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Abstract

Environmental factors during fetal development can induce a permanent epigenetic change in the germ line (sperm) that
then transmits epigenetic transgenerational inheritance of adult-onset disease in the absence of any subsequent exposure.
The epigenetic transgenerational actions of various environmental compounds and relevant mixtures were investigated
with the use of a pesticide mixture (permethrin and insect repellant DEET), a plastic mixture (bisphenol A and phthalates),
dioxin (TCDD) and a hydrocarbon mixture (jet fuel, JP8). After transient exposure of F0 gestating female rats during the
period of embryonic gonadal sex determination, the subsequent F1–F3 generations were obtained in the absence of any
environmental exposure. The effects on the F1, F2 and F3 generations pubertal onset and gonadal function were assessed.
The plastics, dioxin and jet fuel were found to promote early-onset female puberty transgenerationally (F3 generation).
Spermatogenic cell apoptosis was affected transgenerationally. Ovarian primordial follicle pool size was significantly
decreased with all treatments transgenerationally. Differential DNA methylation of the F3 generation sperm promoter
epigenome was examined. Differential DNA methylation regions (DMR) were identified in the sperm of all exposure lineage
males and found to be consistent within a specific exposure lineage, but different between the exposures. Several genomic
features of the DMR, such as low density CpG content, were identified. Exposure-specific epigenetic biomarkers were
identified that may allow for the assessment of ancestral environmental exposures associated with adult onset disease.
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Introduction

Epigenetic transgenerational inheritance provides an alternative

molecular mechanism for germ line transmission of environmen-

tally induced phenotypic change compared to that of classic

genetics [1,2]. Most factors do not have the ability to modify DNA

sequence, but environmental factors such as nutrition or various

toxicants can influence epigenetic processes to mediate alterations

in genome activity [1,3]. Environmental epigenetics focuses on

how a cell or organism responds to environmental factors or insults

to create altered phenotypes or disease. Previous observations have

demonstrated that the exposure of a gestating female to the

environmental fungicide compound vinclozolin [4] during fetal

gonadal sex determination promotes a reprogramming of the male

germ line epigenome [2]. The altered DNA methylation profile in

the sperm becomes permanently reprogrammed to create an

abnormal epigenome in the embryo and all cells and tissues

derived from that embryo [5]. Later in life the animals develop

adult onset disease states such as mammary tumors, prostate

disease, kidney disease, testis abnormalities, and immune abnor-

malities at high (20–50%) frequencies [6]. Due to the imprinted-

like nature of the altered epigenetic DNA methylation sites, the

germ line (sperm) transmit this epigenome and adult onset disease

phenotype to subsequent generations, which is termed epigenetic

transgenerational inheritance [1]. The basic mechanism involves

the ability of an environmental factor (compound) to alter the

germ line DNA methylation program to promote imprinted-like

sites that then transmit an altered epigenome that subsequently

promotes adult onset disease phenotypes transgenerationally [1,2].

The vast majority of environmental exposures act on somatic cells

at critical windows of development to influence phenotype and/or

disease in the individual exposed, but this will not become

transgenerational [1,3]. In the event the critical window for the

primordial germ cell is affected by environmental exposure, the

altered germ line has the ability to promote a transgenerational

phenotype for subsequent generations [1]. More recently a

number of reports have documented the ability of nutritional

factors [7] and environmental toxicants such as bisphenol A (BPA),

dioxin, vinclozolin and methoxychlor to promote epigenetic

transgenerational inheritance [2,8,9,10].

The current study was designed to investigate the potential

epigenetic transgenerational actions of a variety of different

toxicants or mixtures of relevant compounds. This was initiated

to determine the compound specificity to promote epigenetic

transgenerational inheritance and to determine if the epigenetic

alterations may provide biomarkers for exposure. The environ-
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mental compounds (toxicants) selected have been shown to have

biological and health effects [11], and were identified as common

suspected exposures of military personnel. In addition, the cellular

signal transduction process affected for each exposure is unique.

The first compound mixture is termed ‘‘plastics’’ and includes

bisphenol A (BPA) and the phthalates DEHP (bis(2-ethylhex-

yl)phthalate) and DBP (dibutyl phthalate) which are the combined

exposures from most plastics that have been shown to promote in

vitro and in vivo toxicologic effects [12]. Epigenetic effects of these

compounds after neonatal exposures promotes adult onset disease

[13,14]. The second mixture involves the most commonly used

human pesticide (permethrin) and insect repellent N,N-Diethyl-

meta-toluamide (DEET), and is termed ‘‘pesticide’’ for this study,

and has been shown to have some toxicologic effects in either in

vitro or in vivo studies [15,16,17,18,19,20]. The third compound

used is dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD),

which has been shown to have significant in vitro and in vivo effects

in the promotion of cellular abnormalities and adult onset disease

states [21]. Epigenetic parameters have been shown to be

influenced by dioxin actions [22]. The fourth exposure is jet fuel

(jet propellant 8, JP8) which is a ‘‘hydrocarbon’’ mixture that is a

significant environmental exposure due to its use for dust control

on road surfaces [23]. Toxicological effects have been shown in in

vitro and in vivo studies with JP8 exposures [24]. The four exposures

used are common environmental toxicants which have been

generally shown to promote abnormal or disease phenotypes. The

objective of this study was to determine the potential ability for

these different compounds and mixtures to promote epigenetic

transgenerational inheritance of disease and map the potential

alterations in the sperm epigenome.

The potential transgenerational diseases investigated focused on

pubertal onset parameters and gonadal functions associated with

infertility. The incidence of altered pubertal onset has increased

over the past several decades in human populations [25,26,27].

Pubertal onset can occur several years early in some women [28].

This early onset of female puberty has been shown to affect brain

development, endocrine organ systems and growth, that all

potentially increase disease susceptibility later in life [29].

Although environmental exposures to endocrine disrupting

compounds have been suggested as a causal factor [28], the basic

mechanisms involved are unknown. The other disease parameters

examined were associated with testis and ovary functions that

influence fertility. In regards to testis function, sperm numbers and

motility were examined, as well as spermatogenic cell apoptosis. In

the human male population there has been a gradual decline in

sperm number in most populations [30]. Estimates of male

infertility appears to be over 10% in many human male

populations [31]. In regards to ovarian function, the ovarian

reserve or primordial follicle pool was assessed. An increasing

percentage of the female population is developing premature

ovarian failure associated with a loss of the follicle pool which

promotes female infertility and affects approximately 15% of many

female populations [32]. The causal factors for these gonadal

disease phenotypes and increase in infertility are suggested to be

due in part to environmental exposures to endocrine disruptor

toxicants [33], but the basic molecular mechanisms involved are

not known. The potential that the exposures used in the current

study may promote the epigenetic transgenerational inheritance of

these disease states is investigated.

Results

The current study was designed to investigate the potential

ability of various environmental compounds and mixtures to

promote epigenetic transgenerational disease with a focus on

pubertal and gonadal abnormalities. The alterations in the sperm

epigenome were investigated to determine the similarities and

differences between the different exposures on differential DNA

methylation. The experimental design used pharmacologic doses,

Table S1A, based on approximately 1% of the lethal oral dose

50% (LD50) for most of the compounds that previously have been

shown in vivo to not cause direct toxicological effects. Gestating

female outbred Harlan Sprague Dawley rats were given

intraperitoneal (IP) injections daily between embryonic days 8–

14 of fetal development correlating with gonadal sex determina-

tion. No consistent effects were observed on litter size, sex ratios or

weaning weights, Figures S1 and S2. The number of litters and

male and female animals obtained for each generation is presented

in Table S1B and S1C. The F0 generation gestating female was

the only animal injected IP. The F1 generation animals at 90 days

of age were mated to the same lineage to generate the F2

generation and the F2 generation were mated to generate the F3

generation progeny as previously described [2]. No sibling or

cousin breedings were used to avoid any inbreeding artifacts. No

major overt toxicity was observed in F1, F2 or F3 generations,

Figure S1 and S2. The only treatment that promotes some toxicity

in the F1 generation was the high dose plastics, Table S1A, so a

lower dose at 50% that shown in Table S1A was also used and

termed ‘‘Low Dose Plastic’’ that had no toxicological effects,

Figure S1. Anogenital distance was measured as an indicator of

exposure to androgenic compounds that promote masculinization

during the perinatal period [34,35]. Analysis of anogenital index

(AGI) demonstrated some effects of the treatments on the F2 and

F3 generation animals, but no effects at the F1 generation animals,

Figure S3. These actions on the AGI in the F2 generation are

possibly due to the direct exposure of fetal germ cells to the

endocrine disruptor activities of several of the exposure com-

pounds (e.g. BPA, DEHP, DBP) [12,13,14], while the increased

AGI in the F3 generation appears to be transgenerational.

Therefore, classic endocrine disruptor actions [36] are likely not

involved in the F2 and F3 generation, but only in the F1

generation. In considering the actions of environmental exposure

the direct versus indirect (e.g. epigenetic) actions are critical. The

exposure of the F0 generation gestating female directly affects the

F0 generation female, the F1 generation embryo and the germ line

inside the F1 embryo that will be generating the F2 generation

animal [1]. Therefore, phenotypes in the F0, F1 and F2

generations may be due to direct exposures and are not

transgenerational effects or phenotypes observed by definition. A

transgenerational phenotype or phenomenon requires the lack of

direct exposure to promote a generational effect [1,3]. The actions

on F0, F1 and F2 are due to a direct multi-generational exposure

and only the F3 generation phenotype can be considered a

transgenerational effect. Since the mechanisms promoting the F1

or F3 generation effects differ, the phenotypes can be distinct

between the generations.

Puberty is a developmental process involving the hypothalamic

– pituitary – gonadal axis which initiates during fetal development

and matures in adolescence [25]. The onset of puberty was

investigated with the different exposure lineages of control (DMSO

vehicle), pesticide, low and high dose plastics, dioxin, or

hydrocarbons in the F1–F3 generation rats. The analysis was

initiated for females at postnatal day 30 and males at postnatal day

35 until puberty (vaginal opening or balano-preputial separation)

[37]. In the F1 generation plastics promoted delayed female

pubertal onset, while in the F2 generation plastics, dioxin and jet

fuel promoted early onset of puberty for females, with plastics and

dioxin promoting early onset of puberty in males, Figure S4. In the

Environmental Epigenetics & Inheritance of Disease
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transgenerational F3 generation it was demonstrated that plastics,

low dose plastics, dioxin and jet fuel promote early onset of

puberty in females, while having no effect on males, Figure 1A, 1B.

Therefore, several of the exposures were found to promote early

onset of puberty in females transgenerationally.

Gonadal function for both testis and ovary were investigated in

the F3 generation at postnatal 120 days of age. Previously

vinclozolin was shown to promote a transgenerational phenotype

of spermatogenic cell apoptosis [2], so potential germ cell

apoptosis in the testis was investigated. The jet fuel exposure

was found to transgenerationally increase spermatogenetic cell

apoptosis in the F3 generation male testis, Figure 1C. Epididymal

sperm concentration and motility for the F3 generation were also

investigated and did not provide consistent alterations transgener-

ationally, as previously seen with vinclozolin exposure. The F3

generation ovaries were examined for total follicle number and the

individual types of primordial follicles, primary follicles and

developing follicles were categorized, Figure 1D and 1E. All the

exposures were found to promote a transgenerational effect on the

F3 generation ovary with a significant reduction in total follicle

number, Figure 1D, and the follicle class primarily affected was the

primordial follicle, Figure 1E. Therefore, all the exposures

promoted the transgenerational phenotype of a reduction in the

primordial follicle pool size. The large developing antral follicles

were counted to determine potential effects on later stage follicle

development and no differences were observed between the

exposures when compared to control, Figure 1F. The transgenera-

tional action of the various exposures on the ovary was a reduction

in the primordial follicle pool size. This may promote premature

ovarian failure as the animals age. The testis and ovary are

hormone regulated and both produce endocrine steroids.

Hormone levels were analyzed to determine how the endocrine

system was responding transgenerationally. The F3 generation

males had a reduction in testosterone levels in the plastics, dioxin

and jet fuel exposure lineages, Figure S5A, while the females had

no change in progesterone levels, Figure S5B. No change in

luteinizing (LH) hormone levels was detected in either male or

female F3 generation animals, Figure S5C & D. Therefore, the

endocrine system was altered transgenerationally in the males.

The mechanism involved in these transgenerational phenotypes

is the reprogramming of the germ line (sperm) during male sex

determination [1,3]. This altered sperm epigenome appears to be

permanently reprogrammed and escapes the DNA methylation

programming at fertilization to allow transgenerational transmis-

sion of the altered sperm epigenome, that then promotes all tissues

developed from that sperm to have altered cell and tissue

transcriptomes that can promote transgenerational disease [1].

Previously, vinclozolin was shown to promote a transgenerational

(F3 generation) alteration in DNA methylation [2,5] and a

transgenerational transcriptome alteration in tissues like the testis

[38]. The F3 generation rat sperm from the control and all

exposure groups were collected for genome wide promoter DNA

methylation analysis [5]. The procedure involved the use of an

antibody to methylcytosine to immunoprecipitate methylated

DNA (MeDIP) and then a competitive hybridization tiling array

(Chip) for a MeDIP-Chip analysis [5]. Differentially methylated

sites were identified for all the different exposure lineages in the F3

generation sperm when compared with vehicle control F3

generation sperm. The complete lists of differential methylation

regions (DMR) for each exposure in the F3 generation sperm are

provided in Table S2(A–D). The overlap of the DMR sets for each

exposure is shown in a Venn diagram in Figure 2A. The number

of DMR for hydrocarbons (jet fuel) was 33, dioxin 50, plastics

(BPA, DEHP, DBP) 197 and pesticide (permethrin and DEET)

363 with a statistically significant difference (p,1025). Interest-

ingly, the majority of each DMR set was specific to an exposure

group and not common with the other exposure DMRs. The only

exception was an overlap between plastics and pesticide of 113

DMRs, Figure 2A. Therefore, each exposure had a unique

signature of epigenetic alterations in the F3 generation sperm. The

chromosomal localizations of these sites are shown in Figure 2B.

The DMRs are seen on all autosomes and the X chromosome.

Clustering analysis of the DMRs when over represented in specific

chromosomal locations identified 35 different clusters (2–5

megabase each) of DMR between the exposures that with z-score

analysis have a statistically significant difference (p,0.05),

Figure 2B. These DMR clusters may represent ‘‘epigenetic control

regions’’ where different exposure DMRs may commonly regulate

genome activity. The functional significance of these DMR

clusters remains to be elucidated and are identified for individual

DMR in Table S2. In considering the combined DMR and

associated gene promoters for all exposures, the potential cellular

signaling processes affected demonstrated similar pathways are

predominant, as shown in Table S3. A gene network analysis for

direct connections within the total gene set associated with the

DMR is shown in Figure 3 and demonstrates extracellular,

membrane, cytoplasmic and nuclear associated genes are all

associated with the DMR identified. Common cellular signaling

pathways and processes appear to be involved from the gene

network identified. Therefore, common cellular pathways and

gene networks may be influenced by the different exposures and

transgenerational sperm epigenomes. Although exposure specific

transgenerational differential DNA methylation regions (DMR)

are predominant, the common cellular processes and gene

networks effected may explain the similar disease phenotypes

observed.

The identification of epigenetic alterations in specific regions of

the F3 generation sperm support a role for epigenetic transgenera-

tional inheritance of the disease phenotypes observed. Several of

the top exposure specific DMRs for each exposure with the highest

statistical significance were selected for confirmation with

quantitative PCR of the MeDIP samples. A list of the confirmed

exposure specific signatures are presented in Figure 4. In addition,

several of the top overlapped (common) DMR were also selected

and shown. The MeDIP qPCR analysis demonstrated both

increases and decreases for the exposure specific and common

DMR, Figure 4B. These exposure specific DMR are considered

potential epigenetic biomarkers for exposure and the transmission

of transgenerational phenotypes. Further analysis of the epigenetic

sites identified considered two genomic features associated with the

DMRs. The first one was a DNA sequence motif termed

‘‘Environmentally Induced DNA Methylation Region 1’’

(EDM1) that was previously identified and shown to be associated

with a high percentage of the vinclozolin induced sperm DMRs

[5]. This motif may not be at the specific altered DNA methylation

site, but is within the 400–500 bp region. A DNA sequence motif

such as EDM1 may promote a region of sensitivity for these

DMR’s to be programmed transgenerationally. The potential

presence of this EDM1 motif in the epigenetic sites (DMR)

identified in the current study for all the exposures was

determined. An evaluation of the presence of EDM1 using the

MCAST online software revealed a statistically significant higher

EDM1 presence in promoter regions of the jet fuel and dioxin

exposure groups (74.19% and 57.63%, respectively) compared to a

computer generated random set of 144 promoters (20.83%). The

presence of EDM1 in the promoter regions of the plastics (20.47%)

and pesticides (7.36%) was similar or below its presence in the

random set of promoters. This suggests that the molecular

Environmental Epigenetics & Inheritance of Disease
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Figure 1. Ancestral (F0 generation female) exposures to environmental compounds promote transgenerational diseases, altering
onset of puberty, testicular spermatogenic function and ovarian follicular development in F3 generation rat progeny. (A) Onset of
female puberty was advanced from exposures to plastics, dioxin and jet fuel. (B) Onset of male puberty was unaffected from these exposures. (C)
Increased apoptotic spermatogenic cells per testis section were observed from jet fuel exposure. (D) Total numbers of ovarian follicles per section

Environmental Epigenetics & Inheritance of Disease
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mechanisms involved in the targeting of these regions to produce a

transgenerational change in DNA methylation may differ among

the exposure groups. Another genomic feature investigated was

the CpG density within the DMR identified. The frequency of

CpG number per 100 bp for the DMR demonstrates the DMR

identified for all exposures have an average CpG content of 4.9

CpG/100 bp with none above 15 CpG/100 bp, Figure 5. A small

CpG cluster in a CpG desert appears to be a primary feature of

the transgenerational DMR identified, and not shores or islands of

CpG. Therefore, specific genomic features such as low CpG

density, isolated CpG clusters, and the presence of a unique DNA

sequence motif may be involved in facilitating the programming of

these epigenetic sites (DMR) in the male germ line.

