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ABSTRACT ARTICLE HISTORY
The herbicide glyphosate has been shown to promote the epigenetic transgenerational inheritance of Received 13 July 2020
pathology and disease in subsequent great-grand offspring (F3 generation). This generational tox- Revised 20 October 2020

icology suggests the impacts of environmental exposures need to assess subsequent generations. The Accepted 23 October 2020
current study was designed to identify epigenetic biomarkers for glyphosate-induced transgenera-
tional diseases using an epigenome-wide association study (EWAS). Following transient glyphosate Glvoh i .

. K X . yphosate; sperm;
exposure of gestating female rats (FO generation), during the developmental period of gonadal sex  gjagnostics; prostate
determination, the subsequent transgenerational F3 generation, with no direct exposure, were aged Disease; kidney Disease;
to 1 year and animals with specific pathologies identified. The pathologies investigated included obesity; multiple Pathology;
prostate disease, kidney disease, obesity, and presence of multiple disease. The sperm were collected ewas
from the glyphosate lineage males with only an individual disease and used to identify specific
differential DNA methylation regions (DMRs) and the differential histone retention sites (DHRs)
associated with that pathology. Unique signatures of DMRs and DHRs for each pathology were
identified for the specific diseases. Interestingly, at a lower statistical threshold overlapping sets of
DMRs and DHRs were identified that were common for all the pathologies. This is one of the first
observations that sperm histone retention can potentially act as a biomarker for specific diseases. The
DMR and DHR associated genes were identified and correlated with known pathology specific-
associated genes. Observations indicate transgenerational epigenetic biomarkers of disease pathol-
ogy can be identified in the sperm that appear to assess disease susceptibility. These biomarkers
suggest epigenetic diagnostics could potentially be used to facilitate preventative medicine.
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Introduction fetus, to affect the FO and F1 generations are
termed multigenerational exposures and interge-
nerational effects [7], while the transmission of
epigenetic alterations and phenotypes through the
sperm or egg in the absence of continued direct
exposure is termed epigenetic transgenerational
inheritance [8]. The initial germline transgenera-
tional epigenetic alteration reported involved dif-
ferential DNA methylation regions (DMRs) [9].
Subsequently, alterations in ncRNA were observed
[10], and injection of altered sperm ncRNA into
eggs transgenerationally propagated a behavioural
alteration observed [11]. Histone alterations in
sperm associated with histone retention regions
(DHRs) have also been observed transgeneration-
ally [12,13]. Recently, the concurrent transgenera-
tional alterations in DMRs, DHRs, and ncRNA

Environmental exposures such as toxicants or
nutrition can modulate genome activity (e.g. gene
expression) and biology through epigenetic pro-
cesses [1-4]. Epigenetics is defined as ‘molecular
factors and processes around DNA that regulate
genome activity, independent of DNA sequence,
and are mitotically stable’ [5,6]. Epigenetic pro-
cesses include DNA methylation, histone modifi-
cations, non-coding RNA, chromatin structure,
and RNA methylation. Previous observations
have shown a variety of environmental factors
can promote the epigenetic transgenerational
inheritance of disease or phenotypic alterations
through epigenetic changes in the germline
(sperm or eggs) [1]. The direct exposure of multi-
ple generations, such as the gestating female and
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have been observed in sperm [13,14]. Therefore,
the integrated actions of all the epigenetic pro-
cesses appear to be involved in the epigenetic
transgenerational inheritance phenomenon. The
alterations of the DMRs in sperm have been pre-
viously associated with toxicant-induced transge-
nerational diseases and pathologies [15-17]. The
current study further investigates these epigenetic
biomarkers and association with disease
susceptibility.

Glyphosate is one of the most commonly used herbi-
cides in agriculture worldwide [18,19]. Monsanto,
St. Louis Missouri, commercialized glyphosate in the
1970s which is now used extensively in corn, soy, and
canola crops [18]. Annual increases in glyphosate use
have been observed in most agricultural crops, as well as
in public lawn and garden use. The USA Environmental
Protection Agency (EPA) has designated glyphosate as
‘safe’ for direct exposure toxicity. The European Food
Safety Authority (EFSA) has stated there is a low acute
toxicity observed by oral, dermal, or inhalation routes.
The International Agency for Research on Cancer
(IARC) has expressed a concern regarding cancer fol-
lowing glyphosate exposure [20]. General public expo-
sure is primarily assumed to be from food consumption
of crops that have had application of glyphosate, due to
the ability of the plants to take up the compound [19].
The No Observational Adverse Effect Level (NOAEL) is
50 mg/kg per day dose [21]. Exposures of 50-500 mg/kg
per day have been reported [22]. The relatively rapid
half-life of ~5-10 hours in mammals and minimal direct
exposure toxicity observed supports the regulatory
agency determinations.

