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Hormetic Effects of Early Juvenile Radiation
Exposure on Adult Reproduction and
Offspring Performance in the Cricket
(Acheta domesticus)
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Abstract
Exposure to low-dose ionizing radiation can have positive impacts on biological performance—a concept known as hormesis.
Although radiation hormesis is well-documented, the predominant focus has been medical. In comparison, little research has
examined potential effects of early life radiation stress on organismal investment in life history traits that closely influence
evolutionary fitness (eg, patterns of growth, survival, and reproduction). Evaluating the fitness consequences of radiation stress is
important, given that low-level radiation pollution from anthropogenic sources is considered a major threat to natural ecosys-
tems. Using the cricket (Acheta domesticus), we tested a wide range of doses to assess whether a single juvenile exposure to
radiation could induce hormetic benefits on lifetime fitness measures. Consistent with hormesis, we found that low-dose juvenile
radiation positively impacted female fecundity, offspring size, and offspring performance. Remarkably, even a single low dose of
radiation in early juvenile development can elicit a range of positive fitness effects emerging over the life span and even into the
next generation.

Keywords
hormesis, ionizing radiation, early life stress, development, reproduction, Acheta domesticus

Introduction

Biological responses to ionizing radiation are often assumed

to conform to a “linear-no-threshold” (LNT) model, which

predicts that the degree of damage scales linearly with the

dosage of radiation received.1,2 Indeed, radiation exposure

is well known to have a range of negative outcomes on cel-

lular, developmental, and behavioral traits,2 and indicators of

poor fitness have been reported in feral animals from radio-

contaminated areas.3 Considerable evidence, however, sup-

ports an alternative model known as hormesis,4 in which

low-level stress exposures can have beneficial or stimulatory

effects on biological performance even if higher levels are

inhibitory or damaging.5,6 Hormetic dose–response relation-

ships have been documented across broad phylogenies (ie,

bacteria to plants to mammals) and in response to *1000

different stressors,7 suggesting that it could be an evolutiona-

rily important phenomenon.

It is now well established that low-dose radiation can posi-

tively affect biological processes such as immunity, DNA

repair, and cellular stress resistance.2,7-10 However, radiation

hormesis has rarely been studied in a life history framework,

that is, with reference to whole-organism traits that closely

influence evolutionary and demographic processes (eg, growth,

survival, and reproduction). Understanding fitness-related

impacts of radiation is important because organisms in nature

are subjected to low-level anthropogenic radiation pollution

including nuclear power production, weapons testing, and
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nuclear accidents.11-13 Demonstrating a link between radiation

hormesis and fitness would be significant not only for ecolo-

gical and conservation purposes but also for understanding the

nature of responses to previous radiation stress in the evolu-

tionary past (eg, UV exposure).

Here, we examine consequences of a single, early juvenile

exposure to ionizing radiation on a broad range of fitness-

related traits emerging across the organismal life history. Spe-

cifically, we exposed cohorts of juvenile crickets (Acheta

domesticus) to ionizing radiation at 14 days of age and estab-

lished dose–response relationships for subsequent investments

in lifetime fecundity, survival, age-specific reproductive effort,

egg size, and offspring performance. The cricket is ideal for

testing impacts of developmental stress on lifetime perfor-

mance because its rapid development, small size, and short life

span allow rearing of large populations for controlled dose–

response analyses.14-16 Ionizing radiation is an ideal experi-

mental stressor, given that dosages can be easily and accurately

manipulated in the laboratory. Unlike other experimental stres-

sors (eg, many heavy metals), radiation does not have con-

founding nutritional benefits at low doses.

Consistent with the hormetic model, we predicted that

early-life exposures to low-level radiation stress would have

stimulatory effects on trait development, whereas higher lev-

els of stress would be inhibitory or damaging. Hormetic

effects may be particularly robust when mild stress is encoun-

tered early in life,17-20 as the early period of juvenile growth is

thought to represent a window of high sensitivity to environ-

mental stress.21-23

Methods

Study Animals and Experimental Groups

Acheta domesticus were generated from a long-term breeding

colony as described previously.16 For all experiments, juvenile

A domesticus were collected on day 14 after hatching and

assigned to one of 6 experimental treatments (n ¼ 180 crickets

per treatment), consisting of one of the following acute doses of

g-radiation (caesium-137): 0, 0.5, 1, 2, 4, or 5.5 Gy. Crickets

were irradiated at the Taylor Radiobiology Source at McMaster

University (dose rate ¼ 0.25 Gy/min). During the irradiation

period, crickets were housed in plastic cylindrical vials (9.5 cm

height � 2.5 cm width) with 6 to 7 crickets per vial. Crickets

were irradiated in groups of 45 (ie, 6 vials were irradiated at a

time). Vials were evenly spaced around a 2.5-cm diameter to

increase accuracy and consistency of dosing between sessions.