Discussion

The current study used pharmacologic doses of all the

compounds and mixtures based on approximately 1% of the oral

LD50 dose for most exposures (compounds), Table S1A. The

objective was to determine if these exposures have the capacity to

promote epigenetic transgenerational inheritance of a disease

phenotype, and not to do risk assessment of the exposures. Now

that the current study has established the transgenerational actions

of these compounds, risk assessment toxicological studies involving

dose curves of relevant environmental doses are needed. The

phenotypes observed may vary with the dose as shown with the

plastics in the current study. Since the F1 generation involves

direct exposure and the F3 generation is germ line mediated

transgenerationally, the phenotypes can differ between the

generations. In addition to considering the mode of administration

and dose, the critical window of exposure to promote the

epigenetic transgenerational phenotype is gonadal sex determina-

tion, which for the human is 6–18 weeks of gestation. The

gestating women in the first half of pregnancy would be the

population most sensitive to exposures of environmentally induced

epigenetic transgenerational inheritance.

The transgenerational disease phenotype investigated focused

on pubertal onset and gonadal function. It was previously observed

with vinclozolin induced transgenerational adult onset rat disease

[2], the majority of disease developed between 6–12 months of age

[6]. Therefore, additional adult onset diseases are anticipated as

the animals age, but remain to be investigated. In regards to

pubertal onset the plastics, low dose plastics, dioxin and

hydrocarbon (jet fuel) exposures promoted an early (precocious)

pubertal onset, Figure 1, with no transgenerational effects on male

pubertal onset, Figure S6. In the majority of developed countries

early pubertal onset in girls has increased significantly in the past

several decades [25,28]. This precocious puberty can promote

behavioral, mental and endocrine physiological effects in the

female and increase the incidence of adult onset disease [28].

Previous studies have suggested environmental exposures of

estrogenic endocrine disruptors may be in part the causal factor

for this pubertal onset condition. The current study extends this

hypothesis to not only consider the direct exposures of the female,

but ancestral exposures of the previous generations. The potential

that early pubertal onset may in part involve epigenetic

transgenerational inheritance mechanisms now needs to be

considered.

In considering gonadal function and fertility both the testis and

ovary were investigated. The testis was found to have an increased

spermatogenic cell apoptosis in the jet fuel hydrocarbon F3 lineage

males, Figure 1. Previous observations with vinclozolin also

showed a transgenerational spermatogenic cell apoptosis pheno-

type [2]. In many regions of the world human sperm numbers

have declined [30] and male infertility has increased [31]. The

potential that environmentally induced epigenetic transgenera-

tional inheritance may be a factor in these disease conditions needs

to be considered. In regards to ovarian function all the

environmental exposures were found to promote a decline in

total follicle numbers and specifically the primordial follicle pool

size, Figure 1. The primordial follicle pool size is the ovarian

reserve for oocyte (egg) production throughout reproductive life

[39]. The primordial follicle pool develops early in fetal (human)

or early postnatal (rodent) life and then can not increase, but

declines with age. Human females enter menopause when the

primordial follicle pool is exhausted. A premature loss of follicles

promotes infertility and is termed premature ovarian failure

(POF), which is associated in part with the dramatic increase in

female infertility in many parts of the world [32]. Previously it was

hypothesized that POF was primarily of genetic origin, but the

current study suggests environmental exposures and epigenetic

transgenerational inheritance may also be a significant factor in

the disease etiology to increase female infertility and premature

onset of menopause. The environmental induction of the pubertal,

testis and ovarian transgenerational disease phenotypes suggests

that environmental epigenetics and epigenetic transgenerational

inheritance will be molecular factors to consider in these and other

disease etiologies.

The environmental compounds and mixtures used in the

current study are all reported to be major exposures for the

general population and military personnel. The ability of

epigenetics to be involved in the long term and transgenerational

actions of these exposures needs to be further investigated. The

current study documents the distinct actions of each exposure to

promote a unique sperm epigenome alteration, Figure 2. Inter-

estingly, these environmentally induced distinct epigenetic changes

in differential DNA methylation regions (DMR) provide epigenetic

biomarkers for ancestral environmental exposures. Each exposure

had a distinct epigenetic signature that can be used as a biomarker.

Although further research on individual animal variation,

alterations in DMR in different cell types, and developmental

effects on DMR are needed, the current study provides the proof

of concept that epigenetic biomarkers for environmental exposures

exist.

In addition to the identification of these ancestral epigenetic

biomarkers in sperm, genomic features were identified that

provide insight into why these sites may become permanently

reprogrammed. A DNA sequence motif previously identified and

termed ‘‘Environmentally Induced DNA Methylation Region 1

(EDM1)’’ [5] was found to be associated with a high percentage of

the promoter regions of the hydrocarbon and dioxin exposure

groups. Similar observations were previously made in examining

the vinclozolin induced DMR in transgenerational sperm [5].

Interestingly, the plastics and pesticide exposure groups DMR did

not have the presence of the EDM1 motif above background

random promoter levels. Therefore, distinct molecular mecha-

nisms may be involved in promoting the sensitivity of transgener-

ationally programmed DMR. This may include an alternate DNA

sequence motif to be elucidated, or a more stochastic mechanism

to be considered. The other genomic feature identified involved

were reduced in individuals from all exposures, (E) Total numbers of primordial follicles per section declined. (F) Total numbers of large ovarian antral
follicles were unaffected. The animal n value is presented in Table S1C (*p,0.05; **p,0.01, ***p,0.001).
doi:10.1371/journal.pone.0031901.g001
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Figure 2. The transgenerational DMR associated with each exposure group identified. (A) Venn diagram of exposure DMR lists of F3
generation rat genes with differential DNA methylation due to in vivo exposure of F0-generation gestating female with Dioxin, Pesticide, Plastics or
Hydrocarbons/Jet fuel. (B) Chromosomal location of each exposure group DMR are indicated with red arrow (plastics), green arrow (dioxin), blue
arrow (hydrocarbon) and black arrow (pesticide). The chromosome number and size are indicated. The box below the line indicates DMR cluster in 2–
5 megabase regions with statistical significance (p,0.05).
doi:10.1371/journal.pone.0031901.g002
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the CpG content or density associated with all the DMRs

identified for all exposures. The previous dogma is that epigenetic

modifications in CpG islands or shores with highest CpG density

are critical. The DMRs identified had what is considered a low

range CpG density [40] with an average of 8 CpG/100 bp content

and no DMR with a CpG density greater than 15 CpG/100 bp,

Figure 5. Therefore, the DMR appear to have small clusters of

CpG in a CpG desert, as previously described [41]. Evolutionarily

CpG deserts develop due to the high mutation rate of CpG sites.

The maintenance of small CpG clusters in these deserts may

suggest a conserved critical epigenetic regulatory site. These

genomic features are speculated to have a role in how the DMR

become permanently programmed and promote epigenetic

transgenerational inheritance. The current study focuses on a

genome wide analysis of promoters. Further investigation of

genome wide effects and the role of these genomic features is now

needed to provide further insights into the molecular elements of

epigenetic transgenerational inheritance.

The transmission of epigenetic information between generations

in the absence of any direct environmental exposures is defined as

epigenetic transgenerational inheritance [1,2,3]. Therefore, in the

case of exposure of a gestating female, only after the F3 generation

can epigenetic transgenerational inheritance be considered [1]. The

previous observations that vinclozolin and methyoxychlor induced

epigenetic transgenerational inheritance [2] developed the question

of compound specificity. The current study indicates different

environmental compounds and mixtures with very different effects

on signal transduction processes involved can all promote epigenetic

transgenerational phenotypes. Therefore, the specific compound or

signaling event does not appear critical, but instead any agent that

can modify the normal development and differentiation of the

primordial germ cell during gonadal sex determination [1,3] can

impact epigenetic programming and promote transgenerational

inheritance. Although the majority of exposures will influence

somatic cells and disease or phenotypes in the individual exposed,

those actions that promote epigenetic transgenerational inheritance

may have additional significant biological impacts. This includes

providing a molecular mechanism for environmental toxicology,

disease etiology, early life basis of adult onset disease [1,3] and

evolutionary biology [42]. The availability of ancestral environ-

mental epigenetic biomarkers is anticipated to significantly facilitate

the research in these areas of science.

Materials and Methods

Animal studies
All experimental protocols for the procedures with rats were

pre-approved by the Washington State University Animal Care

Figure 3. Direct connection gene sub-network for combined genes with transgenerational DMR associated exposures for Dioxin
(red shapes), Pesticide (light blue shapes), Plastics (pink shapes) or Hydrocarbons/Jet fuel (dark blue shapes) indicated. Only 140
directly connected genes out of 499 unique genes associated with the combined lists are shown. Node shapes code: oval and circle – protein;
diamond – ligand; circle/oval on tripod platform – transcription factor; ice cream cone – receptor; crescent – kinase or protein kinase; irregular
polygon – phosphatase. Arrows with plus sign show positive regulation/activation, arrows with minus sign – negative regulation/inhibition; grey
arrows represent regulation, lilac – expression, purple – binding, green – promoter binding, and yellow/olive – protein modification.
doi:10.1371/journal.pone.0031901.g003
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and Use Committee (IACUC approval # 02568-026). The

University Department of Environmental Health and Safety

approved all the protocols for the use of hazardous chemicals in

this experiment. Sprague Dawley SD female and male rats of an

outbred strain (Harlan) at about 70 and 100 days of age were

maintained in ventilated (up to 50 air exchanges/hour) isolator

Figure 4. The MeDIP-qPCR analysis of (A) selected DMR for each exposure was used to confirm MeDIP-Chip analysis and (B) relative
change (exposure/control) ratio presented for each DMR. All changes shown are statistically significant between control and exposure (p,0.05).
doi:10.1371/journal.pone.0031901.g004
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cages (cages with dimensions of 10 L0 W619 J0 D610 L0 H,

143 square inch floor space, fitted in Micro-vent 36-cage rat

racks; Allentown Inc., Allentown, NJ) containing Aspen Sani

chips (pinewood shavings from Harlan) as bedding, and a 14 h

light: 10 h dark regimen, at a temperature of 70 F and humidity

of 25% to 35%. The mean light intensity in the animal rooms

ranged from 22 to 26 ft-candles. Rats were fed ad lib with

standard rat diet (8640 Teklad 22/5 Rodent Diet; Harlan) and ad

lib tap water for drinking. During the procedures, rats were held

in an animal transfer station (AniGard 6VF, The Baker

Company, Sanford, ME) that provided an air velocity of about

0.5 inch.

At proestrus as determined by daily vaginal smears, the female

rats, (90 days) were pair-mated with male rats (120 days). On the

next day, the females were separated and their vaginal smears

were examined microscopically and if they were sperm-positive

(day 0) the rats were tentatively considered pregnant and then

weighed with a digital animal weighing balance to monitor

increases in body weight. Vaginal smears were continued for

monitoring diestrus status in these rats until day 7. On embryonic

day 7 (E-7) these females were weighed to determine if there was a

significant increase in (greater than about 10 g) body weight, to

confirm pregnancy in sperm-positive females. These pregnant rats

were then given daily intraperitoneal injections of any one of the

following single chemicals or mixtures with an equal volume of

sesame oil (Sigma) on days E-8 through E-14 of gestation [43].

Treatment groups were Control, Pesticide (Permethrin+DEET),

Plastics (Bisphenol-A, DBP and DEHP), Dioxin (TCDD), and Jet

Fuel (JP8 hydrocarbon). The pregnant female rats treated with

various mixtures were designated as the F0 generation. When

there was a drop in the litter size and the sex ratio of pups in F1

generation of Plastics group, another treatment group was

included with only half the dose of Bisphenol-A, DBP and DEHP

and this group was designated ‘Low Dose Plastics’ group. Doses,

percent of oral LD50, and sources of chemicals for the compounds

are given in Table S1A.

Breeding for F1, F2, and F3 generations, weaning
measures and puberty checks

The offspring of the F0 generation were the F1 generation.

Likewise F2 and F3 generation offspring were generated. The

breeding used males and females from the same lineage (control or

exposure), but did not use any sibling or cousin crosses to avoid

inbreeding artifacts. These rats were weaned from their mothers at

21 days of age. At weaning, the following weaning traits were

measured; litter size, sex ratio, weaning weight (in grams), and

anogenital index (AGI). Anogenital distance (AGD), was measured

with a caliper that had an accuracy of 1/100th of a mm. Males

have a significantly higher AGD than that of females. Weaning

weights of rats were measured by a digital balance. AGI was

computed as the AGD in mm (from the ventral edge of the anal

opening to the caudal edge of the genital opening) per gram of

body weight at weaning. Starting at the age of 30 days for females

and 35 days for males, puberty checks were performed. These

checks were performed on a daily basis until puberty in each rat

was confirmed. Onset of puberty for females was indicated by a

clear vaginal opening, and for males it was indicated when the

glans penis was able to fully extend free of the preputial fold

(balano-preputial separation) [37] (Figure S6).

Dissection of rats for tissue collection
Both female and male rats of F1, F2 and F3 generation at 90–

120 days of age were euthanized by CO2 inhalation and cervical

dislocation for dissection, collection and examination of tissues

including testis, epididymis, and ovary. Body and tissue weights

were measured at dissections. Blood samples were collected,

allowed to clot, centrifuged and serum samples stored for hormone

assays. Tissues were fixed in Bouin’s solution (Sigma) and 70%

ethanol, then processed for paraffin embedding by standard

procedures for histopathology examination. Five-micrometer

sections were made and were either unstained or stained with H

& E stain.

Figure 5. Differential DNA methylated region (DMR) CPG density distribution. The CpG density (CpG/100 bp) associated with all exposure
DMR are presented with number of DMR on y axis and density (CpG per 100 bp) on x axis.
doi:10.1371/journal.pone.0031901.g005
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TUNEL cell death assay
Testis sections were examined by Terminal deoxynucleotidyl

transferase-mediated dUTP nick end labeling (TUNEL) assay (In

situ cell death detection kit, Fluorescein, Roche Diagnostics,

Mannheim, Germany) as per the manufacturer’s protocols. The

sections were deparaffinized in xylene, rehydrated through

descending series of ethyl alcohols, deionized water and 16 PBS

buffer. The sections were deproteinized by incubation at 37uC in

250 ml of 16 PBS buffer containing 150 ml of Fungal Proteinase

K (20 mg/ml; Invitrogen, Carlsbad, CA) and washed in 16 PBS

buffer. About 20–25 ml of the enzyme-label solution mix was

applied to testis sections. Slides were incubated at 37uC for

90 min, washed in fresh 16PBS buffer for 10 min, mounted with

GVA mount and kept at 4uC until examination. Testis sections

were examined in a fluorescent microscope in dark to count the

number of brightly fluorescing germ cells that are apoptotic.

Ovarian analysis
Evaluation of adult ovaries: Ovaries taken from rats at the time

of sacrifice were fixed, paraffin embedded and sectioned at 5 mm

thickness. Every 30th section was collected and hematoxylin/eosin

stained. The three stained sections (150 mm apart) through the

central portion of the ovary with the largest cross-section were

evaluated for number of primordial follicles, developing pre-antral

follicles, small antral follicles, large antral follicles, small cystic

structures and large cysts. The mean number of each evaluated

structure per section was calculated across the three sections.

Follicles had to be non-atretic and have the oocyte nucleus visible

in the section in order to be counted. Primordial follicles had an

oocyte surrounded by a single layer of either squamous or both

squamous and cuboidal granulosa cells [44]. Developing pre-

antral follicles had one or more complete layers of cuboidal

granulosa cells. Small antral follicles had a fluid-filled antrum and

a maximum diameter of 51 mm measured across the outermost

granulosa cell layer. Large antral follicles had a diameter greater

than 51 mm.

