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ABSTRACT

In Chernobyl, chronic exposure to radioactive contaminants has
a variety of deleterious effects on exposed organisms, including
genetic damage and mutation accumulation. However, the po-
tential for such effects to be transmitted to the next generation is
poorly understood. We captured lesser marsh grasshoppers (Chor-
thippus albomarginatus) in the Chernobyl Exclusion Zone from
sites varying in levels of environmental radiation by more than
three orders of magnitude. We then raised their offspring in a
common garden experiment in order to assess the effects of
parental exposure to radiation on offspring development and
DNA damage. Offspring that reached maturity at a younger age
had higher levels of DNA damage. Contrary to our hypothesis,
parental exposure to radioactive contamination did not affect
DNA damage in their offspring possibly because of intervening
adaptation or parental compensatory mechanisms. Our results
suggest a trade-off between developmental rate and resistance
to DNA damage, whereby offspring developing at faster rates do
so at the cost of damaging their DNA. This result is consistent
with and extends findings in other species, suggesting that faster
growth rates cause increased oxidative damage and stress. We
propose that growth rates are subject to stabilizing selection
balancing the benefits of fast development and the competing
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need of buffering its damaging effects to macromolecules and
tissues.

Keywords: Chernobyl, DNA damage, fluctuating asymmetry,
life history, oxidative stress, radiation.

Introduction

Natural habitats are frequently exposed to anthropogenic contam-
inants that pose challenges to their occupants. A number of studies
have established that there is often a direct cost to organisms that live
under chronic exposure to an environmental stressor, such as
ionizing radiation (Zainullin et al. 1992; Meller and Mousseau
2006; Einor et al. 2016). Laboratory and field studies have also
established that there are additional consequences for the offspring
of exposed parents, including increased mutation rates (Carls and
Schiestl 1999; Barber and Dubrova 2006; Natarajan 2006), in-
creased birth abnormalities (Nomura 2006), as well as epigenetic
modifications. Parents exposed to contaminants might be forced to
reduce the amount and quality of resources that they contribute to
their developing offspring (Mousseau and Fox 19984; Mousseau
et al. 2009). Epigenetic studies have shown that parental exposure
to stressors can affect phenotypic expression and health in their
offspring (Jirtle and Skinner 2007; Skinner et al. 2010; Perera and
Herbstman 2011).

The meltdown of reactor 4 of the Chernobyl nuclear power plant
in 1986 released massive quantities of radionuclides into the sur-
rounding environment that persist today because of their long
half-lives (Shestopalov 1996). Since the surrounding Chernobyl
Exclusion Zone has been evacuated because of the high radioactive
contamination, it provides an important site for studies of natural
populations under varying levels of exposure to environmental
radiation. Although the residual radionuclides amount to a rela-
tively low dose rate, the cumulative dose over time is likely to lead
to oxidative stress in exposed organisms (Bonisoli-Alquati et al.
2010a; Einor et al. 2016), DNA damage and an accumulation of
unrepaired mutations (Bonisoli-Alquati et al. 2010b; Moller et al.
2010; Moller and Mousseau 2015), and epigenetic effects possibly
magnifying the effects of changes in DNA sequence (Kovalchuk
and Baulch 2008; Ilnytskyy and Kovalchuk 2011).

Laboratory studies on the effects of parental radiation exposure
have demonstrated a variety of biological effects, including chro-
mosomal inversions (Sykes et al. 2006; Zeng et al. 2006), mitotic
recombination in fetal cells (Liang et al. 2007), point mutations
(Liang et al. 2007; Schilling-Téth et al. 2011), increased DNA strand
breaks in sperm (Schindewolf et al. 2000; Dubrova 2005; Ozturk
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and Demir 2011), tumors that were inherited by the offspring of
irradiated mice (Nomura 1982), and increased germline mutations
that persisted into the F, and F, generations (Nomura 1990, 2006;
Barber et al. 2002). Multigenerational studies of the model organ-
isms Daphnia magna and Caenorhabditis elegans have shown
both adaptation (Dutilleul et al. 2014) and sensitization (Alonzo
et al. 2008; Parisot et al. 2015) as exposure to waterborne radio-
nuclides or external cesium 137 gamma radiation continued
into the F, and F, generation. To make predictions of adaptation
dynamics and ecological risk more complicated, pollution adap-
tation was found to entail adaptation costs when the organisms
were returned to an uncontaminated environment (Dutilleul
et al. 2017).

Multigenerational studies on natural populations in such
environments are rare, and their inherited effects are poorly un-
derstood. Notably, studies of the pale blue grass butterfly Zizeeria
maha in the area contaminated by the accident at the Fukushima-
Daiichi nuclear power plant have discovered morphological ab-
normalities that persist in both the F, and F, generations reared
under controlled lab conditions (Hiyama et al. 2012; Taira et al.
2014). Further, studies of human populations exposed to the after-
math of the Chernobyl disaster have demonstrated increased
microsatellite mutation rates (Dubrova et al. 1996; Weinberg et al.
2001; Furitsu et al. 2005) and increased cellular abnormalities and
chromosomal breaks (Aghajanyan et al. 2011) in children born to
parents exposed to radiation after the Chernobyl accident.

