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A range of environmental factors, including chemicals, can affect epigenetic processes in organisms
leading to variations in phenotype. Thus, epigenetics displays an important environmentally responsive
element. The transgenerational impact of environmental stressors on DNA methylation and phenotype
was the focus of this study.

The influence of two known DNA methylation-changing agents, the phytoestrogen genistein and the
fungicide vinclozolin, on the overall DNA methylation level in the Asian tiger mosquito Aedes albopictus
was investigated. The experiment comprised four generations in a full life-cycle design with an exposed
parental generation and three consecutive non-exposed offspring generations.

Application of the methylation agents to the parental generation of the study led to an alteration of
the global DNA methylation level of the exposed individuals and those in two subsequent generations.
The phenotypic variability of the offspring generations was assessed by examining their insecticide
sensitivity. Here, a significant decrease in sensitivity (po0.01) towards the model insecticide imida-
cloprid revealed alterations of the mosquito's phenotype in two subsequent generations.

Thus, the evaluation of A. albopictus from an epigenetic perspective can contribute important in-
formation to the study of the high adaptability of this invasive disease vector to new environments, and
its underlying mechanisms.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

The Asian tiger mosquito Aedes albopictus (SKUSE 1894) origi-
nates from tropical regions, especially South East Asia, and has
spread over all continents except of Australia and Antarctica
(Benedict et al., 2007). Successful competition with native mos-
quito species and its life history traits are the reasons for the high
invasion potential and the vector capacity further increases the
species' socio-medical importance (Benedict et al., 2007; Briegel,
1990; Fischer et al., 2011; Juliano and Lounibos, 2005; Mitchell,
1995). Altogether, these studies revealed an extreme adaptability
of A. albopictus to new habitats, resulting in the observed fast and
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spatially comprehensive spread of the species. This broad ecolo-
gical plasticity requires rapid and effective response to environ-
mental influences in order to establish a population in a new ha-
bitat. As a consequence of climate change and accelerated dis-
persal by human activity, the potential distribution of the Asian
tiger mosquito will extend, especially across Central and Eastern
Europe (Fischer et al., 2011) preparing the ground for outbreaks of
viral and parasitic diseases transmitted by this species (Benedict
et al., 2007). For this reason, it is important to understand the
mechanisms that enhance the high adaptability of this invasive
vector mosquito species. However, previous research has only
addressed superficial characteristics of the organism, without
uncovering the mechanisms to explain the adaptation potential of
the species.

Epigenetics, being the complex interplay of DNA methylation,
histone modifications and non-coding RNA, is defined as ‘the study
of heritable changes in gene function that cannot be explained by
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Fig. 1. Experimental design. Design of the transgenerational study with Aedes al-
bopictus. Only the parental generation (F0) was exposed to medium plus solvent (1%
acetone), genistein (dissolved in 1% acetone) or vinclozolin (dissolved in 1% acet-
one). Controls were exposed to test medium only. Chemical exposure is highlighted
by grey background. The three consecutive offspring generations (F1–F3) were not
directly exposed to chemicals (probably with exception of F1 via the germline).
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changes in the DNA sequence’ (Riggs et al., 1996). Epigenetics is of
vital importance in understanding the relationship between the
genome and resulting phenotypes. The gap of knowledge between
genotype and phenotype has recently been identified as a major
challenge for molecular ecology (Andrew et al., 2013). Patterns of
DNA methylation and chromatin modifications in correlation with
phenotypic variability have already been reported for various or-
ganismic groups, and especially in plants distinct examples of such
interactions were found (Feil and Fraga, 2012).

Epigenetic mechanisms, and especially DNA methylation, are
known to occur in almost all eukaryotes (Field et al., 2004).
However, the level of methylated cytosine varies greatly among
different taxa. The highest methylation levels are found in plants
with up to 30% methylated cytosine, whereas in insects the level
varies between no methylated cytosine and 3% (Field et al., 2004).
Even if this epigenetic mechanism is widespread, its function in
the different taxa varies drastically (Suzuki and Bird, 2008). Most
research on DNA methylation in animals focuses on vertebrates
and according to literature, the role of DNA methylation in in-
vertebrates is not yet clear (Head, 2014). In vertebrates, DNA me-
thylation is limited to CpG islands at the gene promotor and it is
involved in gene silencing, transposon control, development reg-
ulation, parental imprinting, and X chromosome inactivation
(Mandrioli, 2007). In insects, methylated cytosine is found in the
coding region of genes and seems to play a specialized role in the
maintenance of transcript integrity and mRNA regulation (Glastad
et al., 2011; Ye et al., 2013). The presence of methylated cytosine in
A. albopictus has first been proven by Adams et al. (1979) and was
further investigated in a genome analysis in the sequence 5′-
CCGG-3′ (Nayak et al., 1991). The complete methylome of the sister
species A. aegypti has been characterized and DNA methylation
could be associated with reduced transcription (Ye et al., 2013).
Furthermore, the second of three important DNA methyl-
transferases (Dnmt2) was found in Drosophila melanogaster
(Glastad et al., 2011). Proteins belonging to the Dnmt2-family, are
proposed to take part in tRNA methylation (Glastad et al., 2011)
and show a structural similarity to the Dnmt1 that maintains DNA
methylation (Goll and Bestor, 2005). Catalytically active orthologs
of Dnmt1 and Dnmt3 and a fully functional CpG methylation
system is reported for Apis mellifera (Wang et al., 2006). Although
the effective occurrence of the complete set of key proteins of the
CpG methylation system is still unclear in A. albopictus, there is
little doubt about the existence of the epigenetic mechanism itself
in dipterans in general and in A. albopictus in particular (Ye et al.,
2013). With a focus on insects, epigenetic studies with honey bees
have shown that nutritional input determines the development of
the queen's phenotype in a process mediated by DNA methylation
(Maleszka, 2008). Thus, in bees nutrition is the crucial environ-
mental factor that connects the epigenetic system with the
phenotype.