Recently we have demonstrated that a low-level
glyphosate direct exposure, below the NOAEL
dose, has no effect on the pathologies of the
directly exposed individuals using a mammalian
rat model [23], supporting previous studies that
direct exposure toxicity of glyphosate is minimal
[24,25]. When the exposed gestating female FO
generation and F1 generation offspring were
examined later in life, they both were found to
have negligible detectable alteration in pathology
from the control vehicle exposed population [23].
However, the subsequent F2 generation grand off-
spring and F3 generation great-grand offspring did
have a significant increase in the frequency of
pathology and disease [23]. The direct actions of
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glyphosate on the FO generation gestating female
and F1 generation offspring were not found to
promote major pathology, but generational toxi-
cology on the F2 and F3 generations were
observed [23]. The effects observed in the F1 gen-
eration were alterations in puberty and weaning
weights in males and females [23]. The altered
pathology in the F2 generation males involved
increases in testis and kidney disease, altered pub-
ertal onset, increased obesity, and the presence of
multiple disease [23]. The F2 generation female
altered pathology included increased ovarian dis-
ease, mammary tumors, altered pubertal onset,
obesity, premature birth abnormalities, and the
presence of multiple diseases [23]. The glyphosate-
induced transgenerational disease in the F3 gen-
eration pathology in males included prostate dis-
ease, obesity, weaning weight alterations, and
increased multiple disease frequency [23].
Transgenerational F3 generation pathology in
females included ovarian disease, kidney disease,
parturition abnormalities, obesity, and increased
presence of multiple diseases [23]. All these trans-
generational pathologies observed are relevant to
human populations that have observed genera-
tional increases in these diseases, including ovarian
disease, kidney disease, prostate disease, testis dis-
ease, altered pubertal onset, obesity, parturition
abnormalities, and the presence of multiple dis-
eases [1]. Therefore, the previous observations
demonstrate negligible disease in the direct-
exposed generations, but significant disease in sub-
sequent generations, termed generational toxicol-
ogy [1], that is mediated through glyphosate-
induced epigenetic transgenerational inheritance
mechanisms.

Previous studies with the agricultural fungicide vin-
clozolin [17,26], pesticide DDT (dichloro-diphenyl-
trichloroethane) [16], and herbicide atrazine [15] have
shown the ability of these toxicants to induce the epige-
netic transgenerational inheritance of disease, and these
pathologies are associated with potential epigenetic bio-
marker signatures of DMRs. The individual animals
with specific pathologies in these transgenerational
model systems were associated with unique epigenetic
(ie. DMRYs) signatures for each of the different toxicant
exposures [1,15,16]. A transgenerational disease DMR
biomarker signature was identified for the majority of
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transgenerational pathologies observed. Therefore, the
concept that an epigenetic biomarker for a specific dis-
ease induced by a variety of the toxicants transgenera-
tionally has been established [15,16].

The current study extends these previous analyses to
include the potential that both DMRs and differential
histone retention sites (DHRs) can also be used as
transgenerational disease biomarkers. This is one of
the first reports of the potential that sperm DHRs may
act as disease biomarkers. In addition, the assessment
of potential overlapping DMR and DHR biomarkers
between different diseases or pathologies was deter-
mined. Glyphosate induced epigenetic transgenera-
tional sperm DMR and DHR biomarkers for specific
disease were identified. How the various disease bio-
markers overlap were investigated to assess the under-
lying potential epigenetic alterations associated with
the transgenerational disease. Observations provide
insight into the role of environmental epigenetics and
transgenerational inheritance in disease etiology, with
a focus on generational toxicology.

Materials and methods summary
Animal studies and breeding

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 gly-
phosate and offspring bred for three generations in
the absence of exposure. The breeding strategy and
details are described in the Supplemental Methods.
The F3 generation was aged to 1 year and pathol-
ogies assessed, as described in the Supplemental
Methods. Sperm were isolated and used for epige-
netic analysis and correlated to individuals’ dis-
ease, as described in the Supplemental Methods.
All experimental protocols for the procedures with
rats were pre-approved by the Washington State
University Animal Care and Use Committee (pro-
tocol IACUC # 2568), and all methods were per-
formed in accordance with the relevant guidelines
and regulations.

Epigenetic analysis, statistics and bioinformatics

DNA was isolated from the purified sperm, as pre-
viously described [13] in the Supplemental Methods.
Methylated DNA immunoprecipitation (MeDIP) and

differential histone retention with H3 histone chroma-
tin immunoprecipitation (H3-ChlIP), followed by next-
generation sequencing (MeDIP-Seq) and (H3-ChIP-
Seq) was performed. MeDIP-Seq and H3-ChIP-Seq,
sequencing libraries, next-generation sequencing qual-
ity control, and bioinformatics analysis were per-
formed, as described in the Supplemental Methods.
Epimutation gene associations and analysis are also
described in the Supplemental Methods. All molecular
data have been deposited into the public database at
NCBI (GEO # GSE118557 and GSE152678), and
R code computational tools are available at GitHub
(https://github.com/skinnerlab/MeDIP-seq) and www.
skinner.wsu.edu.

Results
Animal breeding

Sprague Dawley gestating female rats (FO generation)
at 90 days of age were exposed in order to study the
transgenerational effects of glyphosate. Previously we
have identified inbreeding depression of transgenera-
tional epigenetics [27], so prefer an outbred line of rats
to optimize the epigenetic transgenerational inheri-
tance of pathologies. The pregnant rats were transiently
exposed (25mg/kg body weight glyphosate daily)
between days 8-14 of gestation during fetal gonadal
sex determination when germ cell epigenetic program-
ming occurs. Twenty-five mg/kg/day is half the No
Observable Adverse Effect Level (NOAEL) exposure
of 50 mg/kg/day [28]. Glyphosate has a rapid metabo-
lism turnover of 5-10-h half-life, such that the concen-
tration will decrease by approximately 75-90% daily
during the transient exposure period. The 2-4 half-
lives that occur each 24-h period indicates that after
7 days of exposure less than 50 mg/kg/daily, the expo-
sures NOAEL, would be present. The offspring F1
generation rats (directly exposed in utero) were aged
to 90 days of age and bred within the lineage to gen-
erate the grand-offspring F2 generation (directly
exposed through the F1 generation germline), which
were then bred at 90 days of age to generate the F3
generation (not directly exposed so transgenerational).
The control lineage used FO gestating rats exposed to
the vehicle control dimethyl sulphoxide (DMSO) or
phosphate-buffered saline (PBS). All the lineages were
aged to 1 year and euthanized for pathology and sperm
epigenetic analysis. At each generation, five litters were
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obtained with no sibling or cousin breeding to prevent
any inbreeding artifacts in the control or glyphosate
lineages. Due to the lack of any inbreeding, the poten-
tial frequency of genetic segregation is minimal in the
F3 generation and was not observed with sibling com-
parisons. As previously described and to prevent litter
bias, at each generation between 6 and 8 unrelated
founder gestating females from different litters were
bred, and five litters were obtained and culled early in
postnatal development to 10 pups per litter with ani-
mals of each sex from each litter used to generate
25-50 individuals of each sex for each generation for
analysis [23]. Similar numbers of males and females
were used from each litter to avoid any litter bias.
Additional details of the breeding strategy are pre-
sented in the Supplemental Methods. All protocols
and studies were approved by the Washington State
University Animal Care and Use Committee (protocol
IACUC # 2568).

