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Abstract

Dichlorodiphenyltrichloroethane (DDT) has previously been shown to promote the epigenetic transgenerational inheritance
of adult onset disease in rats. The current study investigated the potential that sperm epimutation biomarkers can be used
to identify ancestral induced transgenerational obesity and associated pathologies. Gestating F0 generational female rats
were transiently exposed to DDT during fetal gonadal sex determination, and the incidence of adult-onset pathologies was
assessed in the subsequent F1, F2, and F3 generations. In addition, sperm differential DNA methylation regions (DMRs) that
were associated with specific pathologies in the transgenerational F3 generation males were investigated. There was an
increase of testis disease and early-onset puberty in the F2 generation DDT lineage males. The F3 generation males and
females had significant increases in the incidence of obesity and multiple disease. The F3 generation DDT males also had
significant increases in testis disease, prostate disease, and late onset puberty. The F3 generation DDT females had
increases in ovarian and kidney disease. Epigenetic alterations of the germline are required for the transgenerational inheri-
tance of pathology. Therefore, the F3 generation sperm was collected to examine DMRs for the ancestrally exposed DDT
male population. Unique sets of DMRs were associated with late onset puberty, prostate disease, kidney disease, testis
disease, obesity, and multiple disease pathologies. Gene associations with the DMR were also identified. The epigenetic
DMR signatures identified for these pathologies provide potential biomarkers for transgenerationally inherited disease
susceptibility.
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Introduction

Epigenetic transgenerational inheritance is a non-genetic form
of inheritance defined as ‘the germline transmission of epige-
netic information between generations that promotes pheno-
typic variation in the absence of continued direct
environmental exposures’ [1]. An example of an environmental
class of compounds that can promote the epigenetic transge-
nerational inheritance of disease is endocrine disruptors that
interfere with the action of endocrine hormones [2]. A number
of previous studies have revealed that environmental toxicants
such as the fungicide vinclozolin [1, 3], the herbicide atrazine [4,
5], plasticizers such as bisphenol A [6] and phthalates [6], the in-
sect repellant diethyltoluamide with the insecticide permethrin
[7], the pesticide methoxychlor [8], a hydrocarbon mixture jet
fuel [9], and industrial pollutants benzo[a]pyrene [10], biocide
tributyltin [11], mercury [12], and dioxins [13, 14] promote the
epigenetic transgenerational inheritance of disease susceptibil-
ity and sperm epimutations. The transgenerational disease pa-
thologies observed include testis [6, 15–17], prostate [14, 15],
ovarian [6–9, 14, 17], uterine [13, 18], kidney disease [8, 14, 15,
17], immune abnormalities [15], behavioral alterations [4, 19],
tumor development [15], and obesity [17].

Environmental exposures in early development can alter cel-
lular differentiation that increases the risk of chronic disease
later in life [20–22]. Epigenetic developmental plasticity allows
an organism to respond to the surrounding environment during
cell differentiation, changing the phenotype and gene expres-
sion without modifying the DNA sequence [23]. Methylation of
CpG dinucleotide residues is one of the most investigated forms
of epigenetic regulation [24]. DNA methylation is generally sta-
ble in adult differentiated somatic cells. In contrast, the epige-
nome goes through developmental cascades of methylation
changes during critical windows of development in order to pro-
mote the cell-type-specific gene expression patterns needed
[15, 25, 26]. Changes in the environmental conditions during
these critical windows, such as nutritional imbalances and en-
vironmental toxicants, can disrupt these processes and perma-
nently alter the methylation patterns of the cell [25, 27]. During
the development of primordial germ cells, there is an erasure of
DNA methylation during migration in the genital ridge [28–32].
Aberrant methylation of the germline due to environmental
insults would then cause germline epimutations that have the
potential to be inherited [33]. Exposure of an F0 generation ges-
tating female to an environmental toxicant also exposes the F1
generation fetus and the germline within the F1 generation fe-
tus that will develop into the F2 generation. A germline epimu-
tation can impact the stem cells in the embryo, which can
potentially alter all somatic cells in the subsequent generation.
When the altered germline methylation patterns are heritable
to the subsequent F3 generations, similar to imprinted-like
genes, the transmission of these epimutations is called epige-
netic transgenerational inheritance [34, 35] and impacts many
different somatic cells and tissues.

Dichlorodiphenyltrichloroethane (DDT) has been previously
shown to promote the epigenetic transgenerational inheritance
of disease [17]. Historically, DDT was one of the most commonly
used pesticides used to combat insect vectors of contagious dis-
eases [36]. DDT was banned in the USA in 1973, but it is still rec-
ommended by the World Health Organization for indoor
residual spray [37]. A number of epidemiological studies have
suggested that exposure to DDT and its metabolites are associ-
ated with an increase in obesity and insulin resistance [38–40].
Obesity is rapidly increasing in frequency and is associated with

severe health risks [41, 42]. The latest data from 2015–16 show a
39.8% overall prevalence of obesity in the USA [43]. The onset of
obesity is often associated with over-nutrition and a sedentary
lifestyle, but other factors increase the susceptibility to obesity
and metabolic disease [44]. India has experienced a 5-fold
increase of type II diabetes over the last three decades with a
predisposition to obesity already present at birth in much of
the population [45, 46]. In addition, India is by far the largest con-
sumer of DDT worldwide [36]. Although a large number of factors
may contribute to this increased incidence of obesity, the poten-
tial contribution of ancestral toxicant exposures in the induction
of obesity susceptibility requires further investigation.

