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Abstract 

Background:  Environmentally induced epigenetic transgenerational inheritance of pathology and phenotypic vari-
ation has been demonstrated in all organisms investigated from plants to humans. This non-genetic form of inherit-
ance is mediated through epigenetic alterations in the sperm and/or egg to subsequent generations. Although the 
combined regulation of differential DNA methylated regions (DMR), non-coding RNA (ncRNA), and differential histone 
retention (DHR) have been shown to occur, the integration of these different epigenetic processes remains to be 
elucidated. The current study was designed to examine the integration of the different epigenetic processes.

Results:  A rat model of transiently exposed F0 generation gestating females to the agricultural fungicide vinclo-
zolin or pesticide DDT (dichloro-diphenyl-trichloroethane) was used to acquire the sperm from adult males in the 
subsequent F1 generation offspring, F2 generation grand offspring, and F3 generation great-grand offspring. The F1 
generation sperm ncRNA had substantial overlap with the F1, F2 and F3 generation DMRs, suggesting a potential role 
for RNA-directed DNA methylation. The DMRs also had significant overlap with the DHRs, suggesting potential DNA 
methylation-directed histone retention. In addition, a high percentage of DMRs induced in the F1 generation sperm 
were maintained in subsequent generations.

Conclusions:  Many of the DMRs, ncRNA, and DHRs were colocalized to the same chromosomal location regions. 
Observations suggest an integration of DMRs, ncRNA, and DHRs in part involve RNA-directed DNA methylation and 
DNA methylation-directed histone retention in epigenetic transgenerational inheritance.
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Background
Over the past two decades numerous studies have dem-
onstrated a non-genetic form of inheritance termed epi-
genetic transgenerational inheritance that is mediated 
by germline alterations in epigenetic processes [1–3]. 
One of the first observations involved the environmental 

agricultural toxicant vinclozolin, which is one of the most 
commonly used agricultural fungicides, to induce the 
epigenetic transgenerational inheritance of testis pathol-
ogy and DNA methylation alterations [1]. Similar obser-
vations with a wide variety of environmental toxicants, 
from dioxin to DDT (dichloro-diphenyl-trichloroethane), 
have identified similar epigenetic inheritance impacts 
on a variety of different disease conditions [3–5]. The 
transgenerational phenotypic manifestations of vinclo-
zolin and DDT include the induction of testis, prostate, 
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kidney, and ovary pathology, as well as obesity [3]. An 
early observation in mice identified a traumatic stress-
induced impact on the epigenetic transgenerational 
inheritance of behavioral abnormalities [6, 7]. Interest-
ingly, the injection of eggs with the ncRNA from stressed 
individual male sperm promoted the same transgenera-
tional phenotypes [6]. Subsequent studies have supported 
a role of either DNA methylation or ncRNA in the ger-
mline-mediated epigenetic transgenerational inheritance 
[3, 8]. This epigenetic transgenerational inheritance phe-
nomenon has been shown to be induced by environmen-
tal chemicals, nutrition, stress and trauma abnormalities 
in rodents and humans [3, 7, 9], as well as a wide variety 
of environmental stresses in plants [10, 11], insects [12, 
13], worms [14], fish [15–17], birds [18, 19], and a variety 
of mammals such as pigs and humans [20–22]. A num-
ber of physiological impacts have been observed includ-
ing pathologies in the brain, reproductive organs, kidney, 
immunity, obesity, and infertility [1–3]. The environmen-
tally induced epigenetic transgenerational inheritance 
phenomenon has been well established, and has signifi-
cant impacts on disease etiology [2, 3] and other areas of 
biology such as evolution [23].

Although most previous investigations have focused on 
an individual epigenetic process such as DNA methyla-
tion [3, 4, 10] or ncRNA [6, 8], few have examined mul-
tiple processes. Our previous studies demonstrated in 
both vinclozolin and DDT-induced epigenetic transgen-
erational inheritance of pathology that the transgen-
erational F3 generation sperm had coordinately altered 
differential DNA methylation regions (DMRs), expres-
sion of non-coding RNAs (ncRNAs), differential his-
tone retention sites (DHRs), and histone modifications 
[24, 25]. These observations suggest potential interac-
tions between the different epigenetic processes, but this 
remains to be elucidated during the epigenetic inherit-
ance phenomenon. Previous studies have demonstrated 
a role for ncRNA in RNA-directed DNA methylation in 
a number of different systems [26–28]. The ncRNA can 
help localize the DNA methylation site and facilitate sub-
sequent chromatin remodeling processes. Therefore, the 
integration of ncRNA and DNA methylation has been 
established. Histone modifications can also be modified 
dramatically by ncRNA and chromatin remodeling in 
order to transition from euchromatin-active gene expres-
sion sites to heterochromatin-inactive sites of DNA [29]. 
Although information is available on histone retention 
in sperm and its impacts on the embryo [30, 31], the 
potential role of different epigenetic processes in his-
tone retention has not been reported. Recently, a role 
for environmental exposures (e.g., vinclozolin and DDT) 
to promote transgenerational epigenetic inheritance of 
sperm histone retention has been observed [24, 25, 32]. 

The current study investigates the potential integration of 
DNA methylation, ncRNA, and histone alterations in the 
epigenetic transgenerational inheritance phenomenon. 

Previous analyses of the concurrent expression of 
the epigenetic processes between the F1, F2, and F3 
generations with a stringent statistical threshold have 
demonstrated negligible overlap between the different 
generations or between the epigenetic processes [24, 
25]. The current study used an extended overlap analysis 
with a less stringent statistical threshold and found over-
laps between the generations and epigenetic marks. The 
potential integration of the different epigenetic processes 
and generational conservation was identified.