Epigenetics offers reasonable features for an explanation of the
high and fast phenotypic adaptability of the Asian tiger mosquito.
The impact of environmental stressors on DNA methylation in this
species was the focus of the present study and three major ques-
tions were addressed: (i) Does the application of environmental
stressors lead to changes in the level of global DNA methylation?
(ii) Can these levels of changed global DNA methylation be in-
herited to untreated subsequent generations? (iii) Do changes of
global DNA methylation in A. albopictus correlate with phenotypic
variability in terms of insecticide sensitivity?

We investigated the influence of two known methylation
agents (Anway et al., 2005; Day et al., 2002), the phytoestrogen
genistein and the fungicide vinclozolin, on the overall DNA me-
thylation level in A. albopictus. Our experimental design is the first
approach of transgenerational epigenetics with mosquitoes and
was guided by the studies of Vandegehuchte et al. (2010),
Guerrero-Bosagna et al. (2010), and Majid et al. (2010). Four gen-
erations were covered in a full life-cycle design (Kreß et al., 2014)
with an exposed parental generation and three subsequent non-
exposed offspring generations.
2. Materials and methods

2.1. Experimental design of the transgenerational study

The experimental design (Fig. 1) followed the concept of a four
generation life-cycle experiment with A. albopictus (long-term la-
boratory culture originating from Singapore, obtained from Bio-
gents AG in 2010). Full life-cycle procedures followed a standard
protocol for A. albopictus developed in our laboratory (Kreß et al.,
2014; Müller et al., 2013). The exposure of the parental generation
F0 to two methylation agents was the first step of the transge-
nerational study and based on a total of 1700 individuals. Four
treatments were set up: control, solvent control (10 ml
acetone l�1), genistein (CAS 446-72-0, Z98% purity, Sigma-Al-
drich) exposure (5 mg l�1) and vinclozolin (CAS 50471-44-8, 99.9%
purity, Sigma-Aldrich) exposure (3 mg l�1). Both chemicals were
dissolved in 1% acetone (CAS 67-64-1, Z99.5% purity, Carl Roth).
Larvae of F0 were exposed to methylation agents via water (mix-
ture of deionised water and tap water, 1:1) in 10 parallel replicates
of 50 individuals each. An 11th replicate was set up to have a stock
of larvae for global DNA methylation analyses. That way, larval
density was kept constant in the first 10 replicates to guarantee a
sufficient sample size for the onset of the next generation. A static
exposure design was followed without water exchange. Thus, for
the whole transgenerational experiment only individuals of F0
were exposed towards the methylation agents until they reached
pupation after approximately 8 days, comprising germline devel-
opment of F1.

The parental generation and two subsequent generations were
examined for mortality and larval development. DNA methylation
levels were examined in all four generations. Furthermore, F1 and
F2 individuals were tested for their insecticide sensitivity. The
complete experiment was performed twice.

2.2. Biological effect profile of genistein and Vinclozolin

The phytohormone genistein (5,7-dihydroxy-3-(4-hydro-
xyphenyl)chromen-4-one) like other isoflavones is known to have
an endocrine disrupting activity, related to its affinity towards
oestrogen receptors. As an inhibitor to DNA methyltransferases the
compound shows epigenetic potential (Day et al., 2002; Majid
et al., 2010; Vandegehuchte et al., 2010) although the effective
mechanism is not known. No general toxicity of this natural
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compound is known in the applied concentration range.
Vinclozolin (3-(3,5-dichlorophenyl)-5methyl-5vinyl-oxazoli-

dine-2,4-dione) is a fungicide that was commonly applied in oil-
seed, vine, fruit and vegetable agriculture. Due to its endocrine
disrupting properties, the authorisation for use of vinclozolin on
crops in the European Union was annulled by the European
Commission within the framework of Directive 91/414/EEC.
However, in the USA this fungicide is still applied (United States
Environmental Protection Agency, 2000a). In addition to its en-
docrine disrupting properties (Kelce et al., 1994) vinclozolin is
known to induce transgenerationally stable alterations in the
sperm epigenome of rats (Anway et al., 2005; Guerrero-Bosagna
et al., 2010). Effects on male accessory organs have also been de-
tected in gastropods (Tillmann et al., 2001). Many follow-up stu-
dies rendered vinclozolin the best investigated disruptor with dual
activity on the endocrine and epigenetic system (Crews et al.,
2007; Nilsson et al., 2012; Stouder and Paoloni-Giacobino, 2010).