Previous studies on DDT have focused primarily on F0 or F1
generation exposures [47]. Actions on the F0 and F1 generations
are direct exposure and have been previously shown to increase
the susceptibility to obesity [40, 48], neurological disease [49],
and impaired semen quality [50, 51]. Developmental exposure
to DDT and its metabolites can transgenerationally increase the
incidence of obesity, testicular, ovarian, renal, and pancreatic
pathologies in the F3 generation through epigenetic changes in
the germline [17, 52, 53]. Previous studies have shown that epi-
mutations in sperm are exposure-specific and may be used as
biomarkers in order to assess susceptibility to disease, and
should not be considered causally linked to the pathology
[4, 16]. Therefore, epigenetic marks such as differential DNA
methylation regions (DMRs) termed epimutations may be used
to identify a DDT-specific epigenetic signature to serve as bio-
markers for DDT-induced epigenetic transgenerational inheri-
tance of disease susceptibility.

The current study used a new colony of experimental rats
and further examined the observation that the exposure of a
gestating female during fetal gonadal sex determination to DDT
can promote the epigenetic transgenerational inheritance
of obesity and disease. The hypothesis investigated is that
epigenetic biomarkers for disease can be identified and used for
identification of transgenerational disease susceptibility due to
ancestral exposure to DDT. The study examines the potential
actions of DDT to influence the epigenetic transgenerational
inheritance, but was not designed for risk assessment.
Transgenerational disease pathologies examined include testis,
prostate, kidney, ovary disease, and obesity in 1-year-old
Sprague Dawley rats in the F1, F2, and F3 generation control and
DDT lineages. Although we compared pathologies in the differ-
ent generations and between sexes, the epigenetic analysis was
restricted to only the transgenerational F3 generation males.
This was due to the distinct molecular mechanism of direct ex-
posure toxicity in F1 and F2 generations compared to the trans-
generational germline-mediated transgenerational mechanism
in the F3 generation [54]. Therefore, we investigated the poten-
tial for pathology-specific epigenetic alterations to be used as
biomarkers to detect transgenerational adult-onset disease.

Results
Pathology Analysis

The actions of control vehicle [dimethylsulfoxide (DMSO)] ex-
posed and DDT (25 mg/kg body weight) treatments adminis-
tered to female rats (F0 generation) during Days 8–14 of
gestation were investigated. The control vehicle DMSO was not
found to influence pathology incidence compared to control
wildtype animals [15, 16]. The dose of DDT used is an antici-
pated environmental exposure [49, 55–58]. The F1 generation
(direct fetal exposure), F2 generation (direct germline exposure),
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and F3 generation (transgenerational) rats of control and DDT
lineages were aged to 1 year then euthanized for analysis. No in-
breeding (sibling or cousin crosses) was performed to eliminate
inbreeding artifacts [1]. The testis, prostate, kidney, and ovary
were collected and examined for the presence of specific histo-
logical abnormalities as described in the Methods. No effect was
observed on litter size, sex ratio, or weaning weights (P> 0.05)
for any generation (Supplementary Fig. S1). Therefore, negligible
overt toxicity to DDT was observed in the direct in utero
exposed F1 generation lineage.

For the purposes of this study, an animal was considered to
have a diseased tissue if the number of histological abnormali-
ties was markedly increased (i.e. >2 SD) compared to that of the
controls for that tissue, as described for each tissue in Methods.
The incidences of testis, prostate, and male kidney disease were
not significantly different between the control and DDT lineages
for either the F1 or F2 generation animals at one year of age
(Fig. 1A and B). There was a trend toward an increased rate of
testis and prostate disease in the F2 generation DDT rats; how-
ever, it was not statistically significant. The F1 and F2 genera-
tions had reduced numbers of animals so higher variability is
anticipated. The incidence of testis disease was significantly in-
creased in the F3 generation (P< 0.001) DDT lineage compared
to control (Fig. 1A). The incidence of prostate disease was also
found to be increased in F3 generation males (P< 0.05) (Fig. 1B).
Although there appeared to be a small change in the incidence
of prostate disease in the control lineage F2 and F3 generation
males, there was no statistical significance within the two con-
trol generations (P< 0.15). The F2 generation DDT rats had an in-
crease in prostate disease that was not significantly increased.
The disease ratio is actually higher in the F2 generation animals
than the F3 generation DDT rats. There was an increase of kid-
ney disease with a P¼ 0.058 in the F3 generation males (Fig. 1C).
The pubertal analysis identified early pubertal onset in males in
the F2 generation DDT lineage (F2 generation DDT n¼ 35 vs.
control n¼ 32), and a late pubertal onset in males in the F3 gen-
eration DDT lineage (F3 generation DDT n¼ 35 vs. control n¼ 33)
(Fig. 1D).

The incidence of female ovarian and kidney disease was not
found to be significantly different between the control versus
DDT lineages in the F1 or F2 generations. However, they were
both found to be significantly increased in DDT lineage F3 gen-
eration females (P< 0.001) (Fig. 2A and C). There were no female
pubertal abnormalities observed in any generation (Fig. 2B).
Tumor development was also monitored in males and females,
and there was no change in incidence observed between control
and DDT lineages in any generation (Fig. 2D). The F3 generation
1-year males and females were also assessed for behavioral
alterations using an elevated plus maze and open field analysis,
as described in the Methods. No significant effects on male or
female behaviors were observed (Supplementary Fig. S2).

