mM EDTA) with an Ultra Turrax homogenizer (IKA-Werke) for three 
intervals of 15 s with 15 s pauses between them, at 5000 rpm. Tissue 
dilution was tenfold (1 g of tissue/9 mL of buffer). Midgut homogenates 
were then sonicated thrice, for 15 s with 15 s pauses in between, using a 
Bandelin HD 2070 ultrasonic homogenizer. After that, the homogenates 
were centrifuged at 37,000 g for 30 min at 4 ◦C (Beckman L7-55 ultra
centrifuge) and the supernatants were saved for enzyme analysis at 
− 20 ◦C. Midguts used for Hsp70 detection were also homogenized 
separately, but in ice-cold 0.9% NaCl mixed with protease inhibitors to a 
final concentration of 2 mM phenylmethylsulfonyl fluoride (PMSF) and 
20 μM E64. The tissue was diluted fivefold (1 g of tissue/4 mL of buffer). 
Homogenization was performed in three 10 s repetitions, at 20,000 rpm, 
with 15 s pauses (Ultra Turrax homogenizer, IKA-Werke), followed by 
centrifugation at 10,000g for 10 min at 4 ◦C (Eppendorf 5417R centri
fuge). The supernatants were separated and used for Western blot 
analysis. Protein content was determined in all midgut homogenates 
according to Bradford (1976) using bovine serum albumin as the 
standard. 

2.3. Spectrophotometric assays of enzyme activity 

The activity of ALP was determined spectrophotometrically by a 
modified method of Nemec and Socha (1988). It is based on the hy
drolytic release of p-nitrophenol from p-nitrophenyl phosphate (pNPP) 
under alkaline conditions. The reaction mixture contained 0.1 M Tris 
HCl buffer pH 8.6, 5 mM MgCl2, midgut homogenate, and 5 mM 
p-nitrophenyl phosphate. Incubation time was 30 min at 30 ◦C after 
which the reaction was stopped with 0.5 M NaOH. The absorbance was 
measured at 405 nm. The same modified method of Nemec and Socha 
(1988) was employed for determination of ACP activity but under acidic 
conditions (0.1 M citrate buffer pH 5.6) and a prolonged incubation time 
of 60 min. One unit of enzyme activity was defined as the amount of 
enzyme that released 1 μmol of p-nitrophenol per minute per mg of total 
protein. In these assays, ten midgut homogenates per group were tested, 
for every sample. Blank and non-catalytic probes were included. 

CE activity was determined by the continuous spectrophotometric 
assay according to Main et al. (1961) in which the amount of p-nitro
phenol liberated from 15 mM p-nitrophenyl butyrate during 4 min at 
30 ◦C is measured at 414 nm. The reaction was performed in 50 mM 
Na-phosphate buffer pH 7.5. One unit of CE activity was defined as the 
amount of enzyme that released 1 μmol of p-nitrophenol per minute per 
mg of total protein, under the assay conditions. For every experimental 
group, ten midgut homogenates were assayed in two replicates with 
blank and non-catalytic probes included. 

2.4. Detection of enzyme activities after native polyacrylamide gel 
electrophoresis 

The modified method of native polyacrylamide gel electrophoresis 
(PAGE) (Allen et al., 1963) was applied for the detection of ALP and ACP 
isoform patterns. The separation was carried out on 12% gels at a con
stant voltage of 100 V at 4 ◦C by the method of Laemmli (1970). ALP was 
visualized as dark blue lines by immersing gel into a staining mixture 
containing 0.13% α-naphthyl phosphate and 0.1% Fast Blue B, dissolved 
in 0.1 M Tris HCl buffer pH 8.6, at room temperature. For the detection 
of ACP isoforms, nitrocellulose membranes were prepared by incubation 
in 50 mM acetate buffer (pH 5.2) containing 0.13% α-naphthyl phos
phate, at room temperature. The gel was incubated for 10 min in the 
same buffer at 30 ◦C, after which the prepared membrane was placed on 
it and left in a dark, humid chamber at 30 ◦C for 60 min. The membrane 
was then dipped in 0.3% Fast Blue B dye dissolved in acetate buffer until 
dark blue lines corresponding to ACP activity appeared. 

