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Abstract

Chromatin in sperm is different from that in other cells, with most of the genome packaged by protamines not
nucleosomes. Nucleosomes are, however, retained at some genomic sites, where they have the potential to transmit
paternal epigenetic information. It is not understood how this retention is specified. Here we show that base composition is
the major determinant of nucleosome retention in human sperm, predicting retention very well in both genic and non-
genic regions of the genome. The retention of nucleosomes at GC-rich sequences with high intrinsic nucleosome affinity
accounts for the previously reported retention at transcription start sites and at genes that regulate development. It also
means that nucleosomes are retained at the start sites of most housekeeping genes. We also report a striking link between
the retention of nucleosomes in sperm and the establishment of DNA methylation-free regions in the early embryo. Taken
together, this suggests that paternal nucleosome transmission may facilitate robust gene regulation in the early embryo. We
propose that chromatin organization in the male germline, rather than in somatic cells, is the major functional consequence
of fine-scale base composition variation in the human genome. The selective pressure driving base composition evolution in
mammals could, therefore, be the need to transmit paternal epigenetic information to the zygote.
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Introduction

The chromatin of mature sperm differs dramatically from that

of other cell types. Most of the sperm genome is packaged by small

basic proteins called protamines, with only a few genomic sites

remaining bound by nucleosomes [1,2,3,4,5]. This change in

DNA packaging takes place towards the end of male germline

development in transcriptionally inactive spermatids and results in

a highly compact genome that fits in the small volume of the sperm

head [2,6]. In contrast to the nucleosome structure that consists of

,147 bp of DNA wrapped around a histone octamer, individual

protamine molecules bind one turn of the DNA helix [7]. In

mature sperm, protamines compact the genome into large

doughnut-shaped toroids, each containing ,50 kbp of the haploid

genome [2,8,9]. This compact packaging of the sperm genome is

essential for fertility, genome integrity, and early embryonic

development [7,10,11,12].

In human sperm about 4% of the genome remains bound by

nucleosomes [5]. Sites of nucleosome retention are dispersed along

chromosomes but are not random. Instead, they are strikingly

consistent among individuals [3,4,13]. Nucleosome retention sites are

also enriched in particular genomic regions [13,14,15], and recent

genome-wide localization analyses have reported that nucleosomes

are preferentially retained in gene promoters and at loci that regulate

development [3,5]. However, despite these genome-wide maps, the

signals that specify retention sites are unknown.

Although they are transcriptionally inactive, mature spermatozoa do

contain nucleosomes containing histones marked by post-translational

modifications, including both activation (e.g. methylation of histone H3

lysine 4) and repression marks (e.g. tri-methylation of H3 at lysine 27)

[3,4,5]. Interestingly, both paternal nucleosomes [16] and histone

modifications [17] are transmitted to the early zygote, and so have the

potential to propagate paternal epigenetic information to the early

embryo [18]. It is thus of great interest to understand how sites of

nucleosome retention in sperm are determined, as these sites specify

where epigenetic information transfer can potentially occur from the

paternal germline to the zygote [19,20,21].

In somatic cells and in lower eukaryotes several important influences

on nucleosome occupancy and positioning have been demonstrated.

First, many nucleosomes are located ‘statistically’ [22] relative to

nucleosomes positioned by transcription and other DNA-binding

proteins [23,24,25]. Second, nucleosomes do not bind to all DNA-

sequences with equal affinity. Rather, they have clear binding

preferences that can be quantified in vitro [25,26,27] and predicted

using sequence-based binding models [28,29,30,31,32].

In vitro, nucleosomes bind preferentially to GC-rich DNA

[31,32]. GC-rich sequences have increased flexibility that may

help the wrapping of DNA around the histone octamer. Further,
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poly(dA:dT) motifs destabilize the formation of nucleosomes

[30,31]. Indeed it has long been speculated that fine-scale base

composition variation in mammalian genomes may relate to

chromatin structure [33]. Many transcription start sites and

regulatory regions are GC-rich and are predicted to have high

intrinsic nucleosome affinity [34]. However, in vivo analysis of a

number of mouse GC-rich promoters reached the opposite

conclusion: GC-rich promoters were depleted of nucleosomes in

vivo [35]. Thus, although GC-rich sequences have high intrinsic

binding specificity for nucleosomes, in somatic cells other processes

such as transcription may have a more important influence on

nucleosome occupancy over functionally important regions of the

genome.