Pathology analysis

In our previous study, pathology calls were made
by assessing histology sections of testis, kidney,
prostate, and gonadal adipocytes [23]. The com-
plete histological sections were analysed by two
different observers blinded to the exposure. In
the event of a discrepancy, a third observer
blinded to the exposure was also used. The pathol-
ogy parameters identified were as previously
described [15-17,23]. For the testis pathology, the
abnormalities quantified were atrophy of semini-
ferous tubules, vacuoles within seminiferous
tubules, and sloughing of cellular debris into the
tubular lumen (maturation arrest). For prostate
pathology, the abnormalities quantified were atro-
phy of prostatic epithelium, vacuoles within the
prostatic epithelium, and prostatic epithelial
hyperplasia. For kidney pathology, the abnormal-
ities quantified were reduced glomerular size,
thickening of the Bowman’s capsule, and renal
cysts. The age of puberty onset was determined.
Obesity was assessed with an increase in adipocyte
size (area), body mass index (BMI) and abdominal
adiposity [16]. In all cases the number of abnorm-
alities in an animal’s tissue was compared with the
mean number of abnormalities in the control
group to determine if that tissue was diseased, as
described in the Supplemental Methods. For the
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F3 generation glyphosate lineage male pathology,
the individual animals are listed and a (+) indi-
cates presence of disease and (-) absence of disease
(Table 1). The F3 generation control lineage male
pathology, the individuals are listed similarly
(Supplemental Table S1). Only the individuals
with a single disease for a specific pathology were
used for that pathology, except in the case of the
multiple category disease when animals with two
of more diseases were used. This allows a more
accurate association with disease and eliminates
the confounding presence of other disease or co-
morbidities. The control lineage did not have suf-
ficient numbers of animals with a specific disease,
Supplemental Table S1, so were not analysed
further. Although the F3 generation males had
a testis disease group, two individuals had only
testis disease, so too few for further analysis. The
other disease had n = 4 individuals for kidney
disease, n = 7 with prostate disease, n = 13 for
obesity, and n = 10 for multiple (>2) disease, Table
1. The disease animals were compared to animals
with no disease n = 8, Table 1. The limited number
of individuals needs to be considered in data inter-
pretation and statistical analysis. In contrast to
previous analyses using DDT or vinclozolin
sperm biomarkers for disease, when all animals
with a specific disease were analysed independent
of co-morbidities [16,17], the current study sought
to optimize disease specific biomarker assessment.

Sperm DNA methylation analysis

Transgenerational inheritance of pathology and
disease requires the germline (sperm or egg) to
transmit epigenetic information between genera-
tions [1]. Purified sperm were collected from the
control and glyphosate lineage F3 generation
males for epigenetic analysis, as described in the
Supplemental Methods. Potential differential DNA
methylation regions (DMRs) in the sperm were
identified using a comparison between the control
and the glyphosate lineage (Figure 1a). Within the
glyphosate lineage, individuals with a given disease
(prostate, kidney, obesity, multiple disease (>2))
were compared to non-diseased animals from the
glyphosate lineage to define disease-specific DMRs
(Figure 1b-E).
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Table 1. F3 generation glyphosate lineage male pathology. The individual animals for the glyphosate lineage males are listed and
a (+) indicates presence of disease and (-) absence of disease. The animals with shaded (+) were used for the epigenetic analysis due
to the presence of only one disease, except the multiple (>2) disease.

Puberty Testis Prostate Kidney

Tumor

Lean Obese Multiple Disease Total Disease

ID

Gly-1 - - -
Gly-2 - - -
Gly-3
Gly-4
Gly-5
Gly-6
Gly-7 -
Gly-8 - - -
Gly-9 - - +
Gly-10 - - - -
Gly-11 - - - -
Gly-12 - - -
Gly-1 3 - + +
Gly-14 - - -
Gly-15 - - +
Gly-16 - - -
Gly-17 - - -
Gly-18 - - -
Gly-19 - +

Gly-20 - + +
Gly-21 - +

Gly-22

Gly-23 - - -
Gly-24 - - - +
Gly-25 - + - +
Gly-26 - - R
Gly-27 - - -
Gly-28 - - +

Gly-29 - - -

Gly-30 - - + -
Gly-31 - - +

Gly-32 - - -

Gly-33 -
Gly-34 - - - -
Gly-35 - - - -
Gly-36 - - + -
Gly-37 - - -
Gly-38 - - - R
Gly-39 - -
Gly-40 - -
Gly-41 - -
Gly-42 - -
Gly-43 - -
Gly-44 - - - +
Gly-45 - - + _