2.3. Quantification of genistein and Vinclozolin

During the exposure period of the parental generation, genis-
tein and vinclozolin concentrations in the test media were mon-
itored at four different time points (directly after dosing, 1 h, 24 h,
and 8 days after application). Samples were stored at �20 °C, then
thawed and prepared for high performance liquid chromatography
(HPLC). Due to high concentrations sample enrichment was not
necessary. 1 mL of each sample was filtered (injection filter, 2 mm)
and directly transferred to HPLC vials. A C18 columnwas used with
the following characteristics: Guard column 4.3�10 mm, column
4.3�150 mm, 5 mm particle size, 120 Å pore size (Acclaim 120,
Dionex, Idstein, Germany). Detection was conducted with a HPLC–
UV system (software Chromeleon Version 6.60 SP2 build 1472,
Dionex). All samples, as well as standard solutions, were measured
three times in sequence. Determination of limits of quantification
(LOQ) followed the protocol of Vial and Jardy (1999).

Genistein analysis was conducted according to Vandegehuchte
et al. (2010). Methanol (MeOH) served as mobile phase and a
linear gradient was applied from 50% MeOH (mixed with ultrapure
water) to 100% MeOH within 12 min. The C18 column was equi-
librated to 50% MeOH for 3 min. At a flow rate of 1 ml min�1 and
25 °C, a sample volume of 25 ml was injected. UV-detection of
genistein was performed at 260 nm (Morabito et al., 2002) and the
retention time averaged at 7.5 min. A calibration curve consisting
of six concentrations levels (0.3125, 0.625, 1.25, 2.5, 5, and
10 mg l�1 of genistein) was set up in order to deduce the con-
centration of genistein in the measured samples.

The method for vinclozolin analysis followed the protocol of
Carlucci et al. (2005). The mobile phase consisted of 60% acet-
onitrile in an isocratic manner. Again 25 ml of the sample was in-
jected and UV-detection was performed at 200 nm for 15 min. The
retention time of vinclozolin averaged to 9.9 min. Six standard
concentration levels (0.375, 0.75, 1.5, 3, 6, and 12 mg l�1) were
used to set up a calibration curve for the determination of vin-
clozolin concentrations.

2.4. Quantification of global DNA methylation

DNA methylation was measured in L4-larvae of all four gen-
erations of the transgenerational experiment (F0–F3). For this, five
larvae were collected from the additional replicate of each treat-
ment in each generation at a precise point of time. For DNA iso-
lation the CTAB method (CTAB-Cetyl trimethylammonium bro-
mide; Jones and Walker, 1963) was applied consisting of five main
steps: (1) lysis and homogenisation of frozen specimens in CTAB
buffer solution and proteinase K; (2) overnight incubation of
homogenate (52–58 °C); (3) chloroform-isoamylalcohol (24:1)
extraction; (4) DNA precipitation in isopropanol; (5) RNAse
treatment and DNA wash in TE buffer. Purity and quantity of iso-
lated DNA were analysed by fluorometry (Quant-iT™ dsDNA BR
Assay Kit for Qubit™, Invitrogen) and gel electrophoresis. DNA
digestion with subsequent UHPLC–MS/MS analysis for the quan-
tification of methylated cytosine relative to guanine was per-
formed according to Vandegehuchte et al. (2009; 2010).

2.5. Evaluation of imidacloprid toxicity

After exposure to genistein or vinclozolin during the parental
generation of the experiment phenotypic effects in the offspring
generations were the next level of investigation. For this, in-
secticide sensitivity towards the model insecticide imidacloprid
was assessed in all treatments of F1 and F2. Imidacloprid is a sys-
temic insecticide and, as the first neonicotinoid on the market, was
launched in 1991 (Tomlin, 2011). Within a formulation called
‘Gaucho©’ the insecticide was first produced by Bayer CropScience
and is one of the most applied insecticide worldwide (Cox, 2001).
It is commonly used in agriculture, on turf, and even for household
pets (Cox, 2001). Its mode of action is the stimulation of nicotinic
acetylcholine receptors on the postsynaptic membrane (Song and
Brown, 1998) leading to a modified feeding behaviour, paralysis
and finally the death of the insect. Apart from these lethal effects,
neonicotinoids in general and especially the widely applied imi-
dacloprid, are considered to be responsible for population de-
creases of pollinator insects, e.g. bumble bees, due to reduction of
fecundity and effects on the feeding behaviour (Laycock et al.,
2012; Whitehorn et al., 2012).

A concentration–response relationship of the insecticide imi-
dacloprid was determined in L1 A. albopictus larvae obtained from
all four treatments of F1 and F2. General imidacloprid toxicity for A.
albopictus was assessed in preliminary studies. Nominal aqueous
concentrations were tested (mixture of deionised water and tap
water, 1:1): 1.25, 2.5, 5, 10, 20, 30, 40, 60, 80, and 100 μg L�1. L1
larvae were collected from hatch medium (Kreß et al., 2014) 20 h
after the induction of hatching and exposed in 24-well plates
(Greiner bio-one, flat bottom) with one larva per well. Each imi-
dacloprid concentration was tested in 20 replicates distributed
over five plates. The control group was distributed in four wells of
each plate ending up in a total of 40 specimens. That way, the
complete test design was validated for each single plate. Larvae
were fed with 0.5 mg of ground Tetramins ornamental fish food
tablets (Müller et al., 2013).