Zymography of CE involved electrophoresis of midgut homogenates 
on 8% native gel at a constant voltage of 100 V for 3 h at 4 ◦C (Laemmli, 
1970). For visualization of CE isoforms, the gel was soaked and shaken 
in a mixture of 1.1 mM α-naphthyl acetate, 1.1 mM β-naphthyl acetate, 
and 1.2 mM Fast Blue B salt dissolved in 20 mM phosphate buffer at pH 
7.2 (modified from the method of Gottlieb, 1974). After a few minutes at 
room temperature, pink lines appeared on a transparent background, 
revealing the CE isoform patterns. 

For all native PAGE experiments, 10 μg of protein per lane was 
loaded on the gels (same quantity for all experimental groups). Gels 
were scanned with a CanoScan LiDE 120, Japan. For qualitative and 
densitometric image analysis, scans of all gels were converted to black 
and white. The isoform band area and relative optical density in the 
regions of the ALP, ACP, and CE activities were analyzed using the 
ImageJ 1.42q program (NIH, USA). 

2.5. Hsp70 detection by western blot 

The midgut homogenates were separated by sodium dodecyl sulfate 
(SDS) PAGE on a 12% gel (Laemmli, 1970). Proteins were transferred 
from the gel to the nitrocellulose membrane (Amersham Prothron, 
Premium 0.45 mm NC, GE Healthcare Life Sciences, UK) overnight at a 
constant voltage of 40 V and 4 ◦C. Hsp70 expression in larval midguts 
was detected using primary monoclonal anti-Hsp70 mouse IgG1 (dilu
tion 1:5000) (clone BRM-22, Sigma Aldrich, USA) and secondary 
anti-mouse IgG1 (gamma-chain)-HRP conjugated antibodies (dilution 
1:5000) (Sigma Aldrich, USA). Protein bands were visualized by 
chemiluminescence (ECL kit, Amersham). Three midgut homogenates 
were analyzed by Western blot for every experimental group, and all 
samples loaded on the gels contained the same amount of total protein 
(70 μg) per lane. Relative band densities of the Hsp70 protein band areas 
were analyzed using the ImageJ 1.42q program (NIH, USA). 

2.6. Estimation of L. dispar larvae fitness-related traits 

The development time of larvae (DT) in days was monitored (n =
55–60 per group) from hatching until molting into the 5th instar. After 
sacrifice, dissected midguts (n = 17–22 per group) were washed with 
ice-cold deionized water, slightly tapped on paper, and then midgut 
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mass (MM) was determined. 

2.7. Statistical analyses 

Depending on the number of samples, D’Agostino-Pearson and 
Shapiro-Wilk tests were used to check the normality of data distribution. 
Extreme values were determined by Grubb’s test (G-test). For parame
ters with a normal distribution (specific enzyme activity of ALP, ACP, 
and CE, including semi-quantitative analysis of Hsp70 expression) 
parametric statistics were applied - one-way analysis of variance 
(ANOVA) and Tukey’s post hoc test. Non-parametric statistics, Kruskal- 
Wallis tests ANOVA, and Dunn’s post hoc test were used to analyze the 
results for the fitness-related traits (DT and MM). Statistical significance 
of the results was determined at probability (p) < 0.05. The data were 
expressed as means ± standard error of the mean (SEM), except for 
Hsp70 expression where the error bars represented the standard devi
ation (SD). GraphPad Prism 8 software (GraphPad Software, Inc.) was 
used for these analyses. Principal Component Analysis (PCA) was per
formed using the statistical package Origin Pro Version 2020, OriginLab 
Corporation, Northampton, MA, USA. This was done to discriminate B 
[a]P treatments by integration of physiological parameters according to 
principal axes. The physiological parameters – MM, DT, ALP, ACP, and 
CE were the variables used in PCA. All principal components were ob
tained using the standardized values of all variables for individual 
samples corresponding to each dataset. Standardization of all variable 
results was accomplished using the equation: Zij =

xij − xj
SDj

, where Zij, 
represents new standardized data; xij – individual data for variable j in 
sample unit i; xj - sample mean for variable j; and SDj - sample standard 

deviation for variable j. 