Following irradiation, crickets were housed in plastic con-

tainers (30 � 19 � 12 cm; n ¼ 45 per container) and main-

tained in incubators at 30�C on a 12-hour light/12-hour dark

photoperiod with egg carton shelters, water-soaked cellulose

sponges, and ad libitum access to a diet of ground guinea pig

food (Little Friends: 16.5% crude protein, 4% crude fat, and

19% crude fiber) mixed into a paste with distilled water (3 g of

food per 8 mL of water).

Survival to Reproductive Maturity, Mating, and Body
Condition

We quantified survival to reproductive maturity across doses as

the number of crickets in each radiation treatment surviving to

the mature molt (ie, total number of crickets per treatment out

of n ¼ 180). Immediately upon maturity, sexes were separated

to avoid uncontrolled mating. On postmaturation day 13,

females from each dose group were individually mated for 1

night with an age-matched, nonirradiated male. Body mass of

each female was recorded immediately prior to mating.

At the end of the study, female crickets were euthanized

with CO2, and both rear legs were removed and measured for

femur length (a reliable estimate of adult body size). An elec-

tronic digital caliper (Titan) was employed. Average femur

length and premating body mass were used to calculate the

“scaled mass index” to estimate body condition as described

by Peig and Green.24

Fecundity and Reproductive Effort

Reproductive effort was recorded for 2 separate periods over

the adult female life span (n ¼ 15-32 individuals per radiation

treatment group): in early adulthood (postmaturation day

14-18) and in late adulthood (postmaturation day 20-24).

Reproductive effort was calculated for each female as the prod-

uct of oviposition rate (number of eggs laid over a 4-day

period) and average egg mass (average dry mass of 50 eggs

laid by each female). Lifetime fecundity was estimated for each

female by adding the total number of eggs laid over both repro-

ductive periods. Oviposition substrate (moist medical gauze in

a petri dish) was replaced daily, and food and water were

provided ad libitum. As an additional measure of total repro-

ductive investment, we measured dry ovary mass dissected

from separate populations of nonmated females from each

radiation dose treatment on postmaturation day 13 (n ¼ 11-

25 individuals per radiation dose treatment group). Body mass

of each female was recorded prior to dissection.

Offspring Investment and Performance

From radiation-stressed females, we measured egg size as an

indicator of investment per offspring and egg hatching success

as an indicator of offspring performance (n¼ 11-20 individuals

per radiation treatment group). For egg size measurements, 5 to

11 randomly selected eggs (average ¼ 6.7) laid by each female

on postmaturation day 14 were individually visualized under a

microscope (Motic, Xiamen, China). Images of each egg were

captured using Motic Images Plus 2.0 software, and egg size

(length � width) was measured using ImageJ software (NIH,

Bethesda, Maryland). All egg size measurements were taken

within 1 day from the time eggs were laid. For hatching suc-

cess, we incubated 20 eggs per female in moist medical gauze

at 30�C and measured the percentage of eggs that hatched.

Lifetime reproductive success for each female was estimated

as the product of lifetime fecundity and hatching success.
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Statistics

Dose–response relationships were established for the effect of

radiation on each trait measured. For each dose–response rela-

tionship, we used the extra sum-of-squares F test to compare

the goodness of fit between a first-order polynomial (ie, the

LNT model) and a second-order polynomial (ie, a quadratic

function characteristic of the J-shaped hormetic curve). This

test compares the improvement of fit of the more complicated

hormetic model with the number of degrees of freedom lost

from the simpler LNT model. Statistical significance (P < .05)

indicates that the improvement in goodness of fit of the more

complicated model over the simpler model is greater than what

would be expected by chance. Dose–response analyses were

performed in Prism 7.