GC-content peaks are found at the promoters of many human

genes, where they are termed CpG islands because of the elevated

frequency of CpG bases [36]. High CpG-content promoters are

associated with both widely expressed housekeeping genes [36,37]

and with developmental regulators such as transcription factors

[38,39]. One major epigenetic feature of CpG islands is that they

tend to be largely devoid of DNA methylation [40]. CpG sites in

mammalian genomes are highly methylated, but many CpG

islands are established as unmethylated regions in the early

embryo (although they may later gain methylation in some cases

upon differentiation [41,42]). Indeed genome-wide mapping has

shown that most (but not all) CpG islands are unmethylated in

human embryonic stem (ES) cells [43]. This methylation-free state,

combined with the presence of transcription activation marks such

as tri-methylation of histone H3 lysine 4 (H3K4me3) may

maintain CpG islands accessible or ‘poised’ for transcription

initiation [41]. Many CpG islands are also known to be

unmethylated and associated with H3K4 methylation in sperm

[4,5,42]. Across the genome in general, however, DNA methyl-

ation has been reported as enriched on nucleosome bound DNA

[44].

In the early embryo, genome-wide erasure of DNA methylation

is followed by the de novo establishment of methylation patterns

[45]. A subset of CpG sites must therefore be protected from this

non-specific methylase activity. This protection may be linked to

the binding of transcriptional activators [41,46,47] or the presence

of H3K4me3-containing nucleosomes [48]. Importantly, DNA

hypo-methylation is the reason why CpG islands maintain their

high CpG content: methylated CpG sites have an elevated

mutation rate due to the spontaneous deamination of methylcyt-

osine to thymine, which leads to the genome-wide depletion of

CpG dinucleotides outside of unmethylated regions [42,49].

Given the lack of transcription, we reasoned that the major

influence of GC-content on chromatin organization might occur

in the male germline rather than in somatic cells. Here we test this

idea, and show that nucleosome retention in human sperm is

indeed strikingly related to fine-scale base composition variation.

Across both genic and non-genic regions of the genome,

nucleosome retention sites are extremely well predicted by GC-

composition. The retention of nucleosomes at GC-rich sequences

with high intrinsic nucleosome affinity accounts for the previously

reported enrichment of nucleosomes both at transcription start

sites and at genes that regulate development. It also means that

nucleosomes are retained at the start sites of most universally

expressed genes, which may be important for their activation in

the early embryo. Further, we report a striking association at CpG

islands between nucleosome retention in sperm, and the

establishment of unmethylated regions in the early embryo. This

suggests that paternal nucleosome retention may assist in the

establishment of these regions, possibly through the retention of

H3K4me3-marked histones. Our findings suggest that chromatin

organization in the male germline, rather than that in somatic

cells, is the major functional consequence of fine-scale base

composition variation in the human genome. We suggest that the

selective pressure on this may be the requirement to propagate

paternal epigenetic information to the embryo.

Results

Nucleosomes are retained in mature sperm at GC-rich
loci

Sites of nucleosome retention in mature human sperm were

identified genome-wide by Hammoud and co-workers using

micrococcal nuclease (MNase) digestion followed by deep

sequencing. Comparing mononucleosome fragments to a sonicat-

ed input control, 25,121 genomic regions were identified with

statistically significant enrichment for sperm nucleosomes [5].

Mapping these regions onto the genome shows that they overlap

peaks of high GC-content (Figure 1A, 1B). In genic regions, these

peaks frequently occur at transcription start sites (Figure 1A) and

also more broadly across some genes, particularly developmental

regulators (Figure 1A, 1B).

Considering the whole genome, there is indeed a striking

correlation between GC-content and the number of sequenced

mononucleosome fragments isolated from sperm (Figure 1C;

Pearson correlation = 0.68; p-value,2.2610216). This is not

accounted for by the known GC-bias of Solexa sequencing [50]

(Figure 1D, Pearson correlation = 0.12; p-value,2.2610216).

Further, GC-content also correlates with nucleosome enrichment

as quantified by microarray hybridization in a second study using

two different extraction protocols (micrococcal nuclease digestion

and salt extraction followed by restriction digestion) [3] (Figure S1).