Affected 0 8 13 1
Population 37 44 44 44
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\
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DNA from the sonicated purified sperm was
isolated, fragmented and the methylated DNA
immunoprecipitated using a methyl-cytosine anti-
body (MeDIP). The MeDIP DNA fragments were
then sequenced for an MeDIP-Seq analysis, as
described in the Supplemental Methods
[12,13,29]. The MeDIP-Seq analysis was used
since >90% of the genome has low CpG density
regions, so can assess >90% of the genome-wide
DNA methylation. The sperm DMR numbers are

presented in Figure 1 for various edgeR statistical
p-value cut-off threshold values, and a stringent
p-value of p < le-05 (control versus glyphosate)
or p < le—04 (diseased versus non-diseased) were
selected as the threshold for subsequent analyses,
as previously described [23]. The total number of
DMRs for the control versus glyphosate is 340
with 11 of them having multiple neighboring
1000 bp windows (Figure la and Supplemental
Table S2). The previously reported
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a Glyphosate versus Control DMRs
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b Prostate Disease DMR Biomarkers

p-value All Window Multiple Window p-value All Window Multiple Window
0.001 6457 183 0.001 1623 12

1e-04 1395 43 1e-04 242 2

1e-05 340 11 1e-05 33 1

1e-06 93 6 1e-06 7 1

1e-07 39 0 1e-07 2 1

Significant windows 1 2 3 4 Significant windows 1 2

Number of DMR 329 7 3 1 Number of DMR 240 2

€ Kidney Disease DMR Biomarkers

d Obesity Disease DMR Biomarkers

p-value All Window Multiple Window p-value All Window Multiple Window
0.001 1220 4 0.001 1582 7
1e-04 180 1 1e-04 250 1
1e-05 23 1 1e-05 45 0
1e-06 3 0 1e-06 9 0
1e-07 2 0 1e-07 2 0
Significant windows 1 2 Significant windows 1 2
Number of DMR 179 1 Number of DMR 249 1
€ Multiple Disease DMR Biomarkers f DMR Overlap DMR Glvohosat
pvalue Al Window __ Multiple Window b 13;‘305‘333 ©
0.001 2076 87 P
1e-04 345 3 DMR Prostate DMR Multiple 2+
1e-05 75 4 n<1e-04
1e-06 17 1
1e-07 3 0
Significant windows 1 2 3 5
Number of DMR 314 20 10 1

DMR Kidney

DMR Obese

p<le-04 p<1e-04

Figure 1. DMR identification and numbers. The number of DMRs found using different p-value cut-off thresholds. The All Window
column shows all DMRs. The Multiple Window column shows the number of DMRs containing at least two significant windows (1 kb
each). The number of DMRs with the number of significant windows (1 kb per window) at an edgeR p-value threshold bolded for
DMR. (a) Glyphosate versus control DMRs; (b) Prostate disease DMRs; (c) Kidney disease DMRs; (d) Obesity disease DMRs; and (e)
Multiple disease DMRs. (f) Venn diagram DMR overlap of each data set with edgeR p-value indicated. The bolded edgeR p-value was

used for all subsequent data analysis.

transgenerational F3 generation sperm glyphosate
versus control lineage DMRs used three pools of
different animals to identify the glyphosate-
induced sperm DNA alterations [23]. The current
study used individual animal sperm analysis to
identify the glyphosate-induced transgenerational
F3 generation DMRs (Figure 1a). A comparison of
these two studies demonstrates the 340 DMRs with
a p < le-05 has an overlap of 129 DMRs with the

previous DMRs at p < 0.05. Therefore, a 38% over-
lap was observed at this reduced statistical thresh-
old. We feel this is a reasonable degree of overlap
due to the original study [23] using three pooled
sets of samples compared to individual animal
analysis in the current study. The current study
of individual animal analysis has higher statistical
power due to the larger sample size compared to
the previous pooled analysis with n = 3 [23].
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The animals with a specific disease were compared to
non-disease animals to identify the disease-specific
sperm DMRs. Previous studies have demonstrated this
statistical threshold is optimal for disease-specific epige-
netic biomarkers [15-17,26]. The group of animals with
prostate disease had 242 DMRs at p < 1e-04 with two
multiple windows (i.e., 1 kb each) detected, (Figure 1b).
The kidney disease group was found to have 180 total
DMRs with 1 of these having multiple neighboring
windows (Figure 1c). The obesity disease group had
250 DMRs at p < le-04 with 1 of these having multiple
neighboring windows (Figure 1d). The multiple disease
group had 345 DMRs at p < le-04 with 31 of them
having multiple neighboring 1000 bp windows, Figure
le. Using a log-fold-change analysis of individual DMRs,
approximately 50% had an increase in DNA methylation
with the rest a decrease in DNA methylation,
Supplemental Tables S2-S6. Therefore, the different dis-
eases were found to have altered DNA methylation in
the F3 generation sperm. Interestingly, negligible overlap
was observed between these different DMRs at
a statistical threshold of p < 1e-04, (figure 1f).
Observations indicate glyphosate can promote germline
epigenetic alterations in DNA methylation with predo-
minantly disease specific DMRs with an edgeR p < 1e-04
threshold (Supplemental Tables S2 - S6).

The DMRs chromosomal locations are presented in
Figure 2 where arrowheads indicate DMR locations,
and black boxes the DMR clusters. All chromosomes
had DMRs for glyphosate versus control, but the pros-
tate, kidney, obesity and multiple disease DMR bio-
markers were not on the Y or mitochondrial DNA
(MT). Therefore, the DMRs were genome-wide and
identified on nearly all chromosomes. These DMR
chromosomal signatures are potential sperm biomar-
kers for disease. The CpG density of the DMRs and the
DMRs length are shown in Supplemental Figure SI.
The CpG density of the DMRs for all the comparisons
was 1-5 CpG per 100 bp being predominant,
(Supplemental Figure S1). This is characteristic of
a low-density CpG deserts [30] which was previously
reported with other transgenerational DMRs. The
length of the DMRs for each disease biomarker and
glyphosate versus control were 1-4 kb with 1 kb length
being predominant, Supplemental Figure SI.
Generally, the DMRs are 1 kb in size with around 10
CpGs, as previously reported [30]. A principal compo-
nent analysis (PCA) for the different DMR genomic
site comparisons (glyphosate versus control, prostate

disease biomarker, kidney disease biomarker, obesity
disease biomarker and multiple disease biomarker)
demonstrated clustered DMR principal component
separation of the control versus glyphosate, and the
prostate, kidney, obesity and multiple diseased versus
non-diseased (Supplemental Figure S2).

