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Effects of radiation exposure from the Chernobyl nuclear accident remain a topic of interest. We
investigated germline de novo mutations (DNMs) in children born to parents employed as cleanup
workers or exposed to occupational and environmental ionizing radiation after the accident.
Whole-genome sequencing of 130 children (born 1987–2002) and their parents did not reveal an
increase in the rates, distributions, or types of DNMs relative to the results of previous studies.
We find no elevation in total DNMs, regardless of cumulative preconception gonadal paternal
[mean = 365 milligrays (mGy), range = 0 to 4080 mGy] or maternal (mean = 19 mGy, range = 0 to
550 mGy) exposure to ionizing radiation. Thus, we conclude that, over this exposure range, evidence
is lacking for a substantial effect on germline DNMs in humans, suggesting minimal impact from
transgenerational genetic effects.

N
early all inherited genetic variation is
present in the germline DNA of at least
one parent. However, a small number of
transmitted variants are unique, having
arisen fromrandommutations ingametes

(sperm and oocytes), and are known as de novo
mutations (DNMs). DNMs are critical building
blocks of evolution and the only class of genomic
variation that has not undergone extensive evo-
lutionary purifying selection (purging of high-
ly deleterious but nonlethal variants), making
DNMs a distinctive form of inherited variation
that differs from the genetic variation inves-
tigated in mapping complex traits and dis-
eases (1). DNMs have been a topic of intense
interest because of their role in human dis-

ease, particularly neurodevelopmental disor-
ders (2, 3).
Only recently has it been feasible to com-

prehensively investigate DNMs genome-wide
at the population level in humans by using
whole-genome sequencing (WGS) of mother-
father-child trios. Recent reports of human
DNMs characterized by WGS of trios estimate
that between 50 and 100 new mutations arise
per individual per generation (2, 4–8), consist-
ent with the population genetic estimate that
the human mutation rate for single-nucleotide
variants (SNVs) is ~1 × 10−8 per site per gen-
eration (9, 10). The strongest predictor of
DNMs per individual is paternal age at con-
ception (2–6, 8), with an increase of 0.64 to
1.51 mutations per 1-year increase in pater-
nal age (6, 8, 11), whereas a maternal effect
of ~0.35 mutations per 1-year increase in age
was observed (6, 8, 12). Transgenerational
studies of radiation exposure have primarily
focused on disease (cancer, reproductive, and
developmental) outcomes and have reported
inconclusive results (13, 14).
Exposure to ionizing radiation is known to

increase DNA mutagenesis above background
rates (15, 16). Animal and cellular studies sug-
gest that high doses of ionizing radiation can
lead to DNMs in offspring, particularly through
double-strand breaks (13, 17). Human studies
have sought a biomarker of prior radiation
injury (13, 18, 19) but have examined a small
number of minisatellites and microsatellites,
yielding inconclusive results (20–23). A WGS
study of three trios from survivors of the
atomic bomb in Nagasaki, Japan, did not
reveal a high load of DNMs (20), whereas a

single-nucleotide polymorphism (SNP) array
study of 12 families exposed to low doses of
caesium-137 from the Goiânia accident in
Brazil reported an increase in large de novo
copy-number variants (24). No large-scale,
comprehensive effort has explored DNMs
genome-wide in children born to parents ex-
posed to moderately high amounts of ionizing
radiation, yet possible genetic effects have re-
mained a concern for radiation-exposed pop-
ulations, such as the Fukushima evacuees (25).
Herein, we examine rates of germline DNMs

in children born to parents exposed to ionizing
radiation from the 1986 Chernobyl (Chornobyl
in Ukrainian) disaster, for which levels of
exposure have been rigorously reconstructed
and well documented (26). Our study focused
on children born to enlisted cleanup workers
(“liquidators”) and evacuees from the town
of Pripyat or other settlements within the
70-km zone around the Chernobyl Nuclear
Power Plant in Ukraine (27) after themeltdown,
some of whom had extremely high levels of
radiation exposure and several of whom
experienced acute radiation syndrome. We
performed Illumina paired-end WGS (average
coverage: 80×), SNP microarray analysis, and
relative telomere length assessment on avail-
able samples from 130 children from 105
mother-father pairs. The parents had varying
combinations of elevated gonadal ionizing
radiation exposure from the accident (tables
S1 to S3) and included a combination of ex-
posed fathers, exposed mothers, both parents
exposed, and neither parent exposed (27). The
fathers’ cumulative gonadal ionizing radiation
dose (hereafter, “dose”) at conception ranged
from 0 to 4080 milligrays (mGy) [mean =
365 mGy, median = 29 mGy, standard devia-
tion (SD) = 685 mGy], with 17 individuals
exposed to >1000 mGy, whereas the mothers’
dose ranged from 0 to 550 mGy (mean =
19 mGy, median = 2.1 mGy, SD = 72 mGy),
with only 2 individuals exposed to >500 mGy
(table S3). Paternal age at exposure ranged
from 12 to 41 years and maternal from 10 to
33 years. Paternal mean age at conception
was 29 (range = 18 to 52, SD = 5.7), whereas
maternal mean age was 27 (range = 18 to 39,
SD = 5.2). Of the children in our study, 58
(45%) were female and 72 (55%) were male.
Children born at least 46 weeks after the
Chernobyl accident were included; birth years
were between 1987 and 2002 (52% born before
1992). There were 23 families with two or
three siblings analyzed, but no twins. Princi-
pal component analysis revealed that nearly
all parents shared common Eastern European
heritage (fig. S1), and pairwise identity-by-descent
analysis revealed four first-degree relative sets
among the parents.
Two modified Mendelian inconsistency