Results
The experimental design involved F0 generation gestat-
ing outbred Sprague Dawley female rats at 120  days of 
age being exposed during embryonic days 8–14 (E8–E14) 
transiently to vinclozolin (100  mg/kg body weight/day), 
or DDT (25 mg/kg body weight/day), or vehicle dimethyl 
sulfoxide (DMSO) control, as previously described [24, 
25]. The F1 generation offspring were obtained and aged 
to 90  days of age then bred within the lineage (control, 
vinclozolin, or DDT) in order to generate the F2 genera-
tion grand offspring. Afterward, the F2 generation was 
similarly bred to generate the transgenerational F3 gen-
eration great-grand offspring within the lineage. At each 
generation or lineage no sibling or cousin breeding was 
used to avoid any inbreeding artifacts [1, 3]. Litter bias 
was avoided by culling litters to 10 (approximately 5 
females and 5 males), and then only one or two males and 
females from each litter being used for breeding within 
the lineage, as previously described. All males were aged 
to 120 days and sacrificed for sperm collection for molec-
ular analysis, as described for previous reported studies 
[24, 25]. The number of individual animals investigated 
at each generation for sperm collection and molecular 
analysis was approximately 10–17 males, so n = 10–17 
for animals with three different pools of 4–6 animals for 
each generation and epimutation analysis. The sperm 
collected were used to isolate RNA, DNA, and chromatin 
for analysis of ncRNA, DNA methylation, histone reten-
tion, and histone modification, as described in previous 
studies [24, 25], (Fig. 1). The molecular data from these 
previous studies (GEO # GSE109775, GSE106125, and 
NCIB SRA: PRJNA430483 largeRNA (control and DTT), 
PRJNA430740 smallRNA) were analyzed to explore data 
further bioinformatically.

The sperm DMRs, ncRNA (both small sncRNA and 
large lncRNA), and DHRs were analyzed in each sam-
ple, as previously described [24, 25], for the vinclozolin 
and DDT F1, F2 and F3 generation sperm samples. The 
numbers and overlaps of DMRs, ncRNA, and DHRs for 
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each generation with a high stringency threshold are pre-
sented as previously reported in (Fig.  1). The overlaps 
with a Venn diagram for the transgenerational F3 gen-
eration for the different epigenetic marks is negligible 
with the high stringency threshold, (Fig. 1e, f ), for each 
exposure, as previously identified [24, 25]. The F1 and 
F2 generations also were primarily distinct among the 
epimutations, (Fig.  1a–d). Although the different epige-
netic alterations are present at each generation for both 
exposure lineages, the overlaps with a stringent statistical 
threshold were negligible, suggesting distinct functions 
and a lack of integration, as previously suggested [24, 25].

Interestingly, when a comparison of one epimutation 
at a high stringency was made to the others at p < 0.05, 
a number of genomic locations were identified with the 
different types of epimutations present. The chromo-
somal locations of these altered epigenetic marks (i.e., 
epimutations) are presented in (Fig. 2) and in (Additional 
file 1: Tables S1–S6) for each generation for both vinclo-
zolin and DDT lineage sperm samples. The color-coded 
labels identify the DMR, ncRNA, and DHRs throughout 
the genomes with common chromosomal locations for 
each generation. Only those sites significant at high strin-
gency (color code index) with one epimutation analysis 
that overlap with the other epimutations at p < 0.05 are 
shown, (Fig. 2). Specific epimutation chromosomal loca-
tions, statistical p-values, and gene associations are pre-
sented in (Additional file 1: Tables S1–S6). In the F1 and 
F2 generations only the alterations in ncRNAs and DMRs 
were found, as previously described [24, 25]. There-
fore, the overlaps were primarily between the ncRNA 
and DMR in the F1 and F2 generations, (Fig. 2a–d). The 
DHRs developed in the transgenerational F3 generation, 
as previously described [24, 25]. In the F1 and F2 genera-
tions the ncRNA was predominantly the high statistically 
significant epimutation and overlap with DMR at the 
p < 0.05, (Fig.  2a–c), with a mix of ncRNA and DMR in 
the DDT lineage F2 generation, (Fig. 2d). The transgener-
ational F3 generation also had a mix of ncRNA and DMR 
at a high statistical significance, as well as a number of 
DHR, (Fig. 2e, f ). Therefore, chromosomal locations with 
multiple epimutations are identified with ncRNA being 
predominant in the F1 and F2 generations with the high 
statistical threshold, and DMRs being more predominant 
in the F3 generation with a mix of the various epimuta-
tions, (Fig. 2 and Additional file 1: Tables S1–S6).

An extended overlap analysis was performed with both 
the DDT and vinclozolin lineage data using a less strin-
gent statistical threshold for the comparisons, (Fig.  3). 
The more stringent statistical threshold epigenetic data 
sets (DMRs p < 1e−06, ncRNA p < 1e−04, and DHRs 
p < 1e−06) were compared between the generations and 
the epigenetic marks with a p < 0.05 statistical threshold. 
This optimized the potential to identify overlaps com-
pared to the more stringent thresholds used in (Fig.  1). 
The rows present the more stringent threshold DMRs, 
ncRNA, and DHRs for the F1, F2, and F3 generations. 
The columns present the corresponding p < 0.05 thresh-
old overlaps with the higher p-value threshold data sets. 
Examination of the horizontal rows, as expected, show 
100% overlap (i.e., shaded) for the same data set and the 
number of associated epigenetic marks and percentage 
(%) overlap with the left margin value. This extended 
overlap allows the two different threshold stringencies 
to be compared and to determine additional overlap 
observations, (Fig.  3). Similar trends in the overlaps are 
observed for both the DDT and vinclozolin data sets. 
One of the initial observations was that the F1 genera-
tion ncRNA had a high percentage overlap with the F3 
generation DMR, (Fig. 3 and Additional file 1: Tables S1 
and S2). Similar observations are made with the F1 and 
F2 generations. For the F1 generation, DDT ncRNA had 
over a 20% overlap observed with the F1, F2, and F3 gen-
eration DMRs, while vinclozolin F1 generation ncRNA 
had approximately 35% overlap with the F1, F2, and F3 
generation DMRs, (Figs.  3 and 4a, b). The lists of over-
lapping ncRNA and DMR sites are presented in (Addi-
tional file 1: Tables S1 and S2). The F2 and F3 generation 
ncRNA were similar with the overlap with the DDT 
generation DMRs of approximately 20%, but reduced to 
10–15% with the vinclozolin DMRs, (Fig.  3). Therefore, 
some ncRNAs were common between the generations, 
and had overlap with the DMRs that ranged between 
8–35% overlap for the vinclozolin DMRs and 15–20% 
overlap for DDT DMRs. The potential that the ncRNA 
may promote RNA-directed DNA methylation is sug-
gested. The Venn diagrams presented in (Fig. 4a, b) sup-
port those overlaps and the epigenetic ncRNA and DMR 
overlaps are listed in (Additional file 1: Tables S1 and S2).