Here, we hypothesized that grasshoppers born from parents
collected from highly contaminated sites would display higher
levels of DNA damage. Parents in areas with higher levels of radio-
active contamination must use energy and antioxidant resources
for surviving under such conditions and are thus likely to have
reduced resources and antioxidants available for provisioning their
eggs (Moller et al. 2005, 2008). An increase in DNA damage in the
offspring of parents exposed to radioactive contamination could
also arise if higher mutation rates and/or methylation changes
impaired the offspring’s DNA repair machinery. We also tested
the hypothesis that grasshoppers with higher DNA damage
have higher levels of fluctuating asymmetry, which constitutes
a phenotypic marker of the inability to compensate for de-
velopmental errors (Moller and Swaddle 1997; Beasley et al.
2013). We expected fluctuating asymmetry to increase at higher
levels of DN'A damage as an overall indicator of susceptibility to
the negative effects of environmental stress.

Material and Methods
Study Species, Field Procedures, and Lab Rearing Conditions

The brown form of the lesser marsh grasshopper (Chorthippus
albomarginatus) is a medium-sized univoltine orthopteran. Its
extensive range throughout Europe spans the southern half of
Scandinavia and Finland and ranges south into Spain and Italy
and east into Ukraine (Vedenina and Helversen 2003; Walters
et al. 2006). The southern margins of C. albormarginatus habitat
are constrained by warmer temperatures and arid climates (Lang-
maack and Schrader 1997). The species can be found throughout
the Chernobyl Exclusion Zone and surrounding areas in sig-

nificant numbers. The grasshoppers tend to aggregate in areas with
an open canopy, remaining on the ground during the day and
climbing into the vegetation at night. About a week after adult
emergence, females oviposit multiple egg pods into soft, loose
soil. Following an obligatory overwintering diapause, nymphs
typically emerge between May and June (Walters et al. 2006).

Adult C. albomarginatus were collected using a standard insect
sweep net from six different locations in the Chernobyl area during
September 20-26, 2009. All sites were grassy fields with loam soil,
surrounded by forests. Environmental radiation levels ranged from
0.03 to 50.06 microsieverts per hour (4Sv/h; fig. 1). Environmental
radiation levels at the site of collection were measured using a
handheld dosimeter (Inspector, SE International, Summertown,
TN) placed about 1 cm above the ground to simulate the dose
received by grasshoppers. Although we did not estimate the dose
received, we expect it to be strongly positively correlated with
background radiation levels measured at the collection sites be-
cause this species has very short dispersal distances relative to the
scale of variation in background radiation (Shestopalov 1996). We
recently validated this assumption in birds (A. Bonisoli-Alquati,
T. Mappes, G. Milinevsky, A. P. Moller, T. A. Mousseau, and
D. Tedeschi, unpublished data), a group far more mobile than our
study species. We report ambient radiation levels in microsieverts
per hour. Summary statistics for each population by collection site
are provided in table 1.

Following collection from the field, adults were brought to a
laboratory with low ambient radiation levels (0.06-0.12 uSv/h)
and left to acclimate for 3 d before mating. Following acclimation,
females were paired with a male from the same source population
to allow for egg fertilization in any females who had not already
mated before capture. The females were placed in Styrofoam cages
(height, ca. 12 cm; diameter, ca. 8 cm) with sterilized sand for ovi-
position and fresh lettuce and a carrot for sustenance. Plastic cups
(height, ca. 10 cm; diameter, ca. 8 cm) were used to seal the cages. The
sand was sifted once each day after mating in order to extract egg
pods if present. Following oviposition, the number of eggs within egg
pods were counted for each female and placed in clean vials con-
taining moistened sterilized vermiculite in order to provide suf-
ficient moisture for development and inhibit microbial and fungal
growth.

Following their arrival at the lab, the egg pods were main-
tained at4°C for 3 mo to break diapause and then shifted to 24°C
to initiate postdiapause development and hatching. Egg pods were
monitored twice daily, and newly emerged nymphs were trans-
ferredto9 x 9 x 8-cm’ plastic cages (mean hatching success =
88.07% [15.78 SD], n = 1,601). Cages housed only siblings, and
density averaged nine nymphs per cage (4.0 SD) for the duration
of nymphal development. Cages were changed to maintain a
clean environment, and fresh food was provided twice weekly.
Nymphs were fed a diet of organic lettuce, carrots, and wheat germ
and provided with a strip of paper towel for cover. Carbon dioxide
(CO,) was used to anesthetize nymphs before transferring them to
clean cages to minimize handling stress. This exposure was brief,
and any stress associated with anoxia related to CO, was experi-
enced to an equal extent by all grasshoppers included in this study,
and so it should not account for any relative differences among
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Figure 1. Map of study sites. Locations of study sites where the parent grasshoppers of the individuals included in this study were collected are
indicated on a map of radioactive contamination by cesium 137 (1, Chystohalivka; 2, Rozizhdzhe; 3, Vesniane; 4, Krasnytsia; 5, Red Forest 1; 6,
Red Forest 2). Adapted from Shestopalov (1996). Chernobyl NPP, Chernobyl nuclear power plant.