error (MIE) filtering strategies were applied
after variant calling and determination ofMIE
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(8, 28). All putative DNMs that passed the fil-
tering criteria were examined manually, and
the total number of DNMswas tallied for each
of the following classes, reflecting distinct muta-
tional mechanisms: (i) SNVs, (ii) small inser-
tions or deletions (indels), (iii) complex variants
(variants that arose from a complicated muta-
tional event), and (iv) SNV-indel clusters [two
or more variants that, by chance, occur in
closer proximity than expected, as defined by
Jónsson et al. (6)] (Table 1). Each instance of a

complex variant or cluster was counted once,
effectively assuming that clustered changes
occurred together during one replication cycle.
Length variants at microsatellite loci were
examined separately because they have been
previously reported as a potentially impor-
tant class of mutation after radiation expo-
sure (21, 22, 29–31). Although DNMs involving
microsatellite loci were analyzed separately,
they were tallied with indels overall. All variants
are provided in table S1.

There was no evidence of an association
between the total number of DNMs and the
preconception ionizing radiation dose (cumu-
lative estimated gonadal dose at 38 weeks
before birth) for maternal [−0.02 DNM per
mGy, 95% confidence interval (CI): −0.04
to 0.007, P = 0.17] or paternal (−0.0007 DNM
per mGy, 95% CI: −0.003 to 0.002, P = 0.56)
exposures (Table 2 and fig. S2). In an analysis
restricted to DNMs with a known parent of
origin (42%; Table 1), no effect of radiation
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Fig. 1. Detected DNMs per genome based on distributions of
individual characteristics. Analyses are presented by increasing
paternal and maternal age at conception, paternal and maternal
radiation dose, birth year of child, and paternal and maternal smoking
behavior at conception. All plots are univariate and do not account
for other potentially correlated variables (for example, maternal age
does not account for high correlation with paternal age).
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was observed (table S4), whereas the effect of
parental age remained robust; the parent-of-
origin point estimates for paternal and ma-
ternal age effects were 0.71 and 0.28, respectively.
Further investigation did not reveal evidence
for an effect of preconception dose for any
individual class of DNMs evaluated (table S5).
Sensitivity analysis conducted with doses trun-
cated at 1000 mGy or log-transformed [ln(1 +
dose(mGy))] did not reveal an impact of ma-
ternal and paternal dose modeling on as-
sociation with DNMs (Table 3). We further
investigated categorical dose levels and found
no increase in DNMs for any dose category,
even paternal doses ≥1000mGy (table S6). No

effect of time since exposure was observed
between parental preconception ionizing radia-
tion exposure andDNMcount for children born
in the years immediately after the Chernobyl
accident (Fig. 1). Moreover, when restricting our
analysis to SNVs, there was no difference in the
distribution of nucleotide substitutions based
on quartile of maternal and paternal dose (fig.
S3). Furthermore, the rates and types (molecular
spectra) of DNMs observed in the current study
were similar to those observed in prior studies
conducted in general populations (Fig. 2 and fig.
S4) (2–4, 6, 8).
Because lifestyle exposures such as smoking

have been associated with alterations of DNA

[for example, mosaic loss of Y chromosome
(32)], we also investigated possible effects of
prenatal parental alcohol consumption and
smoking on DNMs. We observed no associ-
ation between the number of DNMs and
either paternal (2.91 DNMs, 95% CI = −0.93 to
6.75, P = 0.14; Table 2 and Fig. 1) or maternal
(5.31 DNMs, 95% CI = −0.18 to 10.81, P = 0.06;
Table 2 and Fig. 1) tobacco smoking at con-
ception. Similarly, no effect was observed for
increasing levels of paternal (P = 0.12) or
maternal (P = 0.12) alcohol consumption be-
fore conception. In addition, sequencing batch
had no impact on the number of DNMs (3.28
DNMs, 95% CI = −0.25 to 6.82, P = 0.07).
Relative telomere length of participants was