Sperm DNA isolation and methylated DNA
immunoprecipitation (MeDIP)

Sperm heads were separated from tails through sonication

following previously described protocol (without protease inhibi-

tors) [45] and then purified using a series of washes and

centrifugations [46] from a total of nine F3 generation rats per

treatment lineage that were 120 days of age. DNA extraction on

the purified sperm heads was performed as previously described

[5]. Equal concentrations of DNA from individual sperm samples

were then used to produce pools of DNA material. Three DNA

pools were produced in total per treatment, which contained the

same amount of sperm DNA from three animals. Therefore a total

of 45 animals were used for building three DNA pools per

treatment for the 4 experimental groups plus controls. These DNA

pools were then used for methylated DNA immunoprecipitation

(MeDIP). MeDIP was performed as follows: 6 mg of genomic DNA

was subjected to series of three 20 pulse sonications at 20%

amplitude and the appropriate fragment size (200–1000 ng) was

verified through 2% agarose gels; the sonicated genomic DNA was

resuspended in 350 ul TE and denaturated for 10 min at 95uC
and then immediately placed on ice for 5 min; 100 ul of 56 IP

buffer (50 mM Na-phosphate pH 7, 700 mM NaCl, 0.25% Triton

X-100) was added to the sonicated and denatured DNA. An

overnight incubation of the DNA was performed with 5 ug of

antibody anti-5-methylCytidine monoclonal from Diagenode S.A

(Denville, NJ) at 4uC on a rotating platform. Protein A/G beads

from Santa Cruz (Santa Cruz, CA) were prewashed on PBS-BSA

0.1% and resuspended in 40 ul 16 IP buffer. Beads were then

added to the DNA-antibody complex and incubated 2 h at 4uC on

a rotating platform. Beads bound to DNA-antibody complex were

washed 3 times with 1 ml 16 IP buffer; washes included

incubation for 5 min at 4uC on a rotating platform and then

centrifugation at 6000 rpm for 2 min. Beads-DNA-antibody

complex were then resuspended in 250 ul digestion buffer

(50 mM Tris HCl pH 8, 10 mM EDTA, 0.5% SDS) and 3.5 ul

of proteinase K (20 mg/ml) was added to each sample and then

incubated overnight at 55uC on a rotating platform. DNA

purification was performed first with phenol and then with

chloroform:isoamyl alcohol. Two washes were then performed

with 70% ethanol, 1 M NaCl and glycogen. MeDIP selected DNA

was then resuspended in 30 ul TE buffer.

Tilling array MeDIP-Chip analysis
Roche Nimblegen’s Rat DNA Methylation 36720 K CpG Island

Plus RefSeq Promoter Array was used, which contains three identical

sub-arrays, with 720,000 probes per sub-array, scanning a total of

15,287 promoters (3,880 bp upstream and 970 bp downstream from

transcription start site). Probe sizes range from 50–75 mer in length

with the median probe spacing of 100 bp. Three different

comparative (MeDIP vs MeDIP) hybridizations experiments were

performed for each experimental group versus control, each

encompassing DNA samples from 6 animals (3 treatment and 3

control groups) and 3 sub-arrays. MeDIP DNA samples from

experimental groups were labeled with Cy3 and MeDIP DNA

samples from the control group were labeled with Cy5.

Bioinformatic and statistic analyses of Chip data
For each comparative hybridization experiment, raw data from

both the Cy3 and Cy5 channels were imported into R (R

Development Core Team (2010), R: A language for statistical

computing, R Foundation for Statistical Computing, Vienna,

Austria. ISBN 3-900051-07-0, URL http://www.R-project.org),

checked for quality and converted to MA values (M = Cy5-Cy3;

A = (Cy5+Cy3)/2). The following normalization procedure was

conducted. Within each array, probes were separated into groups

by GC content and each group was separately normalized,

between Cy3 and Cy5 using the loess normalization procedure.

This allowed for GC groups to receive a normalization curve

specific to that group. After each array was normalized within

array, the arrays were then normalized across arrays using the A

quantile normalization procedure.

Following normalization each probe within each array was

subjected to a smoothing procedure, whereby the probe’s

normalized M values were replaced with the median value of all

probe normalized M values across all arrays within a 600 bp

window. If the number of probes present in the window was less

than 3, no value was assigned to that probe. Each probe’s A values

were likewise smoothed using the same procedure. Following

normalization and smoothing each probe’s M value represents the

median intensity difference between vinclozolin lineage and

control lineage of a 600 bp window. Significance was assigned

to probe differences between lineage and generation samples by

calculating the median value of the intensity differences as

compared to a normal distribution scaled to the experimental

mean and standard deviation of the normalized M. A Z-score and

P-value were computed for each probe from that distribution. The

statistical analysis was performed in pairs of comparative IP

hybridizations between treatment lineage (T) and control lineage

(C) (e.g. T1-C1 and T2-C2; T1-C1 and T3-C3; T2-C2 and T3-

C3). In order to assure the reproducibility of the candidates
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obtained, only the candidates showing significant changes in every

one of the paired comparisons were chosen as having a significant

change in DNA methylation between each of the experimental

group and controls. This is a very stringent approach to select for

changes, since it only considers repeated changes in all paired

analysis.

Clustered Regions of interest were then determined by

combining consecutive probes within 600 bases of each other,

and based on whether their mean M values were positive or

negative, with significance p-values less than 1025. The statistically

significant differential DNA methylated regions were identified

and P-value associated with each region presented. Each region of

interest was then annotated for gene and CpG content. This list

was further reduced to those regions with an average intensity

value exceeding 9.5 (log scale) and a CpG density $1 CpG/

100 bp.

MeDIP-qPCR confirmation
The MeDIP-Chip differential DNA methylation sites identified

were further tested with a quantitative PCR analysis [47,48]. Real

time qPCR quantification of each significant region obtained from

the array was performed on MeDIP samples and the values were

normalized to the DNA concentration of MeDIP samples

measured by picogreen. These qPCR assays were optimized and

performed by the Genomics Core Laboratory at the University of

Arizona, Tucson, AZ. Three technical replicates of Real Time

qPCR reactions were performed for each one of three different

MeDIPs per experimental group. Each MeDIP was from pools of

sperm DNA samples from three animals. Ct values were obtained

and the relative presence of specific DNA amplicons was

calculated between control and exposure groups through the

equation ‘relative change = 22DCt’. Statistical analysis between

control and exposure groups was performed with student’s t-test

and changes with p,0.05 were considered significant. The level of

DNA in the pool is a weighted average of all individuals, as

previously described, [49].

Statistical analysis
For statistical analysis, all the data on weaning traits and onset

of puberty were averaged for each litter. These averages were used

as input in the program GraphPad� Prism 5 statistical analysis

program. One-way ANOVA or t-test were used to determine if the

data on puberty, number of apoptotic germ cells, number of

ovarian follicles from the individual treatment groups differ from

those of Control groups with a probability of significance, p = 0.05.

Supporting Information

Figure S1 Weaning traits including litter size and sex
ratio were measured in three generations of rat progeny
derived from pregnant F0 females exposed to environ-
mental compounds (Pesticide, Plastics, Dioxin and Jet
Fuel). Litter size and sex ratio were reduced only in Plastics group

in F1 generation rats (* p,0.05; **p,0.01).

(PDF)

Figure S2 Weaning weight measured in three genera-
tions of rat offspring derived from pregnant F0 females
exposed to environmental compounds (Pesticide, Plas-
tics, Dioxin and Jet Fuel). Weaning weight increased only in

Pesticide group in F2 generation rats.

(PDF)

Figure S3 Anogenital indexes (AGI) were computed
based on anogenital distance and weaning weights in

three generations of rat offspring derived from pregnant
F0 females exposed to environmental compounds (Pes-
ticide, Plastics, Dioxin and Jet Fuel). AGI was unaffected in

both female and male rats of F1 generations. AGI was reduced in

Pesticide and Plastics groups of F2 female rats while it increased in

LD Plastics F2 female rats. AGI declined in Pesticide group of F2

male rats while it increased in LD Plastics F2 male rats (* p,0.05;

**p,0.01).

(PDF)

Figure S4 Onset of puberty in female and male rats
were investigated in three generations of rat offspring
derived from pregnant F0 females exposed to environ-
mental compounds (Pesticide, Plastics, Dioxin and Jet
Fuel). Data from the first two generations are shown. (Puberty

data of F3 generation rats are presented in Fig. 1). In the F1

generation, a delayed onset of puberty was recorded in female rats

of Plastics group, and male rats of Plastics and Jet Fuel groups. In

the F2 generation, an early onset of puberty was found for females

rats of Plastics, LD Plastics, Dioxin and Jet Fuel groups and for the

male rats of Plastics and Dioxin groups (* p,0.05; **p,0.01;

***p,0.001).

(PDF)

Figure S5 Serum hormone concentrations were mea-
sured in the third generation rat offspring derived from
pregnant F0 females exposed to environmental com-
pounds (Pesticide, Plastics, Dioxin and Jet Fuel)(*
p,0.05; **p,0.01). (A) Serum testosterone concentrations in

male rats were severely reduced in Plastics, Dioxin and Jet Fuel

groups. (B) Serum progesterone concentrations were unaffected in

female rats (C) Serum LH concentrations were unaltered in male

rats (D) Serum LH concentrations were not changed in female

rats.

(PDF)

Figure S6 Onset of puberty was identified by (A) the opening of

vaginal orifice in female rats and (B) the separation of glans penis

from the prepuce in male rats.

(PDF)

Table S1 Doses and Sources of Chemicals used.

(PDF)

Table S2 List of rat sperm differential methylation
regions (DMR).

(PDF)

Table S3 Pathways influenced by genes associated with
DMR.

(PDF)
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Abstract

Epigenetic transgenerational inheritance of disease and phenotypic variation can be induced by several toxicants, such as
vinclozolin. This phenomenon can involve DNA methylation, non-coding RNA (ncRNA) and histone retention, and/or modi-
fication in the germline (e.g. sperm). These different epigenetic marks are called epimutations and can transmit in part the
transgenerational phenotypes. This study was designed to investigate the vinclozolin-induced concurrent alterations of a
number of different epigenetic factors, including DNA methylation, ncRNA, and histone retention in rat sperm. Gestating
females (F0 generation) were exposed transiently to vinclozolin during fetal gonadal development. The directly exposed F1
generation fetus, the directly exposed germline within the fetus that will generate the F2 generation, and the transgenera-
tional F3 generation sperm were studied. DNA methylation and ncRNA were altered in each generation rat sperm with the
direct exposure F1 and F2 generations being distinct from the F3 generation epimutations. Interestingly, an increased num-
ber of differential histone retention sites were found in the F3 generation vinclozolin sperm, but not in the F1 or F2 genera-
tions. All three different epimutation types were affected in the vinclozolin lineage transgenerational sperm (F3 generation).
The direct exposure generations (F1 and F2) epigenetic alterations were distinct from the transgenerational sperm epimuta-
tions. The genomic features and gene pathways associated with the epimutations were investigated to help elucidate the
integration of these different epigenetic processes. Our results show that the three different types of epimutations are
involved and integrated in the mediation of the epigenetic transgenerational inheritance phenomenon.
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Introduction

Environmentally induced epigenetic transgenerational inheri-
tance is defined as “germline (sperm or egg) transmission of epi-
genetic information between generations in the absence of any
continued exposure or genetic manipulation.” In 1987 the word
epimutation was introduced to describe heritable changes in
genes which were not due to changes in DNA sequence [1]. A
number of different epigenetic factors have been described and
are critical in regulating gene expression including chromatin
structure and non-coding RNA (ncRNA) methylation which
have become an intensively active field of research. The modifi-
cation of histones, particularly acetylation and methylation,
play a crucial role in regulating genome activity [2]. DNA meth-
ylation can provide a primary switch where methylation trig-
gers the changes that lead to a closed (not allowing gene
transcription) or opened chromatin configuration (allowing
gene transcription) [3]. The role of ncRNA in epigenetic events
has become increasingly important [4–6]. All these epigenetic
processes can be altered by numerous environmental exposures
[7]. These environmental exposures can alter the early develop-
ment of various organ systems that result in later life adult indi-
viduals with greater susceptibilities to develop disease when
they encounter a second disease-promoting stimulus [8].

Epigenetic alterations in the germline mediate the heritable
molecular relationship between the environment and gene
expression [9, 10]. Studies have observed epigenetic transgenera-
tional inheritance effects in different species, including plants
[11], flies [12], worms [13], fish [14], birds [15] rodents [16–18],
pigs [19], and humans [20]. This phenomenon has been observed
in a large number of organisms showing that epigenetic transge-
nerational mechanisms are conserved and induced by environ-
mental factors [21]. Many studies on environmental toxicants
have been conducted, such as 2, 3, 7, 8-tetrachlorodibenzo
[p]dioxin [22], permethrin and N, N-diethyl-meta-toluamide mix-
ture [23], jet fuel JP-8 [24], plastics mixture [bisphenol-A, bis
(2-ethylhexyl)phthalate, dibutyl phthalate] [25], dichlorodiphe-
nyltrichloroethane (DDT) [26], methoxychlor [27], and atrazine
[28]. For each exposure, alterations in DNA methylation have
been observed in F3 generation rat sperm.

The first compound showing a transgenerational effect was
vinclozolin. Vinclozolin [3-(3, 5-dichlorophenyl)-5methyl-5-
vinyl-1, 3-oxazolidine-2, 4-dione] is a fungicide used on fruits
and vegetables crops. This chemical was found to exert signifi-
cant antiandrogenic effects [29, 30]. Vinclozolin administration
to pregnant female mice during the gestation period of embry-
onic days E13–E17 (which corresponds to fetal gonadal sex
determination) was found to affect the offspring [16, 31]. This
chemical also demonstrated transgenerational (F1 through F4
generations) effects on male fertility and altered the DNA meth-
ylation patterns in the F2 and F3 generation sperm [16]. This
suggested that environment can induce epigenetic changes in
the germline and be inherited to contribute to disease. Other
exposures since then have been shown to promote epigenetic
transgenerational phenotypes [21]. One of the proposed mecha-
nisms is that “epimutations” induced in the germline become
“imprinted-like” and therefore escape the post-fertilization
DNA methylation erasure. The altered epigenome leads to
modified transcriptomes in somatic cells resulting in adult-
onset disease susceptibility [27, 32, 33]. Anway and collaborators

revealed that following transient gestational exposure to F0
generation females between E8 and E15 (corresponding to the
epigenetic reprogramming of germ cells and gonadal sex deter-
mination) the F1, F2, F3, and F4 generation adult males showed
increased spermatogenic apoptosis and a decreased sperm
number and motility [16]. Altered DNA methylation patterns in
F2 and F3 generation vinclozolin lineages were also observed
[34]. Prostate abnormalities were noted in F1–F4 generation
males [35], severe anemia during pregnancy in F1–F3 generation
females [36] and also sexually dimorphic changes in anxiety
behaviors [37]. The mRNA expression of 196 genes was found to
be consistently different in testis among the F1–F3 generation
vinclozolin animals compared to the F1–F3 generation controls
[35]. Transcription alterations in prostate from F3 males [35],
hippocampus and amygdala in F3 males and females [37], and
Sertoli cells [38] were also reported. These studies demonstrate
the effects of vinclozolin transgenerationally on somatic gene
expression.

The involvement of sperm small non-coding RNA (sncRNA)
in the impact of traumatic stress in early life across generations
was also investigated. Sperm RNAs from traumatized males
were injected into fertilized wild-type oocytes which repro-
duced the behavioral and metabolic alterations in their off-
spring [39]. This suggests that sncRNAs are sensitive to
environmental factors in early life which can be passed to the
next generation and contribute to the inheritance of trauma-
induced phenotypes [39]. Subsequently vinclozolin has also
been shown to alter transgenerationally the sncRNA in sperm
[40]. Previous studies have revealed that ncRNA can modulate
gene expressions and many of them have been identified to
participate in the epigenetic control by affecting DNA methyla-
tion [41, 42] or by interacting with various types of proteins
involved in histone modification or chromatin remodeling
[43–46]. Therefore, long ncRNA (lncRNA) is an ideal mediator
to regulate local and sequence-specific DNA methylation or
demethylation which may also trigger epigenetic disorders and
transgenerational effects [43].

The lncRNAs have been hypothesized to maintain epigenetic
memory and a recent study has correlated lncRNA differential
expression to DDT-induced epigenetic transgenerational inheri-
tance [7]. The sncRNAs were also implicated when the effects of
starvation were found to induce the production of sncRNAs that
persisted for multiple generations and resulted in a longer life-
span for the F3 generation [47]. Total estimates for both lncRNA
and sncRNA in a single spermatozoa have exceeded 20 000 [48,
49]. As such, there are various different kinds of small RNAs
found in spermatozoa including: micro-RNA (miRNAs) and
siRNAs involved in regulating spermatogenesis via translation;
piwi-interacting RNAs (piRNAs) believed to regulate transcript
stability in the germline; and many smaller classes of sncRNA
such as tRNA-derived sncRNAs and mitosRNAs have also been
discovered in spermatozoa [50, 51]. The expression of ncRNAs
throughout spermatogenesis has been shown to be differential
[51], suggesting an environmentally induced disruption of
ncRNA expression in spermatogenic cells can have lasting
effects for generations. Both DNA methylation and ncRNA
transgenerational alterations have been reported to be altered
in the epigenetic transgenerational inheritance phenomenon,
but to the best of our knowledge no studies have examined his-
tone modifications until recently [52]. Several studies have
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observed conserved genes associated with histone retention
sites and modifications [53] indicating modifications of histones
may have an impact transgenerationally.