Plates were kept in two climatic exposure test cabinets (FLOHR
instruments, MKKL 1200) at constant conditions (2571 °C,
90710% humidity, 16:8 h light–dark-rhythm). Mortality was de-
termined after an exposure time of 48 h. The lethal concentration
for 50% of the tested individuals (LC50) was taken as relevant
endpoint for the evaluation of insecticide sensitivity.

2.6. Statistical analyses

The statistical analysis was conducted with the software
package GraphPad Prisms (Version 5; GraphPad Software, San
Diego, USA). The calculation of exponential one-phase decay led to
half-life estimations for genistein and vinclozolin. Normal dis-
tribution of the data was verified by D’Agostino and Pearson om-
nibus normality test and with the software package Statisticas

(Version 7.1, Stat-Soft, Inc., Hamburg, Germany) the Cochran's test
approved homogeneity of variance. Significant differences be-
tween more than two unpaired samples was tested by one-way
ANOVA and Tukey’s multiple comparison post-test for the eva-
luation of the mortality data in F0. Concentration–response re-
lationships were calculated via nonlinear regression (least squares
fit) to log (x) transformed data with LC50 determination including
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95% confidence intervals. Concentration–response curves of gen-
istein and vinclozolin treatments were compared separately via F-
test to curves of solvent controls. The point of time, when 50% of
the tested individuals reached pupation (PT50) was similarly cal-
culated via nonlinear regression of cumulative pupation towards
log (time). Larval development of the different treatments was
compared via PT50 values and the slope of cumulative pupation
curves. Variance homogeneity (Cochran’s C test) of methylation
data was only given after boxcox transformation calculated with
the software package Statisticas. Transformed data was then
compared with a unifactorial repeated measurement ANOVA.
3. Results

Climatic conditions of the two climatic exposure test cabinets
were kept constant at 25.370.65 °C (HOBO onset data logger)
over the whole experimental duration of both approaches. Light–
dark-rhythm of 16:8 h was not interrupted at any time (HOBO
onset data logger). Humidity, checked every day, was stable at
90710%.

3.1. Chemical analysis of genistein and vinclozolin

Chemical analysis confirmed exposure to genistein and vin-
clozolin via the respective test media. During the first experiment,
the measured concentration of genistein was 77.1% of the nominal
concentration of 5 mg L�1 directly after dosing (Table 1). Genistein
concentration slowly decreased to 1.9 mg L�1 over the following
8 days of larval development until start of the pupation period.
Half-life was reached after approximately two days when
2.9 mg L�1 genistein was measured (Table 1). During the second
experiment, the measured genistein concentration increased after
application, most likely due to insufficient solution of the stock
and nominal concentration was only reached after one day. De-
crease of measured concentration was comparable to the first
experiment, however, as there was no exponential decay, it was
not possible to calculate the half-life. All genistein values mea-
sured were fully quantifiable.

For vinclozolin larger deviations of measured concentrations
from nominal concentrations became apparent only one hour after
application. The nominal concentration of 3 mg L�1 vinclozolin
Table 1
Conditions of parental generation. Outline of chemical conditions and biological
effects on the exposed parental generation (F0) of the transgenerational study with
genistein and vinclozolin. Chemical analysis confirms presence of genistein and
vinclozolin in the respective test media (actual measured concentration) near the
nominal concentrations (% of nominal). Values of the two experimental setups
matched. Limit of quantification (LOQ) is given for the two chemicals. Genistein is
stable over the exposure period as indicated by its long half-life (interpolation, no
value of second experimental setup). Half-life of vinclozolin is less than two days
(range of both experimental setups shown) and degraded rapidly during the ex-
perimental exposure period. Mortality data (range of both experimental setups
shown) confirms the sublethal range of nominal concentrations. Both chemicals do
not affect larval development (PT50 – point of time when 50% of tested individuals
have reached pupation; range of both experimental setups shown).

Chemical exposure of F0 Direct effects on F0

Measured
(mg L�1)
[% of nominal]

Half-life
(min)

LOQ
(mg L�1)

Mortality
(%, mean)

PT50
(d, mean)

Control – – – 9.3–25.6 8.5–8.7
Solvent – – – 20.4–22.0 8.5–8.7
Genistein 3.9 [77.1] 3005 12.9 17.2–23.3 8.7–8.8
Vinclozolin 2.9 [97.6] 21.7–

42.2
13.3 18.2–28.0 8.7–8.9
was fully met directly after application (Table 1). However, only
0.4 mg L�1 and 0.9 mg L�1 (experimental setup 1 and 2 respec-
tively) were detected in the test medium after only one hour. After
one day, vinclozolin concentrations dropped below the limit of
quantification.

3.2. Mortality and development of F0

Exposure of the parental generation to solvent, genistein or
vinclozolin did not cause significant mortality effects in compar-
ison to the unexposed control group (Table 1). Generally, mortality
did not exceed 30% so that the test complied with validity criteria
of OECD guideline 233 (OECD, 2010). Comparison of cumulative
pupation and calculation of PT50 values showed that there was no
difference in developmental time or pupation rate between the
four treatments (Table 1).

3.3. Effects of genistein and vinclozolin on global DNA methylation

Measurement of global DNA methylation levels revealed dif-
ferences between the control group and the two exposure treat-
ments as well as the solvent control (Fig. 2). Global DNA methy-
lation levels of control larvae (L4) ranged from an absolute mini-
mum of 0.02170.001% to an absolute maximum of 0.67470.043%
methylated cytosine relative to guanine. Intergenerational varia-
tion was high, though in the F2-control only two individuals yiel-
ded enough DNA for a reliable methylation analysis. Given the
large variation of values in treatments with three to five in-
dividuals (maximum number of replicates), the specific F2-mean
value should be interpreted cautiously.