groups (Colinet and Renault 2012). Some nymphs died from
natural causes before reaching maturity and hemolymph ex-
traction (484 of 968 nymphs died). These nymphs were in-
cluded only in population-level analyses of mortality. Nymph
cages were maintained in an incubator set at a constant tem-
perature and photoperiod (28°C, 15L:9D) to complete devel-
opment to the adult (sixth) instar and were monitored daily for
the presence of adults. Adults were removed from nymphal
feeding cages, weighed with a Sartorius Research electronic
balance (model R160P; to 0.001 g) within 12 h after emergence,
and then placed in individual cages with organic lettuce and a
carrot slice. To maintain a hygienic environment, adults were
transferred to clean cages and provided fresh food twice weekly.
Following death, adults were removed from cages and stored in
95% ethanol for later analysis.

Offspring Phenotypic Measurements
and Hemolymph Collection

We collected three life-history and morphological variables in
the offspring: time to maturity (the number of days from hatching
to adult emergence, indicating sexual maturity), body mass at sexual
maturity (body mass hereafter), and pronotum length as a measure
of adult body size (accuracy 0.1 mm). Within each family, we
calculated within-family survival rates as the ratio between the
number of surviving nymphs and the total number of hatched
nymphs.

Seven days after adult emergence of the first individual in
each family, we collected hemolymph from each grasshopper.
Adult grasshoppers were placed on ice for 5 min to anesthetize
them before hemolymph extraction. We carefully inserted a micro-
syringe (Hamilton Microsyringe, 50 yL) into the ventral side of

the abdomen and extracted approximately 5 yL of hemolymph
from each individual and placed into a microcentrifuge tube
containing 50 uL of x 1 phosphate-buffered saline (PBS) and
maintained on ice. The syringe was flushed with 95% ethanol
between each extraction.

Comet Assay

The alkaline (pH > 13) comet assay (single-cell gel electropho-
resis) is a commonly used method to estimate DNA breakage in
vivo resulting from exposure to environmental toxins and stressors
(Meehan 2004; Bonisoli-Alquati et al. 2010b; Almeida et al. 2011;
Monteiro etal. 2011). The alkaline version of the assay can detect a
variety of classes of DNA damage, including single-strand breaks,
alkali-labile sites, and DNA crosslinking (Tice et al. 2000). This
technique has been successfully utilized on insect populations to
test responses to electron beam sterilization for commercial food
stocks (Imamura et al. 2004; Todoriki et al. 2006) and to assess in
vivo DNA damage in Drosophila larvae from exposure to a chem-
ical toxin (Carmona et al. 2011). The comet assay is sensitive
enough to detect even very small differences in DNA damage
(Gotoh and Kikuchi 2001), and its use with hemocytes has been
previously successfully validated in insects (Carmona et al. 2011)
as well as other invertebrates (Rigonato et al. 2005).

We performed the comet assay using the protocol described
by Singh et al. (1988), with minor modifications. All steps were per-
formed under incandescent light to prevent additional DNA
damage. Single-frosted slides (VWR, Radnor, PA) were prepared
in advance by dipping the slides in 1.5% normal melting point
agarose (BioRad, Hercules, CA) twice; the backs of the slides were
then wiped clean, and the slides were allowed to dry for atleast 24 h
before use for the comet assay. Approximately 5 4L of hemolymph
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Table 1: Summary data for samples analyzed for each site

Chystohalivka ~ Rozizhdzhe Vesniane Krasnytsia Red Forest 1 Red Forest 2

Radiation (uSv/h) .03 .10 5.40 10.72 35.31 50.06
No. individuals 10 36 51 27 45 12
No. families 6 17 23 12 18 4
Mean DNA

damage + SD 3798 £ 22.19 3339 = 994 39.60 £ 14.86 3837 £ 12.07 33.73 £ 8.39 43.94 * 18.04
SE 7.02 1.66 2.08 2.32 1.26 52
80th DNA

damage + SD 46.50 £ 22.95 4283 £ 10.56 49.96 = 16.51 50.36 = 15.72 42.04 £ 9.93 55.36 = 21.32
SE 7.25 1.76 2.31 3.02 1.5 6.16
Days to maturity = SD 59 £ 58 62.7 = 4.8 59.2 = 8.4 57.2 £ 6.2 61.3 = 4.0 57.6 £ 7.0
SE 1.85 .8 1.17 1.2 .61 2.02
Survival rate £ SD 57.49 = 24.78 41.17 = 2522 44.73 = 20.82 5199 £ 23.03 54.33 = 2339 68.21 = 14.51
SE 10.11 6.12 4.34 6.65 5.51 7.26

Note. Averages per site are reported together with their associated standard deviations and standard errors. Radiation indicates environmental radiation levels
to which the parental generation was exposed. Mean DNA damage (and 80th percentile DNA damage) was calculated for each individual grasshopper as the
average (or 80th percentile) of the distribution of >80 cells. Survival rate was calculated in each family as percent survival of offspring within a family to

adulthood.

