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SUMMARY

Because epigenetics is a critical component for gene expression, the hypothesis
was tested that DNAmethylation alterations are dynamic and continually change
throughout gametogenesis to generate the mature sperm. Developmental
alterations and stage-specific DNA methylation during gametogenesis from
primordial germ cells (PGCs) to mature sperm are investigated. Individual devel-
opmental stage germ cells were isolated and analyzed for differential DNA
methylation regions (DMRs). The number of DMRs was highest in the first
three comparisons with mature PGCs, prospermatogonia, and spermatogonia.
Themost statistically significant DMRs were present at all stages of development
and had variations involving both increases or decreases in DNA methylation.
DMR-associated genes were identified and correlated with gene functional
categories, pathways, and cellular processes. Observations identified a dynamic
cascade of epigenetic changes during development that is dramatic during the
early developmental stages. Complex epigenetic alterations are required to
regulate genome biology and gene expression during gametogenesis.

INTRODUCTION

In contrast to somatic cells, germ cells go through a series of mitotic stages and then meiosis to generate

the differentiated sperm or egg. During fertilization, the two mature gametes come together to produce

the zygote, which will give rise to the embryo totipotent cells that will generate all somatic cells and tissues

in the individual, as well as the gametes for the next generation. In mammals, the precursor primordial

germ cells (PGCs) arise in the equipotent epiblast in response to bone morphogenic protein (BMP) signals

(Coucouvanis andMartin, 1999; de Sousa Lopes et al., 2004; Lawson et al., 1999). The PGCs will develop and

migrate to the genital ridge to colonize the undifferentiated gonad (Seisenberger et al., 2012). Upon

gonadal sex determination, depending on the chromosomal sex, the mature PGCs will differentiate into

the male or female germline lineage (Jost et al., 1973). In males, testis morphogenesis is initiated when

the testis determining factor, SRY, is first expressed in the XY genital ridge Sertoli cell precursors (Gubbay

et al., 1990; Hawkins et al., 1992; Koopman et al., 1991; Lovell-Badge and Robertson, 1990) and then ex-

pands toward the gonadal poles (Albrecht and Eicher, 2001; Bullejos and Koopman, 2005). In the outbred

rat model gonad, at embryonic day 16 (E16), the early testis germ cells will develop into prospermatogonia

during the male gonadal sex determination period (McCarrey, 2012; McCarrey, 2013). The germline then

develops into spermatogonia by postnatal day 10 (P10) in the rat. Once a rat reaches puberty, the initial

wave of spermatogenesis starts in the testes where the spermatocytes (including the meiotic stage of

pachytene spermatocytes) develop. Following meiosis, the round haploid spermatids differentiate, and

once they reach the mature spermatozoa stage, the cells are released into the lumen of the seminiferous

tubules (Dym and Fawcett, 1971). The spermatozoa differentiate further after entering the initial caput

stage of the epididymis and then mature during epididymal transit. Upon entering the cauda, which is

the final stage of the epididymis, the sperm have gained the potential for motility and fertilization capacity

(Orgebin-Crist et al., 1976; Cornwall, 2009). The mature caudal epididymal sperm are then stored in the vas

deferens before ejaculation or degradation.

The migration of the primordial germ cells (PGCs) into the fetal gonad prior to gonadal sex determination

precedes the differentiation of the PGC into prospermatogonia. In the testis, the expression of SRY in the

supportive fetal somatic cells specifies these cells to differentiate into SOX9+ Sertoli cells. These cells will in
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turn proliferate in response to FGF9 (Chaboissier et al., 2004; Kim et al., 2006; Palmer and Burgoyne, 1991;

Schmahl et al., 2004; Willerton et al., 2004) and TGFa (Levine et al., 2000). SOX9 and SRY regulate a signif-

icant number of shared and distinct downstream gene targets (Li et al., 2014; Bhandari et al., 2012), a

finding consistent with studies demonstrating that ectopic expression of SOX9 is necessary and sufficient

for testis differentiation (Chaboissier et al., 2004; Vidal et al., 2001). In the absence of SRY, FGF9, or SOX9,

pregranulosa cells are specified and ovarian development initiates in XY males (Capel, 2006; Chaboissier

et al., 2004; Colvin et al., 2001; Jeays-Ward et al., 2004; Kent et al., 1996; Koopman, 1999; Koopman et al.,

1991). When somatic cells commit to testis or ovary lineages, the germ cells also undergo sex differentia-

tion in the fetal gonad and become developmentally restricted (Adams and McLaren, 2002). In the male

gonad, the prospermatogonia undergo a cell-cycle arrest at G0 and remain quiescent until after birth in

the rodent (Western et al., 2008). DAZL (deleted in azoospermia-like) is a key factor enabling PGCs to

respond to cues from the somatic environment and commit to gametogenesis. This RNA binding protein

is required for meiotic chromosome condensation andmeiotic prophase protein expression (Lin and Page,

2005).DazlmRNA is detected in bothmale and female germ cells during fetal gonadal development (Selig-

man and Page, 1998). Dazl-deficient mice are infertile due to germ cell differentiation defects (Lin and

Page, 2005). Stimulation with retinoic acid gene 8 (STRA8) and meiotic recombination protein 8 (REC8)

are also required for meiotic DNA replication, as well as the subsequent processes of meiotic prophase,

chromosome synapsis, and chromosome segregation (Koubova et al., 2006). Several of these genes

were used in the current study as markers of the various gametogenesis stages.

Sperm production is a continuous developmental process throughout amale’s lifespan; this relies on a con-

stant supply of an adult stem cell population with long-term renewal potential, the spermatogonial stem

cells (SSCs). They are located along the basement membrane of the basal surface of the seminiferous tu-

bules in the mature testes. The proliferation of these spermatogonial cells and their differentiation into

mature spermatozoa is a highly regulated developmental process, and alterations in spermatogenesis

can result in infertility. Although some genes (e.g., ZBTB16, SALL4, LIN28, CDH1 and FOXO1) have been

shown to be markers for the undifferentiated spermatogonia (Buaas et al., 2004; Costoya et al., 2004; Eil-

dermann et al., 2012; Goertz et al., 2011; Hobbs et al., 2012; Tokuda et al., 2007), others are specific to a

subset of undifferentiated spermatogonia (e.g., ID4, PAX7, BMI1) that are specific to type A spermatogonia

(Aloisio et al., 2014; Komai et al., 2014; Oatley et al., 2011) or genes (e.g., GFRa1 and NANOS2) specific to

type A aligned spermatogonia (Meng et al., 2000; Suzuki et al., 2009; van Bragt et al., 2008). The regulation

of this gene expression specificity to spermatogenic stages for the most part remains to be evaluated. The

current study investigates the potential role of epigenetics during the developmental process and corre-

lates the DNA methylation alterations observed with some of the above genes.

The first wave of epigenetic reprogramming occurs in the embryo, where the partial epigenetic erasure of

DNA methylation is incomplete and maternal and paternal imprinted gene DNA methylation are retained

(i.e., protected) for all subsequent somatic lineages. The second wave of partial DNA methylation erasure

and reprogramming is more comprehensive and occurs upon subsequent development of the mature

PGCs, which are the stem cells for the germline. Despite these two partial epigenetic DNAmethylation era-

sures, epigenetic information can be passed from one generation to the next transgenerationally (Anway

et al., 2005; Nilsson et al., 2018). During the first wave of embryonic epigenetic reprogramming, a repres-

sion of de novo DNA methyltransferases DNMT3a/b occurs, leading to partial DNA methylation erasure

(Kagiwada et al., 2013; Kurimoto et al., 2008; Seisenberger et al., 2012; Seki et al., 2007; Shirane et al.,

2016). During this developmental window, the process appears to be active (paternal genome) or passive

(maternal genome) DNA demethylation erasure. During the second wave of partial PGC demethylation,

the AID, APOBEC, or the TET family proteins, which are all involved in DNAmethylation erasure, are either

not transcribed in early PGCs or their enzymatic activity is not essential for the decrease in DNAmethylation

levels observed (Kagiwada et al., 2013; Popp et al., 2010; Vincent et al., 2013). However, DNMT1 (DNA

methyltransferase 1) is maintained to prevent the dilution of DNA methylation at imprinted loci and

some meiotic gene promoters (Hargan-Calvopina et al., 2016). The loss of Dnmt1 in PGCs results in female

infertility due to premature meiotic entry and infertility in males, which is due to precocious differentiation

of prospermatogonia (Hargan-Calvopina et al., 2016). During the second wave of epigenetic reprogram-

ming, DNA methylation is at its lowest from TET1 and TET2 active removal of DNA methylation (Vincent

et al., 2013; Hackett et al., 2013; Yamaguchi et al., 2013a). This DNAmethylation erasure window generates

the mature pluripotent PGCs that are within the indifferent early fetal gonad and provides the germline

stem cells with the highest level of genome hypomethylation (Kobayashi et al., 2013; Yamaguchi et al.,
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2013b). Proper regulation of epigenetic processes is crucial throughout subsequent spermatogenesis to

ensure normal embryonic development and sperm function. The sperm epigenome plays an essential

role in establishing epigenetic marks in the early embryo following fertilization (Ben Maamar et al., 2021).