Base composition is an excellent predictor of
nucleosome retention sites across the human genome

To formally assess the extent to which base composition predicts

nucleosome retention in sperm, we divided the genome into non-

overlapping 150-bp windows, and ranked these windows by their

GC-content. Comparing this ranking to retention sites demon-

strates that base composition alone is an excellent predictor of

Author Summary

In most cells, DNA is packaged by protein complexes
called nucleosomes. In sperm, however, nucleosomes are
only retained at a small fraction of the genome, particularly
at the start sites of genes. In this work, we show that the
sites at which nucleosomes are retained in sperm are
specified by variation in the base composition of the
human genome. At a fine scale, the human genome varies
extensively in the content of GC versus AT base pairs, and
we find that in both genic and non-genic regions this
predicts very well where nucleosomes are retained in
mature sperm. These regions include transcription start
sites, especially for genes that are expressed in all cells and
for genes that regulate development. We also report that
regions that retain nucleosomes in sperm are likely to be
protected from DNA methylation in the early embryo,
suggesting a further connection between the presence of
nucleosomes on the paternal genome and the establish-
ment of gene regulation in the embryo. Based on these
results, we propose that an important selective pressure
on base composition evolution in mammalian genomes
may be the requirement to organize chromatin in sperm in
a way that facilitates gene regulation in the early embryo.

Nucleosome Retention in Human Sperm
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sperm nucleosome retention sites across the entire genome

(Figure 1E). In a receiver operating characteristic (ROC) analysis,

the area under the curve (AUC) is equal to 0.89. This means that

for a randomly chosen pair of windows, one with retained

nucleosomes and one without, there is an 89% probability of GC-

content correctly classifying the two regions. Using CpG-content

as a predictor provides similar performance (Figure 1E), and

nucleosomes are particularly retained in annotated CpG islands

(Figure 1E). As genic regions tend to be GC-rich, we then split the

genome into genic and non-genic portions (excluding 1 kb around

transcription start sites from the non-genic regions) and evaluated

the ability of base composition to predict nucleosome retention in

both fractions of the genome. Prediction was equally good in both

cases, with ROC AUC = 0.89 for both the genic and non-genic

portions of the genome.

Base composition accounts for the preferential retention
of nucleosomes at transcription start sites

Previously it was reported that nucleosome retention sites are

enriched in gene promoters [3,5] (see also Figure S2). More than a

third of nucleosome retention regions (9,068/25,121) are located

within 50 bp of a known start site (Figure S2). In contrast, only

2.9% of retention sites (718/25,121) are located at the 39end of

genes. Plotting the GC-content variation across all human genes

reveals a peak at transcription start sites (Figure 2A), which closely

mirrors both the nucleosome retention in sperm (Figure 2B) and

the predicted in vitro nucleosome affinity variation (Figure 2D). In

contrast, in a somatic cell (T-cell) nucleosome occupancy is not

well predicted by base composition (Figure 2C), most likely

because of the influence of transcription and additional DNA

binding proteins [25,51]. Thus, whereas the typical nucleosome

Figure 1. Base composition predicts sites of nucleosome retention in human sperm. Nucleosome retention sites (red) across two
representative genomic regions coincide with many transcription start sites and also with local peaks of high GC-content (black). Broader retention is
seen at two transcription factors that regulate development, ALX3 (A) and FOXB1 (B), and this also correlates with broader regions of high GC-
content. The plots were generated using the UCSC genome browser. GC-content correlates strongly with the number of sequenced reads from
mononucleosome-enriched fractions of the sperm genome (C). In comparison, there is only a very weak correlation between GC-content and the
number of sequenced reads from the input genomic control (D). GC-content is an excellent predictor of regions of nucleosome retention in sperm
across the human genome (E). ROC curves are shown for predictions across the genome in 150 bp windows using either GC- or CpG-content. CpG
islands are also excellent predictors of sites of nucleosome retention in sperm (x2 –test, p-value,2.2610216, see also Figure S6).
doi:10.1371/journal.pgen.1002036.g001

Nucleosome Retention in Human Sperm
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occupancy across all genes in mature sperm is very well predicted

by base composition, in somatic cells this is not the case.