This study was designed to investigate concomitantly the epi-
genetic modifications of DNA methylation, ncRNA, and histones
retention in sperm. The transgenerational model used for this
study involves epigenetic transgenerational inheritance of sperm
epigenetic alterations and disease triggered by vinclozolin expo-
sure. This study will use this vinclozolin-induced epigenetic
transgenerational inheritance of disease in rats to investigate the
epigenetic changes in the F1, F2, and F3 generation sperm. This
information combined with associated genes will be useful in the
elucidation of the molecular processes implicated in the epige-
netic transgenerational inheritance phenomenon. Observations
demonstrate all three epigenetic processes are potentially
involved and reflect transgenerational epimutations, including a
novel role of new induced transgenerational differential histone
retention sites (DHRs), and distinct transgenerational DNA meth-
ylation and ncRNA epimutations.

Results

The experimental design (Fig. 1A) involved a daily transient
exposure of gestating female F0 generation rats during embry-
onic days E8–E14 to 100 mg/kg per day of vinclozolin in dime-
thylsulfoxide (DMSO) using intraperitoneal injection as
previously described [16]. A separate control generation lineage
was exposed during Days E8–E14 of gestation to vehicle DMSO
alone. Six different gestating females from different litters for
each control and vinclozolin lineage were used. The F1 genera-
tion offspring were obtained and aged to 90-day postnatal age
and selected males and females bred within the control or vin-
clozolin lineage. The F2 generation offspring were obtained and
aged to 90 days and selected males and females from different
litters bred to generate the F3 generation. No sibling or cousin
breeding was used to avoid any inbreeding artifacts. All the
males were sacrificed at 120 days of age for epididymal sperm
collection. In previous studies, onset of disease was primarily
observed between 6 and 12 months of age [54], hence the post-
natal 120-day (P120) males were used to avoid any disease arti-
facts. The only disease detectable at P120 is testis
spermatogenic cell apoptosis [16]. Selected male testis at each
generation for both the control and vinclozolin lineages was
used for spermatogenic cell apoptosis analysis. A significant
level of apoptosis was observed in the F3 generation vinclozolin
lineage (Fig. 1B) supporting the transgenerational phenotype of
the vinclozolin model used. The sperm collected was then used
for epigenetic analysis.

Sperm DNA Methylation Alterations

Methylated DNA immunoprecipitation (MeDIP) followed by
DNA next-generation sequencing (NGS) for a MeDIP-Seq analy-
sis was used to identify the differential DNA-methylated
regions (DMRs) between the control versus vinclozolin lineage
male sperm. Initially the sperm DNA was sonicated to produce
DNA fragments of 200–500 bp. A methylcytosine antibody was
used to immunoprecipitate the methylated DNA fragments.
Libraries were generated for sequencing 50-bp paired-end reads
to assess differential levels (read depths) of DNA methylation.
The DMRs for the F1, F2, and F3 generation sperm were deter-
mined and different threshold p values are shown in Fig. 2.
A P-value of P< 1e-06 was chosen for comparison of all single
100-bp windows, as well as DMRs with multiple (�2) adjacent

windows. The direct exposure F1 generation sperm had the low-
est number of DMRs (Fig. 2A), the F2 generation an increased
number of DMRs (Fig. 2B), and the F3 generation the highest
number of DMRs (Fig. 2C). The DMR lists are presented in the
Supplementary Tables S1–S3. A comparison of the DMRs at
P< 1e-06 demonstrated minimal overlap with a higher level of
overlap between the F2 and F3 generations (Fig. 2D). The major-
ity of the alterations in sperm DNA methylation was unique
between the generations. A small set of 44 overlapping DMRs
between the F2 and F3 generation sperm are presented in the
Supplementary Table S4.

The chromosomal locations of the DMRs for each generation
are shown in Fig. 3. Nearly all the chromosomes display DMRs
as indicated by the red arrowheads and some present clusters
of DMRs indicated by black boxes. These different generation
DMR clusters are also primarily distinct between the genera-
tions with little overlap (Fig. 3D). The CpG density of the DMRs
for the F1, F2, and F3 generation sperm is shown in Fig. 4A–C.
The CpG density of the DMRs at P< 1e-06 is shown and reveals
that the predominant density is one CpG per 100 bp with a range
between 1 and 4 CpG. The lengths of the DMRs are presented in
Fig. 4D–F and shows that their predominant length is 1 kb and a
range of 1–5 kb for each generation DMRs. Thus, the DMRs are
associated with CpG deserts with 10–20 CpG within 1 kb [55].
The lists of DMRs with their chromosomal locations, size, and
CpG density are presented in the Supplementary Tables S1–S3
for the F1, F2, and F3 generation DMRs, respectively.

Sperm ncRNA Alterations

The differential ncRNA present in sperm between the control ver-
sus vinclozolin lineages was determined with NGS using RNA-
Seq analysis previously described [40]. The sperm total ncRNA
was collected and then sncRNA and lncRNA prepared with appro-
priate ncRNA extraction and sequencing library procedures
described in the Methods section. The read depths of differential
ncRNA levels were determined for the F1, F2, and F3 generation
sperm with a comparison of the control versus vinclozolin
lineage sperm. The lncRNA for each generation with different
P-value thresholds is compiled in Fig. 5A. The P-value used for
subsequent analysis selected was P< 1e-04. The sncRNA for each
generation with several P-value thresholds is shown in Fig. 5B.
The P-value used for sncRNA analysis selected was P< 1e-04. The
lncRNA is higher in number than the sncRNA. For the lncRNA,
the F1 generation has a higher number than the F3 generation,
and the F3 generation has a lower number than the F2 generation
(Fig. 5C). The sncRNA was divided into categories with the piRNA,
the miRNA, and the small tRNA being present, as well as a
mixture of uncategorized sncRNA (other) (Fig. 5D). Therefore,
each generation had differential ncRNA present and they were
different between each generation.

The chromosomal locations of the differential ncRNA are
presented for lncRNA in Fig. 6. The red arrowheads identify
individual lncRNA and regional clusters of lncRNA are shown in
black boxes. The F1, F2, and F3 generation lncRNAs are present
on all chromosomes (Fig. 6A–C). The analysis of the lncRNA
overlap between the generations indicated that the vast major-
ity of differential lncRNA was distinct for each generation
(Fig. 6D). The chromosomal locations of the differential ncRNA
are shown for sncRNA in Fig. 7A–C. The overlap analysis
between the three generations is shown in Fig. 7D. It reveals
that the majority of differential sncRNA was unique for each
generation. Both the long and small differential ncRNAs were
predominantly distinct from the transgenerational F3
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generation ncRNA. The lists of differential ncRNA separated by
category for identification, chromosomal location, size, statis-
tics and gene associations are presented in the Supplementary
Tables S5–S7 for lncRNA and Supplementary Tables S8–S10 for
sncRNA for the F1, F2, and F3 generations, respectively.

Sperm Histones Alterations

A core of histone retention sites have been previously shown in
control and vinclozolin lineage rat sperm that are not altered
following exposure, but the F3 generation vinclozolin lineage
sperm had an increase in the number of histone retention sites
[52]. This study examined the sites (DHRs for the F1, F2, and F3
generation control versus vinclozolin lineage sperm with a pro-
cedure similar to the DMR analysis. Interestingly, the F1 and F2
generations had negligible DHRs showing no major difference
between control and vinclozolin lineages (Fig. 8A and B).
However, the F3 generation comparison of the control versus
vinclozolin lineage sperm identified an increased number of
DHRs (Fig. 8C). The chromosomal locations of these DHRs are
represented in Fig. 8D. An overlap analysis of these DHRs
between F1, F2, and F3 revealed that each of them was unique
(Fig. 8E). DHRs were induced in the F3 generation lineage sperm
thus displaying a transgenerational effect whereas a direct
exposure did not trigger major alterations. The DHRs are listed

with identification, location, size and associated genes in the
Supplementary Tables S11–S13 for the F1, F2, and F3 genera-
tions, respectively.

Epimutation Gene Associations

The Supplementary Tables S1–S9 provide the lists of DMRs,
ncRNAs, and DHRs for all the epigenetic alterations (i.e. epimu-
tations) identified. The known gene associations for these epi-
mutations were determined using genomic location and are
also listed. All the associated genes were classified by relevant
functions and the functional categories are presented for each
generation in Fig. 9A. For this analysis, sncRNA and lncRNA
were combined. The top ten gene categories containing multiple
genes for F1, F2, and F3 generations are presented for DMRs,
ncRNA, and DHRs separately. Epimutations were found pre-
dominantly in the metabolism, signaling, and transcription cat-
egories. The predominant gene categories for the F1 generation
were mostly found with the lncRNA (Fig. 9A). The predominant
gene categories for the F3 generation were similar as the F1 gen-
eration but found in the DMRs. The ratio of epimutations
between the generations was highest for DMRs in the F3 genera-
tion, highest for ncRNA in the F1 generation, and negligible
DHRs are present in the F1 and F2 generations, but present in
the F3 generation (Fig. 10A).

Figure 1: animal breeding scheme and disease. (A) Experimental design of F0 generation gestating female exposure then F1, F2, and F3 generations being generated for

sperm collection. The direct exposure of the F0 generation female, F1 generation fetus, and F2 generation germline is also shown. (B) Testis spermatogenic cell apopto-

sis as determined with TUNEL analysis of testis histology sections with frequency (%) of apoptosis for each generation and lineage shown. The (**) indicates statistical

significance with control with a P<0.01 with a Fishers exact T-test
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The integration of the different epigenetic alterations is sug-
gested in Fig. 9A and B with epimutation-associated genes in
specific pathways and gene categories. The majority of the gene
categories and pathways observed in the F1 generation was
associated with the lncRNAs. The same phenomenon was
found in the F3 generation but associated with the DMRs
(Fig. 9A and B). Two pathways, axon guidance and pathways in
cancer, were selected to investigate the potential overlap with
genes involving the lncRNA- and DMR-associated genes
(Supplementary Figs. S1 and S2). For the F1 and F3 generation
lncRNA and DMRs the pathways were represented by both types
of epimutations at independent genes, and few had the same
gene involving a lncRNA in the F1 generation and DMR in the F3
generation. In both generations the pathways were affected, but
with different types of epimutations.

The Venn diagrams of DMRs, DHRs, and ncRNA suggest neg-
ligible overlap between the different types of epimutations
within the same generation comparison (Fig. 9C). So, the differ-
ent epigenetic alterations have different genomic locations and
minimal overlap between each other in the same generation.
The total list of associated genes with the DMRs, ncRNAs, and
DHRs are presented in the Supplementary Tables S1–S13.

Discussion

This study was designed to help understand how three different
epigenetic processes in sperm are correlated with vinclozolin-
induced epigenetic transgenerational inheritance of disease. A
number of transgenerational diseases including testis disease,
ovarian disease, kidney pathology, prostate abnormalities, and

Figure 2: DMR analysis. (A) F1 generation control versus vinclozolin lineage DMRs. (B) F2 generation control versus vinclozolin lineage DMRs. (C) F3 generation control versus

vinclozolin lineage DMRs. The number of DMRs found using different P-value cutoff thresholds is presented. The All Window column shows all DMRs. The Multiple

Window column shows the number of DMRs containing at least two adjacent significant windows. (D) The DMR overlap (P� 1e-06) for the F1, F2, and F3 generation sperm
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Figure 3: chromosomal locations and overlaps of DMRs. (A) Vinclozolin F1 generation DMRs. (B) Vinclozolin F2 generation DMRs. (C) Vinclozolin F3 generation DMRs.

The DMR locations on the individual chromosomes are shown with red arrowheads and clusters of DMRs with black boxes. All window DMRs at a P-value threshold of

1e-06 are shown. (D) Overlap of the different generations DMR clusters
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Figure 4: DMR CpG density. (A) F1 generation, (B) F2 generation, and (C) F3 generation. Histograms of the number of DMRs at different CpG densities (CpG/100 bp). All

DMRs at a P-value threshold of 1e-06 are shown. DMR length (kb) for (D) F1 generation, (E) F2 generation, and (F) F3 generation. Histograms of the number of DMR at dif-

ferent length (kb) are shown
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anxiety behaviors have been shown to be induced by vinclozo-
lin [37, 56]. Analyzing in parallel DNA methylation, ncRNA con-
tent, and histone retention in the same sperm samples from F1,
F2, and F3 generation control versus vinclozolin lineage rats
provides a broader comprehensive analysis of epigenetic

alterations linked with environmentally induced germline epi-
mutations. Classic toxicology studies for risk assessment inves-
tigate the direct exposure of the individual only, disregarding
the impacts on future generations. However, transgenerational
studies on environmental toxicants have shown that even if a

Figure 5: ncRNA differentially regulated in control versus vinclozolin lineage F1, F2, and F3 generation sperm. (A) lncRNA and (B) sncRNA numbers at different P-value

thresholds. (C) The number of lncRNA (P<1e-04) for the F1, F2, and F3 generation correlated to the number of differential lncRNA. (D) The number of sncRNA (P<1e-04)

for the F1, F2, and F3 generation correlated to the number of miRNA, piRNA, stRNA, and other sncRNA
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compound seems safe or has negligible risk from direct expo-
sure mechanisms, it can affect the offspring of future genera-
tions [28]. Treatment of a gestating F0 generation female
exposes the F1 generation fetus and the germline that will gen-
erate the F2 generation (Fig. 1A). Thus, the F1 generation repre-
sents a direct exposure, the F2 generation is a mix of direct and

generational exposure, and the F3 generation and subsequent
generations are considered purely transgenerational. This study
investigates and compares the sperm epimutations in each of
these generations.

Alterations in DNA methylation patterns were the first epi-
genetic process shown in F3 generation sperm [16, 57].

Figure 6: chromosomal locations of lncRNA. (A) F1 generation, (B) F2 generation, and (C) F3 generation sperm. The lncRNA locations on the individual chromosomes are

indicated with red arrowheads and clusters with black boxes. The lncRNA at a P-value threshold of 10�4 is shown. (D) The overlap between the lncRNA (P<1e-04) in

the three vinclozolin generations. Overlaps were determined based on common ncRNA names
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Therefore, many studies have focused on DNA methylation
alterations in the germline and since then numerous chemicals,
nutrition or stress exposures have been shown to induced
transgenerational phenotypes [21]. A previous study identified a
distinct set of DMRs in vinclozolin lineage rat sperm DNA

methylation between the F1 and the F3 generation [58]. Most
DMRs identified in this study are unique between the F1, F2,
and F3 generations. This shows that the direct exposure F1 gen-
eration sperm and transgenerational F3 generation sperm
DMRs are specific to each generation. Interestingly, we observed

Figure 7: chromosomal locations of small ncRNA. (A) F1 generation, (B) F2 generation, and (C) F3 generation. The sncRNA locations on the individual chromosomes are

indicated with red arrowheads and clusters with black boxes. The sncRNA at an FDR-adjusted P-value threshold of P < 1e-04 is shown. (D) The overlap between the

sncRNAs (P <1e-04) in the three vinclozolin generations. Overlaps were determined based on common RNA names
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that the F2 generation seems to have fewer epimutations and
has minimal overlap with the F1 and F3 generations. A small set
of overlapping DMRs between the F2 and F3 generation sperm
are presented in the Supplementary Fig. S4. These represent the
potential transgenerational DMR that appear first in the F2 gen-
eration. In addition, no known imprinted genes correlated to
the DMRs identified. As classic imprinted genes are resistant to
environmental alterations in regards to DNA methylation [59],
they do not appear in the differential DNA methylation regions
observed.

Environmental conditions such as traumatic stress in early
life in mice altered miRNA expression and behavioral and meta-
bolic responses in the progeny. Several miRNAs were affected in
the serum and brain of the traumatized animals and their prog-
eny when adult. Sperm of traumatized males was also affected.
Injection of sperm ncRNAs from these males into fertilized
wild-type oocytes reproduced the behavioral and metabolic

changes in the resulting offspring. These results suggest that
sncRNAs are sensitive to environmental factors in early life and
contribute to the inheritance of trauma-induced phenotypes
across generations [39]. Vinclozolin-induced epigenetic transge-
nerational inheritance of disease has also been shown to
involve alterations in sperm sncRNA [40]. Transgenerational
lncRNA and sncRNA have been proposed to have diverse func-
tions [5]. The sncRNA often targets specific genes through alter-
ations in mRNA metabolism or binding protein [60], whereas
the lncRNA regulates the transcriptional machinery and targets
multiple distal genes. In this study, the number of lncRNA was
much higher than the number of sncRNA. The overlap between
each generation was very low or nonexistent. The piRNA was
the most common class of sncRNA for the F1 and F3 genera-
tions, stRNAs (small tRNA fragments) were the most common
for the F2 generation (Fig. 5D). Our results show that concurrent
DNA methylation and ncRNA alterations in sperm may be

Figure 8: vinclozolin DHRs. (A) F1 generation, (B) F2 generation, and (C) F3 generation. The number of DHRs found using different P-value cutoff thresholds. The All

Window column shows all DHRs. The Multiple Window column shows the number of DHRs containing at least two significant windows. (D) Chromosomal locations of

the DHRs in the F3 generation on individual chromosomes are indicated by red arrowheads and DHR clusters with black boxes. All DHRs at a P-value threshold of 1e-06

are shown. (E) The DHR overlap (P <1e-06) for the F1, F2, and F3 generation sperm
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Figure 9: epimutation overlaps and gene associations. (A) The number of DMR, ncRNA, and DHR epimutation-associated genes in each gene category for the F1, F2, and

F3 generations. (B) Gene pathways with epimutation-associated genes for the DMRs, DHRs and ncRNAs in the F1, F2 and F3 generations. The pathways with greater

than three associated genes for each epimutation type are listed that were in general common between generations. (C) Overlaps of the F1, F2, and F3 generation epi-

mutations between the DMRs, DHRs, and ncRNAs
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associated with the epigenetic transgenerational inheritance
phenomenon.