Although specific stages of PGC development have been extensively analyzed (Morgan et al., 2005; Hill

et al., 2018; Molaro et al., 2014; Seisenberger et al., 2013), there is negligible comprehensive genome-

wide epigenetic information on the developmental DNA methylation patterns from the mature PGCs

through adult spermatogenesis. Previous studies in the mouse have extensively studied alterations in

DNA methylation during PGC maturation (Morgan et al., 2005; Hill et al., 2018; Molaro et al., 2014; Seisen-

berger et al., 2013). Spermatogonia development and commitment to spermatocytes have also been stud-

ied with regard to DNA methylation studies (Liu et al., 2019; Fend-Guella et al., 2019; Gaysinskaya et al.,

2018; Kubo et al., 2015). Fewer studies at the other stages of development such as during meiosis and

haploid spermatid cell development have been reported (Mallol et al., 2019; Schutte et al., 2013). Although

discussed in reviews on methylation dynamics during gametogenesis (Morgan et al., 2005; Seisenberger

et al., 2013), few studies have examined DNA methylation from mature PGC through sperm development.

Similarly, analysis of specific gene expression and/or transcription analysis have been performed at specific

stages of development, but not concurrently for all stages (Carrell et al., 2016). Other epigenetic processes

such as noncoding RNAs (e.g., piRNAs) have also been examined in isolated stages of gametogenesis (Luk

et al., 2014; Kotaja, 2014; Bao et al., 2014; Yadav and Kotaja, 2014). Therefore, a better understanding of the

normal developmental DNA methylation patterns is needed throughout gametogenesis.

Previous studies have shown that an exposure of a gestating female to environmental toxicants, such as the

pesticide DDT (dichlorodiphenyltrichloroethane) or the fungicide vinclozolin, during the fetal gonadal sex

determination developmental window promotes an altered developmental programming of the male

germline epigenome (Anway et al., 2005; Skinner et al., 2013b, 2018, 2019; Nilsson et al., 2018; Ben Maamar

et al., 2019). Stress, high-fat diets, caloric restriction, and a variety of toxicants have also been linked to the

epigenetic transgenerational inheritance phenomenon (Nilsson et al., 2018; Skinner, 2014; Soubry, 2015;

Vaiserman et al., 2017). These studies show changes in epigenetic DNA methylation programming. Epige-

netic transgenerational inheritance refers to the transmission of epigenetic information to the next gener-

ation through the germline in the absence of direct exposure. The main epigenetic processes previously

studied are DNA methylation, noncoding RNAs, chromatin structure, histone modifications, and RNA

methylation (Jirtle and Skinner, 2007). These epigenetic changes can have short- or long-term effects on

genome activity and become transgenerational when the germline is involved (Anway et al., 2005).

In the current study, the outbred rat model is used to assess normal development patterns of DNAmethyl-

ation from the mature PGCs to sperm. An outbred rat model was used to avoid the issues of inbreeding

depression of epigenetics known to occur in most mouse models and other inbred models (Vergeer

et al., 2012; Pennisi, 2011; Guerrero-Bosagna et al., 2012). The control generation animals from previous

toxicant exposure studies (Skinner et al., 2019; Ben Maamar et al., 2019) were used for the current study

to establish the baseline normal control epigenetic developmental programming during spermatogenesis

of mature PGCs to sperm. The rat male germline developmental stages examined include embryonic day

13 (E13) mature primordial germ cells (PGCs), embryonic day 16 (E16) prospermatogonia, postnatal day 10

(P10) spermatogonia, adult pachytene spermatocytes, round spermatids, caput epididymal spermatozoa,

and caudal epididymal sperm (Figure 1). The current study was designed to investigate the developmental

programming and origins of differential DNA methylation regions (DMRs) between developmental stages

during normal control development without any environmental exposure. The hypothesis tested is that a

dramatic cascade of epigenetic changes is initiated at the early stages of male germline development to

then form the final DNA methylation patterns in the mature sperm.

RESULTS

Gametogenesis stage germ cell isolations

Seven different germ cell stages from male outbred rats were used in this experimental design for epige-

netic analysis. Gestating female rats at 90 days of age were used to isolate the developing fetus at gesta-

tional day 13 or 16. At the embryonic day 13 (E13) stage of rat fetal development, the mature PGCs have

migrated to colonize the indifferent gonad prior to gonadal sex determination. At embryonic day 16

(E16), the early male gonad (testis) contains prospermatogonia (McCarrey, 2012; McCarrey, 2013; Jirtle

and Skinner, 2007; Harikae et al., 2013). At the postnatal day 10 (P10), the testis contains predominantly
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spermatogonia and at 10 months of development, the adult pachytene spermatocytes, round spermatids,

caput spermatozoa, and cauda epididymal sperm are all present. The isolation of PGCs, prospermatogo-

nia, spermatogonia, pachytene spermatocytes, and round spermatid cell types was done using a gravity

sedimentation StaPut protocol, and cell purity assessed (McCarrey, 2012; McCarrey, 2013; Skinner et al.,

2019; Ben Maamar et al., 2019), as described in the Methods. The epididymal caput spermatozoa and

cauda sperm were isolated from the appropriate section/stage of the epididymis from the same animals,

as described in the Methods (Skinner et al., 2019; Ben Maamar et al., 2019). Different sample pools, each

with different individual sets of animals from different litters, were obtained with approximately 20 different

males’ gonads per pool for the E13 stage, 5–6 males’ gonads per pool for the E16 stage, 6–7 males’ gonads

per pool for the P10 stage, and three adult males’ gonads per pool for the adult stages. Therefore, 3–20

different males’ gonads, depending on the developmental stage, were used in the analysis of each of

the different sample pools studied. Three pools were collected for each of the developmental stages,

except for E13 stage, which was limited to two pools. The purity of the cell populations has previously

been shown to be PGCs (80%–85%), prospermatogonia (80%–85%), spermatogonia (80%–85%), pachytene

Figure 1. Developmental stage comparisons

Black line indicates stages compared.

(A) Spermatogenesis and spermatogenic germ cell stages.

(B) Differential DNA methylation during gametogenesis. Total number DMR at p < 1e-04 for each stage comparison,

indicated in horizontal bar.
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spermatocytes (85%–90%), round spermatids (85%–90%), caput spermatozoa (100%), and cauda sperm

(100%) (McCarrey, 2012; McCarrey, 2013; BenMaamar et al., 2019; Skinner et al., 2019). Recent studies using

more advanced analyses have also confirmed these previous purity assessments in the spermatogenic cell

stages (Mutoji et al., 2016; Lesch et al., 2013). The genomic DNA was isolated from each of the purified

developmental stage (Figure 1) pools and processed for subsequent epigenetic analysis.

Gametogenesis stage germ cell DNA methylation analysis

Amethylated DNA immunoprecipitation (MeDIP) procedure followed by next-generation sequencing for a

MeDIP-Seq protocol was performed to analyze the differential DNA methylation regions (DMRs), as

described in the Methods (Beck et al., 2017, 2021). The MeDIP-Seq procedure was selected due to its

efficiency of assessing low-density CpG regions that constitute >90% of the genome, so provides a

more genome-wide analysis than other procedures such as bisulfite sequencing due to CpG density

bias (Beck et al., 2021). The E13 PGCs were compared with the E16 prospermatogonia, the prospermato-

gonia with the P10 spermatogonia, the spermatogonia with the adult pachytene spermatocytes, the pachy-

tene spermatocytes with the adult round spermatids, the round spermatids with the adult caput epididymal

spermatozoa, and the caput epididymal spermatozoa with the adult caudal epididymal sperm (Figure 1) in

order to identify the differential DNA methylation regions (DMRs) that changed between each develop-

mental stage of the male germline (Figure 2). The sequencing alignment was 90%–95% for all analyses,

and a minimum of 40 reads was required for a DMR. A DMR EdgeR p value was used to identify statistically

significant DMRs from each comparison (Figure 2), which correlated with a multiple testing correction FDR

(false discovery rate) value of <0.05 for all comparisons, except the caput versus cauda comparison at <0.1.

The All Windows is all DMRs with at least one 1000 bp region (window) with statistical significance and the

Multiple Windows being R2 nearby significant 1000 bp windows. The number of DMRs with multiple win-

dows is also presented for the bolded p values in Figure 2. Developmental stage comparisons showed

approximately 336–144,046 DMRs at p < 1e-04 (Figures 1B and 2). The epigenetic alterations were highest

between the E16 prospermatogonia and the P10 spermatogonia, which had more than 38,000 DMRs at p <

1e-07 (Figure 2). The top 1000 statistically significant DMRs were further analyzed for general genomic char-

acteristics. The number of DMRs with an increase versus decrease in DNA methylation is presented in Fig-

ures 2C and 2G, with between 40% and 60% of the DMRs having an increase in DNA methylation. Interest-

ingly, 75% of the prospermatogonia versus the spermatogonia comparison DMRs showed a decrease in

DNA methylation, and 25% of the DMRs showed an increase in DNA methylation, whereas the spermato-

gonia versus pachytene spermatocyte DMRs showed 25% with a decrease in methylation and 75% of the

DMRs with an increase in DNA methylation (Figure 2G and Tables S1–S6). These individual stage compar-

isons were investigated such that the comparisons of all can provide insight into the dynamic DNAmethyl-

ation changes throughout development.