The body weight, body-mass index (BMI), abdominal adipos-
ity, and adipocyte cell size were analyzed in order to assess the
incidence of obesity in DDT lineage males and females as de-
scribed in the Methods. There was no significant difference in
average weight at euthanization in the F1, F2, and F3 generation
control and DDT lineage males and females (Supplementary
Fig. S1A and B). The incidence of obesity was not found to be dif-
ferent within the control versus DDT lineage F1 or F2 generation
males and females. However, it was found to be significant in F3
generation males (P< 0.01) and females (P< 0.05) (Fig. 1F and
2E). Although the female obesity is statistically significant in the
F3 generation DDT females, it is important to note that the ra-
tios of disease have not significantly changed and the incidence

of obesity between the F1 generation female controls and the F3
generation female controls decreased.

The specific disease associated with each individual animal
is shown in Table 1 and Supplementary Tables S1–S3. This in-
formation was used for the analysis of multiple (�2) disease in-
cidence. The incidence of multiple disease in the F1 generation
males or females and F2 generation males or females was not
significantly different between control and DDT lineages. The
incidence of multiple diseases in F3 generation DDT lineage
males and females was significantly increased in comparison to
the control lineage (Fig. 1G and 2F). Therefore, transgenerational
pathologies (F3 generation) of late puberty, obesity, testis, pros-
tate, and multiple disease were observed in the DDT lineage
males. Obesity, ovarian, kidney, and multiple disease transge-
nerational pathologies (F3 generation) were observed in the
DDT lineage females.

Disease Associated Sperm Epimutations

Previous studies have shown several environmental toxicants
can promote DMRs in the F3 generation sperm [1, 16, 59]. A re-
cent study found ancestral exposure to DDT induces epigenetic
alterations in sperm DNA methylation, non-coding RNA, and
histone retention sites with distinct differences between the F1,
F2, and F3 generations [60]. The current study investigated the
sperm disease-specific epimutations in F3 generation DDT line-
age males. DMRs from the F3 generation DDT lineage sperm
samples were identified that associated with the specific pa-
thologies identified. The majority of the DMRs were single 100-
bp windows, but some of them were multiple-window DMRs.
The genome was bioinformatically fragmented into 100-bp seg-
ments (i.e. windows) to identify statistically significant differen-
ces in DNA methylation (i.e. read depth changes) to identify the
DMRs [60]. Both single- and multiple-window data sets are pre-
sented with different P-values in Fig. 3 for all disease-specific
biomarkers. Although DMRs at different P-values for the differ-
ent pathologies are potentially important, the selected DMR
data sets at P< 1e-08 for late puberty, P< 1e-07 for kidney dis-
ease, and P< 1e-05 for prostate disease, testis disease, obesity,
and multiple disease were further investigated. The differing P-
values were used to allow a more balanced comparative analy-
sis of the disease-specific DMRs. The lists of the specific disease
DMRs (chromosomal locations, size, CpG density, increased/de-
creased methylation ratios, and associated genes) are presented
in Supplementary Tables S4–S9.

Animals were separated into groups based on whether they
had a specific pathology or not. Comparison of these groups us-
ing the methylated DNA immunoprecipitation (MeDIP)-Seq data
identified a DMR data set or signature that was associated with
each pathology. The analyses identified epimutation signatures
comprised 966 DMRs at P< 1e-08 for late puberty, 371 DMRs at
P< 1e-05 for prostate disease, 178 DMRs at P< 1e-05 for testis
disease, 154 DMRs at P< 1e-07 for kidney disease, 95 DMRs at
P< 1e-05 for obesity, and 416 DMRs at P< 1e-05 as an epimuta-
tion signature for multiple disease (Fig. 3A–F). The list of DMRs
for late puberty, prostate disease, kidney disease, testis disease,
obesity, and multiple disease is presented in the
Supplementary Tables S4–S9.

Compared to those of late puberty and kidney disease, the
obesity and other disease DMR signatures were more variable.
However, the presence of multiple diseases within rats may be
confounding factors when identifying specific signatures for a
particular disease. Supplementary Table S3 details specific pa-
thologies for the F3 generation DDT lineage males used in the
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study. For example, there were only 5 out of 17 males with obe-
sity that were not paired with other pathologies. Eight of the
animals with obesity also had testis disease while the others
also had prostate or kidney disease. Therefore, the association

of obesity with other diseases may act as confounding factors in
the identification of specific epigenetic disease signatures.

The chromosomal locations of the DDT lineage DMRs associ-
ated with the late puberty phenotype, prostate disease, kidney

Figure 1: pathology analysis in F1, F2, and F3 generation control and DDT lineage 1-year-old male rats. (A) Testis disease frequency, (B) prostate disease frequency, (C)

male kidney disease frequency, (D) average age at puberty for males, (E) tumor frequency in males, (F) male obesity frequency, and (G) multiple disease. The pathology

number ratio with total animal number is listed for each bar graph (A–G), statistical significance is represented with the P-value indicated (*P<0.05; **P< 0.01;

***P<0.001)
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disease, testis disease, and multiple disease are presented
(Fig. 4A–F). DMRs or epimutation signatures show that all chro-
mosomes but Y are involved. The DMR chromosomal locations
of the DDT obesity phenotype show that all chromosomes but
12, 18, and Y are involved (Fig. 4E). All epimutation signatures
investigated contained DMR clusters represented as black
boxes. Each disease epimutation signature was characterized by
examining the DMR genomic features. All potential biomarkers
(i.e. DMRs) had a CpG density of primarily 1–2 CpG per 100 bp
(Supplementary Fig. S3). These low-density CpG regions are re-
ferred to as CpG deserts [61]. All potential disease biomarkers
had a DMR length of �1 kb (Supplementary Fig. S4). Therefore,
the potential disease biomarkers had an average of 10–20 CpGs
per DMR.