The next observation was that the F1, F2, and F3 gen-
eration DMRs had a 20–48% overlap with the F3 genera-
tion DHRs for the DDT and vinclozolin lineages, (Fig. 3). 

Fig. 1  Generational epimutation overlap at high stringent statistical threshold. a F1 generation vinclozolin lineage DMR (p < 1e−06), DHR 
(p < 1e−06), and ncRNA (p < 1e−04). b F1 generation DDT lineage DMR (p < 1e−06), DHR (p < 1e−06), and ncRNA (p < 1e−04). c F2 generation 
vinclozolin lineage DMR (p < 1e−06), DHR (p < 1e−06), and ncRNA (p < 1e−04). d F2 generation DDT lineage DMR (p < 1e−06), DHR (p < 1e−06), 
and ncRNA (p < 1e−04). e F3 generation vinclozolin lineage DMR (p < 1e−06), DHR (p < 1e−06), and ncRNA (p < 1e−04). f F3 generation DDT 
lineage DMR (p < 1e−06), DHR (p < 1e−06), and ncRNA (p < 1e−04)

(See figure on next page.)
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Interestingly, the F3 generation DHRs had a 23–47% 
overlap with the F1, F2, and F3 generation DMRs for both 
exposure lineages. The Venn diagram overlaps in (Fig. 4c, 
d) support these DMR and DHR overlaps and suggests 
DMRs may help guide DHR formation transgeneration-
ally. The overlapping F3 generation DMRs and DHRs are 
presented in (Additional file 1: Tables S3 and S4).

An interesting observation was the overlap between the 
F1, F2, and F3 generation DMRs for both DDT and vin-
clozolin exposures, (Figs. 3 and 4e, f ). The highest overlap 
for the DDT F1 generation DMRs was the F2 generation 
DMRs with a 71% overlap, and for the vinclozolin F2 
generation DMRs with the F3 generation DMRs with 
a 73% overlap. The highest for the F3 generation DMRs 
was 79% overlap with the vinclozolin F2 DMRs. Gener-
ally, a 25–50% overlap existed between the F1, F2, and 
F3 generation DMRs for both exposures, (Fig. 3). A Venn 
diagram supports this observation and demonstrates 
approximately 25% overlap for the vinclozolin DMRs 
and 35% overlap for the DDT DMRs, (Fig.  4e, f ). Lists 
of these overlapping DMRs are presented in (Additional 
file  1: Tables S5 and S6). Therefore, a percentage (25–
35%) of the F1 generation individual DMRs were retained 
transgenerationally.

Generally, the F3 generation epigenetic alterations 
had more overlap among each other and with the other 
generations for both exposures. A Venn diagram analy-
sis was used to identify the epigenetic sites with overlap-
ping DMRs, ncRNA, and DHRs, (Fig. 4). The overlapping 
F3 generation epigenetic sites were approximately 25% 
for vinclozolin and DDT lineages. A permutation analy-
sis was performed to demonstrate this is significantly 
greater than the random overlap observed, with a p value 
of p ≤ 0.05 for both 1  kb and 10  kb overlapping sites. 
Several sites were randomly selected and are mapped to 
identify the overlapping chromosomal locations of the 
DMR, ncRNA, and DHR, (Fig.  5). The actual statisti-
cal significance of the overlapping epimutations in these 
examples includes: (Fig.  5a) (ncRNA p < 1e−04, DHR 
p < 0.03, and DMR p < 0.005); (Fig. 5b) (ncRNA p < 1e−04, 
DHR p < 0.001, and DMR p < 0.0004); (Fig.  5c) (DHR 
p < 1e−08, ncRNA p < 0.005, and DMR p < 0.04); and 
(Fig.  5d) (ncRNA p < 1e−06, DMR p < 1e−04, and DHR 
p < 1e−05). The potential that RNA-directed DNA meth-
ylation and DMR-directed histone retention is involved is 
reviewed in the “Discussion” section.

All the previous analyses and overlaps presented were 
based on a direct overlapping chromosomal location for 
the ncRNA, DMR and DHR. The question was addressed 
if a greater number of sites exist with epimutations that 
were in the same region but not directly overlapped. A 
5  kb distance on either side of the epimutations was 
used to have a 10  kb window for the potential overlap-
ping region. An extended overlap using this 10  kb win-
dow was used with the same data that will identify sites 
that directly overlap and those nearby within the 10  kb 
window, Fig. 6. The level of overlap with a 10 kb window 
identified the same overlaps presented and discussed, 
but the level of overlap was in the 80–99% range, (Fig. 6). 
Both the vinclozolin and DDT lineage had the same high 
level of overlap with most being > 90% range, with a per-
mutation analysis p value of p < 0.001. Using this 10  kb 
window the majority of ncRNA, DMRs and DHRs over-
lapped between the generations and epimutations. This 
supported all the previous observations and demon-
strated a significant level of epimutation overlap. Since 
approximately 90% of the F3 generation DMRs over-
lapped with the F3 generation DHRs and F1 generation 
ncRNA, the conserved F3 generation DMRs, (Additional 
file  1: Table  S5 and S6), were used in a Pathway Studio 
analysis to link DMR associated genes with cellular pro-
cesses and pathologies, (Additional file 1: S1 and S2). A 
large number of the DMR and epimutation associated 
genes linked to various transgenerational pathologies 
previously observed, including kidney disease, mammary 
tumors, immune abnormalities, prostate disease, meta-
bolic disease, or behavioral abnormalities [3, 33, 34].