The chromosomal locations of the DMRs detected from each developmental stage comparison are pre-

sented in Figure 3. The top 1000 statistically significant DMRs were used, due to high DMR numbers in

the initial stages. The locations of DMRs are designated by the red arrowheads, and the black boxes indi-

cate clusters of DMRs. In most stages, all the chromosomes, except in some comparisons the Y or mito-

chondrialtDNA (MT), were found to contain DMRs. Interestingly, some of the DMR clusters were in common

regions on the same chromosome during different developmental stage comparisons (Figure 3). The

genomic features of the DMRs detected at each developmental stage comparison were investigated.

The CpG density of the DMRs at all stages was 1–5 CpG per 100 bp with 1 or 2 CpG being prevalent (Fig-

ure S1). Similar observations were observed with DMRs from p < 1e-05 in comparison to the top 1000, Fig-

ure S2. This represents a low-density CpG desert (Skinner and Guerrero-Bosagna, 2014), which has been

observed with previous transgenerational DMRs. The lengths of the DMRs detected in all the develop-

mental stage comparisons for the top 1000 were between 1 and 10 kb, with 1 or 2 kb length being predom-

inant (Figure S3). Similar observations were made with DMRs from p < 1e-05 in comparison with the top

1000 (Figure S4). In considering the genomic features of the DMRs generated from each comparison, a

principal component analysis (PCA) was performed with each comparison to show distinct principal

component separations in the pools for each stage (Figure S5). Therefore, each individual stage compar-

ison DMRs during development are distinct in the PCA.

DNA methylation alterations during gametogenesis

Specific DNA methylation alterations of the DMRs for each stage of development were investigated to

identify the patterns of change developmentally. The top 100 statistically significant DMRs from each
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developmental stage comparisons were studied to assess the percent mean read depth for each stage

comparison DMR data. The percent mean read depth values for each DMR were separated into an increase

or decrease in DNAmethylation, for instance, caput greater than cauda in the caput versus cauda data (rep-

resents a decrease in DNA methylation) and cauda greater than caput in caput versus cauda data (repre-

sents an increase in DNAmethylation), which are presented as a percent scaledmean read depth (Figure 4).

The 100 most significant caput versus cauda DMRs included 34 DMRs with decreased DNA methylation

Figure 2. DMR identification

The number of DMRs found using different p value cutoff thresholds. The All Window column shows all DMR sites. The

Multiple Window column shows the number of DMRs withR2 significant nearby windows at a p value threshold indicated

in the bolded line.

(A) E13 primordial germ cells versus E16 prospermatogonia.

(B) E16 prospermatogonia versus P10 spermatogonia.

(C) P10 spermatogonia versus pachytene spermatocytes.

(D) Pachytene spermatocytes versus round spermatids.

(E) Round spermatids versus caput epididymal spermatozoa.

(F) Caput epididymal spermatozoa versus cauda sperm.

(G) Developmental DMR numbers with an increase or decrease in methylation alteration (top 1000 DMR) from the

maximum log-fold-change (maxLFC). Light shading, positive increase in methylation and dark shading, negative

decrease in DNA methylation.

ll
OPEN ACCESS

6 iScience 25, 103786, February 18, 2022

iScience
Article



(caput > cauda) and 66 DMRs with increased DNAmethylation (cauda > caput) (Figures 4K and 4L). For this

developmental stage comparison, the methylation alterations generally became more variable with no

distinct patterns at earlier stages. The round spermatids versus caput included 81 DMRs with decreased

DNA methylation (round spermatid > caput) and 19 DMRs with increased DNA methylation (round

spermatid > caput) (Figures 4I and 4J). The pachytene spermatocyte versus round spermatid included

44 DMRs with decreased DNA methylation (pachytene spermatocyte > round spermatid) and 56 DMRs

with increased DNA methylation (pachytene spermatocyte < round spermatid) (Figures 4G and 4H).

There was a dramatic alteration in DNAmethylation between the pachytene spermatocyte and round sper-

matid stages and between the P10 spermatogonia and adult pachytene spermatocyte stages. The P10

Figure 3. DMR chromosomal locations

The DMR locations on the individual chromosomes. All DMRs at p value threshold for top 1000 DMR presented.

Chromosome number and length (megabase) presented. The red arrowhead identifies a DMR site and black box a cluster

of DMRs.

(A) E13 primordial germ cells versus E16 prospermatogonia.

(B) E16 prospermatogonia versus P10 spermatogonia.

(C) P10 spermatogonia versus pachytene spermatocytes.

(D) Pachytene spermatocytes versus round spermatids.

(E) Round spermatids versus caput epididymal spermatozoa.

(F) Caput epididymal spermatozoa versus cauda sperm.
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spermatogonia versus pachytene spermatocytes included 74 DMRs with decreased DNA methylation

(P10 spermatogonia > pachytene spermatocytes) and 26 DMRs with increased DNAmethylation (P10 sper-

matogonia < pachytene spermatocytes) (Figures 4E and 4F). At this developmental stage comparison, a

Figure 4. DMR developmental time course

The scaled mean RPKM read depth is shown for the top 100 statistically significant DMRs for each developmental stage

comparison.

(A) PGC greater than E16 (* = p < 1e-05) n = 72.

(B) E16 greater than PGC (* = p < 1e-05) n = 28.

(C) E16 greater than P10 (* = p < 1e-05) n = 15.

(D) P10 greater than E16 (* = p < 1e-05) n = 85.

(E) P10 greater than pachy (* = p < 1e-05) n = 81.

(F) Pachy greater than P10 (* = p < 1e-05) n = 19.

(G) Pachy greater than RS (* = p < 1e-05) n = 41.

(H) RS greater than pachy (* = p < 1e-05) n = 59.

(I) RS greater than caput (* = p < 1e-05) n = 64.

(J) Caput greater than RS (* = p < 1e-05) n = 36.

(K) Caput greater than cauda (* = p < 1e-05) n = 35.

(L) Cauda greater than caput (* = p < 1e-05) n = 65.
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dramatic alteration in DNAmethylation was also observed between the P10 spermatogonia and the pachy-

tene spermatocytes. The E16 prospermatogonia versus P10 spermatogonia included 82 DMRs with

decreased DNA methylation (E16 prospermatogonia > P10 spermatogonia) and 18 DMRs with increased

DNA methylation (E16 prospermatogonia < P10 spermatogonia) (Figures 4C and 4D). Therefore, the

E16 prospermatogonia and PGCs or P10 spermatogonia stage DMRs appear to have consistent patterns

of DNA hyper- or hypomethylation. The PGC versus E16 prospermatogonia included 63 DMRs with

decreased DNA methylation (PGC > E16 prospermatogonia) and 37 DMRs with increased DNA methyl-

ation (PGC < E16 prospermatogonia) (Figures 4A and 4B).

Following the analysis of individual stage comparison DMR developmental patterns (Figure 4), the next

analysis determined the potential overlap and specificity of DMRs for each comparison. A Venn diagram

of the PGCs and spermatogonia comparison demonstrated negligible overlap, with the highest being

120 DMRs between the PGCs versus prospermatogonia comparison and the prospermatogonia versus

spermatogonia comparison (Figure 5A). In addition, a comparison of the spermatogonia stages and the

sperm demonstrates negligible overlap, with the highest being 62 DMRs common to both the round sper-

matid versus spermatozoa and spermatogonia versus pachytene spermatocytes comparisons (Figure 5B).

Therefore, the specific DMRs detected at each developmental stage comparison were primarily unique at

the highest statistical threshold cutoff (i.e., top 1000). However, some DMRs were present throughout

development (Figure 4). An extended overlap involving a more stringent top 1000 threshold DMRs with

the other stages at a lower stringency threshold (p< 0.001) demonstrated that several comparisons have

high overlap (Figure 5C). The major overlaps were observed between the PGCs, prospermatogonia, and

spermatogonia, with the PGCs versus E16 prospermatogonia having an 82.4% overlap with the E16

Figure 5. Developmental DMR overlaps

(A) Venn diagram DMR overlaps between PGC stage and spermatogenic stages (top 1000 DMR).

(B) DMR overlaps between sperm stage and spermatogenic stages (top 1000 DMR).