The specific disease DMRs identified appear to be present in
the majority of the animals analyzed with that disease in com-
parison to the non-disease population. Analysis of the individ-
ual DMRs for each specific disease signature determined that
the significant read depth alterations were present in nearly all
the animals used to generate the DMRs and that specific signa-
ture. Therefore, the majority of animals do appear to have the
DMR signature identified at the P-value threshold selected. The

specific disease DMRs (epimutations) were found to have mini-
mal overlap with those of the other diseases (Fig. 5A). There is
minimal DMR overlap between multiple disease, kidney dis-
ease, and late puberty (Fig. 5B). Therefore, the disease-specific
DMRs appear to be potential biomarkers unique for each
disease.

A principle component analysis (PCA) of the DMRs in each of
the specific pathology epimutation signatures was performed.
Generally, when using the DMRs associated with pathologies the
DMRs cluster separately from those associated with individuals
without those pathologies (Supplementary Fig. S5). Distinct clus-
terings for late puberty, prostate disease, kidney disease, testis
disease, obesity, and multiple disease were observed using the
DMR PCA (Supplementary Fig. S5A–F). Interestingly, the obesity
analysis resulted in two separate clusters of the obese individuals
(Supplementary Fig. S5E). The DMR PCA analyses suggest that the
control versus DDT lineage DMRs are distinct. The genome-wide
PCA analysis was also performed and shown to provide separa-
tion for the puberty, kidney, obesity, and testis diseases, and less
separation for the prostate and multiple diseases.

The DMR-associated genes were identified and listed in
Supplementary Tables S4–S9. These genes were identified

Figure 2: pathology analysis in F1, F2, and F3 generation control and DDT lineage 1-year-old female rats. (A) Ovary disease frequency, (B) average age at puberty for

females, (C) female kidney disease frequency, (D) tumor disease frequency, (E) female obesity frequency, and (F) multiple disease. The pathology number ratio with to-

tal animal number is listed for each bar graph (A–F), statistical significance is represented with the P-value indicated (*P<0.05; **P<0.01; ***P<0.001)
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within 10 kb of the DMRs to include a promoter of the gene. The
genes were categorized for functional relationships, and the
DMR-associated gene categories are presented in Fig. 6A. The
predominant categories of each disease DMR set were signaling,

transcription, metabolism, and receptors. Potential gene path-
ways associated with the DMR-associated genes for each dis-
ease group of DMRs are listed in Fig. 6B. Signaling pathways
were the more common pathways observed.

Table 1: F3 generation DDT lineage male individuals pathology

Puberty Testis Prostate Kidney Tumor Lean Obese Multiple disease Total disease

Rat ID Early Late
DM1 14D5-3-3-8 2 1 1 2 2 2 2 1 1 3
DM2 14D5-3-3-9 2 2 1 1 1 2 1 2 1 4
DM3 14D5-3-3-10 2 2 1 1 2 2 2 2 1 2

14D5-3-3-11 2 2

14D5-3-3-12 2 1

14D5-3-3-13 2 2

DM4 14D5-3-4-4 2 2 2 2 2 2 2 1 2 1
DM5 14D5-3-4-5 2 2 2 1 1 2 2 2 1 2
DM6 14D5-3-21-6 1 1 2 2 2 2 1 2
DM7 14D5-3-21-7 1 2 1 2 2 2 1 2
DM8 14D5-3-21-8 2 2 2 2 2 2 2 0
DM9 14D5-3-21-9 1 2 2 2 2 1 1 2
DM10 14D5-3-21-10 1 2 2 2 2 1 1 2
DM11 14D8-3-10-6 2 2 2 2 2 1 2 1
DM12 14D8-3-10-7 1 2 2 2 2 2 2 1

14D8-3-10-8 2 1

14D8-3-10-10 2 1

DM13 14D8-3-10-11 2 1 2 2 2 2 2 2 2 1
DM14 14D8-3-10-12 2 2 2 2 1 2 2 1
DM15 14D8-3-10-13 2 1 2 1 2 2 2 2 1 2
DM16 14D10-3-5-6 2 1 1 2 2 2 1 2 1 3
DM17 14D10-3-5-7 2 1 1 2 1 2 1 2 1 4
DM18 14D10-3-5-8 2 1 1 2 1 2 2 2 1 3
DM19 14D10-3-5-9 2 1 2 1 1 2 2 2 1 3
DM20 14D10-3-5-10 2 1 2 2 1 2 2 2 1 2
DM21 14D10-3-5-11 2 1 2 2 1 2 1 2 1 3
DM22 14D11-3-6-10 2 1 1 2 1 2 2 1 1 4
DM23 14D11-3-6-11 2 2 2 2 2 2 2 2 2 0
DM24 14D11-3-6-12 2 2 2 2 1 2 2 1 1 2
DM25 14D11-3-6-13 2 2 1 2 2 2 2 1 1 2
DM26 14D12-3-7-7 2 2 1 2 2 2 2 1 1 2
DM27 14D12-3-7-8 2 2 2 2 2 2 2 2 2 0

14D12-3-7-9 2 2

14D12-3-7-10 2 2

14D12-3-7-11 2 2

14D12-3-7-12 2 2

DM28 14D13-3-8-9 2 2 2 2 2 2 2 2 2 0
DM29 14D13-3-8-10 2 2 2 2 2 2 2 1 2 1

14D13-3-8-11 2 2

14D13-3-8-12 2 2

DM30 14D15-3-23-2 2 2 2 2 2

DM31 14D15-3-23-3 2 1 - 2 2 1 1 2
DM32 14D15-3-23-4 2 1 1 2 2 1 1 3
DM33 14D15-3-23-5 1 2 2 2 2 1 1 2
DM34 14D15-3-23-6 2 2 1 2 2 2 2 1 1 2