Sperm chromatin not only has a unique structure to con-
dense and protect the paternal DNA, but it also provides epige-
netic information supporting early embryonic development.
The histones and other chromatin proteins remaining are
located in structurally and transcriptionally relevant positions
in the genome and carry diverse posttranslational modifica-
tions relevant to the control of embryonic gene expression. In
Caenorhabditis elegans and Drosophila, inheritance of phenotypes
has been associated with histone modifications [13, 61] which
has not been reported in mammals. Histone modifications and
retentions have been shown to be implicated in male fertility
[53, 62]. However, until recently the role of histone retention has
not been implicated in transgenerational inheritance studies
[52]. At the end of spermatogenesis the histones are removed in
many species and the DNA is condensed by protamines forming
highly dense nucleoprotamine complexes [63]. Generally, 5–10%
of histones are retained and are thought to play a role in the
zygotic and early embryonic gene expression [53, 64–67]. In this
study, the hypothesis that vinclozolin could alter histone reten-
tions in a transgenerational manner was investigated. In a pre-
vious study, control sperm rats were shown to have a highly
reproducible core set of histones [52]. This core set of histones
generally remained the same in the control animals and the
animals exposed to vinclozolin between the F1, F2, and F3 gen-
erations. Because of its high reproducibility and consistency
between each generation, and despite the treatment with DDT
or vinclozolin, these core histone sites are highly conserved and
speculated to be critical for early development [52]. The analysis
of DHRs revealed that the F1 and the F2 generation control ver-
sus vinclozolin lineage sperm had negligible DHRs (Fig. 8). This
observation suggests that the direct vinclozolin exposure does
not alter histone retention or trigger any changes. However, the
F3 generation control versus vinclozolin lineage sperm DHRs
increased considerably in comparison to the F1 and F2 genera-
tion DHRs. In addition to the DMRs and ncRNAs, alterations in
histone retention sites are also associated with the vinclozolin-

induced transgenerational F3 generation sperm. Unlike the
ncRNAs and DMRs, the F1 and F2 generation histone retention
sites were not affected in the exposed animals. The DHR epimu-
tations are all present in the transgenerational F3 generation
sperm and therefore might also play a role in mediating the epi-
genetic transgenerational inheritance phenomenon.

In order to investigate the integration of DMRs, ncRNA, and
DHR, the overlap of the different genomic sites between the dif-
ferent epimutations was analyzed. The chromosomal locations
of the DMR, ncRNA, and DHR epimutations were distinct with a
low number of overlaps. These transgenerational epimutations
have chromosomal localizations that are distinct between each
other, but generally they are present in regions with similar
genomic features (e.g. CpG desert and size). The genome evolv-
ing over time develops regions that have very low cytocine (C)
levels due to the ability of DNA methylation of the CpG site to
promote susceptibility for a C to T conversion point mutation.
Over 90% of the known point mutations in the genome are C to
T conversions. Therefore, if a cluster of CpG sites with DNA
methylation are conserved evolutionarily in these deserts of
CpG, they likely are functionally important [55].

The gene associations of the transgenerational epimutations
identified two similar categories of genes for the ncRNA and the
DMRs involving metabolism, signaling, and transcription. The
analysis comparing the F1, F2, and F3 generation epimutation-
associated genes showed minimal overlap between the differ-
ent types of epimutations (Fig. 9C). Each one of them (DMRs,
ncRNA, DHRs) appears to associate with different pathways and
may be integrated on a functional level. Although the epimuta-
tions in sperm can have associated genes, the sperm are tran-
scriptionally silenced due to the compaction of DNA with
protamines and complete loss of transcriptional machinery.
The epimutations observed will primarily function in the early
embryo to impact gene expression and epigenetic programming
to alter the embryonic stem cell epigenome and transcriptome.
Therefore all somatic cells derived from this stem cell popula-
tion will have altered epigenomes and transcriptomes, and
those sensitive to that will have a susceptibility to develop

Figure 10: The regulatory mechanisms of DNA methylation by lncRNAs. (A) Summary of the different epimutations in the F1, F2, and F3 generation exposed rat sperm

with larger/thicker arrows reflecting larger numbers of epimutations than thinner arrows and nd (negligible detected). (B) lncRNA/DNMT interaction prevents locus-

specific DNA methylation locally in cis. (C) lncRNA interacts with DNMT1 (methyltransferase 1) indirectly through a protein intermediate. Figure modified from [43]
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disease later in life. Therefore, the epimutation gene associa-
tions may be important for later somatic cell development and
differentiation, but not relevant to sperm function.

Interestingly, the comparisons in the F1, F2, and F3 genera-
tions provide insights into the direct exposure effects to vinclo-
zolin and transgenerational impacts of the exposure. The F1
and F2 generations are exposed directly to vinclozolin (Fig. 1B),
whereas the F3 generation is the first transgenerational genera-
tion. The effects observed in the F1 and F2 generations were dif-
ferent from the ones observed in the F3 generation.
Predominantly, ncRNAs were altered by the direct exposure to
vinclozolin in the F1 generation whereas the DNA methylation
and histone retention sites were more predominant in the F3
generation. Histone retention did not seem to be affected by a
direct exposure of vinclozolin. Therefore, the number of ncRNA
was dramatically altered in the F1 generation, but to a lesser
extent in the F2 and F3 generations. The altered ncRNA was also
distinct between each generation (Fig. 9B). The transgenera-
tional F3 generation alterations in DNA methylation, ncRNAs,
and histone retention are distinct from the direct exposure in
the F1 and F2 generations.

The analysis of the different epimutations associated gene
pathways revealed that the F1 generation ncRNA seemed to be
targeted by the direct vinclozolin exposure. However, these
ncRNA epimutations (predominantly lncRNA) associated gene
pathways disappeared in the F3 generation and similar associ-
ated gene pathways were found within the DMRs. The hypothe-
sis is that the ncRNA could be more sensitive to the direct
exposure to vinclozolin, then mediate the formation of the
other epimutations in the next generation with DNA methyla-
tion and histone retention becoming permanent and mediating
the epigenetic transgenerational inheritance in the future gen-
erations. An emerging hypothesis is the capacity of ncRNAs to
modulate gene expression and many of them have been identi-
fied to participate in epigenetic control by interacting with vari-
ous types of proteins involved in histone modification or
chromatin remodeling [43]. Although these ncRNA regulations
have not been observed in transgenerational animals, lncRNAs
appear to be able to modulate DNA and/or histone methylation
[43, 68]. Therefore, ncRNA may be the epimutation that helps
mediate the formation and actions of the other types of epimu-
tations. Based on Zhao et al., two hypotheses are proposed to
explain how lncRNA can interact directly or indirectly with
diverse DNMT members (Fig. 10B) [43]. Through recruitment or
eviction the lncRNA can either promote or repress DNA methyl-
ation in cis or in trans. The dynamic of the lncRNA repertoire and
the ncRNA plasticity to interact with DNA, ncRNA, and protein
makes lncRNA a potential mediator to regulate local and
sequence-specific DNA methylation or demethylation.
Although lncRNA are not as well annotated or functionally
linked as sncRNA, as seen in Supplementary Tables S5–S7
nearly a third of those observed have associated genes. These
modifications can result in global changes in DNA methylation
profile, thus changing how cells can respond to diverse stimuli
(Fig. 10). Even though it has not been shown yet, an interplay
between lncRNA and histones is likely. Clearly an integration
and interplay between the different epigenetic processes will be
critical in the epigenetic transgenerational phenomenon and
regulation of genome activity.

Studies are in progress to explore the integration of these
transgenerational epimutations. One of the possibilities is that
the transgenerational epimutations developed in the F1 and F2
generations alter the developmental epigenetic programming of
the primordial germ cells (PGCs) which are the stem cells for the

germline. This epigenetic alteration in the PGCs development
and become permanently established and is transmitted
through the germline to the next generation. This germline
reprogramming will promote the epigenetic transgenerational
inheritance phenomenon. Epigenetic alterations in the transge-
nerational PGCs have already been observed [32, 69], but further
studies are required to better understand the PGCs’ transge-
nerational mechanisms. This study provides new insights into
the distinct epigenetic alterations between a direct exposure
phenomenon and the transgenerational impact of the exposure.
Additional support that vinclozolin is concurrently altering
these different types of epimutations comes from similar obser-
vations of concurrent alterations following DDT exposure [7].

Further investigation is needed to better understand the
integrated mechanisms of the unique transgenerational F3 gen-
eration germline epigenetic alterations. It appears that the phe-
nomenon is more complex than just a direct exposure
triggering the formation of epimutations that are then simply
maintained in the subsequent generations. This study finds
concurrent alterations of DNA methylation, ncRNA, and histone
retention in the sperm. Observations indicate that all three
types of epimutations are involved in the epigenetic transge-
nerational inheritance phenomenon. The ncRNA have already
been shown to act on DNA methylation or histone methylation
[43, 68]; so it is not surprising to discover that DNA methylation,
ncRNA, and histone retention appear to be integrated to facili-
tate the epigenetic transgenerational inheritance. The potential
impact of these epimutations on disease etiology and other
areas in biology requires further investigation and clarification
of the mechanisms involved.

Methods
Animal Studies and Breeding

Female and male rats of an outbred strain Hsd: Sprague Dawley
SDVR TM (Harlan) at about 70 and 100 days of age were fed ad lib
with a standard rat diet and received ad lib tap water for drink-
ing. To obtain time-pregnant females, the female rats in proes-
trus were pair-mated with male rats. The sperm-positive (Day
0) rats were monitored for diestrus and body weight. On Days 8
through 14 of gestation [36], the females received daily intraper-
itoneal injections of vinclozolin (100 mg/kg BW/day) or DMSO.
The vinclozolin was obtained from Chem Service Inc. (West
Chester, PA) and was injected in a 20-ll DMSO vehicle as previ-
ously described [70]. Treatment lineages are designated
“control” or “vinclozolin” lineages. The treated gestating female
rats were designated as the F0 generation. The offspring of the
F0 generation rats were the F1 generation. Non-littermate
females and males aged 70–90 days from the F1 generation of
control or vinclozolin lineages were bred to obtain F2 generation
offspring. The F2 generation rats were bred to obtain F3 genera-
tion offspring. Individuals were maintained for 12 months and
euthanized for sperm collection. The F1–F3 generation offspring
were not themselves treated directly with vinclozolin. The con-
trol and vinclozolin lineages were housed in the same room and
racks with lighting, food, and water as previously described
[54, 70, 71]. All experimental protocols for the procedures with
rats were pre-approved by the Washington State University
Animal Care and Use Committee (IACUC approval # 02568-49).

Testis sections from the males were obtained, fixed for histol-
ogy, and examined by Terminal Deoxynucleotidyl Transferase-
mediated dUTP Nick End Labeling (TUNEL) assay (in situ cell death
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detection kit, Fluorescein, Sigma, St. Louis, MO) to assess sperma-
togenic cell apoptosis.

Epididymal Sperm Collection and DNA

The epididymis was dissected free of connective tissue, a small
cut made to the cauda and tissue placed in 5 ml of 1� PBS solu-
tion for up to 24 h at 4�C. The epididymal tissue was minced and
the released sperm was centrifuged at 6000 g, then the super-
nant removed, and the pellet resuspended in NIM buffer, to be
stored at �80�C until further use. One hundred microliters of
sperm suspension was sonicated to destroy somatic cells and
tissue, spun down at 6000 g, the sperm pellet washed with 1�
PBS once, and then combined with 820 ml DNA extraction buffer
and 80 ml 0.1 M DTT. The sample was incubated at 65�C for
15 min. Following this incubation 80 ml proteinase K (20 mg/ml)
was added and the sample incubated at 55�C for at least 2 h
under constant rotation. Then 300 ml of protein precipitation sol-
ution (Promega, A7953) was added, the sample mixed thor-
oughly and incubated for 15 min on ice. The sample was
centrifuged at 12 500 g for 30 min at 4�C. One milliliter of the
supernatant was transferred to a 2-ml tube and 2 ml of glycoblue
and 1 ml of cold 100% isopropanol were added. The sample was
mixed well by inverting the tube several times, then left in
�20�C freezer for at least 1 h. After precipitation the sample was
centrifuged at 12 500 g for 20 min at 4�C. The supernatant was
taken off and discarded without disturbing the (blue) pellet. The
pellet was washed with 70% cold ethanol by adding 500 ml of
70% ethanol to the pellet and returning the tube to the freezer
for 20 min. After the incubation the tube was centrifuged for
10 min at 4�C at 12 500 g and the supernatant discarded. The
tube was spun again briefly to collect residual ethanol to the
bottom of the tube and then as much liquid as possible was
removed with gel loading tip. Pellet was air-dried at RT until it
looked dry (about 5 min). Pellet was then resuspended in 100 ml
of nuclease free water.

Equal amounts of DNA or ncRNA from each individuals
sperm from 3–4 different individuals for the F1 and F2 genera-
tions and 4–6 different individuals for the F3 generation were
pooled and three different pools generation for each F1, F2, and
F3 generation control and vinclozolin lineage males. Therefore,
each pool had different individuals and there were three pools
for each group. A summary of the pools for the DNA and ncRNA
pools is shown in Supplementary Table S14. Two analyses of
the same pool were taken, one for DNA and one for ncRNA.
Therefore, between 10 and 17 individuals were present in the
three pools for the subsequent analysis.

RNA Isolation

The F1–F3 generation vinclozolin and control lineage male epi-
didymal sperm were collected and processed as previously
described and stored at �80�C until use [57]. The total RNA
(messenger RNA, lncRNA, ribosomal RNA, sncRNA) was isolated
using the mirVana miRNA Isolation Kit (Life Technologies) fol-
lowing the manufacturer’s instructions with modifications at
the lysis stage. In brief, after addition of lysis buffer, the sperm
pellets were manually homogenized, followed by a 20-min incu-
bation at 65�C. Samples were then placed on ice, and the default
protocol was resumed. For quality control, RNA integrity num-
bers (RIN) were obtained by RNA 6000 Pico chips run on an
Agilent 2100 Bioanalyzer (Agilent). A RIN of 2–4 indicates good
sperm RNA quality. Concentration was determined using the
Qubit RNA HS Assay Kit (ThermoFisher). Biological replicates of

sperm were pooled by equal ncRNA content and were concen-
trated using Agencourt AMPure XP beads (Beckman Coulter).
Some pools had underrepresented replicates due to low concen-
tration. In this case, the maximum RNA content from the repli-
cate was used in the pool and the pool was concentrated. The
pools and samples that were underrepresented are as follows:
F1 control pool 3, samples 1 and 2; F2 control pool 2, sample 3;
and F2 vinclozolin pool 2, sample 3. Equal amounts of each pool
were used in the final analysis.

Methylated DNA Immunoprecipitation

MeDIP with genomic DNA was performed as follows: rat sperm
DNA pools were generated using the appropriate amount of
genomic DNA from each individual for three pools each of con-
trol and vinclozolin lineage animals. Genomic DNA was soni-
cated using the Covaris M220 the following way: the pooled
genomic DNA was diluted to 130 ll with TE buffer into the
appropriate Covaris tube. Covaris was set to 300-bp program
and the program was run for each tube in the experiment. Each
sonicated DNA of 10 ll was run on 1.5% agarose gel to verify
fragment size. The sonicated DNA was transferred from the
Covaris tube to a 1.7-ml microfuge tube and the volume meas-
ured. The sonicated DNA was then diluted with TE buffer
(10 mM Tris HCl, pH7.5; 1 mM EDTA) to 400 ll, heat-denatured
for 10 min at 95�C, then immediately cooled on ice for 10 min.
Then 100 ll of 5� IP buffer and 5 lg of antibody (monoclonal
mouse anti-5-methyl cytidine; Diagenode #C15200006) were
added to the denatured sonicated DNA. The DNA–antibody mix-
ture was incubated overnight on a rotator at 4�C.

The following day magnetic beads (Dynabeads M-280 Sheep
anti-Mouse IgG; 11201 D) were pre-washed as follows: the beads
were resuspended in the vial, then the appropriate volume
(50 ll per sample) was transferred to a microfuge tube. The
same volume of Washing Buffer (at least 1 ml PBS with 0.1% BSA
and 2 mM EDTA) was added and the bead sample was resus-
pended. Tube was then placed into a magnetic rack for 1–2 min
and the supernatant was discarded. The tube was removed
from the magnetic rack and the beads were washed once. The
washed beads were resuspended in the same volume of 1� IP
buffer (50 mM sodium phosphate ph7.0, 700 mM NaCl, 0.25%
TritonX-100) as the initial volume of beads. Fifty microliters
of beads was added to the 500 ll of DNA–antibody mixture
from the overnight incubation, then incubated for 2 h on a
rotator at 4�C.