Sperm histone retention analysis

Previous observations have demonstrated that dif-
ferential histone retention in sperm also appears to
have a role in epigenetic transgenerational inheri-
tance [12]. Similarly to the DMRs, the differential
histone retention regions (DHRs) in the sperm
were identified using a comparison between the
control and the glyphosate lineage (Figure 3a and
Supplemental Table S7). Within the same glypho-
sate lineage animals with a given disease (prostate,
kidney, obesity, multiple disease (> 2)) versus non-
diseased animals were assessed to identify DHRs
(Figure 3b-E and Supplemental Tables S8-S11).
Interestingly, a high number of DHRs (836) was
found at edgeR p < le-05 in the glyphosate versus
control comparison, Figure 3a. A smaller number
of DHRs were detected at p < 1e-04 in the disease
biomarkers (prostate, kidney, obesity and multiple
diseases), (Figure 3b-E). Similar to the DMR ana-
lysis, an overlap of these disease specific DHRs at
edgeR p < le-04 revealed minimal overlap (figure
3f). The chromosomal locations of these DHRs are
presented in Figure 4. The different DHRs appear
to be genome-wide for the glyphosate versus con-
trol comparison, but are more specific over the
genome for prostate, kidney, obesity and multiple
diseases.

The DHRs CpG density and length of DHRs are
presented in (Supplemental Figure S3). The CpG
density of the DHRs for all the comparisons was
1-5 CpG per 1000 bp being predominant,
Supplemental Figure S3. The length of the DHRs
for each disease biomarker and glyphosate versus
control were 1-3 kb with 1 kb length being pre-
dominant except for the glyphosate versus control
showing DHRs length from 1 to 10 kb with 1 and
2 kb length being predominant, Supplemental
Figure S3. Generally, the DHRs are 1 kb in size
with around 10 CpGs as previously reported [30].
A PCA of the different DMR genomic site com-
parisons (glyphosate versus control, prostate
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Figure 2. 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 the select (bold) edgeR p-value threshold
are shown. The chromosome number and size of the chromosome (megabase) are presented. (a) Glyphosate versus control DMRs;
(b) Prostate disease DMRs; (c) Kidney disease DMRs; (d) Obesity disease DMRs; and (e) Multiple disease DMRs.
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DHR Identification
a Glyphosate versus Control DHRs

b Prostate Disease DHR Biomarkers

p-value All Window Multiple Window p-value All Window Multiple Window
0.001 35739 4779 0.001 490 2

1e-04 6189 280 1e-04 42 0

1e-05 836 12 1e-05 7 0

1e-06 124 5 1e-06 2 0

1e-07 21 5 1e-07 0 0

Significant windows 1 2 3 5 Significant windows 1
Number of DMR 824 9 1 1 1 Number of DMR 42

C Kidney Disease DHR Biomarkers

d Obesity Disease DHR Biomarkers

p-value All Window Multiple Window p-value All Window Multiple Window
0.001 658 5 0.001 417 0
1e-04 70 0 1e-04 36 0
1e-05 7 0 1e-05 6 0
1e-06 0 0 1e-06 0 0
1e-07 0 0 1e-07 0 0
Significant windows 1 Significant windows 1
Number of DMR 70 Number of DMR 36
€ Multiple Disease DHR Biomarkers f DHR Overlap DHR Glyphosate
p-value All Window Multiple Window p<1e-05
0.001 1338 8
1e-04 109 0 DHR Multiple 2+
DHR Prostat
1e-05 14 0 rosate p<le-04
1e-06 2 0
1e-07 0 0
Significant windows 1
Number of DMR 109

DHR Kidney

DHR Obese

p<le-04 p<ie-04

Figure 3. DHR identification and numbers. The number of DHRs found using different edgeR p-value cut-off thresholds. The All
Window column shows all DHRs. The Multiple Window column shows the number of DHRs containing at least two significant
windows (1 kb each). The number of DHRs with the number of significant windows (1 kb per window) at a bolded p-value threshold
is presented. (a) Glyphosate versus control DHRs; (b) Prostate disease DHRs; (c) Kidney disease DHRs; (d) Obesity disease DHRs; and
(e) Multiple disease DHRs. (f) Venn diagram DHR overlap for each data set with p-value indicated.

disease biomarker, kidney disease biomarker, obe-
sity disease biomarker and multiple disease bio-
marker) for the DHRs revealed a clustered
separation of the diseases versus non-disease,
(Supplemental Figure S4). This helps confirm the
edgeR analysis is identifying differential disease
sites.