14D15-3-23-10 2 2

DM35 14D15-3-25-3 2 2 2 2 2 1 2 1
DM36 14D15-3-25-4 2 2 2 2 2 2 2 0
DM37 14D15-3-25-5 1 2 2 2 2 2 2 1
DM38 14D15-3-25-6 2 1 2 2 2 1 1 2
DM39 14D15-3-25-7 2 2 2 2 2 1 2 1
DM40 14D15-3-25-8 2 2 2 2 2 1 2 1

Affected 0 13 18 9 11 0 5 19 24 34
Population 35 35 39 39 39 40 40 40 39 39

Multiple �2 Total �1
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Discussion

The current study was designed to further investigate the trans-
generational actions of DDT, and investigate potential bio-
markers for specific transgenerational pathologies. Classic
toxicology studies only evaluate direct exposure of an individ-
ual while future generations are not assessed. Previously, trans-
generational pathologies such as obesity, testis disease, ovarian
disease, and kidney disease were observed in the F3 generation
of DDT lineage animals [17]. The results of the current study
suggest that future risk assessment studies should consider
multigenerational or transgenerational impacts. Pathologies
can differ between generations as the F1 generation involves di-
rect exposure, the F2 generation involves both direct exposure
to the germline and generational actions, while the F3 genera-
tion is mediated through the germline transgenerationally [35].
The F1 generation that is directly exposed would have somatic
effects, and potential changes in development while the F3 gen-
eration would involve epigenomic alterations of the germline
that could subsequently affect all somatic epigenomes and
transcriptomes. This potentially increases the susceptibility
to disease in the F3 generation compared to the F1 and F2

generations. Therefore, the molecular mechanisms are distinct
for each generation between direct exposure and transgenera-
tional germline-mediated ancestral exposure [3]. It should be
noted that the higher numbers of F3 generation control and
DDT lineage animals were evaluated compared to the lower
numbers evaluated for the F1 and F2 generations. This increases
the statistical sensitivity to detect abnormalities in the F3 gen-
eration, and should be taken into consideration when inter-
preting results. Therefore, the trend toward an increase in
testis abnormalities in F2 generation DDT males may become
significant with a larger colony size, but more studies with an
increased n-value are needed in order to make that determina-
tion. The differences between generations in the pathologies
observed in the study appear to be due in part to the direct ex-
posure of the F1 and F2 generations versus the transgenera-
tional F3 generation. The emphasis of the current study is to
compare control and DDT lineage animals within the same gen-
erations. The current study focused on the transgenerational F3
generation for epigenetic analysis of potential transgenera-
tional disease biomarkers.

Pathologies assessed included testis disease, ovarian
disease, prostate disease, kidney disease, and obesity. The F1

Figure 3: disease-specific DMR analysis. The number of DMRs found using different P-value cutoff thresholds are presented. The All Window column shows all DMRs.

The Multiple Window column shows the number of DMRs containing at least two significant windows. The number of DMRs with each specific number of significant

windows is shown: (A) late puberty, (B) prostate disease, (C) kidney disease, (D) testis disease, (E) obesity, and (F) multiple disease
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generation DDT lineage rats did not have any significant differ-
ence in disease incidence compared to controls. Therefore, the
in utero direct exposure did not promote somatic cell effects
that increase adult-onset disease susceptibility. However, it is
proposed that DDT altered the germline to induce heritable epi-
mutations that increase the incidence of disease in later life of
offspring. The F3 generation DDT rats had increased rates of tes-
tis disease, prostate disease, female kidney disease, ovarian dis-
ease, obesity, delayed onset male puberty, and multiple disease.
These results are similar to previous observations in a transge-
nerational model of DDT exposure [17].

Pathologies and abnormalities were evaluated in DDT line-
age rats in comparison with DMSO control lineage rats, as
DMSO was the vehicle in which DDT was dissolved when pre-
paring treatment solutions for injection into the F0 generation

females. A recent study has compared the effects of ancestral
exposure to DMSO with exposure to phosphate-buffered saline,
and found no differences in disease rates in subsequent genera-
tions between these two control populations [62]. This suggests
that DMSO exposure itself has little effect on transgenerational
disease incidence.

Increased abdominal adiposity and weight were used to as-
sess obesity in a previous study of transgenerational inheri-
tance of disease in ancestral exposure to DDT [17]. To further
investigate the obese phenotype previously observed in the F3
generation, a BMI was established and gonadal fat pad tissue
was analyzed for cell size. There was no significant increase in
obesity between the F1 and F2 generation DDT lineage animals.
Both the male and female F3 generation DDT lineage animals
had a significant increase in the obese phenotype compared to

Figure 4: chromosomal locations of disease-specific DMRs. DMR locations on the individual chromosomes are presented. (A) Late puberty, all DMRs at a P-value thresh-

old of 1e-08 are shown. (B) Prostate disease, all DMRs at a P-value threshold of 1e-05 are shown. (C) Kidney disease, all DMRs at a P-value threshold of 1e-07 are shown.

(D) Testis disease, all DMRs at a P-value threshold of 1e-05 are shown. (E) Obesity, all DMRs at a P-value threshold of 1e-05 are shown. (F) Multiple disease, all DMRs at a

P-value threshold of 1e-05 are shown. The red arrowhead indicates the DMR location and black box a cluster of DMRs
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controls. Future studies will be needed to investigate the contri-
bution of ancestral exposures and the epigenetic transgenera-
tional inheritance of obesity.