After the incubation the bead–antibody–DNA complex was
washed three times with 1� IP buffer as follows: the tube was
placed into magnetic rack for 1–2 min and the supernatant dis-
carded, then washed with 1� IP buffer three times. The washed
bead–DNA solution is then resuspended in 250 ll digestion buf-
fer with 3.5 ll Proteinase K (20 mg/ml). The sample was then
incubated for 2–3 h on a rotator at 55�C and then 250 ll of buf-
fered phenol–chloroform–isoamylalcohol solution was added to
the supe and the tube vortexed for 30 s then centrifuged at 12
500 g for 5 min at room temperature. The aqueous supernatant
was carefully removed and transferred to a fresh microfuge
tube. Then 250 ll chloroform was added to the supernatant
from the previous step, vortexed for 30 s and centrifuged at 12
500 g for 5 min at room temperature. The aqueous supernatant
was removed and transferred to a fresh microfuge tube. To the
supernatant 2 ll of glycoblue (20 mg/ml), 20 ll of 5 M NaCl and
500 ll ethanol were added and mixed well, then precipitated in
�20�C freezer for 1 h to overnight.
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The precipitate was centrifuged at 12 500 g for 20 min at 4�C
and the supernatant removed, while not disturbing the pellet.
The pellet was washed with 500 ll cold 70% ethanol in �20�C
freezer for 15 min, then centrifuged again at 12 500 g for 5 min at
4�C and the supernatant was discarded. The tube was spun
again briefly to collect residual ethanol to the bottom of the
tube and as much liquid as possible was removed with gel load-
ing tip. Pellet was air-dried at RT until it looked dry (about 5 min)
then resuspended in 20 ll H2O or TE. DNA concentration was
measured in Qubit (Life Technologies) with ssDNA kit
(Molecular Probes Q10212).

ncRNA Sequencing Analysis

LRNA and noncoding RNA were constructed using total RNA
with the KAPA Stranded RNA-Seq Library Preparation kit with
RiboErase, according to the manufacturer’s instructions, with
some modifications. The adaptor and barcodes used were from
NEBNext Multiplex Oligos for Illumina. Prior to PCR amplifica-
tion, libraries were incubated at 37�C for 15 min with the USER
enzyme (NEB). PCR cycle number was determined using qPCR
with the KAPA RealTime Library Amplification kit before final
amplification. Size selection (300–700 bp) was performed using
Agencourt AMPure XP beads (Beckman Coulter). Quality control
was performed using Agilent DNA High Sensitivity chips
(Agilent) and Qubit dsDNA high sensitivity assay
(ThermoFisher). Libraries were pooled and loaded onto an
Illumina NextSeq High Output v2 1x75 chip, and sequenced on
an Illumina NextSeq 500 sequencer. Bioinformatics analysis
was used to separate mRNA libraries from ncRNA libraries (see
ncRNA Bioinformatics section).

Prior to sncRNA library preparation, total sperm RNA sam-
ples were enriched for sncRNAs using the miRNA enrichment
protocol (Beckman Coulter), and libraries were constructed
using the NEBNext Multiplex Small RNA Library Prep Set for
Illumina, and barcoded with NEBNext Multiplex Oligos for
Illumina. Size selection (135–170 bp) was performed using the
Pippin Prep (Sage Science). Quality control was performed using
Agilent DNA High Sensitivity chips (Agilent) and Qubit dsDNA
high sensitivity assay (ThermoFisher). Libraries were pooled
and loaded onto an Illumina NextSeq High Output v2 1x75 chip,
and sequenced on an Illumina NextSeq 500 sequencer.

Histone Chromatin Immunoprecipitation ChIP-Seq

Histone chromatin immunoprecipitation with genomic DNA
was performed as follows (adapted from [72]): rat sperm pools
were generated using a total of 8 million sperm per pool for 3
pools of control and vinclozolin lineage animals. The control
pools contained equal amounts of sperm for each of 3–4 individ-
uals for a total of n¼ 11 rats and the vinclozolin pools contained
equal amounts of sperm for each of 3 individuals for a total of
n¼ 9 rats per exposure group. To remove any somatic cell con-
tamination, sperm samples from each animal were sonicated
10 s using a Sonic Dismembrator Model 300 (Thermo Scientific
Fisher, USA) then centrifuged 4000 g for 5 min at 4�C. The super-
natant was discarded and the pellet was resuspended and
counted individually on a Neubauer counting chamber (Propper
Manufacturing Co., Inc., New York, USA) prior to pooling. The
sperm pools were reconstituted up to 1 ml with 1� PBS. To
reduce disulfide bonds, 50 ll of 1 M DTT was added to each pool
and the pools were then incubated for 2 h at room temperature
under constant rotation. To quench any residual DTT in the
reaction, 120 ll of fresh 1 M NEM (N-ethylmaleimide, Thermo

Scientific, Rockford, USA) was then added and the samples were
incubated for 30 min at room temperature under constant rota-
tion. The sperm cells were pelleted at 2000 g for 5 min at room
temperature and the supernatant was discarded. Pellets were
resuspended in 1� PBS and then spun again at 2000 g for 5 min
at room temperature. The supernatant was discarded. The
sperm cell DNA was divided into aliquots of 4 lg of DNA and
was then suspended in “complete buffer” [final concentration:
15 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 0.1 mM EGTA; all filtered
through a 0.22-lm filter and stored at room temperature; 0.5%
tergitol (vol/vol) and 1% DOC (wt/vol), sodium deoxycholate]. A
130 ll of this complete buffer was added to each DNA aliquot.
The samples were mixed and incubated for 20 min on ice. These
aliquots were sonicated using the Covaris M220 the following
way: 4 lg of genomic DNA was resuspended in 130 ll of com-
plete buffer supplemented with tergitol 0.5% and DOC 1%.
Covaris was set to a 10-min “Chromatin shearing” program and
the program was run for each tube in the experiment.

For each sample 10 ll was run on a 1.5% agarose gel to verify
fragment size. Aliquoted samples were pooled back together and
centrifuged at 12 500 g for 10 min at room temperature. The
supernatant was transferred to a fresh microfuge tube. Sixty-five
microliters of protease inhibitor cocktail (1 tablet dissolved in
500 ll, 20� concentrated) (Roche, cat. no. 11 873 580 001) was
added to each sample as well as 3 ll of antibody (monoclonal rab-
bit antihistone H3, Millipore 05-928). The DNA–antibody mixture
was incubated overnight on a rotator at 4�C. The following day,
magnetic beads (ChIP-Grade protein G magnetic beads, Cell
Signaling 9006) were pre-washed as follows: the beads were
resuspended in the vial, then 30ll per sample was transferred to
a microfuge tube. The same volume of Washing Buffer (at least
1 ml) was added and the bead sample was resuspended. Tube
was then placed into a magnetic rack for 1–2 min and the super-
natant was discarded. The tube was removed from the magnetic
rack and the beads were washed once. The washed beads were
resuspended in the same volume of 1� IP buffer as the initial vol-
ume of beads. Thirty microliters of beads was added to each
DNA–antibody mixture from the overnight incubation, then incu-
bated for 2 h on a rotator at 4�C. After the incubation, the bead–
antibody–DNA complex was washed three times with 1� IP buffer
as follows: the tube was placed into a magnetic rack for 1–2 min
and the supernatant was discarded, then washed with 1� IP buf-
fer 3 times. The washed bead–antibody–DNA solution was then
resuspended in 300 ll of digestion buffer and 3 ll proteinase K
(20 mg/ml). The sample was incubated for 3 h on a rotator at 56�C.
After incubation the samples were extracted with phenol–
chloroform–isoamylalcohol and precipitated with 2 ll of glyco-
blue (20 mg/ml), a one-tenth volume of 3 M sodium acetate and
two volumes of ethanol overnight at�20�C.

The precipitate was centrifuged at 14 000 g for 30 min at 4�C
and the supernatant was removed, while not disturbing the pel-
let. The pellet was washed with 500 ll cold 70% ethanol, then
centrifuged again at 14 000 g for 10 min at 4�C and the superna-
tant was discarded. The tube was spun briefly to collect residual
ethanol and as much liquid as possible was removed with a gel
loading tip. Pellet was air-dried at RT until it looked dry (about
5 min) then resuspended in 20 ll H20. DNA concentration was
measured in the Qubit (Life Technologies) with the BR dsDNA
kit (Molecular Probes Q32853).

MeDIP-Seq Analysis

The MeDIP pools were used to create libraries for NGS using the
NEBNextVR UltraTM RNA Library Prep Kit for IlluminaVR (NEB, San
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Diego, CA) starting at step 1.4 of the manufacturer’s protocol to
generate double-stranded DNA. After this step the manufac-
turer’s protocol was followed. Each pool received a separate
index primer. NGS was performed at WSU Spokane Genomics
Core using the Illumina HiSeq 2500 with a PE50 application,
with a read size of �50 bp and �100 million reads per pool. Two
to three libraries were run in one lane.

Histone ChIP-Seq Analysis

The ChIP pools were used to create libraries for NGS using the
NEBNextVR UltraTM II DNA Library Prep Kit for IlluminaVR (NEB,
San Diego, CA). The manufacturer’s protocol was followed. Each
pool received a separate index primer. NGS was performed at
WSU Spokane Genomics Core using Ilumina HiSeq 2500 with a
PE50 application, with a read size of �50 bp and �35 million
reads per pool. Six libraries were run in one lane.

ncRNA Bioinformatics

The sncRNA-Seq data were annotated as follows: reads shorter
than 15 nt were discarded by Cutadapt [73]. The remaining reads
were matched to known rat sncRNA, consisting of mature
miRNA (miRBase, release 21), tRNA (Genomic tRNA Database,
rn5), piRNA (piRNABank), rRNA (ENSEMBL, release 76), and
mitochondrial RNA (ENSEMBL, release 76) using AASRA pipeline
with default parameters [74]. Read counts generated by AASRA
were statistically normalized by DESeq2 [75].

The lncRNA data were annotated as follows: trimmomatic
was used to remove adaptor sequences and the low-quality
reads from the RNA sequencing data [76]. To identify all the
transcripts, we used Tophat2 and Cufflinks to assemble the
sequencing reads based on the Ensembl_Rnor_6.0 [77]. The dif-
ferential expression analyses were performed by Cuffdiff. The
coding and the noncoding genes were primarily annotated
through rat CDS data ensembl_Rnor_6.0. The non-annotated
genes were extracted through our in-house script, then ana-
lyzed by CPAT, indicating the true ncRNAs [78].

Statistics and Bioinformatics

For the DMR and DHR analyses, the basic read quality was veri-
fied using summaries produced by the FastQC program (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). The raw
reads were trimmed and filtered using Trimmomatic. The reads
for each MeDIP sample were mapped to the Rnor 6.0 rat genome
using Bowtie2 [76] with default parameter options. The mapped
read files were then converted to sorted BAM files using
SAMtools [79]. To identify DMRs and DHRs, the reference
genome was broken into 100-bp windows. The MEDIPS R pack-
age [80] was used to calculate differential coverage between
control and exposure sample groups. The edgeR P-value [81]
was used to determine the relative difference between the two
groups for each genomic window. Windows with an edgeR
P-value <10�6 were considered DMRs or DHRs. The DMR or DHR
edges were extended until no genomic window with a P-value
<0.1 remained within 1000 bp of the DMR or DHR. CpG density
and other information were then calculated for the DMR based
on the reference genome.

DMRs, DHRs, and ncRNA were annotated using the biomaRt
R package [82] to access the Ensembl database [83]. The genes
that fell within 10 kb of the DMR, DHR, or ncRNA edges were
then input into the KEGG pathway search [84, 85] to identify
associated pathways. The associated genes were then sorted
into functional groups by consulting information provided by

the DAVID [86], Panther [87], and Uniprot databases incorpo-
rated into an internal curated database (www.skinner.wsu.edu
under genomic data).
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A B S T R A C T

Epigenetic alterations in the germline can be triggered by a number of different environmental factors from diet
to toxicants. These environmentally induced germline changes can promote the epigenetic transgenerational
inheritance of disease and phenotypic variation. In previous studies, the pesticide DDT was shown to promote
the transgenerational inheritance of sperm differential DNA methylation regions (DMRs), also called
epimutations, which can in part mediate this epigenetic inheritance. In the current study, the developmental
origins of the transgenerational DMRs during gametogenesis have been investigated. Male control and DDT
lineage F3 generation rats were used to isolate embryonic day 16 (E16) prospermatogonia, postnatal day 10
(P10) spermatogonia, adult pachytene spermatocytes, round spermatids, caput epididymal spermatozoa, and
caudal sperm. The DMRs between the control versus DDT lineage samples were determined at each
developmental stage. The top 100 statistically significant DMRs at each stage were compared and the
developmental origins of the caudal epididymal sperm DMRs were assessed. The chromosomal locations and
genomic features of the different stage DMRs were analyzed. Although previous studies have demonstrated
alterations in the DMRs of primordial germ cells (PGCs), the majority of the DMRs identified in the caudal
sperm originated during the spermatogonia stages in the testis. Interestingly, a cascade of epigenetic alterations
initiated in the PGCs is required to alter the epigenetic programming during spermatogenesis to obtain the
sperm epigenetics involved in the epigenetic transgenerational inheritance phenomenon.

1. Introduction

Numerous environmental factors have been shown to promote the
epigenetic transgenerational inheritance of disease such as the agri-
cultural fungicide vinclozolin [1] and the pesticide DDT (dichlorodi-
phenyltrichloroethane) [2]. Caloric restriction, high fat diets, stress and
a variety of different toxicants have also been linked to the transge-
nerational epigenetic inheritance phenomenon [3–5]. This non-genetic
form of inheritance involves epigenetic modifications of the germline
(sperm and egg) to pass an altered epigenome to the early embryo that
can then impact the transcriptomes and epigenetics of all subsequently
derived somatic cells [1,5]. Different epigenetic processes are involved
in the transgenerational germline transmission where the environment
can impact the health and evolution of species [3,4,6].

Epigenetics is defined as “molecular factors and processes around
the DNA that regulate genome activity independent of DNA sequence
and that are mitotically stable” [7]. Transgenerational epigenetic

inheritance requires the germline transmission of epigenetic informa-
tion. Different epigenetic processes have been shown to be involved in
the transgenerational phenomenon such as DNA methylation [8–10],
non-coding RNA [11,12], and histone modifications and retention
[10,13,14]. Recently, concurrent alterations in all three of these
processes have been observed in transgenerational sperm transmission
after exposure to DDT and vinclozolin [15,16]. Most previous studies
have been conducted in sperm due to the ability to isolate large
numbers of cells and the inability to isolate large numbers of eggs, but
experiments have shown that the female germline also has the capacity
to transmit epigenetic inheritance [2,17]. The current study investi-
gated the transgenerational sperm transmission of DNA methylation
alterations after DDT exposure.

The primordial germ cells (PGCs), which give rise to spermatogenic
(or oogenic) cells, develop and migrate down the genital ridge to
colonize the indifferent gonad [18]. Upon sex determination and
depending on the chromosomal sex, the PGCs differentiate into the
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male or female germline lineage [19]. In the rat gonad, the early
developing testis germ cells will become prospermatogonia cells during
the male gonadal sex determination period by embryonic day 16 (E16)
[20,21]. By postnatal day 10 (P10) the germline develops into
spermatogonia. Following the onset of puberty the initial wave of
spermatogenesis begins in the testis where the spermatocytes, includ-
ing the meiotic stage of pachytene spermatocytes, develop. After
meiosis the round spermatid stage differentiates, then in the final
spermatozoa stage the cells are released into the lumen of the
seminiferous tubules [22], Fig. 1A. After entering the caput region of
the epididymis the spermatozoa undergo further differentiation.
During the transit in the epididymis the spermatozoa mature. When
the spermatozoa reach the final caudal stage of the epididymis, the
sperm have developed the capacity for motility and fertility [23,24].
Prior to ejaculation or degradation the mature caudal epididymal

sperm will be stored in the vas deferens. In the current study we used
several male germline developmental periods (E16 prospermatogonia,
P10 spermatogonia, adult pachytene spermatocytes, round spermatids,
caput epididymal spermatozoa, and caudal epididymal sperm), Fig. 1A,
to investigate the developmental origins of the transgenerational sperm
DMRs following DDT exposure in the F0 generation.

Epigenetic programming occurs during these male germline devel-
opmental periods. The migrating PGCs have an erasure of DNA
methylation that then re-methylate during gonadal sex determination
to create the male germline and prospermatogonia [25]. In the adult
testis, during spermatogenesis some epigenetic programming events
occur [26,27]. The first examples of this male germline epigenetic
programming were observed with imprinted genes [28,29]. Imprinted
genes can develop either early in the embryonic period or develop
during spermatogenesis. Although previous studies have discussed the

Fig. 1. Sperm DMR developmental origins. (A) Spermatogenic cell origin percentages for cauda sperm DMRs. The schematic of each developmental cell morphology listed during
gametogenesis and spermatogenesis and epididymal maturation. The percentage DMR in brackets is presented for the developmental stages analyzed. (B) Developmental origins of
cauda sperm DMRs for each stage of development with number DMRs at specific stages listed. The prospermatogonia (E16), spermatogonia (P10), pachytene spermatocytes (Pachy),
round spermatids (RT), caput spermatozoa (Caput) and cauda sperm (Cauda) are presented.
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germline developmental origins of epigenetic inheritance [5,30–34],
none of these studies identified the developmental programming
origins of the transgenerational epigenetic alterations observed in
sperm.