(C) Extended overlap DMRs for all stage comparisons (top 1000 DMR versus p < 0.001).
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prospermatogonia versus P10 spermatogonia. Interestingly, DMRs from the comparison of E16 prosper-

matogonia and spermatogonia had a 94.8% overlap with the DMRs from the PGCs and E16 prospermato-

gonia comparison. There was also a 71.1% overlap with the E16 prospermatogonia versus spermatogonia

comparison DMRs with the spermatogonia versus pachytene spermatocytes comparison. A 51.5% overlap

was observed between the pachytene versus round spermatids and spermatogonia versus pachytene.

Interestingly, there was a 53.1% overlap with the round spermatid versus caput spermatozoa comparison

with the spermatogonia versus pachytene comparison and 55.1% with the prospermatogonia versus sper-

matogonia comparison (Figure 5C). The other comparisons were lower and ranged from 0.1% to 43%.

Therefore, the specific DMRs are present at many stages when a reduced stringency is considered. This

analysis examined the alterations in DNA methylation between two adjacent stages of development,

and a complex developmental cascade of DMR development is observed.

An alternative type of analysis from the DMRs between stages performed involved DNA methylation site

read depth comparisons. The MeDIP-Seq for methylated site read depth was used to compare the level

of methylation for each stage, as described in the Methods. This type of analysis is not dependent on al-

terations in DNA methylation between stages for DMRs, but general changes in DNA methylation

compared with a specific stage (e.g., cauda sperm). The DNA methylation for read depth was normalized

for library size and sequence efficiency then reported as RPKM (reads per kilobase per million reads) where

RPKM of 20 is approximately 150 raw reads (Figure 6). The top 100 DNA methylation sites in cauda sperm

were compared with all the other stages and presented in Figure 6A. All stages had similar sites as the top

100 cauda sperm that were more variable with the stem cell stages. A combination of all other stages of top

100 DNAmethylation sites with a reduction in cauda sperm identified the largest reduction in read depth in

cauda sperm, Figure 6B. A comparison of each individual stage top 100 DNA methylation sites with all the

other stages is presented in Figure S6. In all cases DNA methylation was detected at all stages with often

similar profile of change. A pairwise comparison of all the different stages of top 100 DNAmethylation sites

is presented in Figure 6C. A high level of overlap was observed among the top 100 sites. Therefore, a similar

analysis of the top 1000 DNAmethylation sites between the different developmental stages was performed

(Figure 6D). Both top 100 and 1000 DNAmethylation comparisons demonstrate common sites between the

stages, with the PGC having approximately 50% of the sites common with the cauda sperm. The other

developmental stage sites demonstrate the PGC, prospermatogonia, and spermatogonia being more

similar, the pachytene and round spermatid being similar, and caput and cauda sperm similar (Figures

6C and 6D). Therefore, the observations with the DNA methylation sites between developmental stages

demonstrated similar observations as observed with the DMR analysis. The concept that DNA methylation

is simply increased from PGC to cauda sperm is not supported, but rather is dynamic and complex.

Differential DNA methylation region gene associations

The DMRs from each stage comparison are listed for the top 1000 DMRs in Tables S1–S6. The genomic lo-

cations and features are listed, as well as the associated genes within 10 kb to include potential promoters.

The gene associations for all DMRs for the top 1000 for each stage were identified and functionally catego-

rized. The gene functional categories are presented in Figure 7A for DMRs derived from each stage compar-

ison. The signaling, transcription, metabolism, receptor, and cytoskeleton categories were themost predom-

inant for all comparisons. The top five categories in terms of number of DMR-associated genes were selected

to examine the dynamics of these gene categories during gametogenesis (Figure 7B). In general, the

numbers of DMR-associated genes in a particular category were seen throughout gametogenesis or increase

in the later stages of development. Therefore, similar DMR-associated gene categories are observed be-

tween the stages, and the specific category genes were considered throughout gametogenesis.

The DMR-associated genes at each stage were also used to identify predominant pathways at each stage

comparison with a KEGG pathway analysis. The predominant DMR-associated gene pathways identified

were metabolism, olfactory transduction, pathways in cancer, MAPK, and PI3K-Akt signaling (Figure S7).

Further analysis of DMR-associated genes with cellular components and processes for each stage comparison

identified common extracellular, membrane, organismal, and nuclear associations (Figure 8). Observations

demonstrate all developmental comparisons were represented inmost of the cellular components, withGolgi

and mitochondrial processes most represented in the prospermatogonia versus spermatogonia comparison.

An additional analysis investigated the utility of the dataset generated to examine specific genes known to

be expressed in specific stages of development. The genes for PGCs were Tet and Dazl (Tang et al., 2015),
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for spermatogonia Id4 (Lord and Oatley, 2017), spermatocytes Stra8 (Anderson et al., 2008), and for sper-

matids protamines Prm1 and Prm2 (Steger, 1999). The developmental pattern of the associated DNA

methylation at the gene locations is presented in Figure 9. Observations indicate that methylation changes

are associated with many of the developmental genes chosen and that DNA methylation, assessed with

read depth, had a tendency to increase with Stra8, Prm1, and Prm2 and decrease with Dazl and Id4, during

development of the more advanced stage of gametogenesis (Figure 9). The Tet1 and Tet2 sites showmore

consistency across developmental stages. This helps demonstrate the future use of the dataset to poten-

tially identify candidate DMR regulatory sites.

Gametogenesis DNA methylation and weighted gene co-expression network analysis

The analyses presented earlier all focused on the analysis of DNAmethylation alterations between adjacent

stages of development to identify DMRs. An alternate consideration is to examine the DNAmethylation at

specific stages, which allows stage-specific DNA methylation patterns to be identified. One approach has

Figure 6. Gametogenesis stage methylation sites read depth RPKM comparison with other stages

(A) Cauda sperm top 100 methylation sites compared with other stages.

(B) Other stage top 100 methylation sites compared with cauda sperm.

(C) Pairwise comparison top 100 stage-specific methylation sites.

(D) Pairwise comparison top 1000 stage-specific methylation sites.

ll
OPEN ACCESS

iScience 25, 103786, February 18, 2022 11

iScience
Article



been previously developed for gene expression during development and is termed Weighted Gene

Co-Expression Network Analysis (WGCNA) (Zhao et al., 2010; Deyssenroth et al., 2017). A previous analysis

of ovarian developmental biology and follicle development to identify gene networks involved in primor-

dial follicle development used this WCGNA analysis (Nilsson et al., 2010). TheMeDIP-Sequencing data was

all used in a WGCNA analysis to identify DNA methylation modules and correlate with the different stages

of germ cell development, as described in the Methods. This analysis generated 18 different modules and

correlations, as shown in Figure 10. The correlation coefficient and p value statistics for each module and

correlated developmental stage are presented. The number of DNAmethylation sites for each module are

presented in Figure 10B. The dendrograms used in generating themodules are presented in Figure S8. The

DNAmethylation sites within the variousmodules’ chromosomal locations are presented in Figure S9 for all

modules except the Blue and Turquoise due to the high number of DNAmethylation sites in thosemodules

(Figure 10B). The WGCNA DNA methylation module sites are found on all chromosomes and presented

throughout the genome (Figure S9). The majority of modules correlated with developmental sites were

not statistically significant, p> 0.05, but selected modules were statistically significant and associated

with specific developmental stages (Figure 10A). The statistically significant correlations, p< 0.001, were

Figure 7. The DMR-associated gene functional categories

(A) The top 1000 statistically significant DMRs are presented for each developmental stage comparison, indicated in the

inset, with number of DMRs for each category.

(B) The top categories are individually presented for DMR numbers versus the different developmental stages.
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identified and presented in Figure 11A. Those significant and correlated are shown in the black boxed

module correlations. Seven modules had statistical significance for minimally one stage, but some with

multiple stages. The PGC had module association with the Magenta andMidnight Blue modules; the pros-

permatogonia with the Red, Blue, and Turquoise modules; and the spermatogonia with the Tan and Cyan

modules. The pachytene spermatocytes had significance with several modules in Figure 10, but none in the

modules in Figure 11. The round spermatids had no significant correlations (Figures 10 and 11). The caput

spermatozoa and cauda sperm had reduced significance of p = 0.02 and p = 0.04, respectively, with the

Blue module (Figure 11). Therefore, a number of specific modules identified had significant correlations

with specific stages of development. The round spermatids had no significant correlations, but the caput

spermatozoa and cauda sperm had correlations at a lower significant threshold (Figure 11A).

The final analysis used the WGCNA-identified developmental stage DNA methylation module sites and

examined potential overlaps with the DMRs identified between developmental stages (Figure S10). All

themodules’ identified DNAmethylation sites were compared with the DMR sites between developmental

stages to identify overlapping DMRs within the stage-specific modules. The number of DMR (p < 1e-05)

sites present within the various modules for each developmental stage comparison is presented

Figure 8. DMR-associated genes overrepresented in cellular and biological processes pathways as determined

with Pathway Studio software (Elsevier Inc.)

The DMR-associated genes present in the top 5–10 pathways having the lowest p values (<1e-03) for overrepresentation

for each comparison are shown. Index for colors designating different developmental comparisons presented.
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(Figure S10). ThoseWGCNADNAmethylation modules with statistically significant correlations with devel-

opmental stages had overlap with DMRs from various stage comparisons and are presented in Figure 11B.