The total level of pathology per rat was assessed. There was
a significant increase of multiple diseases (�2 diseases) in the
F3 generation DDT lineage males and females. In the F3 genera-
tion DDT lineage, 51.6% of females and 61.5% of males had at
least two or more pathologies. The results correlate to previous
observations in a transgenerational model of DDT exposure
[17]. Other epigenetic transgenerational inheritance models of
environmental toxicant exposure have also observed similar

trends including atrazine, dioxin, and methoxychlor exposure
[4, 8, 14]. The incidence of multiple chronic diseases has risen in
the last two decades [63]. Greater than 85% of the human popu-
lation has at least one chronic disease and approximately one
in four people in the world have multiple chronic diseases [64,
65]. Environmentally induced epigenetic transgenerational in-
heritance of disease susceptibility should be considered in the
etiology of this multiple chronic disease condition.

The individual sperm epigenomes were analyzed in the F3
generation DDT lineage in order to potentially identify epimuta-
tions that may correlate with specific pathologies seen within

Figure 5: DMR overlap Venn diagram for specific disease DMRs. (A) The overlaps for specific diseases and (B) overlaps with multiple disease are presented
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the F3 generation. The individuals with the specific pathology
were grouped and compared to those without the specific pa-
thology within the F3 generation DDT lineage males. This analy-
sis was performed within the same treatment group and
generation in order to avoid the potential confounding factor of
differences in methylation specific to the ancestral exposure.
Therefore, the analysis identified sperm epimutation signatures
for each specific transgenerational disease (Fig. 5). The chromo-
somal locations of the late puberty, obesity, kidney, testis, pros-
tate, and multiple disease DMRs and DMR clusters for potential
epimutation signatures are shown in Fig. 4. However, the level

of disease within the F3 generation DDT lineage males was very
high and there were only five total individuals without any dis-
ease (Table 1). Future analysis of these and other animals with
no pathology may be useful to identify disease preventative epi-
genetics. Therefore, all comparisons had individuals in the dis-
ease group with additional other disease, and non-disease-
specific groups with individuals with other disease. The pres-
ence of other diseases is a confounder in the analysis that is
expected to increase variation in the data, and reduce the signif-
icance of the epimutation disease signatures identified.
Although we identified disease-specific signatures in the

Figure 6: DMR gene associations. (A) DMR-associated gene functional categories (genes within 10-kb DMR). (B) KEGG pathways containing DMR-associated genes.

Number of DMR-associated genes in pathway is provided in brackets. Pathways in bold are common to at least two pathology DMR sets
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current analysis, future studies will need to include larger
groups of individuals without multiple disease. The current
study clearly demonstrates the feasibility to identify disease-
specific epigenetic biomarkers and potential diagnostics for dis-
ease. The presence of co-morbidities and multiple disease
needs to be considered a confounder in this type of analysis.

Interestingly, the obesity epimutation signature demon-
strated separate clusters of disease populations versus the sin-
gle cluster in the non-disease population (Supplementary Fig.
S5). This suggests multiple disease parameters, as expected
with obesity, may be contributing to the pathology. This may
limit the ability of a specific obesity diagnostic to be developed.
The multiple comorbidities of obesity include cardiovascular
disease, type II diabetes, non-alcoholic fatty liver disease, cer-
tain cancers, stroke, and kidney disease [66–69]. Therefore, a
certain mixture of these pathologies may lead to the etiology of
an individual’s obesity, but not be the same for other obese indi-
viduals. Although, it may be difficult to obtain a specific obesity
epimutation biomarker, it is possible that expanded populations
that have negligible other diseases may allow a more significant
obesity signature to be identified.

This is one of the first demonstrations that a transgenera-
tional disease- or pathology-specific epigenetic biomarker could
be potentially identified and correlated with the majority of the
animals with the pathology. A biomarker involves the associa-
tion of the molecular component with the disease. This does
not suggest a causal relationship to the disease, but simply a
biomarker for the associated disease. A diagnostic requires the
validation of the biomarkers with blinded test sets of individu-
als and data, as well as more extensive statistical analysis with
increased numbers of individuals. Although the current study
demonstrates the potential existence of epigenetic biomarkers
for disease, future studies are needed to assess their diagnostic
capabilities. The observation of distinct epimutation signatures
for each disease or pathology suggests that epigenetic diagnos-
tics or biomarkers for transgenerational disease may be disease
specific and unique. The non-disease comparisons suggest a
significance for the epimutation signatures identified; however,
future analysis will need to evaluate larger populations of indi-
viduals without disease to reduce the confounding effects of
multiple disease. Therefore, epigenetic biomarkers or diagnos-
tics provide preliminary evidence for preconception diagnosis
of increased susceptibility to transgenerational disease in off-
spring. This concept could have a significant impact on preven-
tative medicine and public health outcomes in regards to the
early identification and management of disease.

Conclusions

The current study demonstrates that DDT exposure of a gestat-
ing female during gonadal sex determination of the fetus pro-
motes the epigenetic transgenerational inheritance of disease
and sperm epimutations. No significant pathology was detected
in the F1 generation, but a significant increase in disease and
pathology was observed in the F3 generation DDT lineage male
and female rats. Therefore, future assessment of exposure tox-
icity needs to consider transgenerational impacts. A transge-
nerational increase in testis disease, prostate disease, female
kidney disease, ovarian disease, obesity in both males and
females, and increase in multiple disease susceptibility was ob-
served in both males and females. The F3 generation males
were used to identify potential unique signatures (groups) of
DMRs associated with late puberty, prostate disease, kidney dis-
ease, testis disease, obesity, and multiple diseases. This

provides a preliminary proof of concept that epigenetic bio-
markers for disease can be identified, and potentially used in
the future to diagnose disease and disease susceptibility.