Epimutation comparison analysis

A relatively stringent edgeR p-value for the DMRs or
DHRs is used for the identification of these disease
specific epimutations, as previously described [15--
15-17,26). A reduced statistical threshold of p < 0.05
was used to compare and further evaluate the potential
overlap of the DMRs or DHRs between the glyphosate
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Figure 4. DHR chromosomal locations. The DHR locations on the individual chromosomes is represented with an arrowhead and
a cluster of DHRs with a black box. All DHRs containing at least one significant window at the edgeR p-value threshold selected
(bold) are shown. The chromosome number and size (megabase) are presented. (a) Glyphosate versus control DHRs; (b) Prostate
disease DHRs; (c) Kidney disease DHRs; (d) Obesity disease DHRs; and (e) Multiple disease DHRs.

versus control and the different disease biomarkers
when compared to the higher edgeR p < le-04 statis-
tical threshold DMRs. By lowering the stringency to
a p-value of <0.05 for the comparison (i.e. extended
overlap) the procedure allows for the identification of
more potential overlaps between the glyphosate versus
control, and the prostate, kidney, obesity and multiple
disease comparisons. The relatively high statistical

threshold is used as the epigenetic site definition.
A comparison of the p < le-04 for the DMRs, with
each potential comparison at p < 0.05, Figure 5,
demonstrates a much higher overlap between the pros-
tate DMRs and the kidney DMRs (37.2%) and obesity
DMRs (59.5%) (Figure 5a). The extended overlap
between the DMRs for the different pathologies gen-
erally was minimally 30% and as high as 70%, as
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p<0.05 DMR DMR DMR DMR DMR DMR

p<1le-04 Glyphosate Prostate Kidney Obese Multiple 2+ Multiple 3+
DMR Glyphosate |340 (100.00%) [16 (4.71%) |16 (4.71%) |16 (4.71%)  [27(7.94%) |28 (8.24%)
DMR Prostate |59 (11.98%)  [242 (100.00%) 190 (37.19%) _[144 (59.50%) |15 (47.52%) |97 (40.08%)
OMR Kidney 13(7.22%) |82 (45.56%)  |180(100.00%) |102 (56.67%) |100 (55.56%) [79 (43.89%)
DMRObese 115 (6.00%) 131 (52.40%) [118 (47.20%) [250 (100.00%) [176 (70.40%) |167 (66.80%)
DMR Multiple 2+ |45 (13919%) 133 (38.55%) |130 (37.68%) _[204 (59.13%) _[345 (100.00%) [340 (98.55%)
DMR Multiple 3+ |38 (11.45%)  [111(33.43%) [127 (38.25%) |16 (50.00%) [309 (93.07%) [332 (100.00%)
DHR Glyphosate 517 25 96%) |97 (11.60%) 95 (11.36%) _ [104 (12.44%) _[113 (13.52%) [113 (13.52%)
DHR Prostate.  |oa.7m59) 0(0.00%) [3(7.14%) 1(2.38%) 1(2.38%) [0(0.00%)
DHR Kidney 5 (7.14%) 5 (7.14%) 7(10.00%) |3 (4.29%) 6 (8.57%) 5 (7.14%)
DHR Obese 0 (0.00%) 2 (5.56%) 0 (0.00%) 2 (5.56%) 2 (5.56%) 2 (5.56%)
DHR Multiple 2+ 110 (9.17%)  |4(367%)  [3(275%)  [3(275%)  |5(4.59%) [3(2.75%)
DHR Multiple 3+ |3 51 43%) |0 (0.00%) 3(21.43%)  |1(7.14%) b (42.86%) |6 (42.86%)

p<0.05 DHR DHR DHR DHR DHR DHR

p<le-04 Glyphosate Prostate Kidney Obese Multiple 2+ Multiple 3+
DMR Glyphosate |149 43.82%) |22 (6.47%) |16 (4.71%) |13 (3.82%) __ [36 (10.59%) |1 (0.29%)
DMR Prostate |69 (2562%) |6 (2.48%) 13 (5.37%) |5 (2.07%) 7 (2.89%) 4 (1.65%)
DMR Kidney 42 (23.33%) |6 (3.33%) 12 (6.67%) 14 (2.22%) 9 (5.00%) 7 (3.89%)
DMR Obese 67 (26.80%) |8 (3.20%) 12 (4.80%) |6 (2.40%) 13 (5.20%) |3 (1.20%)
DMR Multiple 2+ 1155 (44.06%) |8 (2.32%) 17 (4.93%) |10 (2.90%) |12 (3.48%) |6 (1.74%)
DMR Multiple 3+ 1159 (38.86%) [12(3.61%)  [15(4.52%)  [12(361%)  [22(6.63%) |18 (5.42%)
DHR Glyphosate [g35 (100.00%) [137 (16.39%) |15 (13.76%) _[34 (4.07%) _ [223 (26.67%) [34 (4.07%)
DHR Prostate |5 (19.05%) |42 (100.00%) |18 (42.86%)  [20 (47.62%)  [32 (76.19%) |15 (35.71%)
DHR Kidney 16 (22.86%) |26 (37.14%) |70 (100.00%) |27 (38.57%) |36 (51.43%) |14 (20.00%)
DHR Obese 4 (11.11%) 21(58.33%)  |17.(47.22%) |36 (100.00%) |22 (61.11%) |10 (27.78%)
DHR Multiple 2+ |35 5750%) |50 (45.87%) |43 (39.45%) |56 (51.38%)  [109 (100.00%) [108 (99.08%)
DHR Multiple 3+ | 1409%)  |6(42.86%)  |5(35.71%) |4 (28.57%) |13 (92.86%) |14 (100.00%)

Figure 5. Extended overlap disease DMRs and DHRs. The p-value data set at p < 1e-04 for disease-specific and p < 1e-05 for
exposure specific are compared to the p < 0.05 data to identify potential overlap between the different pathologies with DMR or
DHR number and percentage of the total presented. The grey highlight is the expanded 100% overlap and yellow highlight overlaps

>25%.

indicated with highlighted horizontal row compari-
sons. Interestingly, minimal overlap was observed
between the DMRs and DHRs (<10%), except for the
glyphosate versus control comparisons with >25%
overlap, (Figure 5). An additional comparison was
made between individuals with >2 or >3 different
pathologies. The overlap between these >2 and >3
multiple diseases was greater than 90% (Figure 5).
Therefore, there was not an increase of DMR or
DHR with >3 pathologies, and similar DMR and
DHR sites were identified. Observations suggest having

an increased amount of disease/pathology does not
appear to correlate with an increased number of epi-
genetic alterations. No further analysis of the >3
pathology DMR data was performed.