3. Results 

3.1. ALP and ACP activities in L. dispar midgut 

The B[a]P supplemented diet had different effects on the two pop
ulations of L. dispar larvae concerning midgut ALP activity (Fig. 1. A). A 
statistically significant decrease in its activity was found only in the 
larvae originating from the unpolluted forest as a consequence of long- 
term exposure to the low concentration of B[a]P (UP 5 ng), relative to 
the control group (p < 0.05). No changes after B[a]P treatments were 
noticed in the population from the polluted forest compared to the 
control group (p > 0.05). Native electrophoresis detected different 
numbers of ALP isoforms in the two control groups, i.e. four in group UP 
0 ng (I1–I4) and five in group PP 0 ng (I1–I5) (Fig. 2. A). In the larval 
population derived from the unpolluted forest, the low concentration of 
B[a]P led to the greatest inhibition of ALP isoforms (UP 5 ng), relative to 
all other experimental groups. I3 and I4 were dominant in all UP groups, 
while in the PP larvae, I4 and I5 had the same role. The population of 
larvae originating from the polluted forest showed a dose-dependent 
reduction in the intensity of isoform patterns after chronic treatment 
with B[a]P (Fig. 2. B). 

ACP activity in L. dispar midgut was not significantly affected by the 
dietary B[a]P treatments, in either population, p > 0.05 (Fig. 1. B). 
Nevertheless, in the population from the polluted forest, a significant 
difference was observed between larvae receiving the high concentra
tion of B[a]P when compared to the group given the lower B[a]P dose (p 
< 0.05). Five ACP isoforms (I1–I5) were detected by zymography in the 

Fig. 1. The specific activity of ALP (A) and ACP (B) in the midgut of L. dispar larvae after chronic B[a]P exposure. UP and PP – populations from the unpolluted and 
polluted forest, respectively; 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B[a]P/g dry food, respectively. The bars show means ± SE, (n = 8–10 larvae per group). 
Different letters denote significant differences among the experimental groups (Tukey’s post-hoc test, * - statistical significance at p < 0.05). 
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control groups from both populations of larvae (UP 0 ng and PP 0 ng) 
Fig. S1 (Suppl. 1. A). Expression of all isoforms faded with the rise of B 
[a]P concentration resulting in total inhibition of isoforms I1–I3 (UP 50 
ng) Fig. S1 (Suppl. 1. B). The polluted population of larvae showed 
stable expression of three ACP isoforms (I3–I5) regardless of treatment, 
while that of I1 and I2 intensified under the influence of B[a]P Fig. S1 
(Suppl. 1. B). 

3.2. CE activity in L. dispar midgut 

A significant increase of CE activity was found in the midgut of 
L. dispar larvae originating from the unpolluted forest after chronic 
intake of the high B[a]P concentration (UP 50 ng), relative to the con
trol, p < 0.05 (Fig. 3. A). No statistically significant change in the ac
tivity of these enzymes was found in the larvae from the contaminated 
forest, p > 0.05 (Fig. 3. A). Numerous CE isoforms were revealed by 
native electrophoresis in both populations of larvae. Experimental 
groups from the unpolluted forest were characterized by constant 
expression of all isoforms (I1–I6), with a discrete elevation of the total 
activity in the B[a]P treated groups (Fig. 3. B). According to zymog
raphy, the polluted population of larvae was more sensitive to the 
xenobiotic, showing notable inhibition in the activity of almost all 
detected CE isoforms (I1–I6) after application of the high B[a]P con
centration (PP 50 ng) (Fig. 3. C). This experimental group also possessed 
a special feature, i.e. one CE isoform more than the other groups, a 
seventh isoform (I7) found only there. 

3.3. Effects of B[a]P on midgut Hsp70 levels 

L. dispar larvae from the polluted forest (PP) showed a significant 
dose-dependent elevation of Hsp70 expression after the chronic B[a]P 
treatments in comparison to the relevant control group (p < 0.01) 
(Fig. 4). A rising trend in Hsp70 concentration was recorded in the un
polluted population (UP) under the B[a]P influence, but not significant 

(p > 0.05) (Fig. 4). 

3.4. Fitness-related traits 

The long-term presence of B[a]P in food did not affect the DT of 
larvae originating from the unpolluted forest. In contrast, for the 
L. dispar population from the polluted forest, feeding with the low B[a]P 
concentration (PP 5 ng) significantly prolonged the overall DT relative 
to the control, p < 0.01 (Fig. 5. A). 