When comparing the different treatments to the respective
solvent control of each generation a general trend of hy-
permethylation in vinclozolin treated individuals and hypo-
methylation in genistein treated individuals can be noted in the
first three generations (Table 2). However, due to high variation
and different sample sizes this pattern cannot be statistically
supported. The DNA methylation level of the unexposed control
level rose from F0 to F2, making statistical analyses between gen-
erations difficult (Fig. 2). Direct exposure (F0) to the solvent acet-
one lead to a distinct increase of global DNA methylation that was
Fig. 2. Global DNA methylation levels. Percentage of methylated cytosine in rela-
tion to guanine of DNA from Aedes albopictus (L4 larval stage) in all generations of
the transgenerational study (F0–F3). As a result of a number of samples with no
measurable DNA methylation levels, a low sample size of the control group in F2
weakens the evidence of this generation (group shadowed). Factorial ANOVA with
Bonferroni post test revealed significant difference compared to the control of the
respective generation (asterisk). Significances between the treatments or between
generations within treatments are not shown.



Table 2
Alteration of global DNA methylation levels. Average global DNA methylation (mdC/
dG in %) of the epigenetic treatments in relation to their respective control (ex-
pressed differences in %): solvent control compared to controls (grey), epigenetic
treatments compared to solvent.

Difference F0 F1 F2 F3

Δ solvent-control (%) þ404.3 �77.2 �55.5 �16.6
Δ genistein-solvent (%) �74.4 �46.5 �93.9 �1.4
Δ vinclozolin-solvent (%) þ82.7 þ48.4 þ124.7 �1.7

Fig. 3. Insecticide sensitivity towards imidacloprid. Concentration–response re-
lationship of imidacloprid in non-exposed F1 and F2 descending from genistein and
vinclozolin exposed F0. Acute mortality (48 h) of A. albopictus in response to imi-
dacloprid in individuals of the solvent group was compared with mortalities of the
offspring of A the genistein group or B vinclozolin group. Plots indicate filled 95%
confidence intervals (CI) from non-linear regression. Dashed line highlights 50%
mortality. Negative control (NC) as control group of this toxicity test, not to be
confused with controls of transgenerational study. LC50 of genistein and vinclozolin
treatment in the two generations differ significantly from solvent control (p-values
of F-test are given).
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not retrieved in the genistein treatment (Table 2). In vinclozolin
treated individuals from F0 the large increase of DNA methylation,
however, exceeded the effect of the solvent (Table 2). In the con-
secutive unexposed offspring generations no clear pattern but
multidirectional shifts of DNA methylation occurred in the differ-
ent treatments. Specimens from the genistein treatment in F2
show significantly lower methylation levels (po0.05) compared to
the control, even if this comparison should be regarded cautiously
due to the low samples size of the F2-control. In F3 global DNA
methylation of all treatments levelled around the control range
again.

3.4. Insecticide sensitivity of F1 and F2

Mosquitoes from the different treatment groups displayed
different sensitivities for the neonicotinoid imidacloprid (Fig. 3).
The solvent control offspring exhibited comparable LC50 values (F1:
47.9 mg L�1; F2: 60.4 mg L�1) in the two tested generations F1 and
F2 with overlapping 95% confidence intervals (42.3–57.3 and 55.7–
65.6 mg L�1, respectively). Throughout the tested generations, LC50

values of the non-exposed offspring of the genistein treatment (F1:
78.5 (CI: 70.4–87.6) mg L�1, F2: 75.3 (CI: 67.0–84.7) mg L�1) and
vinclozolin treatment (F1: 61.8 (CI: 55.5–68.7) mg L�1, F2: 71.1 (CI:
68.0–74.4) mg L�1) differed significantly from LC50 values of the
solvent control offspring (Fig. 3, see also p-values). In both treat-
ments, not only LC50 values, but the complete course of the dose–
response curve was shifted to higher concentrations in F1. The
effect of decreased sensitivity towards imidacloprid proceeded
with F2.
4. Discussion

Application of genistein, vinclozolin and even the solvent
acetone in F0 led to a shift in the global DNA methylation levels in
F0–F2 of A. albopictus. Specimens treated with genistein in F0
showed a trend of global DNA hypomethylation when compared to
the solvent control for two offspring generations, whereas a trend
of global DNA hypermethylation relative to the solvent control was
detected in vinclozolin treated F0 to untreated F1 and F2 in-
dividuals. The trends of altered levels of global DNA methylation in
F1 and F2 were associated with significantly decreased imidaclo-
prid sensitivity. However, effects of both chemicals were not
transgenerationally stable because global DNA methylation levels
of different experimental groups were similar in F3.

4.1. Alteration of global DNA methylation

It has to be taken into account that the applied method only
revealed the global level of DNA methylation, the data does not
allow statements about the distinct methylation patterns. Me-
chanisms of genistein and vinclozolin to influence DNA methyla-
tion and target areas on the DNA are likely to be different.