Discussion
Previous studies have demonstrated the concurrent pres-
ence of DMRs, ncRNA, and DHRs in sperm following 
DDT or vinclozolin exposure of F0 generation gestating 
females during gonadal sex determination [24, 25]. These 
data were obtained and reported at a stringent statistical 
threshold selection and demonstrated negligible overlap 
at each generation, (Fig. 1) [24, 25]. The current study was 
designed to further investigate the potential integration 
of the different epigenetic processes between the F1, F2, 
and F3 generations. An approach was taken to compare 
the more stringent statistical threshold values for DMRs, 
ncRNAs, and DHRs with the less stringent p < 0.05 
threshold between the different epigenetic processes 

(See figure on next page.)
Fig. 2  Chromosomal colocalization of overlap epimutations. The overlap of one epimutation at high statistical stringency (DMR p < 1e−06, DHR 
p < 1e−06, or ncRNA p < 1e−04) overlap with others at p < 0.05. The epimutation at high stringency is identified with color and marked as indicated 
by the inset legend. The chromosomal number and size (megabase) are presented. a F1 generation vinclozolin lineage ncRNA and DMR. b F1 
generation DDT lineage ncRNA and DMR. c F2 generation vinclozolin lineage ncRNA and DMR. d F2 generation DDT lineage ncRNA and DMR. e F3 
generation vinclozolin lineage DMR, DHR and ncRNA. f F3 generation DDT lineage DMR, DHR and ncRNA
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and generations. This extended overlap approach gener-
ated a number of observations to suggest an integration 
between generations for the epigenetic transgenerational 
inheritance phenomenon.

An interesting observation from the extended overlap 
of DMRs demonstrated that approximately 40–50% of 
the F1 generation sperm DMRs were retained and also 
present in the F2 and transgenerational F3 generations, 

Fig. 3  Extended epimutation overlap. The epimutations at high stringency (DMR p < 1e−06, DHR p < 1e−06, and ncRNA p < 1e−04) in rows were 
compared to epimutations at p < 0.05 in columns. The number of overlap epimutations and percentage of the total are presented for each overlap. 
As anticipated, 100% overlap was observed for the same generation and epimutation indicated by shaded box. a Vinclozolin lineage epimutation 
and b DDT lineage epimutation overlap

(See figure on next page.)
Fig. 4  Epimutation overlaps. Generational DMR overlap with F1 generation ncRNA p < 0.05. A Venn diagram overlap of F1, F2, and F3 generation 
DMR (p < 1e−06) with F1 generation ncRNA (p < 0.05). a Vinclozolin lineage DMR and ncRNA overlap. b DDT lineage DMR and ncRNA overlap. 
Generational DMR overlap with F3 generation DHR p < 0.05. A Venn diagram overlap of F1, F2, and F3 generation DMR (p < 1e−06) with F3 
generation DHR (p < 0.05). c Vinclozolin lineage DMR and DHR overlap. d DDT lineage DMR and DHR overlap. Generational DMR overlap. A Venn 
diagram overlap of F1 generation DMR (p < 1e−06) with F2 and F3 generation DMR (p < 0.05). e Vinclozolin lineage DMR overlap. f DDT lineage DMR 
overlap
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(Figs. 3 and 4e, f ). This was 88–97% of the DMRs when 
10 kb windows were used, (Fig. 6). A permutation analy-
sis demonstrated this was significant (p < 0.001) and not 
due to random associations. The list of conserved F1 gen-
eration DMRs in subsequent generations is presented in 
(Additional file 1: Tables S5 and S6, and those DMRs with 
gene associations suggest approximately 50% of these 
conserved DMRs were associated with genes. Many of 
these genes had associations with a variety of pathologies, 

Additional file 1: Figures S1 and S2). Therefore, a percent-
age of the F1 generation sperm DMRs were programmed 
and then conserved in subsequent generations. Although 
a majority of the F1 generation sperm DMRs were con-
served generationally, there were minimal similarities 
between the different generations for ncRNAs, (Figs.  3 
and 6). The DHRs were primarily present in the F3 gen-
eration sperm, so not conservation between generations, 
(Fig. 3. ) In contrast, when a 10 kb region is considered 

Fig. 5  Genomic colocalization of DMR, DHR and ncRNA. The genomic and colocalized DMR, DHR and ncRNA presented. The region size (bp), genes 
present, and localization of DMR, DHR and ncRNA identified. The various examples include a nc-005100.4, b nc-005104.4, c nc-005111.4, and d 
nc-005113.4 from the NCBI Rattus norvegicus release 106 in 2016
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approximately 40% of the F3 generation DHRs are pre-
sent in the F1 and F2 generations, (Fig. 6). The potential 
role of these DMRs for guided transgenerational histone 
retention is discussed below.