MM of larvae was significantly affected by dietary B[a]P in both 
populations, showing a great decrease in values (UP 5 ng, UP 50 ng, PP 5 
ng and PP 50 ng) in comparison to the relevant control groups, p < 0.01 
(Fig. 5. B). 

3.5. Principal component analysis 

The PCA was applied to establish criteria for the biological responses 
of L. dispar larvae to stress resulting from chronic dietary exposure to B 
[a]P. It was performed separately on data obtained for variables from 
unpolluted and polluted forests. The data covariance matrix consisted of 
standardized values for midgut ALP, ACP, and CE specific activity, 
together with DT and MM results for all experimental groups. For the 
population from the unpolluted forest, PCA resulted in a two-component 
model explaining 87.92% of total variability among the data. The first 
major component (PC1) covered 63.80% of the variability, and the 
second (PC2) 24.12%. The biplot of scores and the corresponding co
efficients of the latent variables for both main components is presented 
in Fig. 6. A. It indicates the existence of three clusters of objects sepa
rated mostly along the PC2 axis that correspond to different dietary 
concentrations of B[a]P. The samples from the control group of larvae 
(UP 0 ng) are quite separate as a cluster, while those belonging to the B 
[a]P treatments partially overlap (UP 5 ng and UP 50 ng). The co
efficients of latent variables showed that the variable CE had the greatest 
positive influence along the PC2 direction and largely defined the 

Fig. 2. Native PAGE gels stained for ALP activity in the midgut of L. dispar larvae after chronic B[a]P exposure (A) and densitometric analysis of the bands (B). The 
numbers indicate ALP isoforms (I1–I5). UP and PP – populations from the unpolluted and polluted forest, respectively; 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B 
[a]P/g dry food, respectively. 
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clusters of B[a]P-treated samples, while the variables DT and MM had 
the greatest negative influence on PC2 and determined the control group 
(UP 0 ng). A major positive effect on distribution along the PC1 axis was 
achieved by variable ALP, followed by the DT variable coefficient, which 
contributed to notable separation of the control group. 

In the samples from the polluted forest, PCA explained 89% of the 
total variance with a two-component model where PC1 included 64.50% 
and PC2 24.50% of the variability. Three clusters of objects were defined 

on the biplot showing the greatest separation between the control group 
(PP 0 ng) and the group treated with the low B[a]P concentration (PP 5 
ng), primarily along the PC2 axis (Fig. 6. B). The latent variables that 
most influenced the distribution across PC2 were MM with the largest 
positive coefficient, while CE and DT had the largest negative ones. 
These variables defined the differences between the control group and 
those treated with B[a]P, especially with the lower concentration. 

Fig. 3. The specific activity of CE in the midgut of L. dispar larvae after chronic B[a]P exposure (A), native PAGE gels stained for CE activity in the midgut of L. dispar 
larvae after chronic B[a]P exposure (B), and densitometric analysis of the bands (C). The numbers indicate CE isoforms (I1–I7). UP and PP – populations from the 
unpolluted and polluted forest, respectively; 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B[a]P/g dry food, respectively. The bars show means ± SE, (n = 8–10 larvae 
per group). Different letters denote significant differences among the experimental groups (Tukey’s post-hoc test, * - statistical significance at p < 0.05). 
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4. Discussion 

Human-made pollutants burden every part of the biosphere causing 
permanent changes in plants and animals. In Lepidoptera, alkaline and 
acid phosphatases have important roles in numerous metabolic pro
cesses through their primary functions of phosphomonoester hydrolysis 
and transphosphorylation (Terra and Fereira, 2012). Production of 
phosphate ions crucial in energy metabolism is of immense importance 
during stress. Vlahović et al. (2013, 2009) recorded inhibition of these 
enzymes in the midgut of L. dispar larvae under acute and chronic 
cadmium influence. In the present work, the low concentration of B[a]P 
had a significant inhibitory effect on ALP activity exclusively in larvae 
from the unpolluted forest (UP 5 ng), while ACP showed no significant 
changes in either population. Badiou-Bénéteau et al. (2013) found that 
Apis mellifera (Hymenoptera) derived from urban areas loaded with 
heavy metals expressed a higher level of ALP than populations from 
rural areas. Our results indicate that the pre-treatment history of contact 
with pollutants contributed to differences in the enzymatic response 
between the studied populations. The impact of PAHs on these insect 
digestive enzymes has not been investigated so far, so we could not find 
similar studies in the available literature for comparison. Nevertheless, 
Senthil-Nathan (2013) described negative effects of allelochemicals 
from the group of polycyclic triterpenoids (limonoids) on digestive en
zymes of Lepidoptera, especially inhibition of ALP and ACP activity. 
Although the mechanism of ALP inhibition by limonoids is not known, 
based on the relative similarity in chemical structure between B[a]P and 
limonoids, we assume that B[a]P and/or its metabolites may act in the 
same way. 