Methods
Animal Studies and Breeding

Sprague DawleyVR TMSDVR TM male and female rats were fed a stan-
dard diet and given water ad lib then pair-mated at 70–100 days
of age [70]. On gestational days 8 through 14 [71], the pregnant
females were administered daily intraperitoneal injections of
DDT (25 mg/kg BW/day) or DMSO (vehicle). The dose of DDT
used is an anticipated environmental exposure [49, 55–58]. The
p,p0-DDT was obtained from Chem Services (West Chester, PA,
USA), and was injected as a 25 mg/ml solution in DMSO as previ-
ously described [17]. Treatment lineages are designated ‘control’
and ‘DDT’ lineages. The treated gestating female rats were con-
sidered to be the F0 generation. These were new rat colonies
and treatment lineages started in 2014, rather than a re-
analysis or rats from previous studies [17]. The F1 generation
was the offspring of the F0 generation rats. The F2 generation
was obtained after breeding the F1 generation control or DDT
lineage males and females at 70–90 days of age. The F2 genera-
tion rats were bred to obtain F3 generation offspring. No sibling
or cousin breedings were performed. The F1–F3 generation off-
spring were not themselves treated directly with DDT. The con-
trol and DDT lineages were housed in the same room and racks
with lighting, food, and water as previously described [15, 16,
54]. All experimental protocols for the procedures with rats
were pre-approved by the Washington State University Animal
Care and Use Committee (protocol IACUC # 6252), and all meth-
ods were performed in accordance with the relevant guidelines
and regulations.

Tissue Harvest and Histology Processing

Twelve-month-old rats were euthanized via CO2 inhalation and
cervical dislocation prior to tissue harvest. Body weight and
length were measured at dissection time. Testis, prostate,
ovary, kidney, and gonadal fat were fixed in Bouin’s solution
(Sigma) followed by 70% ethanol, then processed for paraffin
embedding, sectioning and hematoxylin and eosin (H & E) stain-
ing by standard procedures for histopathological examination
by Nationwide Histology, Spokane, WA, USA [70].

Histopathology Examination and Disease Classification

Testis, prostate, kidney, and ovary histopathological evalua-
tions were performed to determine the incidence of disease in
each tissue [70]. The tissues evaluated histologically were se-
lected from previous literature showing them to have pathology
in transgenerational models [1, 4, 6–9, 14, 15, 17, 59] with an em-
phasis on reproductive organs. The Washington Animal
Disease Diagnostic Laboratory (WADDL) at the Washington
State University College of Veterinary Medicine has board certi-
fied veterinary pathologists and assisted in initially establishing
the criteria for the pathology analyses and identifying parame-
ters to assess [15]. Histopathology readers were trained to recog-
nize the specific abnormalities evaluated for this study in rat
testis, ventral prostate, ovary, and kidney (see below). Three dif-
ferent pathology readers were used for each tissue and blinded
to the treatment groups. A set of quality control (QC) slides was
generated for each tissue and was read by each reader prior to
evaluating any set of experimental slides. These QC slide results
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are monitored for reader accuracy and concordance. WADDL
was consulted when any questions developed. WADDL per-
formed full necropsies as required on animals that died prior to
the time of scheduled sacrifice at 1 year, and performed tumor
evaluations in the current study.

As previously described [4, 54], testis histopathology criteria
included the presence of vacuoles in the seminiferous tubules,
azoospermic atretic seminiferous tubules, the presence of
sloughed spermatogenic cells in center of the tubule, a lack of a
tubule lumen, and increased apoptosis of germ cells as deter-
mined by TUNEL assay. As previously described [72, 73], pros-
tate histopathology criteria included the presence of vacuoles in
the glandular epithelium, atrophic glandular epithelium
encompassing more than one-third of a gland, and hyperplasia
of prostatic gland epithelium. Kidney histopathology criteria in-
cluded markedly reduced size of glomerulus, thickened
Bowman’s capsule, and the presence of proteinaceous fluid-
filled cysts >50 lm in diameter. Ovary sections were assessed
for the two pathologies of primordial follicle loss and ovarian
cysts as previously described [74]. Ovarian cysts have little or no
granulosa cell layer, a smooth border, and are 50–250 lm (small
cysts) or >250 lm (large cysts) in diameter. A cut-off was estab-
lished to declare a tissue ‘diseased’ based on the mean number
of histopathological abnormalities plus 2 SDs from the mean of
control group tissues, as assessed by each of the three individ-
ual observers blinded to the treatment groups. This number
was used to classify rats into those with and without testis,
ovary, prostate, or kidney disease in each lineage. A rat tissue
section was finally declared ‘diseased’ only when at least two of
the three observers marked the same tissue section ‘diseased’.

Age of puberty was defined in females as the age of vaginal
opening, and in males as the age of balano-preputial
separation.

Obesity Phenotype Analysis

Obesity was assessed with an increase in adipocyte size (area),
BMI, and abdominal adiposity as previously described [70].
Previous studies have used these parameters to assess toxicant
impacts on transgenerational obesity [4, 6, 9, 17]. The parame-
ters for the adipocyte area in females are <2618 lm for lean,
between 2618 and 4643 lm for non-obese, and >4643 lm for
obese. The parameters for the adipocyte area in males are
<2526 lm for lean, between 2526 and 3979 lm for non-obese,
and >3979 lm for obese. The parameters for BMI in females are
<0.6081 g/cm2 for lean, between 0.6081 and 0.7971 g/cm2 for
non-obese, and >0.7971 g/cm2 for obese. The parameters for
BMI in males are <0.8196 g/cm2 for lean, between 0.8196 and
1.0354 g/cm2 for non-obese, and >1.0354 g/cm2 for obese.