The second interesting observation was the overlap of 
the F1 generation sperm ncRNA with the F1, F2, and F3 
generation DMRs. Over 20% in DDT and 35% in vin-
clozolin F1 generation ncRNA overlapped with the F1, 
F2, and F3 generation DMRs, (Figs. 3 and 4 and Addi-
tional file  1: Tables S1 and S2). Observations suggest 

the potential role of ncRNA-directed DNA methylation 
in the direct exposure F1 generation and transgenera-
tional F3 generation. Previous literature has established 
a role for RNA-directed DNA methylation in a number 
of biological and cellular systems [26–28]. This involves 
the ability of the ncRNA to recruit or direct chromatin 
remodeling proteins and proteins such as DNA meth-
yltransferase to guide the DNA methylation at a chro-
mosomal site, which has been established in a variety 
of different organisms and developmental processes 

Fig. 6  Extended epimutation overlap within a 10-kb region. The epimutations at high stringency (DMR p < 1e−06, DHR p < 1e−06, and ncRNA 
p < 1e−04) in rows were compared to epimutations at p < 0.05 in columns. The number of overlap epimutations and percentage of the total are 
presented for each overlap. As anticipated, 100% overlap was observed for the same generation and epimutation indicated by shaded box. a 
Vinclozolin lineage epimutation and b DDT lineage epimutation overlap
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[26–28]. Observations suggest ncRNA-directed DNA 
methylation may have a role in the epigenetic transgen-
erational inheritance phenomenon. Although the F1 
generation ncRNA have the highest overlap with the F3 
generation DMRs, overlaps are also observed with the 
F1 and F2 generation ncRNA with the various genera-
tion DMRs, (Fig. 3). When a 10 kb region overlap is con-
sidered, the F1 generation ncRNAs have a 91% overlap 
with the F2 and F3 generation DMRs, (Fig. 6). The over-
laps of the ncRNA and DMRs suggest ncRNA-directed 
DNA methylation has a potential role in the epige-
netic transgenerational inheritance process, (Fig. 7). A 
combination of F1 generation direct exposure altera-
tions in ncRNA and subsequent transgenerational F3 
generation actions on DNA methylation appears to be 
involved. The colocalized epigenetic sites with ncRNA 
and DNA methylation support this proposal, (Fig.  5). 
Although the molecular process of RNA-directed DNA 
methylation has been established [26–28], and sug-
gested in generational impacts in plants and humans 
[35, 36], the current study only demonstrates the strong 
correlations of the ncRNA and DMRs. Future stud-
ies are needed to provide more molecular insights and 

validation of the ncRNA-directed DNA methylation in 
the epigenetic transgenerational phenomenon.

Another interesting observation was the overlap of the 
transgenerational F3 generation DMRs with the DHRs. 
Although negligible DHRs are present in the F1 or F2 
generations, the F3 generation has DHRs that overlap 
with F1 and F2 generation DMRs, (Fig. 3). For the DDT 
DMRs there was a range of 35–50% overlap and for vin-
clozolin DMRs, a 23–41% overlap. Considering a 10  kb 
region overlap, the F3 generation DHRs had an 85–95% 
overlap with the DMRs at all the generations, (Fig.  6). 
The permutation analysis demonstrated this number of 
10 kb region overlaps is not due to random associations 
(p < 0.001). The literature for spermatid exchange of his-
tones for protamines to condense the DNA into the head 
of the sperm is well established in most organisms inves-
tigated [37–39]. Although the vast majority of the sperm 
DNA has associated protamines, a percentage of the his-
tones are retained, which varies between 5–10% of the 
DNA in different mammalian species [40]. Previously, 
we found histone retention was significantly increased 
in the transgenerational F3 generation sperm with the 
presence of new retention sites [24, 25, 32]. Therefore, 

Fig. 7  Diagram of ncRNA-directed DNA methylation and DNA methylation-directed histone retention. The red dot identifies DNA methylation, 
green histone the nucleosome with modifications in histone tails indicated. The ncRNA association with cofactors and DNA methyltransferase 
(DNMT) promoting DNA methylation (red dot) for RNA-directed DNA methylation. The DNA methylation (red dot) association with chromatin 
remodeling proteins (CRP) to promote histone retention is indicated
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an additional epigenetic mechanism influenced dur-
ing the epigenetic transgenerational inheritance process 
involves altered histone retention [32]. Previous literature 
has described the transition proteins and processes of the 
replacement of histones for protamines [41, 42], but the 
role of epigenetic processes such as DNA methylation 
have not been considered. Our previous observations 
suggest a role for this process in epigenetic inheritance 
[24, 25]. The current study indicates a potential role 
for DNA methylation in guiding or directing histone 
retention,(Figs.  3 and 6). Previous studies have demon-
strated a critical role for DNA methylation in the actions 
of chromatin remodeling proteins [41–43]. So, DNA 
methylation could alter the associated proteins and sec-
ondary structure of DNA that is an aspect of the process 
of histone retention. Although further investigation of 
the molecular processes is required in future studies, the 
observations from the current study suggest a potential 
role of DNA methylation-directed differential histone 
retention, (Fig. 7). The DMRs are proposed to assist in the 
guiding or directing of histone retention sites such that 
an increased number of sites appear transgenerationally. 
Therefore, the existence of DNA methylation-directed 
histone retention is proposed, and the observations sup-
port an integration of DMRs and DHRs transgeneration-
ally. An interesting additional observation is the F1 and 
F2 generation DMRs that develop following direct expo-
sure to toxicants are similar to the F3 generation DMRs, 
but that the DHRs did not form until the transgenera-
tional F3 generation, (Figs. 3 and 6).

The current study findings help integrate the previous 
data obtained with ncRNA, DMRs, and DHRs [24, 25]. 
Potential roles of ncRNA-directed DMRs and DMR-
directed DHRs are suggested. A percentage of the F1 
generation DMRs are retained and conserved for subse-
quent F2 and F3 generations. The F1 generation ncRNA 
overlapped with the F2 and F3 generation DMRs, sup-
porting the role for ncRNA-directed DNA methylation 
and formation of DMRs, (Fig. 7). The specific subtypes of 
sncRNA and lncRNA in this process will require further 
investigation. The potential for DMR-directed DHRs is 
suggested, but further information is required to eluci-
date the specific processes involved. Approximately half 
of the overlapping epimutations had associated known 
genes. Many of these genes are associated with previ-
ously identified pathologies, (Additional file 1: Figures S1 
and S2), so support a mechanism for transgenerational 
pathology. The proposed model and integration of the 
transgenerational ncRNAs, DMRs and DHRs are pre-
sented in (Fig. 7). The current study observations suggest 
the integration of epigenetic processes in the epigenetic 
transgenerational phenomenon. Insights are provided 
into the development and generational transmission of 

these environmentally induced sperm epimutations that 
have previously been shown to associate with disease 
development and etiology. The potential use of these 
integrated epigenetic chromosomal sites as biomarkers 
to identify exposure and/or disease susceptibility sug-
gests they could be used as diagnostics to facilitate pre-
ventative medicine in the future. Further investigation is 
needed to more thoroughly establish these mechanisms 
in the epigenetic transgenerational inheritance phe-
nomenon, but the current study provides support and a 
framework for the integration of the various epigenetic 
processes.