Typical for B[a]P metabolism is the production of toxic in
termediates and a rise of reactive oxygen species, which have a high 

affinity for lipid molecules, especially those in lipid membranes. Per
oxidation of lipids disrupts membrane structure, leads to inhibition of 
membrane-bound enzymes, and disorders cell function (Maria and 
Bebianno, 2011). Being mostly membrane enzymes on columnar 
epithelial cells, oriented towards the midgut lumen (Terra et al., 1996), 
ALP structure and catalytic activity are certainly impaired during per
oxidation of membrane lipids. Bouchard and Bouchard-Madrell (2000) 
showed that ingestion of B[a]P caused significant lesions in the 
alimentary tract of Gomphocerus sibiricus (Orthoptera). Several other 
studies revealed degenerative effects of B[a]P on intestinal epithelial 
cells in aquatic vertebrates and invertebrates (Lowe et al., 1981; Yuen 
et al., 2007). In our population of larvae from the unpolluted forest, we 
found that, while chronic feeding with B[a]P inhibited ALP activity, it 
induced CE activity in the midgut. This indicates an active phase I of 
biotransformation, resulting in more polar and reactive B[a]P-in
termediates that can damage macromolecules and disbalance redox 
status. Presumably, not all of the detoxification enzymes needed for 
efficient B[a]P metabolism are expressed at a level sufficient to manage 
the high content of toxic species in the larvae from the unpolluted forest. 
That is probably why the effects of B[a]P are reflected through the 
decline of digestive enzyme activities like ALP. The function of these 
enzymes was not significantly altered in the population of larvae from 
the polluted forest, probably due to generationally formed adaptations 
to the presence of pollutants. 

In both L. dispar populations, native electrophoresis revealed three 
ALP isoforms, whose intensities were stronger in larvae from the 
polluted forest. Larvae from the unpolluted forest gave a dose- 
independent response so I1 and I2 were inhibited by the low dose of B 
[a]P (UP 5 ng). The exposure to a lower dose of B[a]P often gave a 
greater response of the tested parameters, compared to the higher dose – 

Fig. 4. Western immunoblots of Hsp70 expression in the midgut of L. dispar larvae after chronic B[a]P exposure (A) and densitometric analysis of the bands (B). UP 
and PP – populations from the unpolluted and polluted forest, respectively; 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B[a]P/g dry food, respectively. Graphs 
represent the results of one-way ANOVA and the bars show mean ± SD (n = 3). Two stars (**) denote significant differences among the experimental groups (Tukey’s 
post-hoc test, p < 0.01). 
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Fig. 5. The DT of L. dispar larvae (A) and the MM of L. dispar larvae (B) after chronic B[a]P exposure. UP and PP – populations from the unpolluted and polluted 
forest, respectively; 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B[a]P/g dry food, respectively. The bars show means ± SE, (n = 55–60 larvae per group for DT and n 
= 17–22 larvae per group for MM). Different letters denote significant differences among the experimental groups (Tukey’s post-hoc test; * - statistical significance at 
p < 0.05, and - ** at p < 0.01). 