in 50 uL of x 1 PBS was added to 450 L of 1% low melting point
agarose (Amresco, Solon, OH), and 100 uL of the agarose mixture
was immediately layered onto the prepared slides and covered with
a glass coverslip and then allowed to solidify for 5 min at 4°C. The
coverslip was then removed and a second layer of 100 uL of low
melting-point agarose was layered on top of the first and covered
again with a coverslip, which was removed after 5 min. Two
samples were placed on each slide, with a total of four replicates for
each individual. The slides were allowed to incubate for 1 hat4°Cto
allow the gel to fully solidify. The slides were then immersed in
cold lysis buffer (1% sodium sarcosinate, 2.5 M NaCl, 100 mM
Na,EDTA, 10 mM Tris, 1% Triton X-100 [pH 10], with the Triton
X-100 added immediately before use) and kept for 1 h at 4°C. The
slides were rinsed with cold ddH,O and then immersed in alkali
buffer (300 mM NaOH, 1 mM Na,EDTA, pH > 13) to allow the
DNA to unwind for 1 h at 4°C. Electrophoresis was conducted
using the alkali buffer for 30 min at 0.7 V/cm and 100 mA at 4°C.
We rinsed the slides three times for 5 min each in a neutralization
buffer (0.4 M Tris, pH 7.4) followed by 15 min in 70% ethanol.
The slides were then placed in a darkened cupboard and allowed
to dry overnight before storage in a dark slide box.

Slides were stained using a 1:10,000 dilution of SYBR Gold
(Trevigen, Gaithersburg, MD), and images were captured using
a Zeiss Axioskop D40 microscope at x 40 magnification equipped
with an AxioCam HRM camera and utilizing the AxioVision soft-
ware package (Carl Zeiss, Thornwood, NY). The images were ana-
lyzed using CometScore 1.5 (TriTek 2003). Each sample was run in
replicate on two or more separate slides (two slides, n = 129; three
slides, n = 28; four slides, n = 15). An approximately equal
number of cells were scored from each slide. The main measure
of DNA damage used here and derived from the assay (i.e., the
proportion of DNA in the tail) was highly repeatable across
slides in a one-way ANOV A with individual identity as the only
factor (Fi71,23 = 6.53, ¥ = 0.829, P < 0.0001). All samples

were processed and scored blind. Mean cell damage and 80th per-
centile were calculated for each individual. Before analyses, mean
DNA damage and 80th percentile DNA damage were log trans-
formed to attain normality.

Wing Measurements

Wing measurements were estimated as previously described by
Beasley et al (2012). Briefly, the forewings and hind wings were
removed from the thorax, wet mounted on glass microscope
slides with distilled water, and covered with a coverslip. Slides
were allowed to dry overnight at room temperature (24°C) and
then sealed using coverslips. Slides were then scanned at a
resolution of 2,400 dpi.

All landmarks were located at wing-vein intersections and
termination points (fig. 2) and were anatomically homologous

Figure 2. Landmarks for fluctuating asymmetry analysis. Hind wing
of a lesser marsh grasshopper (Chorthippus albomarginatus) showing
landmark positions on wing veins (numbers) and vein lengths (letters)
selected for fluctuating asymmetry measurements with image analysis.
Adapted from Beasley et al. (2012). A color version of this figure is
available online.
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among all individuals, thus fulfilling the criterion for type I
landmarks (Bookstein 1991). Landmarks were digitized on the
left and right hind wing using TpsDig2.16 software (Rohlf 2005).
All wings within the sample were measured three times to allow
assessment of digitizing error with a Procrustes ANOVA with
wings as the side effect, digitizing as the error effect, and ID as the
individual effect (Klingenberg and McIntyre 1998). A Procrustes
ANOVA found the between-sides variation to far exceed the
measurement error (F,, = 12.09, r*> = 0.97, P < 0.0001) and
scanning technique (F,, = 17.20, r2 = 0.99, P < 0.0001).
Measurement error due to mounting was very low for both the
left wing (Fps = 699.23, r> = 0.99, P < 0.0001) and the right
wing (Fps = 245.86, 7> = 0.99, P < 0.0001), with repeatability
in excess of 99.43% (Beasley et al. 2012). Furthermore, we con-
firmed the absence of directional asymmetry and antisymmetry
(Beasley et al. 2012). Mean landmark coordinates calculated by
averaging the three measurements per landmark for each in-
dividual were used in the analysis (fig. 2).

We used the software Morpho] (Klingenberg 2011) to extract
size information from the raw data, using a full Procrustes fit
to control for wing orientation and position and a Procrustes
ANOVA to calculate centroid sizes (Klingenberg and McIntyre
1998; Klingenberg etal. 2002). Centroid size is the square root of
the sum of squared distances of a set of landmarks (Klingenberg
and Monteiro 2005; Rohlf 2005). As an index of fluctuating
asymmetry, we used the unsigned difference in centroid size
between the right and the left wing.