Therefore, DMR sites identified between developmental stage comparisons were also observed within

the DNA methylation modules identified with WGCNA and were statistically correlated with specific

stages of development. Those DMR correlations are identified in Figure 11B with the individual DNA

methylation sites.

As an example of a network analysis of these observations, the Red module’s prospermatogonia-stage-

specific DNA methylation site overlap with 451 DMRs was analyzed. These 451 DMRs with overlap to the

Red module DNAmethylation sites are presented in Table S7. Those DMRs with annotated genes (74 total)

were used in a network analysis, but no integrated gene network was identified. The cellular gene locations

and processes are shown in Figure 12. These Red module DNA methylation sites are prospermatogonia

stage specific and altered as a DMR with adjacent stages of development.

DISCUSSION

The hypothesis tested in the current study is that a dramatic cascade of epigenetic changes is initiated at

the early stages of male germline development to form the final DNA methylation pattern in the mature

sperm. The study is designed to identify the developmental origins of differential DNA methylation in

the germline DMRs between major developmental stages, as well as DNA methylation within specific

stages of development. The primordial germ cells (PGCs) migrate between embryonic day E8 and E14

in the outbred rat in order to colonize the undifferentiated gonad. The outbred rat model was used to avoid

inbreeding depression of epigenetics. Seven different stages of male germ cell development were as-

sessed: embryonic day E13 PGCs, E16 prospermatogonia, postnatal day P10 spermatogonia, adult pachy-

tene spermatocytes, round spermatids, caput epididymal spermatozoa, and cauda mature sperm (Fig-

ure 1). These stages were considered in part due to the functional role of the cellular stages during

development, which include the primordial germ cells as the germline stem cells in the undifferentiated

gonad, the prospermatogonia precursor cell population in the fetal testis, the testicular spermatogonia

adult stem cell population, the meiotic pachytene spermatocyte cell population, the postmeiotic sper-

matid population, the epididymal caput spermatozoa, and the mature cauda sperm. To isolate and purify

the caput spermatozoa and cauda sperm from any somatic cell contamination, the samples were sonicated

and washed as described in theMethods. For the four other cell stages, a gravity sedimentation on a StaPut

apparatus procedure was used to isolate the specific cell populations, as previously described (Hermann

Figure 9. Methylation at the sites of genes known to be expressed at the different developmental stages

The PGC-associated Tet and Dazl, spermatogonia-associated Id4, prospermatogonia-associated Stra8, and spermatid-

associated protamines Prm1 and Prm2 are presented. The relative level of DNA methylation of the chromosomal sites of

each developmental stage-specific gene. The color insert identifies the specific genes. The relative DNAmethylation was

determined as mean RPKM read depth.
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et al., 2015; Skinner and Guerrero-Bosagna, 2014). Although the developmental stages generally have an

85%–95% purity and the sperm 100% purity, the potential cell contamination is a limitation to consider in

the data interpretation.

The developmental stages were compared with each other as follows: the E13 PGCs were compared with

the E16 prospermatogonia; the E16 prospermatogonia with the P10 spermatogonia; the P10 spermato-

gonia with the adult pachytene spermatocytes; the adult pachytene spermatocytes with the round sperma-

tids; the round spermatids with the caput epididymal spermatozoa; and the caput epididymal spermatozoa

with the cauda mature sperm. The current study initially focused on the developmental stage comparisons

to assess the majority of the epigenome changes throughout male germline development. Few studies

have concurrently examined on a genome-wide level all developmental stages, but instead focused on

PGC or spermatogonia stages (Morgan et al., 2005; Hill et al., 2018; Molaro et al., 2014; Seisenberger

Figure 10. Weighted gene co-expression network analysis (WGCNA)

(A) WGCNA DNA methylation module and developmental stage relationships. Modules with different colors are

correlated with stages PGC, prospermatogonia, spermatozoa, pachytene spermatocytes, round spermatids, caput

spermatozoa, and cauda sperm. The colored correlation coefficient reflects the modules with the correlation coefficient

number and statistical p value in brackets for each module stage comparison.

(B) The number of DNA methylation sites in each module is listed under each module color.
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et al., 2013; Liu et al., 2019; Fend-Guella et al., 2019; Gaysinskaya et al., 2018; Kubo et al., 2015; Mallol et al.,

2019; Schutte et al., 2013). All developmental stage comparison DMR sets were distinct from each other at a

high statistical threshold but had high overlap at a lower statistical threshold. Observations imply a cascade

of epigenetic changes occurs during spermatogenesis to program the sperm epigenome.

The different developmental stage comparisons were examined in regard to DNA methylation alterations

to identify differential DNAmethylation regions (DMRs). High numbers of DMRs with unique patterns of an

increase or decrease in DNA methylation were observed between E13 PGCs and E16 prospermatogonia,

between prospermatogonia and P10 spermatogonia stages, or between spermatogonia and pachytene

spermatocytes (Figure 2). The caput spermatozoa versus the cauda epididymal sperm comparison

Figure 11. WGCNA module and DNA methylation

(A) Module with DNA methylation relationships with correlations p < 0.001. The module colors relationships with

developmental stage PGC, prospermatogonia, spermatogonia, pachytene spermatocytes, spermatozoa, and sperm. The

correlation coefficient range and statistical significancemodule stage correlations with the correlation coefficient for each

individual and the p value significance in brackets. The most significant for each developmental stage are identified with a

black box.

(B) The DMR numbers for specifically developmental stage comparisons that overlap with the module DNA methylation

sites are presented. These statistical significance module overlaps are underlined. All the other module DMR overlaps are

presented in Figure S9.
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presented the lowest number of DMRs, which suggests common DNA methylation between the

two stages. In contrast, round spermatids, caput epididymal spermatozoa, and caudal sperm showed

less variable alterations and appear more conserved with similar alterations in DNA methylation (Figure 2).

At the beginning of spermatogenesis, a dramatic cascade of epigenetic programming and DNA methyl-

ation occurs in the spermatogenic cell populations, but this is reduced during epididymal maturation for

the spermatozoa. During this epididymal maturation, the developing sperm undergo structural andmolec-

ular alterations, which also involve sperm DMR programing (Boskovic and Rando, 2018; Ariel et al., 1994),

but less extensively than in the earlier pluripotent PGC and adult spermatozoa stem cell stages of

development.

The dynamic genome-wide DNA methylation reprogramming in the PGCs and the preimplantation em-

bryo has previously been described (Seisenberger et al., 2012). During migration and the colonization of

the fetal gonad, an almost complete DNAmethylation erasure occurs (Seisenberger et al., 2012). Following

gonadal sex determination, this process enables the germline pluripotent PGC stem cell population to

generate the male or female germline (Seisenberger et al., 2012; Tang et al., 2016). In the adult testis,

the spermatogonial stem cell population goes through a stable epigenetic cascade of events during sper-

matogenesis. Numerous studies have shown that environmental toxicants can promote epigenetic DNA

methylation alterations in the PGCs and in the subsequent germline, which induces distinct alterations

in the DMRs found in the cauda epididymal sperm (Skinner et al., 2013a, 2019; Ben Maamar et al., 2019).

Although previous studies have used an environmental exposure compared with control to assess the

DMRs at each stage of germline development (Ben Maamar et al., 2019; Skinner et al., 2019), the objective

of the current study was to develop a better perspective of the DNA methylation changes throughout

normal development between the stages.

Figure 12. WGCNA Red module DNA methylation site overlap with DMRs for prospermatogonia stage

DMR-associated genes are shown with their associations to cellular processes and localization, as determined with

Pathway Studio.
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The level of DNA methylation change in the first three stage comparisons between the PGCs, prosperma-

togonia, spermatogonia, and pachytene spermatocytes was orders of magnitude higher than that

observed in the later stages of round spermatids, caput spermatozoa, and cauda sperm (Figure 1). Inter-

estingly, each stage comparison at a stringent threshold had a primarily unique set of DMRs at a higher sta-

tistical threshold (Figure 5A). Because the level of genome-wide developmental change between the initial

stages is biologically more dramatic involving stem cell differentiation to subsequent stages, it is antici-

pated a greater degree of DNA methylation change occurs and correlates with greater gene expression

changes. Therefore, a dynamic cascade of genome-wide DNAmethylation change is observed throughout

the PGC to sperm development, which is characterized in the current study. Similar observations were ob-

tained with analysis of DNA methylation site read depths, in contrast to DMRs (Figure 6). The top DNA

methylation sites were present at all stages and often declined from PGC to mature sperm (Figures 6

and S6). Therefore, the concept that DNA methylation simply increases between PGC to sperm is not ac-

curate; this was further studied by examining stage-specific DMR DNA methylation and associated genes.