Conclusions
The observations with the two different exposures of 
DDT or vinclozolin suggest the generational impacts 
and transgenerational integration of the ncRNA, DMRs, 
and DHRs are similar. Variation in the percent overlaps 
is observed, but the same trends and conclusions of inte-
gration of the various epimutations are similar for both 
DDT and vinclozolin exposure lineages. The colocalized 
epimutation sites for the different exposures demon-
strate the same phenomenon, but independent sites are 
observed for each exposure. The two different models of 
environmentally induced epigenetic transgenerational 
inheritance support the general mechanism proposed for 
ncRNA-directed DNA methylation and DMR-directed 
DHR development. Although the current study identifies 
such colocalized and interacting epimutation sites, many 
of the specific ncRNAs, DMRs and DHRs are not colocal-
ized [24, 25]. Therefore, independent actions of ncRNAs, 
DMRs and DHRs will also be important in the mecha-
nism involved in environmentally induced epigenetic 
transgenerational inheritance. A combination of ncRNA, 
DMR, and DHR epimutations developed during game-
togenesis allows for post fertilization embryonic impacts 
and suggests integration of ncRNA and DMR will be 
involved in the epigenetic inheritance. The proposed 
mechanism in (Fig.  7) helps elucidate the molecular 
mechanisms involved in the epigenetic transgenerational 
inheritance phenomenon.

Materials and methods summary
Animal studies and breeding
As previously described [24, 25] and expanded in the 
(Additional file  1: Supplemental Methods), outbred 
Sprague Dawley SD male and female rats were fed a 
standard diet with water ad lib and mated. Gestating 
female rats were exposed to DDT or vinclozolin, and off-
spring were bred within each lineage for three genera-
tions in the absence of exposure. The F3 generation was 
aged to 120 days for sperm isolation and molecular anal-
ysis, as described in the (Additional file 1: Supplemental 
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Methods). Sperm were isolated and used for epigenetic 
analysis, as described in the (Additional file  1: Supple-
mental Methods). All experimental protocols for the pro-
cedures with rats were pre-approved by the Washington 
State University Animal Care and Use Committee (pro-
tocol IACUC # 6252), and all methods were performed in 
accordance with the relevant guidelines and regulations.

Epigenetic analysis, statistics and bioinformatics
As previously described [44], DNA was isolated from 
sperm collected at the time of dissection. The DNA iso-
lation protocol has been previously described [33, 34], 
(Additional file  1: Supplemental Methods). Methylated 
DNA immunoprecipitation (MeDIP), followed by next 
generation sequencing (MeDIP-Seq) was performed on 
the isolated DNA. MeDIP-Seq, sequencing libraries, next 
generation sequencing, and bioinformatics analysis were 
performed, as described previously [33, 34] and in the 
(Additional file 1: Supplemental Methods). All molecular 
data has been deposited into the public database at NCBI 
(GEO # GSE109775 and GSE106125), and R code com-
putational tools are available at GitHub (https​://githu​
b.com/skinn​erlab​/MeDIP​-seq) and https​://skinn​er.wsu.
edu/genom​ic-data-and-r-code-files​/.

Supplementary Information
The online version contains supplementary material available at https​://doi.
org/10.1186/s1307​2-020-00378​-0.

Additional file 1: Figure S1. Vinclozolin lineage F3 generation conserved 
DMR in common with DHR and F1 generation ncRNA. Figure S2. DDT 
lineage F3 generation conserved DMR in common with DHR and F1 
generation ncRNA. Table S1. Vinclozolin lineage F1 generation ncRNA 
& F1, F2 and F3 generation DMR overlap list. Table S2. DDT lineage F1 
generation ncRNA & F1, F2 and F3 generation DMR overlap list. Table S3. 
F3 generation vinclozolin DMR & F3 generation DHR overlap list. Table S4. 
F3 generation DDT DMR & F3 generation DHR overlap list. Table S5. 
Vinclozolin lineage F1, F2, F3 generation DMR overlap list. Table S6. DDT 
lineage F1, F2, F3 generation DMR overlap list.

Acknowledgements
We thank Drs. Eric Nilsson and Jennifer L.M. Thorson for critical review of 
the manuscript. We acknowledge Ms. Amanda Quilty for editing and Ms. 
Heather Johnson for assistance in preparation of the manuscript. We thank the 
Genomics Core laboratory at WSU Spokane for sequencing data. This study 
was supported by John Templeton Foundation (50183and61174) (https​://
templ​eton.org/) grants to MKS and NIH (ES012974) (https​://www.nih.gov/) 
grant to MKS. The funders had no role in study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

Authors’ contributions
DB: bioinformatic analysis, data analysis, wrote and edited manuscript. 
MBM: molecular analysis, data analysis, edited manuscript. MKS: conceived, 
oversight, obtained funding, data analysis, wrote and edited manuscript. All 
authors read and approved the final manuscript.

Funding
This study was supported by John Templeton Foundation (50183and61174) 
(https​://templ​eton.org/) grants to MKS and NIH (ES012974) (https​://www.nih.

gov/) grant to MKS. The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
All molecular data have been deposited into the public database at NCBI (GEO 
# GSE109775 and GSE106125, NCIB SRA accession numbers: PRJNA430483 
largeRNA (control and DTT), PRJNA430740 smallRNA (control, vinclozolin and 
DTT)). The specific scripts used to perform the analysis can be accessed at 
github.com/skinnerlab and at www.skinn​er.wsu.edu/genom​ic-data-and-r-
code-files​.