Statistical Analyses

We ran the analyses mainly by relying on linear mixed models
using JMP Pro 13 (SAS Institute, Cary, NC). In the analyses of
DNA damage as a function of parental exposure to radiation and
offspring life history, we a priori considered alternative models
and compared their fit statistics. The most complete model in-
cluded individual sex (as a fixed factor), radiation level, time to
maturity, and time to maturity squared to account for potential
nonlinear trends in the relationship (as covariates). In addition, in
the full model we also tested all two-way interactions between
factors and covariates. In all models, collection site and identity of
the family of origin (nested within the site) were added as random
effects. We compared a priori alternative models on the basis of
their corrected Akaike information criterion (AICc) and Bayesian
information criterion (BIC) fit statistics (appendix). Here, we
present the results of the most informative models.

We also tested whether higher DNA damage was associated
with higher fluctuating asymmetry, as indexed by asymmetry in
wing centroid size. In these models, we included sex, parental ex-
posure to radiation, time to maturity, time to maturity squared, and
either mean DNA damage or 80th percentile DNA damage (as
covariates). In order to test for sex-specific susceptibility, we also
tested for the effects of all the two-way interactions between sex and
the different covariates. We compared a priori alternative models
on the basis of their AICc and BIC fit statistics (appendix).

We estimated the effects of parental radiation exposure, DNA
damage, and wing asymmetry on mortality by analyzing within-

family survival rate (hatching to adulthood) as a function of
radiation exposure by means of a logistic regression using an
events/trials syntax in JMP Pro 13. In these models, we assumed
abinomial error distribution and used a logit link function. The
response variable was the ratio of surviving nymphs (events;
N = 484) to the overall number of hatched nymphs (trials;
N = 968). Thus, estimates of within-family mortality rates were
based on all hatched individuals and not strictly on those for
which we had obtained information on DNA damage.

In order to further test whether differences in maturation time
were in fact due to differences in parental radiation exposure, we
classified maturation times in three categories, using the 33rd and
66th percentiles of the distribution as cutoffs. We then tested for an
overall difference in parental radiation exposure in the three re-
sulting categories. This analysis allowed us to test whether different
growth strategies (i.e., fast development/high DNA damage vs.
slow development/low DNA damage) were emerging along the
cline of radiation exposure because of either plasticity or ad-
aptation to radiation exposure. The data described in this ar-
ticle are available from the Dryad Digital Repository: https://
doi.org/10.5061/dryad.9v8c4.

Results
DNA Damage and Life History

We obtained information on DNA damage for 178 individuals for
which we could score >80 cells (mean number of cells = 99.14
[3.20 SD]; range: 80-100). Mean DNA damage in our sample
averaged 36.83% (0.98 SE), while 80th percentile DNA damage
averaged 46.69% (1.11 SE). Time to maturity was on average 60 d
(0.5 SE). The best-fit models for mean and 80th percentile DNA
damage included time to reach maturity and time to reach
maturity squared (for fit statistics of the best model and the
alternative models, see table A1). DNA damage increased as the
time to reach maturity shortened (fig. 3; mean DNA damage:
slope [SE] = —10.64 [1.54], Fy 1745 = 28.73, P < 0.0001;
80th percentile DNA damage: slope [SE] = —10.28 [1.64],
Fi1 1036 = 39.38, P < 0.0001). In addition, the quadratic term
was also significant, indicating that the relationship between time
to maturity and DNA damage was reversed for extremely long
maturation times (fig. 3; mean DNA damage: slope [SE] = 8.06 x
1072 [1.70 x 1072], Fy 1745 = 22.46, P < 0.0001; 80th per-
centile DNA damage: slope [SE] = 7.62 x 1072 [1.42 x 1072,
Fi 923 = 28.96, P < 0.0001). To further investigate the rela-
tionship between DNA damage and time to maturity, we fitted a
break point regression to the data. The analyses indicated the
existence of one break point in the data at a duration of 58.12 d
(95% confidence interval [CI], 56.39-59.86; P < 0.0001). At the
break point, the slope significantly changed from —2.50 (0.22 SE;
95% CI, —2.93 to —2.07) to —0.0912 (0.22 SE; 95% CI, —0.5188
to 0.3364).

In the analysis of mean DNA damage, the effects of collection
site and family of origin (as random effects) were significant (Wald
P < 0.0001). In the analysis of 80th percentile DNA damage, the
effect of family of origin (but not the one of the collection site) was
significant (Wald P < 0.0001). Contrary to our prediction, the
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Figure 3. DNA damage in grasshopper hemolymph cells. Mean DNA
damage (i.e., mean percent DNA in tail of comets calculated for each
individual; fop) and 80th percentile DNA damage in hemolymph cells
as a function of time to reach maturity (in days; bottom). Points are
color coded according to the site of origin (red, Chystohalivka; blue,
Rozizhdzhe; pink, Vesniane; yellow, Krasnytsia; green, Red Forest 1;
light blue, Red Forest 2). Second-degree polynomial regression fit lines
are shown to indicate the significance of time to maturity squared.

relationship between parental radiation exposure and DNA
damage was not significant in any of the assessed models (fig. 4).