Prior to analyses, normality was confirmed using the D’Agos-

tino-Pearson omnibus normality test. All measures of reproduc-

tive effort and fecundity were strongly and significantly

correlated with body size (average femur length), so dose–

response values for these traits are presented with and without

correcting for body size. Neither egg size or hatching success

were significantly affected by body size, so these values were not

transformed. To test for the effects of radiation dose on survival to

reproductive maturity, we used a nominal logistic model. We

repeated the model with individual comparisons of each radiation

dose treatment group with the 0 Gy (control) group to determine

which comparisons were significant. Survival analyses were per-

formed in JMP 13.0 (SAS Institute, Cary, North Carolina).

Results

Dose–Response Analyses of Life History Traits

Reproductive effort in early adulthood (corrected for body size)

was significantly described by a quadratic function, with hor-

metic stimulation occurring in the 0.5 to 2 Gy dose range

(Table 1, Figure 1A). Without correcting for body size, early-

life reproductive effort was best described by the LNT (Table

1). For reproductive effort in late adulthood (with and without

correcting for body size), the quadratic fit was not resolved

(Table 1, Figure 1B), and the trend was better described by the

LNT. A quadratic function significantly explained the dose–

response relationship for lifetime fecundity (corrected for body

size), with hormetic stimulation occurring in the 0.5 to 2 Gy

range (Table 1, Figure 1C), but when values were not corrected

for body size, this relationship was best described by the LNT

(Table 1). Ovary dry mass (an estimate of total reproductive

investment) was not resolved by the quadratic fit, and the trend

was better described by the LNT (Table 1, Figure 1D).

Average egg size of radiation-stressed females was signifi-

cantly explained by a quadratic function with hormetic stimu-

lation in the 1 to 2 Gy dose range (Table 1, Figure 2A).

Hatching success was also significantly explained by a quad-

ratic with hormetic stimulation across the 0.5 to 2 Gy range

(Table 1, Figure 2B). Across all females, average egg size

was not significantly correlated with hatching success (Pearson

r ¼ 0.184, P ¼ .155).

The effects of early-life radiation stress on survival to

reproductive maturity was affected by radiation dose treat-

ment (n ¼ 1080, w2 ¼ 15.5, P < .0001) and was significantly

lower in only the 4 and 5.5 Gy treatments (Figure 3). Analysis

of variance revealed no significant differences in age at repro-

ductive maturity among radiation dose treatments (F5, 454 ¼
0.864, P ¼ .0994). Effects of radiation stress on adult female

premating body condition were best described by the LNT

(Table 1, Figure 4).

Discussion

As hypothesized, we found that early-life radiation stress had

hormetic effects on multiple key fitness-related traits, including

lifetime fecundity and early adulthood reproductive effort (Fig-

ure 1A, C) as well as egg size and hatching success (Figure 2).

Table 1. Extra Sum-of-Squares F Test Results for Linear Versus Quadratic Model Fits for Trait Dose–Responses Measured in Adult Female
Acheta domesticus Exposed to Radiation Stress in Early Life.

Trait F (DFn, DFd) P
Preferred
Model Equation for Preferred Model

R2 for Preferred
Model

Lifetime fecundity 2.484 (1, 156) .12 Linear y ¼ �74.7x þ 630.1 0.941
Lifetime fecundity (relative to body size) 5.203 (1, 156) .024 Quadratic y ¼ �13.369x2 þ 35.789x þ 37.271 0.905
Early adulthood reproductive effort rate 2.484 (1, 148) .12 Linear y ¼ �2.026x þ 17.15 0.923
Early adulthood reproductive effort rate (relative

to body size)
4.37 (1, 148) .038 Quadratic y ¼ �3.002x2þ 0.1913x þ 1.6586 0.838

Late adulthood reproductive effort rate 0.352 (1, 108) .55 Linear y ¼ �1.735x þ 15.44 0.973
Late adulthood reproductive effort rate (relative

to body size)
0.003 (1, 108) .95 Linear y ¼ �1.3238x þ 2.3642 0.927

Ovary dry mass (relative to body size) 0.073 (1, 111) .79 Linear y ¼ �7.472x þ 16.83 0.891
Adult body size (average femur length) 2.99 (1, 156) .091 Linear y ¼ �1.042x þ 10.73 0.816
Adult body condition 1.7 (1, 298) .19 Linear y ¼ �0.02507x þ 0.06447 0.936
Average egg size (mm2) 18.7 (1, 89) <.0001 Quadratic y ¼ �0.0125x2 þ 0.0581x þ 1.0835 0.512
Hatching success (%) 12.7 (1, 97) .0005 Quadratic y ¼ �0.0169x2 þ 0.069x þ 0.6797 0.984
Lifetime reproductive success (% hatched of