Ethics approval and consent to participate
All experimental protocols for the procedures with rats were pre-approved 
by the Washington State University Animal Care and Use Committee (IACUC 
approval # 02568-39).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 30 September 2020   Accepted: 12 December 2020

References
	1.	 Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic transgen-

erational actions of endocrine disruptors and male fertility. Science. 
2005;308(5727):1466–9.

	2.	 Jirtle RL, Skinner MK. Environmental epigenomics and disease suscepti-
bility. Nat Rev Genet. 2007;8(4):253–62.

	3.	 Nilsson E, Sadler-Riggleman I, Skinner MK. Environmentally induced 
epigenetic transgenerational inheritance of disease. Environ Epigenetics. 
2018;4(2):1–13.

	4.	 Manikkam M, Guerrero-Bosagna C, Tracey R, Haque MM, Skinner MK. 
Transgenerational actions of environmental compounds on reproduc-
tive disease and identification of epigenetic biomarkers of ancestral 
exposures. PLoS ONE. 2012;7(2):1–12.

	5.	 Chamorro-Garcia R, Sahu M, Abbey RJ, Laude J, Pham N, Blumberg B. 
Transgenerational inheritance of increased fat depot size, stem cell 
reprogramming, and hepatic steatosis elicited by prenatal expo-
sure to the obesogen tributyltin in mice. Environ Health Perspect. 
2013;121(3):359–66.

	6.	 Gapp K, Jawaid A, Sarkies P, Bohacek J, Pelczar P, Prados J, et al. Implica-
tion of sperm RNAs in transgenerational inheritance of the effects of early 
trauma in mice. Nat Neurosci. 2014;17(5):667–9.

	7.	 Jawaid A, Roszkowski M, Mansuy IM. Transgenerational Epigenetics of 
Traumatic Stress. Prog Mol Biol Transl Sci. 2018;158:273–98.

	8.	 Yan W. Potential roles of noncoding RNAs in environmental epigenetic 
transgenerational inheritance. Mol Cell Endocrinol. 2014;398(1–2):24–30.

	9.	 Burdge GC, Lillycrop KA, Jackson AA. Nutrition in early life, and risk of 
cancer and metabolic disease: alternative endings in an epigenetic tale? 
Br J Nutr. 2009;101(5):619–30.

	10.	 Zheng X, Chen L, Li M, Lou Q, Xia H, Wang P, et al. Transgenerational 
variations in DNA methylation induced by drought stress in two rice 
varieties with distinguished difference to drought resistance. PLoS ONE. 
2013;8(11):e80253.

	11.	 Suter L, Widmer A. Environmental heat and salt stress induce transgen-
erational phenotypic changes in Arabidopsis thaliana. PLoS ONE. 
2013;8(4):e60364.

	12.	 Norouzitallab P, Baruah K, Vandegehuchte M, Van Stappen G, Catania F, 
Vanden Bussche J, et al. Environmental heat stress induces epigenetic 
transgenerational inheritance of robustness in parthenogenetic Artemia 
model. FASEB J. 2014;28(8):3552–63.

	13.	 Waddington CH. Gene assimilation of an acquired character. Evolution. 
1953;7:118–26.

	14.	 Greer EL, Maures TJ, Ucar D, Hauswirth AG, Mancini E, Lim JP, et al. 
Transgenerational epigenetic inheritance of longevity in Caenorhabditis 
elegans. Nature. 2011;479(7373):365–71.

https://github.com/skinnerlab/MeDIP-seq
https://github.com/skinnerlab/MeDIP-seq
https://skinner.wsu.edu/genomic-data-and-r-code-files/
https://skinner.wsu.edu/genomic-data-and-r-code-files/
https://doi.org/10.1186/s13072-020-00378-0
https://doi.org/10.1186/s13072-020-00378-0
https://templeton.org/
https://templeton.org/
https://www.nih.gov/
https://templeton.org/
https://www.nih.gov/
https://www.nih.gov/
http://www.skinner.wsu.edu/genomic-data-and-r-code-files
http://www.skinner.wsu.edu/genomic-data-and-r-code-files


Page 14 of 14Beck et al. Epigenetics & Chromatin            (2021) 14:6 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	15.	 Carvan M, Kalluvila TA, Klingler RH, Larson JK, Pickens M, Mora-Zamorano 
FX, et al. Mercury-induced epigenetic transgenerational inheritance 
of abnormal neurobehavior is correlated with sperm epimutations in 
zebrafish. PLoS ONE. 2017;12(5):1–26.

	16.	 Knecht AL, Truong L, Marvel SW, Reif DM, Garcia A, Lu C, et al. Transgen-
erational inheritance of neurobehavioral and physiological deficits from 
developmental exposure to benzo[a]pyrene in zebrafish. Toxicol Appl 
Pharmacol. 2017;329:148–57.

	17.	 Bhandari RK, vom Saal FS, Tillitt DE. Transgenerational effects from early 
developmental exposures to bisphenol A or 17alpha-ethinylestradiol in 
medaka Oryzias latipes. Sci Rep. 2015;5:9303.

	18.	 Leroux S, Gourichon D, Leterrier C, Labrune Y, Coustham V, Riviere S, et al. 
Embryonic environment and transgenerational effects in quail. Genet Sel 
Evol. 2017;49(1):14.

	19.	 Brun JM, Bernadet MD, Cornuez A, Leroux S, Bodin L, Basso B, et al. Influ-
ence of grand-mother diet on offspring performances through the male 
line in Muscovy duck. BMC Genet. 2015;16(1):145.

	20.	 Braunschweig M, Jagannathan V, Gutzwiller A, Bee G. Investigations on 
transgenerational epigenetic response down the male line in F2 pigs. 
PLoS ONE. 2012;7(2):e30583.

	21.	 Bygren LO, Tinghog P, Carstensen J, Edvinsson S, Kaati G, Pembrey ME, 
et al. Change in paternal grandmothers’ early food supply influenced 
cardiovascular mortality of the female grandchildren. BMC Genet. 
2014;15:12.