measured by quantitative polymerase chain
reaction (33) to investigate the potential trans-
generational impact of parental ionizing radi-
ation on leukocyte telomere length in children.
As expected, an overall relationship was ob-
served between increasing age (at the time
of blood draw) and shorter relative telomere
length due to age-related telomere length at-
trition (P = 4.49 × 10−19; fig. S5). We did not
observe an effect of paternal or maternal age
at conception on relative telomere length in
adult children (P = 0.95 and 0.06, respectively;
table S7). Although our analysis did not find
evidence for an effect of total paternal pre-
conception ionizing radiation exposure on
relative leukocyte telomere length (P = 0.88),
we did observe a possible effect of total ma-
ternal preconception exposure (−2.75 × 10−4,
95% CI = −5.20 × 10−4 to −2.90 × 10−5, P = 0.03;
table S7)—this finding will need to be confirmed
in subsequentwork. Therewasno evidence for a
transgenerational effect of paternal or maternal
smoking on telomere length in children (P =
0.91 and 0.22, respectively; table S7).
Although it is reassuring that no trans-

generational effects of ionizing radiation were
observed in adult children of Chernobyl clean-
up workers and evacuees in the current study,
additional investigation is needed to address
the effects of acute high-dose parental gonadal
exposure that occurred closer to conception.
The upper 95% confidence bound suggests
that the largest effect consistent with our data
is <1 DNM per 100 mGy from paternal or ma-
ternal exposure (Table 3 and tables S8 and S9).
Previously, Dubrova et al. (22, 29) reported a
twofold increase in minisatellite mutations in
children born to parents living in a highly ex-
posed region of Belarus. Weinberg et al. (34)
reported an increase in the mutation rate at
microsatellite loci among children born to
cleanup workers. Subsequent small studies
have not reported increased minisatellite or
microsatellite mutation rate in children of
cleanup workers, including those with low-
dose exposure (0.09 to 0.23 Gy) (21, 30, 35), or
in children of the atomic-bomb survivors of
Hiroshima or Nagasaki, Japan (31).
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Fig. 2. Distribution of de novo SNVs by type of nucleotide change across six studies. Liftover was
used to convert coordinates to hg38 (human reference genome 38) for all studies, and the reference
for CpG sites was defined with respect to that reference sequence. Only autosomes were included. Error bars
show binomial 95% CIs. Studies included those by Kong et al. (2), Wong et al. (8), Francioli et al. (4),
Michaelson et al. (3), and Jónsson et al. (6), as well as the present study (Chernobyl). n, number of children
sequenced. [Image adapted from (39).]

Table 1. Distribution of detected DNMs in the Chernobyl trios. Results reported as events per
diploid genome per generation and proportion phased to paternal and maternal haplotypes.
Microsatellites are a smaller group within indels; the mean microsatellite count (5.62) is part of the
total mean indel count (16.18).

Detected DNM category Mean Median Range SD

Number of clusters 1.39 1 0–6 1.34
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of complex variants 0.38 0 0–5 0.77
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of indels 16.18 15 5–38 5.10
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of microsatellites 5.62 5.5 0–13 2.49
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of SNVs 72.22 69.5 47–121 13.36
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Total number of DNMs 90.17 88 69–143 15.94
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Phased to paternal haplotype 29.33 29 12–53 7.08
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Phased to maternal haplotype 8.61 8 2–20 4.07
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Proportion phased 42.1% 41.5% 27.6–55.8% 6.3%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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Our study evaluated peripheral blood from
adult children conceivedmonths or years after
the Chernobyl accident, so our ability to assess
exposure closer to the time of conception was
limited. However, there was no evidence of
notable differences in DNMs in children born
the year after the accident (1987). Because the
families in our study were recruited several
decades after the accident, we acknowledge po-
tential survivor bias among sampled children—
although this is unlikely because there is no
consistent demonstration in humans of sus-
tained clinical effects of preconception ioniz-
ing radiation exposure (36). The number of
parental gonadal radiation-induced double-
strand breaks could be lower than anticipated
based on animal data, which often assesses
acute exposure (as a single burst) at higher
doses [2 to 4 Gy (13, 37)]. Doses to which the
Chernobyl liquidators were exposed were
mostly lower and exposure was fractionated