Fig. 6. Biplots of principal component analysis (PCA) of chronic B[a]P influence on various parameters in L. dispar larvae from the unpolluted – UP (A) and polluted 
-PP forest (B). 0 ng - control, 5 ng and 50 ng − 5 and 50 ng B[a]P/g dry food, respectively. ALP, ACP, CE, DT, and MM – latent variables. 
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the activity of ALP in the unpolluted, the DT in the polluted, and the MM 
in both populations of larvae. These biphasic responses are probably a 
phenomenon called hormesis, which is specified by low-dose stimula
tion and a high-dose inhibition or absence of the effect, and it is widely 
recognized as a general, real and reproducible phenomenon (Calabrese, 
2005; Cutler, 2013). In addition, by exerting estrogenic and anti
estrogenic properties, benzo[a]pyrene belongs to a group of chemical 
compounds known as endocrine disruptors, for which is common to 
induce dose-independent biological responses (Lagarde et al., 2015; 
Lintelmann et al., 2003). Similar responses were observed for many 
physiological parameters in Lymantria dispar larvae, after exposure to 
benzo[a]pyrene (Ilijin et al., 2015, 2017) and fluoranthene (Filipović 
et al., 2019; Mrdaković et al., 2013). Although no significant changes in 
ACP activity were detected by spectrophotometric assay, the zymogram 
showed inhibition of three isoforms (I1–I3) in larvae from the unpol
luted forest after treatment with the high dose of B[a]P (UP 50 ng). ACP 
activity was less affected by B[a]P-induced toxicity than ALP, presum
ably due to its primary localization within the cytoplasm of intestinal 
epithelial cells (Terra et al., 1996). This physically separates ACP from 
the midgut lumen, the main site of generation of reactive intermediates 
and oxygen radicals. Our results suggest a small share of these enzymes 
in B[a]P detoxification mechanisms. However, adverse effects of this 
xenobiotic are reflected in ALP activity of L. dispar larvae from the un
polluted population. 

The metabolism of B[a]P in insects is directly connected to enzymes 
of the detoxification system. CE consists of a heterogeneous group of 
enzymes able to hydrolyze a wide range of substrates, with an active role 
in the degradation and elimination of many xenobiotics (Panini et al., 
2016). Application of the high concentration of B[a]P provoked an in
crease of CE activity only in the midgut of larvae from the unpolluted 
forest (UP 50 ng). Data in the literature concerning B[a]P effects on CE 
are modest and inconsistent. In Chironomus sancticaroli (Diptera) larvae 
without prior contact with pollutants, brief exposure to B[a]P led to a 
marked rise of CE activity (Vicentini et al., 2017). Similar treatment of a 
laboratory strain of Aedes aegypti (Diptera) had no impact on CE activity 
(Riaz et al., 2009). Furthermore, it was found that natural populations of 
insects and marine invertebrates, from environments loaded with 
chemical contaminants, exhibited significantly higher expression of CE 
when compared to populations from unpolluted habitats (Callaghan 
et al., 1998; Farcy et al., 2013). The results of our experiment differed. 
Induction of midgut CE activity in larvae from the unpolluted population 
represents a possible acclimatization strategy to B[a]P intoxication, 
while individuals from the polluted forest, with relatively low expres
sion levels of CE, probably employ different detoxification enzymes. 
This could be an example of a trade-off in CE activity for other detoxi
fication mechanisms, more efficient for the organism under the partic
ular environmental condition. Constant exposure to a stressful 
environment certainly led to an adaptive refinement of protective stra
tegies, selected to manage and neutralize toxic effects of pollutants with 
the highest efficiency and the least energy cost. Moreover, lower 
expression of these enzymes was apparent in native electrophoretic 
profiles from the midgut, where isoform intensities were stronger for 
larvae from the unpolluted forest. 

Callaghan et al. (1998) discovered that populations of Culex pipiens 
(Diptera) generationally selected with insecticides and organic pollut
ants were characterized by the higher specific activity of CE and fewer 
isoenzymes when compared to populations from an unpolluted envi
ronment. This pattern was most apparent for environmental contami
nation with insecticides. In contrast, in our experiment, native 
electrophoresis revealed more midgut CE isoforms in the larvae from the 
polluted forest, specifically after treatment with the higher B[a]P con
centration (PP 50 ng), where seven CE isoforms were detected, while all 
other experimental groups had six. The seventh isoform of CE (I7) 
probably represents a specific adaptive trait contributing to the resis
tance mechanisms, by acting to reduce sensitivity to B[a]P. As such, it 
may be a potential indicator of chronic exposure to B[a]P, at least for 

populations from contaminated habitats. 
During biotransformation of B[a]P an assortment of reactive me