The DMR genomic features were consistent among the developmental stage comparisons. Primarily low-

density CpG deserts (Skinner and Guerrero-Bosagna, 2014) were observed with a predominance of

1–2 CpG per 100 bp in the DMRs (Figure S1) and a size of 1–5 kb (Figure S3). The majority of most genomes,

including mouse, rat, and human, have greater than 90% of the genome with a CpG density of 1 or 2 CpG

per 100 bp, whereas higher CpG density islands constitute less than 5% of the genome (Beck et al., 2021).

The MeDIP-Seq procedure used in the current study is optimal for analysis of lower density CpG analysis,

which constitute >90% of the genome (Nair et al., 2011; Beck et al., 2021), whereas bisulfite analysis or

methyl-CpG-binding protein MBP analysis is optimal for higher density CpG analysis (Nair et al., 2011;

Pomraning et al., 2009; Beck et al., 2021). The sequence alignment issues associated with bisulfite also

bias the procedure to higher density CpG (Pomraning et al., 2009). Therefore, the current study used

MeDIP-Seq analysis to capture a more representative majority of the genome that was not biased toward

CpG islands, which constitute less than 5% of the genome. This is a limitation that needs to be considered

in data interpretation.

The DMRs identified were predominantly intergenic, with less than half of the DMRs having gene associa-

tions for all developmental stage comparisons (Tables S1–S6). This is expected, as only approximately

5%–8% of the mammalian genome contains genes. Approximately half of the DMRs had an increase in

DNA methylation and half a decrease in DNA methylation at each stage of development. The exception

was at the prospermatogonia versus spermatogonia comparison that had 75% of the DMR with a decrease

in DNA methylation and the spermatogonia versus pachytene spermatocyte comparison that had a 75%

increase in DNA methylation (Figure 2 and Tables S1–S6). These stage comparisons also had the highest

numbers of DMRs identified. These changes in DNAmethylation may be associated with similar DMR sites,

although the higher statistical threshold comparison suggested the DMR sites were unique to each devel-

opmental stage comparison (Figures 5A and 5B). However, the extended overlap low statistical threshold

comparisons did show a significant overlap between the PGCs, prospermatogonia, and spermatogonia

stages, as well as a 71% overlap among the prospermatogonia, spermatogonia, and pachytene spermato-

cyte stages (Figure 5C). Therefore, variable modifications of the specific DMR throughout development ap-

pears to occur; this is supported by the time course data shown in Figure 4, which indicates individual DMR

can be present throughout development at each stage with different levels of DNA methylation. Dynamic

DNA methylation changes at similar sites can occur, as well as alterations at unique sites from the PGCs to

later stages of sperm development exists. Interestingly, the PGC did not have a low methylation level in

considering DMRs and highest methylation site read depth (Figure 6), so simple increases in DNA methyl-

ation levels were not observed.

Although themajority of DMRs do not show gene associations and appear intergenic (Figures S1–S6), some

did have gene associations within 10 kb so the promoter could be considered. The intergenic DMRs have

been shown previously to have critical roles as enhancers, in chromatin structure, and ncRNA expression to

regulate gene expression at a distance. The initial examples of this were imprinted genes that, through a

DNA methylation site, regulate a long ncRNA to influence distal gene expression megabases away from

genes (Barlow and Bartolomei, 2014; Sanli and Feil, 2015). These types of distal regulatory sites are consid-

ered epigenetic control regions (ECR) that can influence multiple gene expression events from intergenic

regions (Haque et al., 2016). However, the large number of DMRs associated with genes within 10 kb may

act in a more traditional manner at promoters. The current study identified these DMR-associated genes
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and found a number of gene categories in common between the different developmental stage compar-

isons (Figure 7). The dynamics of changes in the DMR-associated gene categories were found to be similar

during gametogenesis (Figure 7B). The specific DMR-associated genes at each individual stage compari-

son were used to identify potential regulation of cellular and biological processes (Figure 8). Interestingly,

similar cellular processes appear regulated within the different developmental stage comparisons.

Although the DMR-associated genes are unique, similar gene processes are associated. Therefore, the

DNA methylation changes during PGC to sperm development will have a critical role in the regulation

of gene expression to help establish the unique cellular functions and processes required during gameto-

genesis and spermatogenesis.

A validation analysis of selected individual genes that have been shown to have functions and gene expres-

sion at these developmental stages were examined for DNA methylation level dynamics of the develop-

mental gene sites. The genes selected were Tet for PGCs, Dazl for PCCs, ID4 for spermatogonia, Stra8

for spermatocytes, and protamines for round spermatids. The methylation dynamics during the develop-

mental processes for each of the development-associated genes are presented in Figure 9. Observations

indicate the relative methylation changes for all the DMR associated with these genes during gametogen-

esis. Generally, an increase in methylation is observed for most of the DMR-associated genes during the

progression of development, but the Id4 and Dazl had a decrease in methylation in their associated

DMRs. This demonstrates the utility of the dataset developed to investigate individual gene associated

DNA methylation alterations.

An analysis of the DNA methylation at individual stages was used to compare with the alterations in

DNA methylation between stages for DMR analysis. This stage-specific analysis used Weighted Gene

Co-Expression Network Analysis (WGCNA) (Zhao et al., 2010; Deyssenroth et al., 2017; Nilsson et al.,

2010). The MeDIP-Seq data from all the stages were combined and used to identify DNAmethylation mod-

ules and correlate with specific developmental stages (Figure 10). A number of the DNA methylation mod-

ules were found to statistically correlate with specific developmental stages. A comparison of the DMRs

identified between stages of development was made with the stage-specific DNA methylation modules

and demonstrated a good overlap (Figures 11 and S10). Therefore, the correlation of the DMRs with the

significant stage-specific module DNA methylation helps validate both distinct analyses and identifies

potentially critical DNA methylation sites. Further analysis of those altered DNA methylation sites is antic-

ipated to be critical to understand germline development and spermatogenesis. As an example, the Red

module DNA methylation sites that overlapped with DMRs in the comparison of prospermatogonia iden-

tified DNA methylation sites that alter at this stage of development. These DMR-associated genes are

localized with cellular function and processes (Figure 12). Therefore, the observations can be further inves-

tigated to provide insights into the molecular control of gametogenesis.

The current study was designed to examine the DNA methylation alteration from the mature fetal primor-

dial germ cell (PGC) through development stages to the mature differentiated sperm. This is one of the

initial studies to examine the concurrent genome-wide developmental changes in epigenetics between

each developmental stage, from the fetal germ cell stage, to the adult stem cell stage, to the adult differ-

entiated germ cell. Previously our laboratory has examined the impacts of environmental exposures (i.e.,

pesticide DDT and fungicide vinclozolin) on the DNA methylation alterations at each of the stages of

PGC to sperm development (Ben Maamar et al., 2019; Skinner et al., 2019). Clearly, a dynamic cascade

of epigenetic DNA methylation alterations is observed throughout the gametogenesis process. The initial

fetal germ cell transition to adult stem cells had the most dramatic numbers of DMRs, which far exceed the

number of genes in the genome by an order of magnitude. The later stages of development to obtain the

mature sperm showed lower numbers and less variability between developmental stages. A similar ratio of

an increase or decrease in DNA methylation was observed, and the genomic features were similar for the

DMRs at all stages of development. The development cascade of individual DMRs throughout gametogen-

esis supports the concept that a dynamic cascade of epigenetic changes occurs during each develop-

mental stage. The highest overlap was observed during the fetal stem cell stage transition to the adult

stem cell transition (i.e. primordial germ cell, prospermatogonia, and spermatogonia). This period showed

the highest number of DMRs and greatest overlap at specific DMR sites. The DMR-associated genes had

common gene categories and cell processes at all stages of development. The study provides insights into

the developmental biology of an epigenetic process and suggests a dynamic and complex process to

regulate genome biology and gene expression during gametogenesis.
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Previous studies have demonstrated the ability of environmental exposures to modify germ cell epige-

netics that can have generational impacts on physiological traits and disease (Nilsson et al., 2018). Specific

studies have demonstrated major impacts on the early stem cell stages during gametogenesis by toxicants

such as DDT or vinclozolin (BenMaamar et al., 2019; Skinner et al., 2019). Themore significant actions of the

environmental exposure on the PGC and spermatogonia are supported by the current study due to the

high number of epigenetic alterations at these stages of development and potential implications on later

stages of development (e.g., sperm). The current study provides a molecular basis to understand these

environmental exposures and impacts on gametogenesis and male reproduction. In addition, the study

helps better understand the DNA methylation alterations during normal control development and helps

elucidate the potential role of epigenetics during gametogenesis.

Limitations of the study

The current study examined epigenetic alterations at various stages of gametogenesis from PGC to sperm.