Behavior Analysis

An elevated plus maze and open-field test were performed for
behavioral analysis as previously described [19, 70, 75]. Elevated
plus maze data were obtained from 19 DDT lineage males, 29
DDT lineage females, 17 control males, and 27 control females.
Open-field data were obtained from 24 DDT lineage males, 41
DDT females, 18 control males, and 34 control females.

Statistical Analyses for Histopathological Analysis

Pubertal age and behavioral parameters were analyzed using a
Student’s t-test. For results expressed as the proportion of af-
fected animals that exceeded a pre-determined threshold (tes-
tis, prostate, kidney or ovary disease frequency, tumor

frequency, obese frequency, multiple disease frequency), groups
were analyzed using Fisher’s exact test. The incidence of dis-
ease in rats from each lineage was assessed and the proportion
of individual disease and multiple disease incidences was com-
puted. For the individual diseases, only those rats that had his-
topathology assessed are included in the computation. For the
multiple diseases, the total number of diseases for each rat was
assessed, and the number added up for each of the rats. The
single- or multiple-disease proportions are listed in
Supplementary Tables S1–S3.

MeDIP-Seq

DNA was isolated from caudal epididymal sperm as previously
described [70]. Briefly, the epididymis from each rat was dis-
sected free of fat and connective tissue, a small cut made to the
cauda and the tissue placed in 6 ml of phosphate-buffered sal-
ine for 20 min at room temperature. The epididymal tissue was
coarsely minced and the released sperm centrifuged at 4000 � g
for 5 min and pellet resuspended in NIM buffer and stored at
�20�C until processed further. Fifty to 100 ll of rat sperm sus-
pension were used for DNA extraction. The suspension was
sonicated for 5 s (Fisher Sonic Dismembrator, model 300, power
25) to lyse any somatic cells as sperm heads are resistant to son-
ication [76, 77], then centrifuged 5 min at 6000 � g, supernatant
discarded and sperm washed again to remove somatic cells and
debris.

Each F3 generation individual’s sperm DNA sample was ana-
lyzed individually. MeDIP and MeDIP-Seq were performed as
previously described [70]. Sequencing libraries were created
from MeDIP (single stranded) DNA using the NEBNextVR UltraTM

RNA Library Prep Kit for IlluminaVR (San Diego, CA) starting at
step 1.4 (second strand synthesis) of the manufacturer’s proto-
col to generate double-stranded DNA from the single-stranded
DNA received through the MeDIP procedure. Afterwards, the
manufacturer’s protocol was followed. Next-generation se-
quencing was performed at the WSU Spokane Genomics core
using Illumina HiSeq 2500 with a PE50 application, with a read
size of �50 bp and �25 million reads per sample.

Statistics and Bioinformatics

The basic read quality was verified using summaries produced
by the FastQC program. The new data were cleaned and filtered
to remove adapters and low-quality bases using Trimmomatic
[78]. The reads for each MeDIP sample were mapped to the Rnor
6.0 rat genome using Bowtie2 [79] with default parameter
options. The mapped read files were then converted to sorted
BAM files using SAMtools [80]. The DMRs were identified
through a non-biased analysis such that all DMRs at a specific
P-value threshold were used for the disease biomarker. The ref-
erence window was broken into 100-bp windows in order to
identify DMRs. The duplicate reads likely to be PCR artifacts
were removed prior to the DMR analysis. The MEDIPS R package
[81] was used to calculate differential coverage between control
and exposure sample groups. The edgeR P-value [82] was used
to determine the relative difference between the two groups for
each genomic window. DMRs were considered as having win-
dows with an edgeR P-value that was less than an arbitrarily se-
lected threshold. The DMR edges were extended until no
genomic window with an edgeR P-value <0.1 remained within
1000 bp of the DMR. CpG density and other information were
then calculated for the DMR based on the reference genome.
A PCA on all DMR sites for the control and DDT lineage
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comparison was performed [83] with the use of the prcomp
function in R (www.R-project.org). In addition, the false-discov-
ery rate (FDR) adjusted P-values were calculated. At an FDR P-
value threshold of <0.05 the DMRs at for late puberty and kid-
ney disease were validated. The FDR P-value threshold of 0.3 or
0.2 for DMRs at P< 1e-05 for prostate disease, testis disease, obe-
sity, and multiple disease was obtained. This FDR is less strin-
gent than the traditional standard of 0.1. Therefore, the data
sets for prostate, testis, obesity, and multiple disease have
higher variability.

DMRs were annotated using the biomaRt R package [84] to
access the Ensembl database [85]. The genes that overlapped
with DMR were then input into the KEGG pathway search [86,
87] to identify associated pathways. The DMR-associated genes
were then sorted into functional groups using information pro-
vided by the DAVID [88] and Panther [89] databases incorpo-
rated into an internal curated database (www.skinner.wsu.edu
under genomic data). All molecular data have been deposited
into the public database at NCBI (GEO # GSE114032) and R code
computational tools available at GitHub (https://github.com/
skinnerlab/MeDIP-seq) and www.skinner.wsu.edu.

Availability of Data and Material

All molecular data have been deposited into the public database
at NCBI (GEO # GSE114032) and R code computational tools
available at GitHub (https://github.com/skinnerlab/MeDIP-seq)
and www.skinner.wsu.edu.
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