Fluctuating Asymmetry, DNA Damage, and Survival

We analyzed variation in wing fluctuating asymmetry (as in-
dexed by asymmetry in centroid size) in a series of models that
included parental radiation exposure, time to maturity, time to
maturity squared, and either mean or 80th percentile DNA
damage. The best-fit model included only parental radiation
exposure (table A2). Higher levels of parental radiation ex-
posure correlated with higher wing fluctuating asymmetry,
although the effect was marginally nonsignificant (fig. 5; slope
[SE] = 3.8 x 107° [1.9 x 107°], Fy 1 = 3.84, P = 0.052).
The effect of DNA damage was not significant (slope [SE] =

—4.7 x 107° [8.6 x 107°], Fy 15 = 0.30, P = 0.582). The
effects of collection site and family of origin (as random effects)
were both significant (Wald P < 0.0001).

To test the hypothesis that radiation, higher genetic damage,
and higher fluctuating asymmetry would increase mortality, we
analyzed survival rate (hatching to adulthood) within each family
as a function of within-family average DNA damage (i.e., the
average of within-family mean or 80th percentile DNA dam-
age), asymmetry in centroid size, and parental radiation ex-
posure. Neither mean DNA damage nor 80th percentile DNA
damage significantly predicted survival rate (table 2; fig. 6a).
Parental radiation exposure positively predicted survival rate
(table 2; fig. 6b). Wing asymmetry tended to increase with
survival rate, although the effect was marginally nonsignificant
(table 2; fig. 6¢).

Studies on the offspring of insects exposed to radioactive con-
tamination have shown longer maturation times (Taira etal. 2014).
Thus, to test the hypothesis that different developmental times
were also a result of parental radiation exposure, we divided the
distribution of developmental times into three intervals defined
by the 33rd and the 66th percentiles of the distribution and tested
for a difference in parental radiation exposure. However, parental
radiation exposure did not differ significantly among the three
groups (one-way ANOVA; F; 175 = 1.37, P = 0.256).

Discussion

The main findings of this study were that (1) DNA damage in
individual grasshopper offspring was negatively correlated with
development times and (2) was not significantly related to parental
exposure to ionizing radiation, and (3) offspring survival was
higher in families from sites that were highly contaminated by
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Figure 4. DNA damage in grasshopper hemolymph cells as a function
of parental radiation exposure. Points are color coded according to
their site of origin (red, Chystohalivka; blue, Rozizhdzhe; pink,
Vesniane; yellow, Krasnytsia; green, Red Forest 1; light blue, Red
Forest 2).
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Figure 5. Asymmetry in centroid size as a function of parental
radiation exposure. Points are color coded according to the site of
origin (red, Chystohalivka; blue, Rozizhdzhe; pink, Vesniane; yellow,
Krasnytsia; green, Red Forest 1; light blue, Red Forest 2).

ionizing radiation. The relationship between shorter develop-
mental times and higher DNA damage suggests the existence of
a trade-off between growth rate and genetic integrity. While rapid
growth to a larger size is likely to provide a more immediate fitness
advantage, the associated higher production of reactive oxygen
species leaves an individual exposed to genetic damage that may
have negative consequences later in life and may even be trans-
mitted to offspring through damaged gametic DNA or a predis-
position toward reduced ability to repair damage (Ward 1988;
Weinberg et al. 2001; Dizdaroglu et al. 2002; Monaghan et al. 2009;
Aghajanyan et al. 2011).

Compensatory growth is unlikely to be a factor in our results
because all grasshoppers were supplied with ample food and time
for growth, and no outside stressors were introduced to repress
early growth in a way that mightlead to compensatory growth and
the accompanying increase in oxidative stress (Stoks et al. 2006;

Table 2: Logistic regression models

DeBlock and Stoks 2008; Dmitriew 2011; Stoks and DeBlock
2011). Rather, all organisms received equal resources, time, space,
and other environmental conditions. Consistent with this but
contrary to our predictions, parental radiation exposure did not
account for variation in DNA damage in any analysis. Parental
radiation exposure also did not correlate with the relationship
between developmental times and DNA damage. We had predicted
higher genetic damage in the offspring of parents from more highly
contaminated areas on the basis that parents exposed to ionizing
radiation contributed fewer antioxidants to their eggs because of
the trade-off that they experience in the use of antioxidants. Our
results rather indicate that the observed differences in genetic
damage resulted from individual differences, and therefore the
oxidative cost of rapid growth is important regardless of early
growth conditions. They also indicate that historical exposure to
ionizing radiation did not select for higher resistance of DNA to
oxidative damage during development by allowing faster devel-
opment to happen without consequences for genetic integrity.
Because of the correlational nature of this analysis, it is not possible
to confirm that higher DNA damage in faster-developing grass-
hoppers was due to increased production of reactive oxygen spe-
cies. It is also difficult to interpret the differences among sites and
among families that we disclosed in the analyses of DNA damage.
While our collection sites were ecologically similar, we did not
collect information related to ecological factors that could con-
ceivably influence parental reproductive strategies, including pro-
visioning of the eggs. Such factors include both physical char-
acteristics (e.g., soil pH, temperature, and precipitation) as well as
biological characteristics (e.g., food abundance, density of preda-
tors, competitors, or parasites). The relevance of these factors in
determining DNA damage in developing grasshoppers remains to
be tested. Future experimental studies with antioxidant supple-
mentation to growing grasshoppers and/or enzymatic modifica-
tions of the comet assay allowing detection of oxidative damage to
DNA might explicitly test whether variation in DNA damage in
our sample was due to variation in oxidative insult to the he-
mocytes. Further analyses of the mechanism behind the observed
genetic damage could also provide insight into how organisms
provision their offspring in order to prepare them for the envi-
ronment in which they will hatch (Mousseau and Fox 1998b). The