The purity of the cell populations is important to consider for data interpretations; this varies from 80% to

85% in the early stages to 100% for the caput and cauda sperm stages. Contaminating cells will be somatic

cells. This limitation needs to be considered in data interpretation. The DNA methylation procedure used

involved a methylated DNA immunoprecipitation (MeDIP) followed by DNA sequencing. This procedure

assesses greater than 95% of the genome DNAmethylation (Beck et al., 2021) but is biased to lower density

CpG density. This MeDIP-Seq procedure will be less efficient at assessing high-density CpG islands, which

constitutes less than 5% of the genome, so needs to be considered in data interpretation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

5-mC monoclonal antibody cl.b Classic Diagenode C15200006-500

Magnetic beads (Dynabeads M�280 Sheep

anti-Mouse IgG; 11201D)

Life technologies 11202D

Biological samples

Female and male rats of an outbred strain Harlan/Envigo (Indianapolis, IN) Hsd:Sprague Dawley SD

Aspen Sani chips Harlan

8640 Teklad 22/5 Rodent Diet Harlan 8640

Chemicals, peptides, and recombinant proteins

Protein precipitation solution Promega A7953

Bovine serum albumen (BSA) Sigma A2153

Collagenase (Sigma C1639) Sigma C1639

F-12 culture medium Gibco-Life Technologies, USA. Ref 11765-054

Glycoblue Life Technologies AM 9516

Proteinase K Bio Basic PB0451

Buffered Phenol-Chloroform-Isoamylalcohol solution Fisher Scientific 327111000

Dimethyl sulfoxide (DMSO) J. T. Baker 9224-01

Oligonucleotides

NEBNext Multiplex Oligos for Illumina NEB, San Diego, CA E7335L

NEBNext Multiplex Oligos for Illumina NEB, San Diego, CA E7500L

Critical commercial kits

Qubit ssDNA kit (Molecular Probes Q10212) Life Technologies Q10212

NEBNext Ultra II RNA Library Prep Kit for Illumina NEB, San Diego, CA E7770L

Deposited data

The public database at NCBI GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117995

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151458

https://www.ncbi.nlm.nih.gov/geo/

GEO # GSE117995

The public database at NCBI GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117995

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151458

https://www.ncbi.nlm.nih.gov/geo/

GEO # GSE151458

The public database at NCBI GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117995

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151458

https://www.ncbi.nlm.nih.gov/geo/

GEO # GSE121585

Software and algorithms

FastQC program http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Trimmomatic http://www.usadellab.org/cms/?page=trimmomatic PMID: 24695404

Bowtie2 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml PMID: 22388286

MEDIPS https://bioconductor.org/packages/release/bioc/html/MEDIPS.html PMID: 24227674

BiomaRt R package https://bioconductor.org/packages/release/bioc/html/biomaRt.html PMID: 19617889

PMID: 16082012

Ensembl database https://www.ensembl.org/index.html PMID: 31691826

KEGG pathway search https://www.genome.jp/kegg/mapper/search.html PMID: 31423653
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Michael K. Skinner (skinner@wsu.edu).

Materials availability

This study did not generate new unique reagents and there are restrictions to availability.

Data and code availability

d Data availability: All molecular data has been deposited into the public database at NCBI (GEO #

GSE117995 & GSE151458).

d Code availability: R code computational tools are available at GitHub (https://github.com/skinnerlab/

MeDIP-seq) and www.skinner.wsu.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS/ANIMAL STUDIES AND BREEDING

Female and male rats of an outbred strain Hsd:Sprague Dawley SD obtained from Harlan/Envigo (Indian-

apolis, IN) at about 70 to 100 days of age were maintained in cages with dimensions of 10 3/4
00 W319 1/4

00

D310 3/4
00 H, 143 square inch floor space, containing Aspen Sani chips (pinewood shavings from Harlan)

as bedding, and a 14 h light: 10 h dark regimen, at a temperature of 70 F and humidity of 25% to 35%.

The mean light intensity in the animal rooms ranged from 22 to 26 ft-candles. Rats were fed ad lib with stan-

dard rat diet (8640 Teklad 22/5 Rodent Diet; Harlan) and ad lib tap water for drinking. To obtain time-preg-

nant females, the female rats in proestrus were pair-mated with male rats. The sperm-positive (i.e., sperm

plug present) (day 0) rats were monitored for diestrus and body weight. The gestating female rats were

designated as the F0 generation. On days 8 through 14 of gestation (Manikkam et al., 2014), the F0 gener-

ation females received daily intraperitoneal injections of dimethyl sulfoxide (DMSO, 1 mL/kg body weight/

day). This lineage of rats served as the vehicle controls for other studies in which treatment compounds

were dissolved in DMSO (Ben Maamar et al., 2019; Skinner et al., 2019). Only the F0 generation of pregnant

females received DMSO treatment.

The offspring of the F0 generation rats were the F1 generation. Unrelated F1 generation rats were bred to

produce the F2 generation, and similarly F2 generation rats were bred to produce the F3 generation. No

sibling or cousin breedings were performed. Testes from F3 generation rats were collected at embryonic

day 13 (E13), E16, and at 10 days of age (P10), as described below. Epididymal sperm was collected from

adult males at 10-11 months of age as described below. All experimental protocols for the procedures with

rats were pre-approved by the Washington State University Animal Care and Use Committee (IACUC

approval # 6252).

Epididymal caput spermatozoa and cauda sperm collections and DNA isolation

The epididymis was dissected free of connective tissue, a small cut made to the caput or cauda and tissue

placed separately in 5 mL of 1X PBS solution for up to 2 hours at 4�C. The epididymal tissue was minced and

the released caput spermatozoa or cauda sperm was centrifuged at 6,000 x g, then the supernatant was

removed, and the pellets were resuspended in NIM buffer, to be stored at �80�C until further use. One

hundred ml of spermatozoa or sperm suspension was sonicated to destroy contaminating somatic cells

and tissue, spun down at 6,000 x g, the sperm pellet was washed with 1X PBS once, and then combined

with 820 mL DNA extraction buffer and 80 mL 0.1MDTT. The samples were incubated at 65�C for 15 minutes.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DAVID https://david.ncifcrf.gov/home.jsp PMID: 19131956

PMID: 19033363

WGCNA R package https://horvath.genetics.ucla.edu/html/Coexpression

Network/Rpackages/WGCNA/

PMID: 19114008

Pathway Studio https://www.pathwaystudio.com
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Following this incubation 80 mL proteinase K (20 mg/mL) was added and the sample was incubated at 55�C
for at least 2 hours under constant rotation. Then 300 mL of protein precipitation solution (Promega, A7953)

was added, the sample was mixed thoroughly and then it was incubated for 15 min on ice. The sample was

centrifuged at 12,500 x g for 30 minutes at 4�C. One mL of the supernatant was transferred to a 2 mL tube

and 2 mL of Glycoblue and 1 mL of cold 100% isopropanol were added. The sample was mixed well by in-

verting the tube several times, then it was left at�20�C for at least one hour. After precipitation the sample

was centrifuged at 12,500 x g for 20 min at 4�C. The supernatant was taken off and discarded without dis-

turbing the (blue) pellet. The pellet was washed with 70% cold ethanol by adding 500 mL of 70% ethanol to

the pellet and returning the tube to the freezer for 20 minutes. After the incubation the tube was centri-

fuged for 10 min at 4�C at 12,500 x g and the supernatant discarded. The tube was spun again briefly to

collect residual ethanol to bottom of tube and then as much liquid as possible was removed with a gel

loading tip. Pellet was air-dried at room temperature until it looked dry (about 5 minutes). Pellets were

then resuspended in 100 mL of nuclease free water.

Developing germ cell stage isolation and DNA preparation

Pregnant rats were euthanized at embryonic day 13 (E13) or 16 (E16) of gestation, and fetal gonads were

collected for germ cell preparations. Sex was determined on the basis of gonadal morphology for E16

testis cords. Germ cells were isolated exclusively frommales. Sex was determined with an SRY PCR analysis

for E13 rats due to the lack of defined morphology, as previously described (McCarrey et al., 1992; Kafri

et al., 1992; Levine et al., 2000).

Purified populations of male PGCs (at E13) and type T1 prospermatogonia (at E16) were prepared using a

mini StaPut gradient method as previously described (McCarrey et al., 1992; Kafri et al., 1992). Briefly, fetal

testes were pooled and dissociated by incubation in 0.25% trypsin-EDTA (Sigma) with vigorous pipetting

using a 1000 microliter pipette tip, and the resulting cell solution was filtered through 100 micron nylon

mesh to yield a single cell suspension. This cell suspension was then loaded onto a 50 mL 2–4% bovine

serum albumen (BSA) gradient prepared in KREBS buffer, and the cells were allowed to sediment at unit

gravity at 4�C for two hours, as previously described (McCarrey et al., 1992; Kafri et al., 1992). The gradient

was then fractionated and aliquots of the fractions were examined under phase optics to identify those en-

riched for the appropriate cell types on the basis of morphological characteristics. The enriched fractions

were pooled to yield the final sample which was >85% pure for the desiredmale germ cell type in each case.

A similar mini StaPut gradient method (McCarrey et al., 1992; Kafri et al., 1992) was used to isolate sper-

matogonia from testes of 10-day old rats, with the addition of incubation of the testes in 0.5 mg/mL colla-

genase (Sigma C1639) at 33�C for 20 min with agitation to dissociate the seminiferous tubules. Three pools

of spermatogonia from 10-day-old rats were prepared for each treatment group, with each pool derived

from testes of six to seven rats from different litters.