	22.	 Veenendaal MV, Painter RC, de Rooij SR, Bossuyt PM, van der Post JA, 
Gluckman PD, et al. Transgenerational effects of prenatal exposure to the 
1944–45 Dutch famine. BJOG. 2013;120(5):548–53.

	23.	 Skinner MK. Environmental epigenetics and a unified theory of the 
molecular aspects of evolution: a Neo-Lamarckian concept that facilitates 
Neo-Darwinian evolution. Genome Boil Evol . 2015;7(5):1296–302.

	24.	 Ben Maamar M, Sadler-Riggleman I, Beck D, McBirney M, Nilsson E, 
Klukovich R, et al. Alterations in sperm DNA methylation, non-coding 
RNA expression, and histone retention mediate vinclozolin-induced 
epigenetic transgenerational inheritance of disease. Environ Epigenetics. 
2018;4(2):1–19.

	25.	 Skinner MK, Ben Maamar M, Sadler-Riggleman I, Beck D, Nilsson E, 
McBirney M, et al. Alterations in sperm DNA methylation, non-coding 
RNA and histone retention associate with DDT-induced epigenetic 
transgenerational inheritance of disease. Epigenetics Chromatin. 
2018;11(1):8.

	26.	 Cuerda-Gil D, Slotkin RK. Non-canonical RNA-directed DNA methylation. 
Nat Plants. 2016;2(11):16163.

	27.	 Chow HT, Chakraborty T, Mosher RA. RNA-directed DNA Methylation and 
sexual reproduction: expanding beyond the seed. Curr Opin Plant Biol. 
2019;54:11–7.

	28.	 Matzke MA, Mosher RA. RNA-directed DNA methylation: an epigenetic 
pathway of increasing complexity. Nat Rev Genet. 2014;15(6):394–408.

	29.	 Kouzarides T. Chromatin modifications and their function. Cell. 
2007;128(4):693–705.

	30.	 Jenkins TG, Carrell DT. The sperm epigenome and potential implications 
for the developing embryo. Reproduction. 2012;143(6):727–34.

	31.	 Jenkins TG, Carrell DT. The paternal epigenome and embryogenesis: pois-
ing mechanisms for development. Asian J Androl. 2011;13(1):76–80.

	32.	 Ben Maamar M, Sadler-Riggleman I, Beck D, Skinner MK. Epigenetic 
transgenerational inheritance of altered sperm histone retention sites. Sci 
Rep. 2018;8:5308.

	33.	 King SE, McBirney M, Beck D, Sadler-Riggleman I, Nilsson E, Skinner MK. 
Sperm epimutation biomarkers of obesity and pathologies following 
DDT induced epigenetic transgenerational inheritance of disease. Envi-
ron Epigenetics. 2019;5(2):1–15.

	34.	 Nilsson E, King SE, McBirney M, Kubsad D, Pappalardo M, Beck D, et al. 
Vinclozolin induced epigenetic transgenerational inheritance of patholo-
gies and sperm epimutation biomarkers for specific diseases. PLoS ONE. 
2018;13(8):1–29.

	35.	 Saenen ND, Martens DS, Neven KY, Alfano R, Bove H, Janssen BG, et al. 
Air pollution-induced placental alterations: an interplay of oxidative 
stress, epigenetics, and the aging phenotype? Clinical epigenetics. 
2019;11(1):124.

	36.	 Kumar S, Kumari R, Sharma V, Sharma V. Roles, and establishment, main-
tenance and erasing of the epigenetic cytosine methylation marks in 
plants. J Genet. 2013;92(3):629–66.

	37.	 Ooi SL, Henikoff S. Germline histone dynamics and epigenetics. Curr Opin 
Cell Biol. 2007;19(3):257–65.

	38.	 van der Heijden GW, Derijck AA, Ramos L, Giele M, van der Vlag J, de Boer 
P. Transmission of modified nucleosomes from the mouse male germline 
to the zygote and subsequent remodeling of paternal chromatin. Devel-
opmental biology. 2006;298(2):458–69.

	39.	 Meyer-Ficca ML, Lonchar JD, Ihara M, Meistrich ML, Austin CA, Meyer RG. 
Poly(ADP-ribose) polymerases PARP1 and PARP2 modulate topoisomer-
ase II beta (TOP2B) function during chromatin condensation in mouse 
spermiogenesis. Biol Reprod. 2011;84(5):900–9.

	40.	 Hammoud S, Liu L, Carrell DT. Protamine ratio and the level of histone 
retention in sperm selected from a density gradient preparation. Andro-
logia. 2009;41(2):88–94.

	41.	 Berson A, Nativio R, Berger SL, Bonini NM. Epigenetic regulation in neuro-
degenerative diseases. Trends Neurosci. 2018;41(9):587–98.

	42.	 Zhao M, Shirley CR, Yu YE, Mohapatra B, Zhang Y, Unni E, et al. Targeted 
disruption of the transition protein 2 gene affects sperm chromatin 
structure and reduces fertility in mice. Mol Cell Biol. 2001;21(21):7243–55.

	43.	 Vymetalkova V, Vodicka P, Vodenkova S, Alonso S, Schneider-Stock R. DNA 
methylation and chromatin modifiers in colorectal cancer. Mol Aspects 
Med. 2019;69:73–92.

	44.	 McBirney M, King SE, Pappalardo M, Houser E, Unkefer M, Nilsson E, et al. 
Atrazine induced epigenetic transgenerational inheritance of disease, 
lean phenotype and sperm epimutation pathology biomarkers. PLoS 
ONE. 2017;12(9):1–37.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Integration of sperm ncRNA-directed DNA methylation and DNA methylation-directed histone retention in epigenetic transgenerational inheritance
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Materials and methods summary
	Animal studies and breeding
	Epigenetic analysis, statistics and bioinformatics

	Acknowledgements
	References