The high variability of global DNA methylation levels between
generations in the control group made obvious how fragile this
epigenetic mechanism might be. It is crucial for the detection of
epigenetic patterns to investigate and compare the same periods
during development, as there are several waves of global changes
in DNA methylation patterns (Faulk and Dolinoy, 2011). Even
though a strict time point in all generations was defined when to
sample the larvae for DNA methylation analyses, it cannot be ruled
out that the individuals of the different generations had not
reached an identical developmental stage. Nevertheless, it is still
possible to detect patterns and identify trends when comparing
differently treated individuals of the same generation. From that, a
more complete picture about transgenerational effects can be
deduced.

No significant changes in the global DNA methylation levels
were measured in the acetone-exposed mosquitoes and their
offspring when compared to the respective controls. The deviation
in average global DNA methylation level from the control group,
however, suggests that there might be an effect of acetone ex-
posure. Preliminary evaluations of acetone toxicity on A. albopictus
have shown that the EC10 is reached at 4.37% acetone in test
medium and no sublethal effects were detected up to 6.15% acet-
one (data not shown). For that reason the effective solvent con-
centration of 1% acetone was considered to be safe for the ex-
periments of this study, although this value exceeds the re-
commended solvent concentration of 0.1 ml L�1 (¼0.1% (OECD,
2002)). A new study (Chan et al., 2014), however, revealed acetone
driven induction of the cytochrome P450 monooxygenase system
at low concentrations (0.4%) in larval A. albopictus. In the study of
Vandegehuchte et al. (2010) genistein and vinclozolin were also
applied in aqueous exposures to Daphnia magna based on the
solvent dimethyl sulphoxide (DMSO) and no effects on the DNA
methylation level of D. magna were detected at concentrations of
0.0176% and 0.05% DMSO. However, other evaluations revealed a
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negative impact of DMSO on morphological characteristics and the
hormonal balance in insects (Frampton et al., 2008; Unni et al.,
2009) and therefore acetone was chosen as solvent for the present
study.

In comparison to the respective solvent control, genistein ex-
posure resulted in distinct DNA hypomethylation in A. albopictus
for three generations (Table 2). Similar demethylation effects of
the compound were already shown in vitro in mammalian pros-
tate cancer cells as well as normal cell lines (Majid et al., 2010). The
combination of those results with investigations of different en-
zymatic activities revealed that genistein significantly inhibits the
DNA methyltransferase 1 (Dnmt1, responsible for maintenance of
DNA methylation) as well as other important epigenetic enzymes
(Majid et al., 2010). In vertebrates, DNA methylation is an im-
portant mechanism for gene silencing (Jaenisch and Bird, 2003)
and also in aedine mosquitoes, DNA methylation of promotor re-
gions was found to reduce gene transcriptions (Ye et al., 2013).
Therefore, inhibition of enzymes involved in the DNA methylation
process can be assumed to highly affect gene expression patterns.
Even if the clear mechanism of Dnmt1 inhibition is still to be
uncovered, interference with enzymes involved in the methylation
pathway can give an explanation to the hypomethylation effect in
A. albopictus following genistein exposure. Funcional activity and
expression of Dnmt-homologues were found in A. mellifera and
Bombyx mori (Wang et al., 2006; Xiang et al., 2010) and thus the
enzyme may be generally conserved in insects. Further investiga-
tions to confirm the existence of Dnmt1 homologues in A. albo-
pictus are still needed to support this hypothesis. Interestingly, D.
magna showed DNA hypermethylation after genistein exposure
(Vandegehuchte et al., 2010) which contrasts the results of Majid
et al. (2010) and the present study.

Three generations after genistein exposure the DNA hypo-
methylation disappeared and the global methylation was restored
to control level. The reversibility of genistein impact on DNA
methylation in mice has already been stated (Day et al., 2002),
who demonstrated that genistein induced methylation patterns
became less stable after four weeks. According to Goll and Bestor
(2005) the main function of Dnmt1 is maintenance of DNA me-
thylation levels and patterns. Consequently, inhibition of the en-
zyme directly explains the hypomethylation effect as long as
genistein is present. In our study, we directly exposed individuals
of F0 towards genistein during the larval development and in-
dividuals of F1 indirectly via the germ line. The subsequent gen-
erations were not exposed at all and therefore, methylation pro-
cesses were not impaired anymore and global DNA methylation
levels could recover. Nevertheless, the trend of DNA hypomethy-
lation is detectable until F2. Unless there is transgenerational
transfer of the substance genistein itself in the mosquito’s bodies
via the eggs, F2 is the first genistein-independent generation and
this suggests a transgenerational effect on the epigenetic system of
A. albopictus.

Triggered by the observation of male fertility disruption in rats,
Anway et al. (2005) and Guerrero-Bosagna et al. (2010) revealed
that vinclozolin causes transgenerationally stable alterations of the
sperm epigenome. These studies were the first to reveal epigenetic
activity of vinclozolin whereas an anti-androgenic activity of the
compound had already been shown (Kelce et al., 1994). Many
additional studies followed this discovery, rendering vinclozolin
to be one of the most examined ‘epigenetic endocrine disruptor’
(e.g., Crews et al., 2007; Nilsson et al., 2012; Stouder and Paoloni-
Giacobino, 2010). Hereby, exposure towards the fungicide was
mostly performed as direct injection in utero of mice, in order to
reach the germ line and early developing embryo most closely.
Even if the exposure scenario of the present study was different, it
involved the early life stage of A. albopictus and led to an average
DNA hypermethylation in three generations. Comparable to the
results of genistein exposure, results suggest transgenerational
effects of vinclozolin on global DNA methylation including the first
vinclozolin-independent F2 generation. However, the hy-
permethylation effect disappeared in the third generation after
vinclozolin exposure (F3) and hence the hypothesis about in-
heritable changes of DNA methylation levels cannot be confirmed
in A. albopictus. The hypermethylation effect is further in contrast
to results of Vandegehuchte et al. (2010) with the invertebrate test
organism D. magna, where DNA methylation was reduced by about
30% upon vinclozolin exposure.