The current study was designed to investigate the developmental
origins of the DDT induced transgenerational sperm DMRs termed
epimutations. The hypothesis tested is that a cascade of epigenetic
changes occurs during development such that the majority of DMRs
develop throughout gametogenesis and spermatogenic stages. It has
been previously demonstrated that epigenetic alterations occur in the
PGC [35]. However, due to this being the earliest stem cell stage of the
germline, the PGCs DMRs were found to be different from the
epimutations observed in sperm [35]. These observations suggest that
the epimutations in sperm develop at later stages of epigenetic
programming. The present study shows the majority of sperm DMRs
originate during spermatogonia development and spermatogenesis, but
some also do originate during epididymal maturation. This is one of the
first genome-wide analyses of epigenetic programming during game-
togenesis for transgenerational sperm epimutations [36].

2. Results

F3 generation control and DDT lineage male rats were used in this
experimental design to isolate various germ cell stages for epigenetic
analysis. The F0 generation gestating female rats at 90 days of age were
transiently exposed to DDT or a vehicle control during gestational days
8–14. This stage of fetal development corresponds to when the PGCs
migrate to colonize the indifferent gonad through the early stage of
gonadal sex determination as previously described [18,25,35]. The F1
generation offspring were obtained and when they reached 90 days of
age they were bred within the control and DDT lineages to generate the
F2 generation (grand offspring) which were then bred at 90 days of age
to obtain the transgenerational F3 generation for each control and DDT
lineage. No cousin or sibling breedings were used to avoid any
inbreeding artifacts. Only the F0 generation gestating females were
exposed to DDT, which also directly exposed the F1 generation fetus
and the germline within the F1 generation fetus that will generate the
F2 generation. Therefore, the F3 generation is the first transgenera-
tional generation not directly exposed [37] and was used to study the
developmental origins of the transgenerational sperm epimutations.
The F3 generation control and DDT lineage male rats were aged to the
embryonic day 16 (E16) fetal stage for prospermatogonia cell isolation,
to postnatal day 10 (P10) for spermatogonial cell isolation, and to 120
days of age for pachytene spermatocyte isolation, round spermatid
isolation, caput spermatozoa isolation, and cauda epididymal sperm
isolation. A gravity sedimentation StaPut protocol, as described in the
Methods [38,39], was used to isolate the prospermatogonia, sperma-
togonia, pachytene spermatocytes and round spermatids cells. Three
different pools each with different individual sets of animals from
different litters were obtained with 5–6 males per pool for the E16
stage, 6–7 males per pool for the P10 stage, 3 adult males per pool for
the adult stages. Therefore, 3–7 different males were used in the
analysis within each of the three different pools analyzed for both the
control and DDT lineages. Genomic DNA was isolated from each
purified germ cell stage pool and from individual animals for epididy-
mal caput spermatozoa and cauda sperm [8,13] and then three pools
generated for subsequent epigenetic analysis.

The analysis of differential DNA methylation regions (DMRs) was
performed with a methylated DNA immunoprecipitation (MeDIP)
procedure followed by next generation sequencing for an MeDIP-Seq
protocol described in the Methods [8]. The F3 generation control
versus DDT lineage pools were compared to identify the DMRs at each
developmental stage of the male germline. The DMRs at various
p-value thresholds are presented at each developmental stage in
Fig. 2. An EdgeR p-value of p < 1e-05 was selected at all stages for
further analysis of the DMRs. This correlated with an FDR (false

discovery rate) value of < 0.1 for all except the E16 prospermatogonia
which was more variable. The All Windows is all DMRs with at least
one 100 bp region (window) with statistical significance and the
Multiple Windows being ≥2 significant 100 bp windows. The number
of DMRs with multiple windows is also presented in Fig. 2. Most
developmental stages showed approximately 100–300 DMRs. The
epigenetic alterations were higher at the pachytene spermatocyte and
round spermatid stages which showed more than 300 DMRs. The
chromosomal locations of the DMRs at each developmental stage are
presented in Fig. 3. The red arrowheads indicate the location of a DMR
with the black boxes indicating clusters of DMRs. In most stages, all the
chromosomes, except the Y and mitochondrial DNA (MT), were found
to contain DMRs. The genomic features of the DMRs at each stage of
development were investigated. The CpG density of the DMRs at all
stages was 1–5 CpG per 100 bp with 1 CpG per 100 bp being
predominant, Fig. 4. This is characteristic of a low density CpG desert
[40] which has been observed with previous transgenerational DMRs.
The length of the DMRs at all the developmental stages were between
1 and 4 kb with 1 kb length being predominant, Fig. 5. Therefore, the
DMRs are generally 1 kb in size with around 10 CpGs as previously
observed [40]. The overlap between the various developmental stage
DMRs was investigated and is presented in Fig. 6A. The DMRs were
found to be primarily stage specific with a very low number of DMRs
overlapping between the stages with a p < 1e-05. The cauda sperm and
the caput spermatozoa had the highest level of overlap with 88 DMRs,
Fig. 6B and S7 Table, comprising over 45% of the caput epididymal
spermatozoa DMRs. These observations suggest a cascade of epigenetic
programming occurs throughout male germline development.

The DNA methylation alterations of the DMRs at each stage of
development were investigated. For the developmental time-course the
top 100 statistically significant DMRs at each stage of development
were examined regarding the scaled mean read depth between the
control versus DDT lineage DMR data. The scaled mean read depths at
each DMR was separated into control greater than DDT data
(i.e. decrease in DNA methylation) and DDT greater than control data
(i.e. increase in DNA methylation) which is presented as a scaled mean
read depth, Figs. 7 and 8. The E16 prospermatogonia DMRs had 28
DMR with a decrease in methylation and 72 DMR with an increase in
methylation, Figs. 7A & 8A. For both data sets the DMR methylation
alterations generally dropped by the P10 spermatogonia stage and
became mixed with no distinct patterns in later stages. Although a few
of both populations stayed elevated, the majority had an alteration in
DNA methylation at later stages of development. The P10 spermato-
gonia DMRs had 38 DMRs with a decrease in methylation and 62 with
an increase in methylation in regard to % mean read depth, Figs. 7B &
8B. A dramatic change in methylation between the prospermatogonia
to spermatogonia stage and from the spermatogonia to later stages of
development were observed. Therefore, the E16 prospermatogonia and
P10 spermatogonia stage DMRs are for the most part unique at these
stages of development. The pachytene spermatocyte DMRs had pre-
dominantly a decrease in methylation with 63 DMRs and 37 DMRs
with an increase, Figs. 7C & 8C. Therefore, DNA methylation was
primarily decreased in the pachytene spermatocyte DMRs. The round
spermatid DMRs had a higher number of 72 DMR with an increase and
28 DMR with a decrease, Figs. 7D& 8D. The caput epididymal
spermatozoa DMRs had 46 DMR with a decrease and 54 DMR with
an increase in methylation, Figs. 7E & 8E. The cauda epididymal sperm
DMRs had 49 DMR with a decrease and 51 DMR with an increase,
Figs. 7F & 8F. The caput spermatozoa and cauda epididymal sperm
have relatively consistent DNA methylation characteristics for both
data sets. Therefore, the cauda sperm show more consistent DNA
methylation profiles during spermatogenesis and epididymal sperm
maturation, but are distinct in the spermatogonial stem cell stages.

Genes associated with the DMRs were identified and compared at
each of the developmental stages. The DMRs that had a gene within 10
kb distance, so the promoter is considered, were identified and the
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associated genes and gene functional categories determined, S1–S6
Tables. The DMRs with a p < 1e-05 were used in this analysis at all the
developmental stages. The number of genes associated with specific
gene functional categories is presented in Fig. 9A. Each of the
developmental stages are presented to compare the major gene
categories. The signaling, metabolism, transcription and receptor gene
categories were the major categories present in the different develop-
mental stages. Additional categories were cytoskeleton, development,
transport and immune system, that were present in all the develop-
mental stages, Fig. 9A. The DMR associated genes at each develop-
mental stage were also used in a gene pathway analysis applying the
KEGG pathway association as described in the Methods. The number of
DMR associated genes involved with the major pathways is presented
in Fig. 9B. The most predominant pathways present in at least two
different developmental stages are shown. The E16 prospermatogonia,
round spermatids, caput spermatozoa and cauda sperm had DMR
associated genes in the metabolic pathways. The E16 prospermatogo-
nia, P10 spermatogonia, pachytene spermatocytes had DMR associated
genes in the pathways in cancer in common. Therefore, the only

pathways that were present in nearly all the stages are metabolism and
pathways in cancer. The caput epididymal spermatozoa and cauda
sperm were more consistent than the others which were more distinct.

The final aspect of the study involved an investigation of the
developmental origins of the cauda sperm DMRs, meaning when the
differential DNA methylation alterations appeared within the develop-
mental stages examined. In the cauda sperm there are 265 DMRs at
p < 1e-05. For the analysis of developmental origins the 265 DMRs
were examined individually with a reduced statistical stringency of p
< 0.05 to see the first stage the DMR appears or originates. Fig. 1B
demonstrates 70 DMRs were developed in the E16 prospermatogonia
stage, 65 DMRs in the P10 spermatogonia stage, 47 DMRs in the
spermatocyte stage, 14 DMRs in the round spermatid stage, 33 DMRs
in the caput epididymal spermatozoa stage, and 36 DMRs in the cauda
sperm stage, S8 Table. The cauda sperm had a total of 265 DMRs at
p < 1e-05 with the majority of DMRs originating in the prosper-
matogonia and spermatogonia. Fewer were observed in the round
spermatids and caput epididymal spermatozoa stages, Fig. 1B. The
percentage of the total DMR origins and schematic of the different

Fig. 2. DMR identification and numbers. The number of DMRs found using different p-value cutoff thresholds. The All Window column shows all DMRs. The Multiple Window column
shows the number of DMRs containing at least two significant windows (100 bp each). The number of DMRs with the number of significant windows (100 bp per window) at a p-value
threshold of 1e-05 is presented. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E) Caput Spermatozoa. (F) Cauda Sperm.
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Fig. 3. DMR chromosomal locations. The DMR locations on the individual chromosomes is represented with an arrowhead and a cluster of DMRs with a black box. All DMRs containing
at least one significant window at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E)
Caput Spermatozoa. (F) Cauda Sperm.
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stage cells during development is presented in Fig. 1A. Therefore, the
majority of the transgenerational sperm DMRs were developed during
the prospermatogonia and spermatogonia stages with a small number
developed in the epididymal maturation stages. This correlated to a
cascade of epigenetic and transcriptome changes during these stages of
male germline development to generate the transgenerational sperm
epimutations, Fig. 1A.

3. Discussion

The aim of the current study was to identify the developmental
origins of the cauda sperm transgenerational DMRs that transmit the
epigenetic transgenerational inheritance of disease and phenotypic
variation. During embryonic day 8–14 in the rat, when the primordial

germ cells (PGCs) migrate to colonize the indifferent fetal gonad, the F0
generation gestating female exposure to DDT was performed
[18,25,35]. Five different stages of male germ cell development were
investigated: E16 prospermatogonia, P10 spermatogonia, and adult
pachytene spermatocytes, round spermatids, caput epididymal sper-
matozoa and cauda sperm, Fig. 1A. The functional considerations of
these cell populations involve the prospermatogonia precursor stem
cell population, spermatogonia stem cell population in the testis, the
meiotic pachytene spermatocyte cell population, the post-meiotic
spermatid population and the spermatozoa present in the caput
epididymis, and mature sperm in the cauda epididymis. The caput
spermatozoa and cauda epididymal sperm were directly isolated as
described in the Methods then sonicated and washed to remove any
contaminating somatic cells, so are pure sperm cell preparations. For

Fig. 4. DMR genomic features. The number of DMRs at different CpG densities. All DMRs at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10
spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E) Caput Spermatozoa. (F) Cauda Sperm.
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the other cell populations a gravity sedimentation on a StaPut
apparatus procedure was used to isolate the specific cell populations
as previously described [39,40]. The E16 prospermatogonia and P10
spermatogonia were found to have a greater than 85% purity. The
pachytene spermatocytes were greater than 95% spermatocytes with
two-thirds of these cells pachytene spermatocytes and one-third other
spermatocyte stages. This is due to the longer developmental life span
or developmental period of pachynema compared to the other stages of
first meiotic prophase [41] and to the efficiency of the StaPut gradient
protocol. For the isolated round spermatids 95% of them were
spermatids with 90% of them being round spermatids and 10% being

elongate spermatids and other spermatogenic cell stages [42]. Despite
obtaining a high purity for these developmental stage male germline
cell populations, cell purity needs to be considered in the data
interpretations. The embryonic day 16 (E16) prospermatogonia were
isolated from the fetal gonad, the postnatal day 10 (P10) from the early
pubertal age, the pachytene spermatocytes, round spermatids, caput
epididymal spermatozoa and cauda sperm were all isolated from
postnatal day 120 (P120) age adult male rats. DDT has been previously
shown to induce transgenerational inheritance of disease between
6 and 12 months of age [5]. Therefore, by choosing the postnatal day
120 or earlier with negligible disease present, no disease artifacts are

Fig. 5. DMR lengths. All DMRs at a p-value threshold of 1e-05 are shown. (A) E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round Spermatids. (E)
Caput Spermatozoa. (F) Cauda Sperm.
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anticipated in the current study. This is consistent with the primary
objective of the study to investigate the developmental origins of the
sperm DMR, but future studies can now consider disease correlations.

The transgenerational F3 generation control and DDT lineage
germline samples were compared at each of the developmental stages.
The F1 and F2 generations have somatic cell and germline epigenetic
alterations due to the F1 generation fetal direct exposure and
F1 generation fetal germline direct exposure that will generate the
F2 generation. Therefore, the F3 generation is the first transgenera-
tional generation not having any direct exposures, so was the focus of
the current study [37]. A comparison of the F1 generation direct
exposure sperm DMR development with the transgenerational
F3 generation observations will be an interesting future study to
consider. All F3 generation developmental samples had differential
DNA methylation regions (DMRs). Excluding the caput spermatozoa
and cauda epididymal sperm with common DMRs, all the other stage
DMRs were found to be primarily distinct from each other, Fig. 6. The
majority of the epigenome was not altered (i.e. potentially millions of
CpG regions) and the current study focused on the transgenerational
alterations at each stage of development. The distinct DMRs at each
stage indicate a cascade of epigenetic changes occur to program the
sperm transgenerational epigenome.

A comparison of the different developmental stage germline
populations was conducted in regard to DNA methylation alterations
for the top 100 most statistically significant DMRs at each develop-
mental stage separately. Analysis of these DNA methylation alterations
for the different developmental stage DMRs revealed that the E16
prospermatogonia and P10 spermatogonia presented distinct patterns
of DNA methylation compared to the other stages, Figs. 7 and 8. The
statistically significant top 100 DMRs at both these developmental
stages altered greatly with adjacent stages and often lost their statistical

significance. In contrast, the pachytene spermatocytes, round sperma-
tids, caput epididymal spermatozoa and caudal sperm were more
consistent between each other regarding the DMRs maintaining similar
DNA methylation alterations and statistical significance, Figs. 7 and 8.
This suggests that the developing stem cells and spermatogonia have
principally unique DNA methylation profiles associated with the
cascade of epigenetic programming of the cells. When the spermato-
gonia initiate the spermatogenesis process there is a cascade of
epigenetic programming and DNA methylation observed between the
spermatogenic cell populations, as well as between spermatozoa
undergoing epididymal maturation. Observations suggest a dynamic
epigenetic programming of the male germline in the testis and
epididymis. Epididymal maturation has been shown to promote
structural and molecular alterations in the developing sperm, which
also appear to be involved in the transgenerational sperm DMR
programming [32].

Significant epigenetic reprogramming in the primordial germ cells
(PGCs) has already been described. DNA methylation erasure during
migration and colonization of the fetal gonad has been shown to occur
[18]. This process enables the germline stem cell population to
facilitate the generation of the male or female germ lines following
gonadal sex determination [18,25]. A stable epigenetic cascade of
events occurs to produce the spermatogonial stem cell population in
the adult testis. Studies have shown that environmental toxicants have
the ability to promote epigenetic DNA methylation alterations in the
PGCs and prospermatogonia [35]. These transgenerational DMRs
observed in the PGCs were found to be distinct from the caudal
epididymal sperm DMRs [35]. The current study supports this
observation and determines that sperm DMRs not only originate in
the fetal period, but trigger a cascade of epigenetic alterations that
eventually impact the mature sperm epigenome, Fig. 1B. Therefore, the
developmental cascade of epigenetic programming initiated by fetal
exposure induces a number of DMRs that are also maintained
throughout development.

In the cauda sperm, the origins of the DMRs were identified. The
majority of them originate throughout the development of prosper-
matogonia, spermatogonia and spermatocytes, Fig. 1B and S9 Table. A
smaller number of DMRs also arose in the round spermatids and cauda
epididymal sperm. The highest number of DMRs was observed in the
prospermatogonia, the stage of development during which the initial
F0 generation gestating female and F1 generation developing fetus
were exposed. The DMRs in the cauda sperm originated in all the
earlier developmental spermatogenic stages and through epididymal
maturation. These observations correlated with the DNA methylation
alteration data for DMRs between the different developmental stages
shown in Figs. 7 and 8. Thus, the primary origin of the transgenera-
tional sperm DMR epimutations/DMRs does not occur during early
PGC development or in the embryonic stem cell population, but
throughout development and spermatogenesis in the testis, as well as
during epididymal maturation. Although the induction of a cascade of
epigenetic programming in the PCGs is critical as previously suggested
[7,35], there is a continual cascade of epigenetic alterations throughout
spermatogenesis to give rise to the transgenerational sperm DMRs,
Fig. 1A. Another recent study investigating vinclozolin induced sperm
DMR origins found similar observations, but the highest level of DMRs
were developed at the pachytene spermatocyte stage [36]. Therefore,
an exposure specificity may exist in the developmental epigenetics
observed.