eggs laid)
8.401 (1, 96) .0046 Quadratic y ¼ �16.482x2 þ 27.589x þ 438.71 0.953
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In contrast, late adulthood reproductive effort (Figure 1B) and

adult body condition (Figure 4) were better described by the

LNT model. Survival to reproductive maturity was negatively

affected at only high doses of radiation but was unaffected at

lower doses that were associated with hormetic responses in

other traits (Figure 3). Together, our results show that a single,

acute exposure to radiation stress in early life can induce hor-

metic benefits on multiple traits closely related to lifetime

organismal fitness, and notably, such benefits can even extend

into the next generation. These results are consistent with the

idea that hormetic responses to early-life stress may represent

an important form of “developmental plasticity,” perhaps

mediated by epigenetic mechanisms.25-27 In this regard, horm-

esis could be facilitator of adaptive phenotypic variation avail-

able to natural selection.

A hormetic response was observed for reproductive effort

in early adulthood, but not in late adulthood (Figure 1A, B).

Thus, the hormetic effect on reproductive effort was not sus-

tained over the adult life span, perhaps because it was offset

by aging. One possible explanation for this could be that the

energetic demands required to mount the hormetic response

into late adulthood could not be met. An alternative possibil-

ity is that females enhance early reproductive investment at

the expense of later investment, since iteroparous animals

gain greater reproductive fitness from offspring contributing

their own offspring earlier.28 Such a strategy could be partic-

ularly adaptive if the total reproductive life span is shortened

by radiation stress.

Overlapping hormetic responses were observed for lifetime

fecundity (Figure 1C), egg size, and hatching success (Figure

2) across the 0 to 2 Gy radiation dose range. The production of

larger and potentially higher quality offspring following mild

stress in early life is a hormetic response that could be adaptive

in stressful environments. For instance, low-level stress could

serve as a cue for parents to increase early investments in off-

spring numbers and quality in anticipation of adverse condi-

tions.29,30 The adaptive value of such priming, however, may

crucially depend on the degree to which early and late environ-

ments are positively correlated, as it has been shown that such

responses can be costly under environmental mismatch.22

Thus, we might expect hormetic responses to evolve in animals

with short generation times, such as insects, where there may

be a relatively higher degree of correlation between the devel-

opmental environment of the mother and her offspring.31

The hormetic effect of early-life radiation stress on lifetime

fecundity was resolved when corrected with covariation in

body size (Table 1, Figure 1C). A potential explanation for this

hormetic effect could be that crickets in the hormetic range

invested more in total egg production relative to their body

size. However, this seems unlikely since total ovary mass

Figure 1. Dose–response relationships showing effects of early-life g-radiation exposure on measures of reproductive investment in adult
Acheta domesticus: rate of reproductive effort (eggs laid �mg � day�1) in early (A) and late (B) adulthood, lifetime fecundity (C), dry ovary mass
(mg), and an estimate of total reproductive investment (D). All crickets were irradiated at 14 days of age at 0, 0.5, 1, 2, 4, or 5.5 Gy (dose rate¼
0.25 Gy/min). Values are presented as body size-corrected residuals. All values are means + standard error of the mean (SEM).
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(relative to body size) showed a negative linear response across

the entire radiation dose range (Figure 1D). It is more likely

that the hormetic effect on lifetime fecundity was due to an

increase in oviposition behavior. The capacity to lay more eggs

than expected for a given body size (ie, increase reproductive

effort) may be especially likely in highly fecund insects such as

A domesticus. This species continuously develops and stores

eggs32 and may retain more eggs than will be laid at any given

time.33 This could allow for a high degree of plasticity in

reproductive output, allowing females to buffer developmental

constraints on body size or egg production imposed by envi-

ronmental stressors or resource limitation.34,35 Whether such

plasticity in oviposition behavior has costs or is a general fea-

ture of hormetic responses in high-fecundity species (eg, many

insects and other invertebrates) remains to be seen.36

Even though hormetic responses to early-life irradiation

were observed for many aspects of reproductive performance,

premating body condition (ie, the scaled mass index) expressed

a negative linear response (Figure 4). This is surprising given

the often assumed positive relationship between body condition

and reproductive fitness.24 One possibility is that females prior-

itized investment in reproduction over other demands (eg, tis-

sue maintenance or lipid storage). Such changes in body

condition could result from growth deficits caused by reduced

feeding37 or even direct damage to midgut cells,38 both of

which are noted effects of radiation exposure in insects. To the

extent that reduced body condition reflects potential fitness

deficits (eg, reduced predator avoidance or immunity), there

may be “hidden” costs associated with hormesis, not directly

observed in our study.