The epigenetic potential of vinclozolin becomes even more
important with regard to its environmental concern. Vinclozolin is
unstable in the aqueous test medium and half-life was reached
after less than one day (Table 1). This finding is supported by lit-
erature as several studies also observed a half-life of 19.7 h (pH¼7,
25 °C (Szeto et al., 1989)) and complete disappearance of the
compound after 20 h (pH¼8, Villedieu et al., 1994). There are three
metabolites resulting from vinclozolin hydrolysis (Szeto et al.,
1989) of which one is an unstable intermediate state before the
formation of M3 (3,5-dichloraniline, 3,5-DCA, Villedieu et al.,
1994).

From the perspective of very fast vinclozolin degradation, the
question may arise whether vinclozolin as parent substance or
rather its metabolites mediate the detected effects, especially on
DNA methylation. Anti-androgenic activity resulting from vinclo-
zolin exposure in rats could be shown to be attributable to the
metabolites M1 (2-[[(3,5-dichlorophenyl)carbamoyl]oxy]-2-me-
thyl-3-butenoic acid) and M2 (3′,5′-dichloro-2-hydroxy-2-me-
thylbut-3-enanilide) as their affinity to bind the androgen receptor
was 10 to 100 times higher compared to vinclozolin (Kelce et al.,
1994). Moreover, the cytotoxic potential and environmental per-
sistence of the third metabolite 3,5-DCA are higher than those of
vinclozolin (Lee et al., 2008). This metabolite belongs to a group of
general degradation products of various herbicides (DCAs – di-
chloranilines) and due to their persistent characteristics, high
environmental concentrations can be expected (Lee et al., 2008; Lo
et al., 1990). All in all, the impression may arise that the metabo-
lites have a higher impact on organisms than vinclozolin itself,
suggesting that the metabolites bear the complete ecotoxicological
potential. Especially if epigenetic activity at least partly results
from 3,5-DCA, environmental relevance is no more restricted to
vinclozolin but likely holds for many other dichloraniline
herbicides.

4.2. Insecticide sensitivity

After exposure to both genistein and vinclozolin, a significant
decrease of imidacloprid sensitivity was detected in two sub-
sequent generations. Reproducibility of the toxicity data was
shown with small and overlapping confidence intervals of the
median mortality concentrations (LC50) from the solvent control
over the two examined generations. Previously known LC50 values
of 47.5 μg L�1 of imidacloprid for A. albopictus (unpublished data)
and 44 μg L�1 for A. aegypti (Song et al., 1997) correspond to the
LC50 of specimens descending from F0-solvent control. In com-
parison to the solvent control, the descendants of mosquitoes
exposed to genistein and vinclozolin showed significant differ-
ences in LC50 after 48 h. Thus, effects at the level of global DNA
methylation can be associated to a decreased imidacloprid sensi-
tivity and thus to the phenotypic level of A. albopictus. This sug-
gests that the mechanism of DNA methylation may be involved in
the adaptation to insecticides.

By whatever mechanism organisms achieve resistance against
insecticides, low doses generally provide the best opportunity for
its development (Bates et al., 2005). Concerning this very im-
portant issue in matters of mosquito control, Rahman et al. (2010)
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raised the key question if wild populations of insects are able to
acquire inducible tolerance towards selective agents and thus re-
spond to increased selection pressures. In answer to this question,
tolerance towards a pesticide was induced in diamond moth field
populations under continuous selection pressure. It further was
shown that the first step towards establishment of resistance does
not have a genetic background but is rather based on alterations of
the immune and metabolic status that is transmitted as an epi-
genetic maternal effect (Rahman et al., 2010). The comparison of
these results with those of the present study can help to explain
the variable phenotypes resulting from the exposure to genistein
and vinclozolin. Moreover, treatment of F0 can be seen as typical
hormetic conditioning in case of multiple stressors (Calabrese,
2008). Hereby, the first stressor evokes an adaptation of metabolic
processes (e.g. enzymatic levels) to uphold homoeostasis (Müller
et al., 2011). This elevated metabolic status may be transmitted to
offspring by epigenetic effects (Huang and Song, 1999) and re-
sistance is achieved or at least its development is established.