tabolites and oxygen radicals are formed. They interact with structural 
and functional proteins causing proteotoxicity and damage to other 
macromolecules. Numerous studies have recorded a rise of Hsp70 con
centration in insects and arthropods exposed to B[a]P and its crucial role 
in the protection and modulation of protein damage (Lee et al., 2006; 
Ilijin et al., 2017; Rhee et al., 2009). L. dispar larvae from the polluted 
forest showed pronounced dose-dependent increases in the expression of 
midgut Hsp70 after the B[a]P treatments (PP 5 ng and PP 50 ng). The 
same trend was found in larvae from the unpolluted forest but less 
consistent and striking than for the polluted population and without 
statistical significance. Thus, the variance around the mean value for 
Hsp70 band intensity indicated that the response of B[a]P treated larvae 
from the unpolluted forest was much more variable than that of the 
polluted population. This and the notably higher intensity of Hsp70 
bands indicates that these larvae strongly employ Hsp70 as a means of 
defense against B[a]P toxicity, which is probably a result of selective 
pressure due to PAH and other chemical pollutants in their forest 
habitat. In both control groups (UP 0 ng and PP 0 ng) Hsp70 was barely 
detectable indicating a very low constitutive expression regardless of 
larval heritage. Considering the larvae from the polluted forest and the 
constant selective pressure they face, this finding suggests probable 
primary expression and high efficiency of other protective mechanisms 
that were not part of our experiment. Thus, Gavrilović et al. (2017) 
detected higher constitutive activity of GST, an important detoxification 
enzyme in the midgut of L. dispar larvae from the same polluted popu
lation, relative to the control group larvae from an unpolluted popula
tion. This very likely provided resilience to the larvae from the polluted 
forest. 

Chronic nutrition of L. dispar larvae with B[a]P had the greatest 
negative impact on the midgut, because of its active metabolic function 
and the nature of the products produced. Constant loading with reactive 
species may exceed detoxification and antioxidant systems at some point 
causing proteotoxicity (Sanders and Martin, 1993), as seen in our case 
through high expression of Hsp70. Monari et al. (2011) also recorded 
increased production of Hsp70 in the digestive gland of the seashell 
Chamelea gallina (Venus) after long-term contact with B[a]P. Although 
the synthesis of Hsp70 proteins is an energetically expensive process, 
their protective functions are extremely valuable in larval midgut. 
Therefore, it is possible that with increasing exposure to B[a]P, alloca
tion of energy resources from other adaptive strategies had gradually 
occurred. 

During exposure to environmental stressors, the amount of available 
metabolic energy is of fundamental importance for insects. Induction 
and continuance of protective processes require a significant input of 
metabolic energy provided by allocation from functions that are non- 
essential for survival (Sokolova et al., 2012). We have found that MM 
was seriously affected by chronic B[a]P treatment in both L. dispar 
populations, while the larval DT was prolonged only in the polluted 
population, after the administration of the low B[a]P concentration (PP 
5 ng). As we stated earlier, this hormesis-like phenomenon is relatively 
common for some biochemical parameters in insects faced with B[a]P 
and PAH and has been described previously (Grčić et al., 2019; Ilijin 
et al., 2015). Prolonged exposure of M. edulis (Mytilida) to a mixture of 
PAHs was observed to alter the structure of digestive cells, disrupt their 
synchronicity, and radically affect the structure of cellular lysosomes 
(Lowe et al., 1981). Most likely, B[a]P also exerts toxic effects on cells of 
the midgut epithelium of L. dispar larvae, probably impairing their 
structure and leading to MM reduction. Furthermore, increased 
expression of Hsp70 and induction of detoxification enzymes certainly 
affected the larval energy balance negatively. There are indications that 
B[a]P directly interferes with the electron transport chain, disrupting 
energy metabolism and adenosine triphosphate (ATP) production (Zhu 
et al., 1995). An extended period of increased energy needs, conditioned 
by activation of compensatory mechanisms, eventually draws from 
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energy depots and reduces larval fat body volume. It can be presumed 
that larvae from both populations suffered from energy deficit, which 
was reflected by their lower MM and larval mass as previously recorded 
(Ilijin et al., 2015). This could be the cause of the prolonged DT in the 
polluted population of larvae. 