The same reduced statistical edgeR threshold
extended overlap was used for the DHRs in
Figure 5b. Similarly to the DMRs, a comparison
of the p < 1e-04 for the DHRs, with each potential
comparison at p<0.05, (Figure 5b), shows a much
higher overlap between the prostate DHRs and the
kidney DHRs (42.9%) and obesity DHRs (47.6%)



and multiple disease DHRs (76.2%) (Figure 5b).
Although very few overlaps are observed between
the DMRs and DHRs (Figure 5b), observations
indicate that a subset of DMRs and DHRs appear
to be common among diseases for a specific dis-
ease comparison. Analysis of the DMR or DHR
overlaps for sites that are common between the
different pathologies identified lists for both,
Supplemental Table S12. The lists of DMR and
DHR in common with all pathologies identify
those with associated genes. Interestingly, when
the common DMR and DHR sites for a specific
disease comparison were identified and then com-
pared between all the diseases, negligible overlap
was observed (Figures 1F and 3f). Therefore, there
are common DMRs within a specific disease com-
parisons, but these common DMR sets are primar-
ily disease specific, (Supplemental Figure S5).

Epimutation gene associations

The list of DMRs and DHRs for all the epigenetic
alterations identified are presented in Supplemental
Tables S2-S11. Epimutation gene associations used
DMR or DHR identified within 10 kb of a gene so as
to include proximal and distal promoter elements. The
minority of DMR or DHR, less than 20%, have epi-
mutations associated with genes. Therefore, the major-
ity are intergenic and not within 10 kb of a gene. The
DMR and DHR associated genes found were categor-
ized into relevant functional categories for the glypho-
sate versus control, and for each set of disease
biomarkers (Figure 6). The associated gene categories
listed for the Tables S2-S11 used DAVID and Panther
public databases with direct experimental gene func-
tional links, as described in the Supplemental Methods.
The common GO terms with gene associations are
based on literature search correlations between genes
and function, which have accuracy issues, even with
updated bioinformatics procedures [31], and so were
not used in the current study. The top 10 gene cate-
gories containing multiple genes are presented for
DMRs (Figure 6a) and DHRs (Figure 6b).
Epimutations were found predominantly in the signal-
ling, metabolism, transcription, receptor and cytoske-
leton categories for both DMRs and DHRs (Figure 6).
The number of epimutations was higher for the DMRs
compared to the DHRs. The highest represented gene
categories typically involve the gene categories with the
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highest number of associated genes, such as metabo-
lism. No statistical analysis was performed to deter-
mine over-represented gene category associations. This
analysis was simply done to determine that the general
gene category associations expected were observed.

The disease-specific  DMR-associated — genes,
Supplemental Figure S2-S6, were analysed using
a Pathway Studio gene database and network tool to
identify associated gene processes (Figures 7 and 8).
Not surprisingly, the disease-specific DMR-associated
genes predominantly corresponded with the associated
disease for prostate disease, kidney disease, and obesity
(Figure 7). Some additional associated disease groups
were also identified. Interestingly, the multiple (>2)
disease epimutation biomarker DMR-associated
genes were found to be correlated with all the major
prostate, kidney, and obesity processes (Figure 8). The
individual gene processes and shared gene processes
are identified (Figure 8). The epimutation gene asso-
ciations with previously identified disease-linked genes
helps validate the observations and biomarkers.
Statistical analysis of over-representation of DMR-
associated genes with diseases as performed by
Pathway Studio software (Elsevier, Inc. 2020) revealed
that for prostate disease DMR-associated genes (Figure
7a) the disease term Benign Prostatic Hypertrophy was
enriched (p = 0.048). For obesity disease DMR-
associated genes (Figure 7c) the term Obesity was
enriched (p = 0.046). For the multiple disease DMR-
associated genes (Figure 8) the disease terms Obesity
(p = 0.004), Polycystic Kidney Disease (p = 0.0008),
and Prostatic Adenocarcinoma (p = 0.008) were sig-
nificantly enriched.

Discussion

A previous study by our laboratory demonstrated
the ability of one of the most commonly used
agricultural herbicides, glyphosate, to promote
the epigenetic transgenerational inheritance of
pathology [23]. Negligible pathology was observed
in the FO or F1 generations from direct exposure,
but a significant increase in pathology and disease
was observed in the grand offspring F2 generation
and great-grand offspring F3 generation [23]. This
is termed generational toxicology, and appears to
develop through the epigenetic transgenerational
inheritance of germline epimutation alterations
that include imprinted-like gene characteristics
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Figure 6. Associated gene categories. (a) DMR-associated gene
categories. (b) DHR associated gene categories. The different
gene categories and number DMR or DHR presented with color
index insert. No statistical analysis was performed for over-
represented genes, but sample correlations provided for each
gene category.

and are transmitted to subsequent generations
[1,32]. The current study used groups of indivi-
duals with a single pathology to identify potential
epigenetic biomarkers for disease. The pathologies
observed with sufficient numbers of animals
include prostate disease, kidney disease, obesity,
and multiple disease with individuals with >2

different pathologies. These are relevant patholo-
gies for humans in that prostate disease is one of
the most prominent pathologies in human males
[33]. Prostate disease impacts 50% of the males
over the age of 50 years and 100% of the males
over 70 years in the USA. Kidney disease is also
a prominent disease in ageing population. Obesity
is dramatically increasing in the population for
both males and females with greater than 30% of
the males in the USA [34] and Europe. Although
genetic mutations with GWAS have been asso-
ciated with these human pathologies, the percen-
tage of the disease populations with the genetic
mutation association is generally less than 1% of
the disease population.