Wald x* P Slope (SE)

Mean DNA damage:
Radiation 8.08 .004 1.1 x 1072 (4.0 x 1077%)
Mean DNA damage 1.24 .265 —5.7 x 107° (5.1 x 1077
Wing asymmetry 3.48 .062 29.68 (15.90)

80th percentile DNA damage:
Radiation 8.10 .004 1.2 x 1072 (4.0 x 1077)
80th percentile DNA damage 3.02 .082 —83 x 107° (4.8 x 1077
Wing asymmetry 2.65 .103 27.27 (16.12)

Note. Logistic regression models of within-family survival rate of grasshoppers (=number of nymphs surviving to adulthood over the
total number of hatched nymphs) as a function of parental exposure to radiation, average within-family unsigned wing asymmetry, and

within-family average mean DNA damage or 80th percentile DNA damage (for more details, see “Statistical Analyses”).
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Figure 6. Family survival rate analysis. Within-family survival rate
(from hatching to adulthood) of offspring grasshoppers (=number
of surviving nymphs/total number of nymphs) as a function of average
of mean DNA damage within the family (a), parental exposure to
radiation (b), and within-family average wing asymmetry (c). Wing
asymmetry was calculated as the absolute difference between centroid
size of the right and the left wing (for more details, see “Material and
Methods”). Points are color coded according to the site of origin (red,
Chystohalivka; blue, Rozizhdzhe; pink, Vesniane; yellow, Krasnytsia;
green, Red Forest 1; light blue, Red Forest 2). Lines represent simple
linear regression lines. Equations for the reported linear regression
lines are y = 57.4 — 0.2x (a), y = 44.7 + 0.3x (b), and y = 40.3 +
1,144.6x (c).

seasonal boundaries of these grasshoppers’ reproductive stage and
relatively long development time (Vedenina and Helversen 2003;
Walters et al. 2006) suggest that adult longevity is primarily
important to the extent that an individual survives through the end
of the temperate zone mating season to increase the probability of
producing higher numbers of offspring. Therefore, establishing
more immediate possible benefits (i.e., reliable sexual signaling,
higher fecundity) for gaining reduced DNA damage at a cost of
delayed adult emergence would provide a better explanation for the
negative correlation between development rates and genetic dam-
age. Experimentally exposing the offspring of wild-caught grass-
hoppers from these source populations to different radiation doses
might elucidate whether the reduced genetic damage would become
more immediately important under conditions of environmental
stress.

In this study, the grasshoppers in the F, generation were not
directly exposed to ionizing radiation and were raised in a uniform,
well-provisioned environment. In spite of the standardization of
growing conditions, the offspring of parents from contaminated
sites were more likely to survive to maturity than the offspring of
parents from clean areas. This difference was not explained by
differences in maturation times between contaminated and clean
areas or by differences in clutch size or mass. At present, any ex-
planation is thus deemed to be highly speculative. One possibility is
that grasshopper mothers in contaminated areas transferred more
nutrients or larger amounts of other compounds (e.g., antioxidants)
in order to compensate for the suboptimal conditions that their
offspring would be growing in. Such provisioning would translate
into higher survival under the benign lab conditions where their
offspring will grow. It could also explain why we did not detect
the predicted increase in DNA damage in the offspring of exposed
parents. To test for a potential role of maternal effects via the egg in
promoting offspring survival, future studies will need to control for
or manipulate egg quality in grasshopper offspring exposed to
contrasting conditions of environmental contamination.

It is important to note that we selected this insect species for
our study precisely because it is found in significant population
densities throughout the Chernobyl Exclusion Zone, even in
areas where many species of birds, insects, and mammals show
reduced population densities, presumably because of their sensi-
tivity to the effects of ionizing radiation (Meller and Mousseau
2007, 2009, 2013; Moller et al. 2012). This indicates that these
grasshoppers might already be partially adapted to their environ-
ment, which is consistent with a study on birds in the Chernobyl
Exclusion Zone (Galvan et al. 2014) and supported by the observed
positive relationship between survival rates and radiation. Exper-
imentally exposing species that are no longer found in highly con-
taminated areas to varying levels of radiation in a laboratory could
elucidate species-level differences in response to this type of en-
vironmental stressors.