Hormetic effects of early-life ionizing radiation stress on

adult phenotypes may be due to several proximate mechanisms

that could generalize across invertebrate and vertebrate taxa.

For instance, one of the primary effects of ionizing radiation on

Figure 2. Egg size (A) and hatching success (B) of eggs laid by adult
Acheta domesticus exposed to g-radiation in early life. All mothers
were irradiated at 14 days of age at 0, 0.5, 1, 2, 4, or 5.5 Gy (dose
rate ¼ 0.25 Gy/min). All values are means + standard error of the
mean (SEM).

Figure 3. Effects of early-life ionizing radiation stress on Acheta
domesticus survival to reproductive maturity (dark bars). There was
an overall significant effect of radiation dose on survival. Follow-up
nominal logistic models comparing each dose treatment to the 0 Gy
(control) treatment found that survival was significantly lower in the
4 Gy (w2 ¼ 14.3, P ¼ .0002) and 5.5 Gy (w2 ¼ 11.1, P ¼ .001) treat-
ments. All crickets were irradiated at 14 days of age at 0, 0.5, 1, 2, 4, or
5.5 Gy (dose rate ¼ 0.25 Gy/min).

Figure 4. Premating body condition (scaled mass index) of adult
female Acheta domesticus exposed to ionizing radiation in early juvenile
development. Data represent body mass on postmaturation day 13
standardized to a femur length of 10.59 mm (average adult femur
length of the whole population). All females were irradiated at 14 days
of age at 0, 0.5, 1, 2, 4, or 5.5 Gy (dose rate¼ 0.25 Gy/min). Values are
means + standard error of the mean SEM).
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biological systems is the generation of free radicals via the

ionization of water.39,40 While oxidative challenges in early

life are well known to negatively affect subsequent fecundity

and longevity,41,42 an emerging body of evidence indicates that

low levels of oxidative stress in early life may have an adaptive

role in shaping the adult phenotype.43 For instance, low levels

of free radicals coordinate many important regulatory mechan-

isms that could underlie hormetic responses,44 such as general-

ized stress response mechanisms (eg, antioxidant production

and repair processes) and mitochondrial biogenesis.45,46 To the

extent that oxidative stress is a cost of reproductive invest-

ment,47-49 it seems plausible to speculate that the reproductive

hormesis observed in our study could be a consequence of

enhanced oxidative stress resistance due to early-life priming

(ie, the cost of increased reproductive investment becomes

lower if the organism is better able to endure the associated

oxidative stress). Future work should test the role of oxidative

stress resistance in facilitating reproductive hormesis.

This work adds to a growing body of literature on hormesis in

insects, particularly in relation to insecticide, heavy metals, and

radiation exposure.10,50-53 Due to their relatively small body

sizes and short generation times, insects have been intriguing

systems for examining lifetime and transgenerational impacts of

hormesis, as well as its genetic regulation.36,50 Understanding

hormetic responses in insects is also relevant to important prac-

tical issues such as the evolution and development of insecticide

resistance and the ability for economically important pollinator

species to adapt to stressful environments.50,51

Understanding the developmental and fitness consequences

of hormesis is particularly relevant today, given that organisms

are faced with a range of evolutionarily novel stressors from

anthropogenic sources.51,54 Our results show that early-life

exposures to low-dose ionizing radiation have multiple positive

effects on organismal fitness across the life span. Hormesis might

seem puzzling from an evolutionary perspective because it raises

the question of why organisms do not produce these beneficial

responses in the absence of a sensitizing stress exposure. One

possibility is that hormetic responses are associated with

fitness-related costs,22,55 and this requires greater attention. Other

important directions for future research will be to understand the

types of environmental conditions under which hormetic

responses are adaptive, elucidate the proximate mechanisms

underlying these responses, and determine how hormetic

responses and their potential fitness costs may vary across popu-

lations and species with varying life history strategies.
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