In contrast, altered epigenetic sites termed epi-
mutations appear to have a much higher frequency
and appear in the majority of individuals with the
disease [15-17]. The current study supports this
observation with the majority of individuals with
the disease having the pathology epimutation bio-
markers. For the transgenerational F3 generation
males, the number of differential DNA methyla-
tion regions (DMRs) identified for each disease
was generally over 200 for the individual disease
at edgeR p < le-04 threshold. Negligible overlap
was observed between the different prostate, kid-
ney, obesity, or multiple disease pathologies DMR
biomarkers, Figure 1. Interestingly, at a reduced
comparison statistical threshold, a 30-50% overlap
was observed among the different comparisons for
specific disease DMR biomarker sets, Figure 5.
Therefore, potential pathology specific epigenetic
biomarkers were identified, but individual com-
parison overlapping sets of DMRs at a reduced
threshold are present. The DMR gene associations
demonstrate correlation with previously known
genes linked to the respective pathologies, and
the multiple diseases with the majority of the
pathologies. Observations suggest subsets of epi-
mutations common between the pathologies are
minimal, while a unique set of pathology-specific
biomarkers are present that may provide the dis-
ease-specific susceptibility.

In addition to the DMR pathology biomarkers,
the novel observation was made that sperm differ-
ential histone retention regions (DHRs) are also
observed with the different pathologies. The num-
ber of DHRs were less than the number of DMRs
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Figure 7. DMR-associated genes within the pathology biomarker DMR set for each individual pathology. The physiologic and
pathology process is listed with direct gene links. (a) Prostate disease, (b) kidney disease, and (c) obesity.

and the DHRs were also found to have disease
specificity, Figure 3. The histones in sperm are
replaced by protamines to compact DNA into the
head of the sperm [35] at the later stage of sper-
matogenesis in the testis following meiosis.
However, specific histone retention sites are
observed and found to be conserved [12].
Recently we identified environmental toxicant-
induced epigenetic transgenerational inheritance
of differential histone retention regions (DHRs)
[13,14]. The current study demonstrates

glyphosate appears to promote the epigenetic
transgenerational inheritance of DHRs in sperm.
These sperm DHRs also appear to provide epige-
netic biomarkers for disease, and this is one of the
first observations of DHRs as potential biomarkers
for disease. An overlap at edgeR p < le-04 demon-
strated limited overlap of DHRs between the dif-
ferent pathologies, but at a reduced threshold
comparison overlap demonstrated a 25-75% over-
lap between the pathologies, Figure 5. Negligible
overlap was observed between the DMRs and
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Figure 8. DMR-associated genes within the pathology biomarker

pathology process is listed with direct gene links.

DHRs at each of the edgeR statistical thresholds.
Observations demonstrate the sperm DHRs also
appear to provide potential epigenetic biomarkers
for disease. The combination of DMRs and DHRs
is anticipated to facilitate pathology diagnosis.

A limitation of the current study was the low num-
bers of animals with a specific individual disease. The
edgeR analysis is optimal for the identification of indi-
vidual DMR or DHR and used a high stringency
threshold. Although an edgeR p-value was used to
identify and analyse both the disease biomarker
DMRs and DHRs [15-17,26], analysis for multiple
testing error for false discovery rate (FDR) only pro-
vided a p < 0.05 for the exposure versus control com-
parison with a larger number of individuals. The FDR

DMR set for multiple disease pathology. The physiologic and

values for the disease biomarkers were >0.1. Previous
studies have demonstrated limitation in FDR analysis
with low sample numbers due to the presumptions in
the multiple testing parameters [36-41]. Although sev-
eral corrections for this limitation of FDR have been
designed to correct FDR for low sample number lim-
itations, we feel the edgeR value is more useful, due to
its use in the identification of the individual epimuta-
tions. Therefore, the low sample number is a limitation
in the current analysis. Potential higher variability in
the data needs to be considered even though higher
edgeR values were used, but this does not address
multiple testing corrections. Future studies will need
to use higher n-values and/or improved analysis tech-
niques to reduce this analysis limitation [36-41].



The presence of the glyphosate-induced transge-
nerational DMRs in sperm for specific pathologies
suggests potential epigenetic biomarkers may be used
to assess paternal transmission of disease susceptibility
to the offspring. Such an epigenetic biomarker could
potentially be used as a preconception diagnostic to
determine the susceptibility of disease for the subse-
quent generations, but future studies are required to
investigate this possibility. The knowledge that
a disease susceptibility exists would allow potential
preventative lifestyle change and therapeutics to be
used and/or developed. Therefore, future generation
health care could be transitioned to a preventative
medicine strategy versus the reactionary medicine
used today. The current study provides associated
pathology with epigenetic biomarkers of both DMRs
and DHRs. Further analysis is needed to determine the
use of these biomarkers for early life disease suscept-
ibility biomarkers, prior to the onset of diseases. The
previous studies suggest this may be possible [15-17],
but formal preventative diagnostics have not been
developed. Therefore, the current study used glypho-
sate induction of transgenerational disease as a proof of
concept such environmental biomarkers can be iden-
tified and potentially used as diagnostics for disease
susceptibility in the future. Since epigenetic biomarkers
have a high frequency of association with individuals,
the incorporation of epigenetic diagnostics into medi-
cine is anticipated to facilitate preventative medicine
and disease management.

Availability of Data and Materials

All molecular data have been deposited into the public data-
base at NCBI (GEO # GSE118557 and GSE152678), and
R code computational tools are available at GitHub (https://
github.com/skinnerlab/MeDIP-seq) and www.skinner.wsu.
edu.
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