The fact that the first stressor in case of the present study was a
chemical compound that may affect the global level of DNA me-
thylation adds another perspective. Enzymes belonging to the fa-
mily of DNA methyltransferases and the methyl group carrier
molecule S-adenosyl methionine (SAM) take up key positions of
the methylation process and are therefore the main point of van-
tage for external factors. Especially the methyl group carrier SAM
stresses the importance of DNA methylation processes in ecotox-
icological context because its synthesis reagent holds a position of
alternate action in cellular metabolism (Fig. 4; Feil and Fraga,
2012). SAM is one of the synthesis products of homocysteine,
which on the other hand is a basic reactant of glutathione. Mea-
surement of SAM in cells of A. albopictus verified the existence of
the molecule (Stollar et al., 2013). Furthermore, the cysteine and
methionine metabolism has been uncovered in A. aegypti (KEGG
pathway; Kanehisa and Goto, 2000; Kanehisa et al., 2014). During
the second phase of the detoxification pathway glutathione is used
for the conjugation of toxicants (Lee et al., 2009). Thus, in case of
exposure to toxicants homocysteine is exploited for the synthesis
of glutathione and is then less available for synthesis of SAM. In
the end this problem of allocation can lead to alterations of DNA
methylation processes (Vandegehuchte and Janssen, 2011).

Previous studies have shown that imidacloprid impairs the
transcriptome of A. aegypti at low doses or short time exposure
(David et al., 2010). An overexpression of glutathione-S-transferase
(GST) has been detected among many other enzymes. Further-
more, a stress-induced shift of the methylation patterns on the
gene encoding GST was found in A. aegypti (Ye et al., 2013) and
may lead to the altered gene transcription. Elevated expression
levels of GST during imidacloprid detoxification indicate high
availability of glutathione, as this enzyme is the main catalyser for
Fig. 4. Homocysteine cycle. Outline of homocysteine balance between synthesis of
S-adenosyl methionine (SAM) for DNA methylation and synthesis of glutathione for
detoxification. Glutathione-S-transferases (GST) catalyse detoxification reactions.
CH3 shows circulation of methyl groups (based on Lee et al., 2009).
glutathione-dependant processes (Che-Mendoza et al., 2009).
When detoxification processes are favoured, homocysteine that
would be needed for DNA methylation will be exploited for glu-
tathione synthesis (Fig. 4). Even further, SAM can be built from the
depot of DNA methyl groups, be converted to homocysteine and
then processed to glutathione (Lee et al., 2009). In strains of the
greenbug aphid that are resistant towards organophosphorous
insecticides, methylation patterns of specific esterase genes could
be associated to gene expression (Ono et al., 1999). Rahman and
co-workers (Rahman et al., 2010) followed the induction of toler-
ance in a diamond moth strain for 12 generations and could
thereby reveal that the first epigenetic adaptation towards the
pesticide was changed into a genetic signal (mutations) after five
generations. Hence, epigenetic mechanisms seem to enable rapid
and inheritable responses of insects towards a changing environ-
ment whereas the definite resistance may finally be genetically
ensured.
5. Conclusion

In this study we could show that DNA methylation, the primary
epigenetic mechanism involved in transgenerational inheritance,
is present in low but detectable levels in A. albopictus. This is in
line with the detection of low-level DNA methylation in other
insects as D. melanogaster and A. aegypti (Lyko et al., 2000; Ye
et al., 2013). Furthermore, we were able to artificially alter the
average global DNA methylation level for at least three generations
by early life stage exposure to genistein, vinclozolin, and maybe
also acetone. According to Skinner (2008), an epigenetic transge-
nerational phenotype is defined to be detectable at first in the
third subsequent generation, as preceding generations are still
exposed to environmental conditions of the parent individuals.
The shift of global DNA methylation in the A. albopictus individuals
we tested was only apparent until F2. However, the experimental
design of the present study significantly differs from the in utero
exposure of rats in the study of Skinner (2008) and in our case F2 is
the first exposure-independent generation of the experiment.

The artificial alteration of global DNA methylation levels co-
occurred with phenotypic changes characterized here as de-
creased imidacloprid sensitivity in at least two subsequent gen-
erations. Our findings indicate that the rapid implementation of
environmental variations leading to the high adaptability and in-
vasiveness of A. albopictus may be a matter of epigenetic me-
chanisms. The slight advantage that epigenetically manipulated
individuals show towards the applied insecticides has important
implications for mosquito control. Here, not just the under-
standing of resistance development is of interest but also the fact
that vinclozolin, a fungicide that mediates DNA hypermethylation,
is a compound of environmental concern and US-EPA estimated an
environmental concentration of 11.6 ppb as 1-in-10 year peak
concentration (United States Environmental Protection Agency,
2000b). Moreover, an epigenetic activity of the very persistent
hydrolysis product 3,5-DCA cannot be ruled out. Co-exposure to-
wards epigenetically active compounds and insecticides is hence a
realistic and relevant scenario and deeper investigations on the
low-dose effects of 3,5-DCA are necessary.

As far as the mechanism of DNA methylation itself is con-
cerned, the next big step in the evaluation of the epigenome of A.
albopictus must be the identification of distinct methylation pat-
terns along the DNA sequence. Such analysis requires genome
scans and the application of more specific methods for epigenetic
investigations like, for example, ‘MeDIP seq-methylated DNA im-
munoprecipitation-sequencing’ (Taiwo et al., 2012). Following the
identification of methylated gene loci, phenotypic alterations can
be investigated by gene expression analysis of candidate genes.
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This may finally lead to a complete understanding of how the
mosquito responds to a changing environment with special focus
on insecticides. Hence, understanding processes on the molecular
level is inevitable in order to answer questions about the superior
phenotype and its variations.
Data accessibility
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