The DMRs associated genes were identified for DMRs at p < 1e-05
at each stage of development. The analysis of associated gene func-
tional categories identified signaling, transcription, metabolism and
receptor as the major categories at all stages of development. The
pathway analysis also identified a number of stage specific pathways
with negligible overlap except in metabolism and pathways in cancer.
Gene pathways more specific to testis development such as meiosis or
the pyruvate pathway did not contain more than a few DMR associated

Fig. 6. Developmental stage DMR overlaps. (A) Different developmental stage DMRs
overlap. (B) Epididymal caput spermatozoa and caudal sperm DMR overlap.
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genes. Therefore, for all the stages of development for the DMR-
associated genes involved similar gene categories, but different path-
ways. Future studies are needed to correlate the DMRs with data
identified from transcriptome and altered non-coding RNA expression
to provide a better understanding as to how the DMRs may regulate
genome activity.

The caput epididymal spermatozoa displayed unique DMRs and
others that were in common with the cauda sperm. Interestingly, the
cauda epididymal sperm did acquire DMRs that were not present in
earlier stages of development. Even though the majority of the cauda
epididymal sperm DMRs were obtained during prior developmental
stages, 36 DMRs were acquired at the cauda epididymal sperm stage of
maturation only, S7 and S8 Tables. Two studies have previously
suggested that epididymal maturation (epididymosomes) may be
involved with transgenerational spermmaturation regarding epigenetic
alterations, but no direct data have been provided [43–45]. The current
study supports a role for epididymal maturation altering sperm DMRs.
However, the majority of DMRs originated during earlier develop-
mental stages and spermatogenesis in the testis and not the epididy-
mis, Fig. 1B. A combination of early development, spermatogenesis and
epididymal mutation appears to be involved in the development of the
transgenerational sperm epimutations. Further investigation is needed
to elucidate the molecular mechanisms in the epididymis that alter
sperm epigenetics.

4. Conclusions

The current study was designed to investigate the developmental
origins of transgenerational sperm DMRs induced by the pesticide
DDT. Results show that each stage of male germ cell development
examined, including the E16 prospermatogonia, P10 spermatogonia,
pachytene spermatocytes, round spermatids, caput epididymal sper-
matozoa and cauda sperm, has distinct and unique DMRs when the
DDT lineage and control lineage F3 generation samples are compared.
Both the prospermatogonia and spermatogonia display unique DNA
methylation alterations in comparison with later stages that are more
consistent. The origins of the cauda sperm DMRs developed through-
out the earlier developmental stages with the highest number during
prospermatogonia, spermatogonia and pachytene spermatocytes, and
fewer originating during epididymal maturation. In conclusion, a
developmental cascade of epigenetic programming occurs from the
PGCs to the sperm with epimutations developing throughout the
different stages of development, Fig. 1A. The initial speculation that
the DMRs may develop in the PGCs is not the case, even though the
developmental cascade initiated is important. Recently, sperm carrying
transgenerational epimutations were found to have alterations in DNA
methylation, ncRNAs and histone retention, such that all epigenetic
factors are involved in the epigenetic transgenerational inheritance
phenomenon [15,16]. Future studies will now need to investigate these

Fig. 7. Timeline DMR development. Top 100 statistically significant DMR developmental alterations for control greater than DDT in read depths (decrease in DNA methylation).
Genomic windows with an edgeR p-value < 10−5 are indicated by astrisks and windows separated showing only those with an RPKM read depth elevated in the control. (A) E16
prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round spermatids. (E) Caput spermatozoa. (F) Cauda sperm.
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other epigenetic processes and correlated gene expression to develop a
more systems biology assessment of the molecular mechanism in-
volved.

5. Methods

5.1. Animal studies and breeding

Female and male rats of an outbred strain Hsd: Sprague
Dawley®™SD®™ obtained from Harlan/Envigo (Indianapolis, IN) at
about 70–100 days of age were maintained in ventilated (up to 50 air
exchanges/hour) isolator cages (cages with dimensions of 10 ¾″W×19
¼″ D×10 ¾″ H, 143 square inch floor space, fitted in Micro-vent 36-
cage rat racks; Allentown Inc., Allentown, NJ) containing Aspen Sani
chips (pinewood shavings from Harlan) as bedding, and a 14 h light:
10 h dark regimen, at a temperature of 70 F and humidity of 25–35%.
The mean light intensity in the animal rooms ranged from 22 to 26 ft-
candles. Rats were fed ad lib with standard rat diet (8640 Teklad 22/5
Rodent Diet; Harlan) and ad lib tap water for drinking. To obtain time-
pregnant females, the female rats in proestrus were pair-mated with
male rats. The sperm-positive (i.e. sperm plug present) (day 0) rats
were monitored for diestrus and body weight. On days 8 through 14 of
gestation [46], the females received daily intraperitoneal injections of
DDT (25mg/kg body weight/day) or dimethyl sulfoxide (DMSO). The

DDT (dichlorodiphenyltrichloroethane) was obtained from Chem
Service Inc. (West Chester, PA) and reported to have a purity of
98.2%. DDT were dissolved and injected in DMSO vehicle as previously
described [47]. Treatment lineages are designated ‘control’ or ‘DDT’
lineages. The treated gestating female rats were designated as the F0
generation. The offspring of the F0 generation rats were the F1
generation. Non-littermate females and males aged 70–90 days from
the F1 generation of control or DDT lineages were bred to obtain F2
generation offspring. The F2 generation rats were bred to obtain F3
generation offspring. The F1–F3 generation offspring were not them-
selves treated directly with DDT. The control and DDT lineages were
housed in the same room and racks with lighting, food and water as
previously described [47–49]. All experimental protocols for the
procedures with rats were pre-approved by the Washington State
University Animal Care and Use Committee (IACUC approval # 6252).

5.2. Epididymal sperm collection and DNA isolation

Testis and epididymis were collected from 12 month old rats for
germ cell collection. The epididymis was dissected free of connective
tissue and divided into caput and cauda halves with a cut in the mid-
corpus. A small cut made to the cauda and to the caput and each half
was placed in 3ml of PBS for up to 2 h at 4 °C. Caput and cauda
epididymal tissue were each coarsely minced and the liquid with the

Fig. 8. Timeline DMR development. Top 100 statistically significant DMR developmental alterations for DDT greater than control in read depths (increase in DNA methylation).
Genomic windows with an edgeR p-value < 10−5 are indicated by astrisks and windows separated showing only those with an RPKM read depth elevated in the DDT over control. (A)
E16 prospermatogoina. (B) P10 spermatogonia. (C) Pachytene spermatocytes. (D) Round spermatids. (E) Caput spermatozoa. (F) Cauda sperm.
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released sperm collected. For each sample the released sperm was
centrifuged at 6000×g, then the supernatant removed, and the pellet
resuspended in NIM buffer, to be stored at −80 °C until further use.
One hundred μl of sperm suspension was sonicated to destroy somatic
cells and tissue, spun down at 6000×g, the sperm pellet washed with
1x PBS once, and then combined with 820 μl DNA extraction buffer
and 80 μl 0.1M DTT. The sample was incubated at 65 °C for 15min.
Following this incubation 80 μl proteinase K (20mg/ml) was added
and the sample incubated at 55 °C for at least 2 h under constant
rotation. Then 300 μl of protein precipitation solution (Promega,
A7953) was added, the sample mixed thoroughly and incubated for
15min on ice. The sample was centrifuged at 12,500×g for 30min at
4 °C. One ml of the supernatant was transferred to a 2ml tube and 2 μl
of glycoblue and 1ml of cold 100% isopropanol were added. The
sample was mixed well by inverting the tube several times then left in
−20 °C freezer for at least one hour. After precipitation the sample was
centrifuged at 12,500×g for 20min at 4 °C. The supernatant was taken
off and discarded without disturbing the (blue) pellet. The pellet was
washed with 70% cold ethanol by adding 500 μl of 70% ethanol to the
pellet and returning the tube to the freezer for 20min. After the
incubation the tube was centrifuged for 10min at 4 °C at 12,500×g and
the supernatant discarded. The tube was spun again briefly to collect
residual ethanol to bottom of tube and then as much liquid as possible
was removed with gel loading tip. Pellet was air-dried at RT until it
looked dry (about 5min). Pellet was then resuspended in 100 μl of
nuclease free water.

5.3. Developing germ cell stage isolation and DNA preparation

Harlan Sprague-Dawley rats (Harlan Inc., Indianapolis IN) were
used for all experiments. The rats were kept in a temperature
controlled environment and given food and water ad libitum. Estrous
cycles of female rats were monitored by cellular morphology from
vaginal smears. Rats in early estrus were paired with males overnight
and mating confirmed by sperm-positive smears, denoted day 0 of
pregnancy. Pregnant rats were euthanized at embryonic day 16 (E16)
of gestation, and fetal gonads were collected for germ cell preparations.
Sex was determined on the basis of gonadal morphology. Germ cells
were isolated exclusively from males.

Purified populations of male PGCs type T1 prospermatogonia (at
E16) were prepared using a mini StaPut gradient method as previously
described [50,51]. Briefly, fetal testes were pooled and dissociated by
incubation in 0.25% trypsin-EDTA (Sigma) with vigorous pipetting
using a 1000 microliter pipette tip, and the resulting cell solution was
filtered through 100 µm nylon mesh to yield a single cell suspension.
This cell suspension was then loaded onto a 50ml 2–4% bovine serum
albumen (BSA) gradient prepared in KREBS buffer, and the cells were
allowed to sediment at unit gravity at 4 °C for two hours as described
[50,51]. The gradient was then fractionated and aliquots of the
fractions were examined under phase optics to identify those enriched
for the appropriate cell types on the basis of morphological character-
istics. The enriched fractions were pooled to yield the final sample
which was ≥85% pure for the desired male germ cell type in each case.

Fig. 9. Sperm DMR associated gene categories and pathways. (A) DMR associated gene functional categories for each stage (color insert) versus DMR number. (B) DMR associated gene
pathways for each stage of development with number of DMR associated genes in pathway in brackets. Bolded pathways show overlap in at least three developmental stages.
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Three pools of prospermatogonia were prepared for each treatment
group, with each pool derived from testes of 5–6 rats from different
litters.

A similar mini StaPut gradient method [50,51] was used to isolate
spermatogonia from testes of 10-day old rats, with the addition of
incubation of the testes in 0.5mg/ml collagenase (Sigma C1639) at
33 °C for 20min with agitation to dissociate the seminiferous tubules.
Three pools of spermatogonia from 10-day old rats were prepared for
each treatment group, with each pool derived from testes of 6–7 rats
from different litters.

To isolate pachytene spermatocytes and round spermatids, testes
were collected from 12 month old rats suspended in F-12 culture
medium (Gibco-Life Technologies, USA. Ref 11765-054) and shipped
overnight on ice to Dr. John McCarrey. A StaPut gradient method was
used to isolate the developing germ cell stages as previously described
[50,51]. Three pools of cells of each cell type were prepared for each
treatment group, with each pool derived from testes of three rats from
different litters. DNA was isolated from prospermatogonia, spermato-
gonia, pachytene spermatocytes and round spermatids using the same
procedure as was used for sperm, with the omission of sonication and
DTT treatments.

5.4. Methylated DNA immunoprecipitation MeDIP

Methylated DNA Immunoprecipitation (MeDIP) with genomic
DNA was performed as follows: rat DNA pools were generated using
the appropriate amount of genomic DNA from each individual for 3
pools each of control and DDT lineage animals. Genomic DNA pools
were sonicated using the Covaris M220 the following way: the pooled
genomic DNA was diluted to 130 μl with TE buffer into the appropriate
Covaris tube. Covaris was set to 300 bp program and the program was
run for each tube in the experiment. 10 μl of each sonicated DNA was
run on 1.5% agarose gel to verify fragment size. The sonicated DNA was
transferred from the Covaris tube to a 1.7ml microfuge tube and the
volume measured. The sonicated DNA was then diluted with TE buffer
(10mM Tris HCl, pH7.5; 1mM EDTA) to 400 μl, heat-denatured for
10min at 95 °C, then immediately cooled on ice for 10min. Then
100 μl of 5X IP buffer and 5 μg of antibody (monoclonal mouse anti 5-
methyl cytidine; Diagenode #C15200006) were added to the denatured
sonicated DNA. The DNA-antibody mixture was incubated overnight
on a rotator at 4 °C.

The following day magnetic beads (Dynabeads M-280 Sheep anti-
Mouse IgG; 11201D) were pre-washed as follows: The beads were
resuspended in the vial, then the appropriate volume (50 μl per
sample) was transferred to a microfuge tube. The same volume of
Washing Buffer (at least 1ml PBS with 0.1% BSA and 2mM EDTA) was
added and the bead sample was resuspended. Tube was then placed
into a magnetic rack for 1–2min and the supernatant discarded. The
tube was removed from the magnetic rack and the beads washed once.
The washed beads were resuspended in the same volume of IP buffer
(50mM sodium phosphate ph7.0, 700mM NaCl, 0.25% TritonX-100)
as the initial volume of beads. 50 μl of beads were added to the 500 μl
of DNA-antibody mixture from the overnight incubation, then incu-
bated for 2 h on a rotator at 4 °C.

After the incubation the bead-antibody-DNA complex was washed
three times with IP buffer as follows: The tube was placed into
magnetic rack for 1–2min and the supernatant discarded, then washed
with IP buffer 3 times. The washed bead-DNA solution is then
resuspended in 250 μl digestion buffer with 3.5 μl Proteinase K (20
mg/ml). The sample was then incubated for 2–3 h on a rotator at 55 °C
and then 250 μl of buffered Phenol-Chloroform-Isoamylalcohol solu-
tion was added to the supe and the tube vortexed for 30 s then
centrifuged at 12,500×g for 5min at room temperature. The aqueous
supernatant was carefully removed and transferred to a fresh micro-
fuge tube. Then 250 μl chloroform were added to the supernatant from
the previous step, vortexed for 30 s and centrifuged at 12,500×g for 5

min at room temperature. The aqueous supernatant was removed and
transferred to a fresh microfuge tube. To the supernatant 2 μl of
glycoblue (20mg/ml), 20 μl of 5M NaCl and 500 μl ethanol were added
and mixed well, then precipitated in −20 °C freezer for 1 h to overnight.

The precipitate was centrifuged at 12,500×g for 20min at 4 °C and
the supernatant removed, while not disturbing the pellet. The pellet
was washed with 500 μl cold 70% ethanol in −20 °C freezer for 15min
then centrifuged again at 12,500×g for 5min at 4 °C and the super-
natant discarded. The tube was spun again briefly to collect residual
ethanol to bottom of tube and as much liquid as possible was removed
with gel loading tip. Pellet was air-dried at RT until it looked dry (about
5min) then resuspended in 20 μl H2O or TE. DNA concentration was
measured in Qubit (Life Technologies) with ssDNA kit (Molecular
Probes Q10212).

5.5. MeDIP-Seq analysis

The MeDIP pools were used to create libraries for next generation
sequencing (NGS) using the NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (NEB, San Diego, CA) starting at step 1.4 of the
manufacturer's protocol to generate double stranded DNA. After this
step the manufacturer's protocol was followed. Each pool received a
separate index primer. NGS was performed at WSU Spokane Genomics
Core using the Illumina HiSeq. 2500 with a PE50 application, with a
read size of approximately 50 bp and approximately 30 million reads
per pool. Five to six libraries were run in one lane.

5.6. Statistics and bioinformatics

For the DMR analyses, the basic read quality was verified using
summaries produced by the FastQC program http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/. The raw reads were
trimmed and filtered using Trimmomatic. The reads for each MeDIP
sample were mapped to the Rnor 6.0 rat genome using Bowtie2 [52]
with default parameter options. The mapped read files were then
converted to sorted BAM files using SAMtools [53]. To identify DMRs,
the reference genome was broken into 100 bp windows. Genomic
windows with no CpG or ambiguous base within 1000 bp were
identified in the reference genome and used as control genes to
perform RUVg normalization [54]. The MEDIPS [55] and edgeR [56]
R packages were used to calculate differential coverage between control
and exposure sample groups. The edgeR p-value was used to determine
the relative difference between the two groups for each genomic
window. Windows with an edgeR p-value less than 10–5 were
considered DMRs. The FDR adjusted p-values were also calculated.
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 was then calculated for the DMR based on the
reference genome. DMRs were annotated using the biomaRt R package
[57] to access the Ensembl database [58]. The genes that fell within
10kbp of the DMR edges were then input into the KEGG pathway
search [59,60] to identify associated pathways. The associated genes
were then sorted into functional groups by consulting information
provided by the DAVID [61], Panther [62], and Uniprot databases
incorporated into an internal curated database (www.skinner.wsu.edu
under genomic data). All molecular data has been deposited into the
public database at NCBI (GEO # GSE121585).
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