To isolate pachytene spermatocytes and round spermatids, testes were collected from 10 to 11 month old

rats suspended in F-12 culture medium (Gibco-Life Technologies, USA. Ref 11,765-054) and shipped over-

night on ice to Dr. John McCarrey. A StaPut gradient method was used to isolate the developing germ cell

stages as previously described (McCarrey et al., 1992; Kafri et al., 1992). Three pools of cells of each cell type

were prepared for each treatment group, with each pool derived from testes of three rats from different

litters. DNA was isolated from prospermatogonia, spermatogonia, pachytene spermatocytes and round

spermatids using the same procedure as was used for sperm, with the omission of sonication and DTT

treatments.

Methylated DNA immunoprecipitation MeDIP

Methylated DNA Immunoprecipitation (MeDIP) with genomic DNA was performed as follows: rat sperm

DNA pools were generated using the appropriate amount of genomic DNA from each individual for 2

pools in the PGC stage and 3 pools in each of the subsequent stages. Genomic DNA pools were sonicated

using the Covaris M220 the following way: the pooled genomic DNAwas diluted to 130 mL with 1X TE buffer

into the appropriate Covaris tube. Covaris was set to 300 bp program and the program was run for each

tube in the experiment. 10 mL of each sonicated DNA was run on 1.5% agarose gel to verify fragment

size. The sonicated DNA was transferred from the Covaris tube to a 1.7 mL microfuge tube and the volume

measured. The sonicated DNA was then diluted with 1X TE buffer (10mM Tris HCl, pH7.5; 1mM EDTA) to

400 mL, heat-denatured for 10 min at 95�C, then immediately cooled on ice for 10 min. Then 100 mL of 5X IP
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buffer and 5 mg of antibody (monoclonal mouse anti 5-methyl cytidine; Diagenode #C15200006) were

added to the denatured sonicated DNA. The DNA-antibody mixture was incubated overnight on a rotator

at 4�C.

The following day magnetic beads (Dynabeads M�280 Sheep anti-Mouse IgG; 11201D) were pre-washed

as follows: The beads were resuspended in the vial, then the appropriate volume (50 mL per sample) was

transferred to a microfuge tube. The same volume of Washing Buffer (at least 1 mL PBS with 0.1% BSA

and 2mM EDTA) was added and the bead sample was resuspended. Tube was then placed into a magnetic

rack for 1–2 minutes and the supernatant discarded. The tube was removed from the magnetic rack and the

beads washed once. The washed beads were resuspended in the same volume of IP buffer (50 mM sodium

phosphate ph7.0, 700 mM NaCl, 0.25% Triton X-100) as the initial volume of beads. 50mL of beads were

added to the 500mL of DNA-antibody mixture from the overnight incubation, then incubated for 2h on a

rotator at 4�C.

After the incubation the bead-antibody-DNA complex was washed three times with 1X IP buffer as follows:

The tube was placed into a magnetic rack for 1–2 minutes and the supernatant discarded, then washed with

IP buffer 3 times. The washed bead-DNA solution is then resuspended in 250 mL digestion buffer with 3.5 mL

Proteinase K (20 mg/ml). The sample was then incubated for 2–3 hours on a rotator at 55�C and then 250 mL

of buffered Phenol-Chloroform-Isoamylalcohol solution was added to the supernatant and the tube vor-

texed for 30 sec then centrifuged at 12,500 x g for 5 min at room temperature. The aqueous supernatant

was carefully removed and transferred to a fresh microfuge tube. Then 250 mL chloroform were added

to the supernatant from the previous step, vortexed for 30 sec and centrifuged at 12,500 x g for 5 min at

room temperature. The aqueous supernatant was removed and transferred to a fresh microfuge tube.

To the supernatant 2mL of Glycoblue (20 mg/ml), 20mL of 5M NaCl and 500mL ethanol were added and

mixed well, then precipitated in �20�C freezer for 1 hour to overnight.

The precipitate was centrifuged at 12,500 x g for 20 min at 4�C and the supernatant removed, while not

disturbing the pellet. The pellet was washed with 500mL cold 70% ethanol in �20�C freezer for 15 min

then centrifuged again at 12,500 x g for 5 min at 4�C and the supernatant discarded. The tube was spun

again briefly to collect residual ethanol to bottom of tube and as much liquid as possible was removed

with gel loading tip. Pellet was air-dried at RT until it looked dry (about 5 minutes) then resuspended in

20mL H2O or TE. DNA concentration was measured in Qubit (Life Technologies) with ssDNA kit (Molecular

Probes Q10212).

MeDIP-seq analysis

The MeDIP pools were used to create libraries for next generation sequencing (NGS) using the NEBNext

Ultra II RNA Library Prep Kit for Illumina (NEB, San Diego, CA) starting at step 1.4 of the manufacturer’s pro-

tocol to generate double-stranded DNA. After this step the manufacturer’s protocol was followed. Each

pool received a separate index primer. NGS was performed at the WSU Spokane Genomics Core labora-

tory using the Illumina HiSeq 2500 with a PE50 application, with a read size of approximately 50 bp and

approximately 30 million reads per pool. Five to six libraries were run in one lane.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the DMR analyses, the basic read quality was verified using summaries produced by the FastQC pro-

gram http://www.bioinformatics.babraham.ac.uk/projects/fastqc/. The raw reads were trimmed and

filtered using Trimmomatic (Bolger et al., 2014). The reads for each MeDIP sample were mapped to the

Rnor 6.0 rat genome using Bowtie2 (Langmead and Salzberg, 2012) with default parameter options. The

sequence alignment was generally 90–95% with three samples at 88%. The mapped read files were then

converted to sorted BAM files using SAMtools (Li et al., 2009). Genomic windows with a minimum read

depth of 40 reads were analyzed for differential methylation. To identify DMRs, the reference genome

was broken into 1000 bp windows. The MEDIPS (Lienhard et al., 2014) and edgeR (Robinson et al., 2010)

R packages were used to calculate differential coverage between control and exposure sample groups.

The edgeR p value was used to determine the relative difference between the two groups for each genomic

window. Windows with an edgeR p value less than 1e-5 were considered DMRs. Multiple testing correction

using FDR was performed. All DMR at an edgeR p < 1e-5 also met an FDR p < 0.05 except for the caput vs

cauda comparison. The DMR edges were extended until no genomic window with a p value < 0.1 remained

within 1000 bp of the DMR. CpG density and other information was then calculated for the DMR based on
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the reference genome. Due to high numbers of DMRs, 1000 of the most significant DMR were selected for

further examination and annotation. DMRs were annotated using the biomaRt R package (Durinck et al.,

2005, 2009) to access the Ensembl database (Howe et al., 2020). The genes that fell within 10kbp of the

DMR edges were then input into the KEGG pathway search (Kanehisa and Goto, 2000) to identify associ-

ated pathways. The associated genes were then sorted into functional groups by consulting information

provided by the DAVID (Huang da et al., 2009b, Huang da et al., 2009a), and Panther (Mi et al., 2017) da-

tabases incorporated into an internal curated database (www.skinner.wsu.edu under genomic data).

For Figure 4, the top 100 most significant DMRs for each analysis were selected. The DMR were split into

two groups of DMR based on whether the read depth at the DMR site was elevated in the first set of sam-

ples or the second. The average RPKM read depth was then calculated for each DMR site for every analysis.

This value was then scaled such that the analysis with the lowest read depth is 0 and the analysis with the

highest read depth is 1.

The Venn diagrams occasionally resulted in two DMR in one analysis overlapping with a single DMR in a

second analysis. When this occurred, the average number of DMR in the overlap was calculated. The result-

ing decimal number was then truncated to obtain an integer overlap. For the expanded overlaps, a DMR in

one analysis was considered present in a second analysis if it had a p value less than 1e-3 in the second

analysis.

All molecular data has been deposited into the public database at NCBI (GEO #GSE117995 &GSE151458).

Weighted gene co-expression network analysis (WGCNA)

The weighted correlation network analysis (WGCNA) (Zhang and Horvath, 2005) was performed using the

WGCNA R package (Langfelder and Horvath, 2008). All MeDIP-Seq genomic windows were ranked by the

mean RPKM read depth across all samples. The top 100,000 sites were chosen for inclusion in the analysis.

The size of this subset was chosen to allow for reasonable computational requirements. WGCNA is a

parameter rich analysis and only limited exploration of parameter variations was performed. Modules

were calculated using the blockwiseModules function with the following parameters: maxBlockSize =

15000, power = 9, TOMType = "unsigned", minModuleSize = 30, reassignThreshold = 0, and merge

CutHeight = 0.25. The Pearson correlation was calculated for each development stage and module. The

p value for each correlation was calculated using the corPvalueStudent function. Sites within each module

were annotated using the same methods as the DMRs. For the module sites, associated genes were

required to be overlapping with the site, in contrast to the DMRs, which only required the gene to be within

10kb of the DMR edge.
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