over an extended period of time, which could
have decreased the probability of gonadal
DNMevents.Moreover, it is plausible that the
balance between radiation-induced mutations
and accurate repair over time favored the lat-
ter. Additionally, there could have been a loss
of power owing to dose errors. Further human
studies are needed to investigate the frequency
of radiation-induced mutations and the subse-
quent response to address both the accuracy
and efficiency of DNA repair. In a genomic
landscape analysis of 440 cases of papillary
thyroid cancer after the Chernobyl accident,
increased radiation exposure was associated
with a shift in tumor drivers from point mu-
tations to small indels and nonhomologous
end-joining events underlying fusions and
other structural variants (38). Notably, there
was no evidence of a radiation-specific single-
base substitution signature, gene expression
pattern, or methylation profile in cases of

thyroid cancer with comparable radiation
exposure history; instead, these were strongly
associated with the tumor driver.
The rate, class distribution, and SNV type

distribution of DNMs in adult children born to
parents exposed to ionizing radiation, specif-
ically of the type and amount relevant to
Chernobyl cleanup workers and evacuees, are
comparable to those reported in the general
population. No effect of radiation on the spe-
cific classes of DNMs (SNVs, indels, complex
variants, or clusters) was observed (table S5).
Paternal age remains the strongest contribu-
tor to DNMs, although DNMs increase (albeit
less so) with maternal age as well (Table 2
and table S4) (12). Our study sample did not
include mothers with high exposure levels
(>1 Gy), but lower maternal dose was not
associated with elevated DNMs, consistent
with animal studies (13). Furthermore, our
analysis of 130 adult children from 105 couples,
using 80× coverage of short-read technology,
suggests that if such effects onhumangermline
DNA occur, they are uncommon or of small
magnitude. Our study represents an effort to
systematically evaluate alterations in human
mutation rates in response to a human-made
disaster, such as accidental radiation exposure.
Investigation of trios drawn from survivors of
theHiroshima atomic bomb could shed further
light on this matter of public health. In sum-
mary, children of individuals exposed to either
occupational or environmental radiation do not
appear to experience elevated rates of DNMs
from their parents’ exposure. Thus, our study
does not provide support for a transgenera-
tional effect of ionizing radiation on germline
DNA in humans.
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Table 3. Sensitivity analyses of the impact of maternal and paternal cumulative radiation
dose modeling on association with DNMs. All models are adjusted for sequencing batch, maternal
and paternal age, and maternal and paternal smoking status. Additional analyses organized by dose
category are in table S6.

Dose measure Estimate 95% CI P value

Cumulative radiation dose (per mGy)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Maternal dose −0.02 −0.04, 0.007 0.17
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Paternal dose −0.0007 −0.003, 0.002 0.56
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Cumulative radiation dose truncated at 1000 (per mGy)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Maternal dose −0.02 −0.04, 0.009 0.21
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Paternal dose −0.003 −0.008, 0.001 0.17
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Cumulative log radiation dose (per ln(1 + mGy))
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Maternal dose −0.87 −2.12, 0.39 0.18
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Paternal dose −0.37 −1.07, 0.33 0.30
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... ..

Table 2. Associations of age at conception, cumulative ionizing radiation dose, and smoking
history with DNM count. Multiple regression estimates for age and radiation dose are average
changes in total DNMs per unit increase in the respective variables. Estimates for smokers are relative
to those for individuals who have never smoked. The model was additionally adjusted by sequencing
batch.

Variable Estimate 95% CI P value

Age at conception
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maternal age 0.46 −0.02–0.93 0.06
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Paternal age 1.94 1.51–2.36 3.65 × 10−15
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Cumulative radiation dose (per mGy)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maternal dose −0.02 −0.04–0.007 0.17
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Paternal dose −0.0007 −0.003–0.002 0.56
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Smoking history
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maternal former smoker −4.13 −10.74–2.49 0.22
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maternal current smoker 5.31 −0.18–10.81 0.06
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Paternal former smoker 0.91 −5.16–6.97 0.77
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Paternal current smoker 2.91 −0.93–6.75 0.14
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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Genomics of radiation-induced damage
The potential adverse effects of exposures to radioactivity from nuclear accidents can include acute consequences
such as radiation sickness, as well as long-term sequelae such as increased risk of cancer. There have been a few
studies examining transgenerational risks of radiation exposure but the results have been inconclusive. Morton et
al. analyzed papillary thyroid tumors, normal thyroid tissue, and blood from hundreds of survivors of the Chernobyl
nuclear accident and compared them against those of unexposed patients. The findings offer insight into the process of
radiation-induced carcinogenesis and characteristic patterns of DNA damage associated with environmental radiation
exposure. In a separate study, Yeager et al. analyzed the genomes of 130 children and parents from families in which
one or both parents had experienced gonadal radiation exposure related to the Chernobyl accident and the children
were conceived between 1987 and 2002. Reassuringly, the authors did not find an increase in new germline mutations
in this population.
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