Future characterization of the particular radionuclides that
contributed to radiation dose in the exposed parental genera-
tion will be important for understanding the relationships docu-
mented here. A complex mixture of radionuclides is found in the
contaminated sites in Chernobyl where we collected the parents,
including cesium 137, strontium 90, americium 241, and several
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isotopes of plutonium. While gamma radiation is the most typical
contributor to radiation dose in Chernobyl, highly energetic alpha
particles from actinides and beta particles from most radionuclides
are also present. Even though they are less common, actinides have
slower turnover rates within the body and therefore can damage
biological macromolecules for longer once assimilated. In our
study, we did not quantify the relative contribution of the different
radionuclides to body burden of radiation in the exposed parents,
nor did we quantify their respective abundance in the environ-
ment. In fact, we measured environmental levels of gamma ra-
diation and used them as proxies for a relative comparison between
the offspring of exposed and unexposed parents. Such an approach
has previously been shown to accurately reconstruct radiation
exposure in other taxa (Garnier-Laplace et al. 2015). Nonetheless,
future studies might benefit from more precise dose estimates in
order to understand the mechanisms mediating the effects docu-
mented here.

The use of the comet assay is relatively new to studies on
insect populations and has primarily been applied to toxico-
logical assessments on the efficacy of pesticides (Imamura et al.
2004; Todoriki et al. 2006). Although hemolymph has been
widely attributed to insect immune function, these cells remain
relatively poorly understood and a potentially useful candidate
for nondestructive studies on insects, particularly given their

responses to experimental exposure to radiation and oxidative
agents. However, more work should be done on the mechanisms
involved in damage and repair in these cells before drawing broader
conclusions. A more expanded study involving repeated mea-
surements across individual grasshoppers’ ontogeny would help
elucidate the nature of genetic damage accrual in this species, par-
ticularly whether it is consistent across time or whether it accelerates
with more rapid development. Additionally, this would provide for
a test of the hypothesis that insects with higher genetic damage as
nymphs were at higher risk for early mortality.
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APPENDIX

Table A1: Comparison of fit statistics for the alternative general linear mixed models for the relationship between DNA damage
(as a response variable, indexed by mean or 80th percentile DNA damage), parental radiation exposure, offspring sex, and

developmental time (as measured by time to reach maturity)

80th percentile

Mean DNA damage DNA damage

Model AlCc BIC AlCc BIC
Full model: sex, time to maturity, (time to maturity)?, radiation, sex x

radiation, sex X time to maturity, sex X (time to maturity)” 1,293.85 1,327.26  1,360.34  1,393.75
Sex, time to maturity, (time to maturity)?, radiation, sex X time to maturity,

sex x (time to maturity)* 1,276.56  1,307.06  1,358.53  1,389.03
Sex, time to maturity, (time to maturity)?, radiation, sex x radiation 1,289.60 1,317.17 1,356.05 1,383.62
Sex, time to maturity, (time to maturity)® radiation 1,27496  1,299.57 1,354.17  1,378.77
Sex, time to maturity, (time to maturity)? 1,274.67 1,296.29 1,350.53 1,372.14
Sex, time to maturity, radiation 1,333.79  1,355.41 1,382.11  1,403.72
Sex, time to maturity 1,331.18  1,349.78 1,379.51 1,398.11
Time to maturity, (time to maturity)® 1,270.69 1,289.29 1,351.31 1,369.91
Time to maturity 1,335.75 1,351.31  1,382.57 1,398.13
Radiation 1,415.15 1,430.71 1,470.71  1,486.28
Sex 1,414.84 1,430.40 1,470.56 1,486.12
Null model 1,412.78  1,425.27 1,468.44 1,480.94

Note. All models included collection site and family (nested within collection site) as random effects. Fit statistics for the best-fit models are in bold. AICc,

corrected Akaike information criterion; BIC, Bayesian information criterion.
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Table A2: Comparison of fit statistics for the alternative general linear mixed models for the relationship between wing

fluctuating asymmetry (as indexed by asymmetry in centroid size), mean DNA damage, and developmental time (as measured

by time to reach maturity)

Model AlCc BIC
Full model: sex, time to maturity, (time to maturity)’>, DNA damage, radiation, sex x time to maturity,

sex x (time to maturity)’, sex X DNA damage, sex x radiation —845.77  —812.28
Sex, time to maturity, (time to maturity)’, DNA damage, radiation —859.04 —835.15
Sex, time to maturity, (time to maturity)®, radiation —859.94  —838.55
Sex, time to maturity, (time to maturity)’, DNA damage —847.14  —825.76
Sex, time to maturity, radiation —849.04 —830.20
Sex, time to maturity, DNA damage —849.24  —830.40
Sex, radiation, DNA damage —865.79  —846.95
Time to maturity, radiation, DNA damage —865.55 —846.71
Sex, time to maturity —850.09 —833.83
DNA damage, radiation —867.38 —851.13
Time to maturity, (time to maturity)? —850.54  —834.28
Sex —852.32 —838.69
Time to maturity —851.64 —838.00
Radiation® —867.56 —853.92
DNA damage —852.37  —838.73
Null model —853.81 —842.83

Note. All models included collection site and family (nested within collection site) as random effects. Fit statistics for the best-fit models are in bold. Results
were qualitatively similar if 80th percentile DNA damage was used instead of mean DNA damage (details not shown). AICc, corrected Akaike information

criterion; BIC, Bayesian information criterion.

*The parameter estimation algorithm for this model did not converge. For this reason, we comment on the next best-fit model, which includes DNA damage
and radiation. This latter model differs from the model including radiation alone by <2.0 for AIC and ~2.0 for BIC and can therefore be considered equally

informative as the best-fit model.
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