Molting of Lepidoptera larvae is completely dependant on achieving 
a certain, critical body mass because it directly controls secretion of the 
molting hormones (Davidowitz et al., 2003). Adaptive strategies of 
larvae from the polluted forest probably included detoxification mech
anisms that were much more energy-demanding than those used by 
larvae from the unpolluted forest (Mouneyrac et al., 2011). This nega
tively affected larval mass and extended the time required to reach the 
5th larval stage. Moreover, larvae from the polluted forest had a stronger 
expression of Hsp70 in the midgut, relative to those from the unpolluted 
forest, which increased the already high cost of protein production, 
requiring almost one-fifth of the available ATP stocks (Hand and Har
dewing, 1996). It is likely that larvae without a pre-history of contact 
with pollutants resort to acclimatization strategies that are less of a 
burden for individuals, so there is no trade-off in terms of DT. The fitness 
characteristics of L. dispar larvae from the current experiment showed a 
fairly uniform response to the effect of relatively low concentrations of B 
[a]P, which is why they may potentially be very useful in environmental 
biomonitoring studies. 

The method of PCA enabled detection of logical patterns in the re
sponses of several L. dispar parameters to xenobiotic exposure in relation 
to the origin of the larval population. The biplots revealed that the 
clusters (experimental groups) showed dose-dependent separation in the 
population from the unpolluted forest, opposite to the pattern in the 
polluted population. Also, the analysis indicated that the most sensitive 
parameters under chronic B[a]P dietary treatment were CE, ALP, MM, 
and even DT in the L. dispar population from the unpolluted forest. The 
same biomarker potential was observed for DT, MM, and CE in larvae 
from the polluted forest. 

5. Conclusion 

Investigation of enzyme, stress, and fitness parameters in the midgut 
of 5th instar L. dispar larvae from two forest environments with different 
pollution levels, revealed different sensitivity of their responses to long- 
term B[a]P exposure. Thus, larvae from the unpolluted forest were 
characterized by a rise of CE activity and a decrease in ALP activity in 
their midgut and with a reduction of MM. The population from the 
polluted forest showed a significant elevation of midgut Hsp70 con
centration, prolonged DT, and reduction in MM. PCA also indicated that 
the examined variables have diverse significance and biomarker po
tential for continuous biomonitoring of B[a]P presence, depending on 
the L. dispar pre-history of contact with pollutants. 
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Vuković Gačić, B., 2016. Genotoxic effects of cadmium and influence on fitness 
components of Lymantria dispar caterpillars. Environ. Pollut. 218, 1270–1277. 
https://doi.org/10.1016/j.envpol.2016.08.085. 

Miller, K.P., Ramos, K.S., 2001. Impact of cellular metabolism on the biological effects of 
benzo[a]pyrene and related hydrocarbons. Drug Metab. Rev. 33, 1–35. https://doi. 
org/10.1081/dmr-100000138. 

Monari, M., Foschi, J., Rosmini, R., Marin, M.G., Serrazanetti, G.P., 2011. Heat shock 
protein 70 response to physical and chemical stress in Chamelea gallina. J. Exp. Mar. 
Biol. Ecol. 397, 71–78. https://doi.org/10.1016/j.jembe.2010.11.016. 

Montella, I.R., Schama, R., Valle, D., 2012. The classification of esterases: an important 
gene family involved in insecticide resistance: a review. Memorias Inst. Oswaldo 
Cruz, Rio de Janeiro 107, 437–449. https://doi.org/10.1590/s0074- 
02762012000400001. 

Morimoto, R.I., Tissieres, A., Georgopoulous, C., 1994. Progress and perspectives on the 
biology and heat shock proteins and molecular chaperones. In: Morimoto, R.I., 
Tissieres, A., Georgopoulous, C. (Eds.), The Biology of Heat Shock Proteins and 
Molecular Chaperones. Cold Spring Harbor Press, pp. 1–30. https://doi.org/ 
10.1101/0.1-30. 

Mouneyrac, C., Leung, P.T.Y., Leung, K.M.Y., 2011. Cost of tolerance. In: Triquet, C. 
Amiard, Rainbow, P.S., Romeo, M. (Eds.), Tolerance to Environmental 
Contaminants. CRC Press, Boca Raton, pp. 265–297. 
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