Nucleosomes are retained at the start sites of most
housekeeping genes

Although mature sperm are transcriptionally inactive [52], it is

possible that nucleosome retention relates to transcription earlier

during male germline development. We compared retention at gene

start sites to the transcription of genes in the male germline as

quantified by deep sequencing [53]. Both highly-expressed and

widely-expressed genes preferentially retain nucleosomes at their start

sites (Figure S3). However, the association with expression level is

largely accounted for by the association with the expression breadth

of a gene (Figure S3). This is also confirmed when only considering

mRNA detected in mature sperm (Figure S4). Indeed we find that

61% of ubiquitously expressed ‘housekeeping’ genes retain nucleo-

somes at their start sites (Figure S3B), which contrasts with only 21%

of tissue-specific genes. This may relate to the need to robustly express

housekeeping genes in the early embryo (see Discussion). As for the

general relationship between retention sites and transcription

initiation sites, this preferential nucleosome retention is accounted

for by local base composition variation: housekeeping genes

(Figure 3A) have higher GC content at their start sites than tissue-

specific genes (housekeeping genes typically have CpG-island

promoters, Figure 3B), higher nucleosome affinity (Figure 3M,

3N),and higher nucleosome retention in sperm (Figure 3E, 3F). This

is not the case for somatic cells (Figure 3I, 3J), where in general base

composition is a poor predictor of nucleosome occupancy at the start

sites of housekeeping genes. Considering the variation in base

composition and nucleosome retention in sperm within and across all

individual housekeeping genes confirms these conclusions (Figure 4).

Base composition accounts for the retention of
nucleosomes at genes for transcription factors that
regulate development

It was previously shown that sperm nucleosomes are also pre-

ferentially found in the promoters of genes that regulate development,

particularly those encoding transcription factors such as HOX proteins

[3,5]. Indeed, 59% of genes (318/539) annotated with the Gene

Ontology terms ‘DNA-dependent regulation of cellular transcription’

and ‘development’ retain nucleosomes at their start sites. Develop-

mental transcription factors, like housekeeping genes, are also typically

transcribed from CpG-island promoters. However the start sites of

these developmental regulators lie within broader GC-rich regions and

predicted nucleosome affinity peaks, in contrast to the sharper peaks

observed at housekeeping gene starts (Figure 3C, 3O, Figure 4E). This

correctly predicts the broader sperm nucleosome peak at develop-

mental regulators (Figure 3G, Figure 4F), but not their nucleosome

occupancy in somatic cells, where their start sites are generally depleted

of nucleosomes (Figure 3K).

Figure 2. The characteristic GC-content signature of human
genes account for sperm nucleosome retention at transcrip-
tion start sites. Human genes show a characteristic base composition

signature with high GC-content at their start sites (A), which correctly
predicts high nucleosomes in sperm (B). In contrast, in a somatic tissue
(resting T-cells), nucleosomes are positioned around a strong nucleo-
some free region at the start site, most likely due to transcription
related processes (C). The high GC-content of transcription start sites
means that they have high intrinsic nucleosome binding preferences
(D), which correlates well with nucleosome retention in sperm, but not
occupancy in somatic cells. The average plots were generated for the
4 kb region centered at the start site of all human protein-coding genes
for the GC-content (A), the normalized nucleosome retention score (B),
the predicted binding preferences (nucleosome model score from
Kaplan et al) (D) and the shifted somatic nucleosome read count (C)
measured in 150 bp windows.
doi:10.1371/journal.pgen.1002036.g002

Nucleosome Retention in Human Sperm
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Nucleosome retention at distal regulatory regions
In addition to gene start sites, many regulatory regions in the

human genome are also GC-rich with high predicted intrinsic

nucleosome affinity [34,54]. Using DNase I hypersensitive sites in

ES cells to identify putative distal regulatory regions that function

in the early embryo, we find that they are also associated with

nucleosome retention in sperm (Figure 3H). Thus, in addition to

the promoters of developmental regulators and housekeeping

genes, nucleosomes are also retained in mature sperm at distal

regulatory regions that are active in the early embryo. In all cases,

Figure 3. GC-content predicts variation in nucleosome retention among gene classes and at distal regulatory regions. GC-content
signatures around the start sites of (A) housekeeping genes (black), (B) tissue-specific genes (genes expressed in a single tissue, blue) and (C)
developmental regulators (red). Average nucleosome retention in sperm (E–G), average nucleosome occupancy in T-cells (I–K), and average
nucleosome affinity around the start sites (M–O) of the same three classes of genes. Nucleosome retention in sperm, but not occupancy in T-cells,
mirrors the GC-content and the intrinsic nucleosome affinity. The three gene classes contain 7,308 housekeeping genes, 1,686 tissue-specific genes
and 538 transcription factors that regulate development. GC-content (D), nucleosome retention in sperm (H), nucleosome occupancy in T-cells (L),
and nucleosome affinity (P) are also enriched at DNase I hypersensitive sites (HS) identified in embryonic stem (ES) cells. The average scores were
calculated from 64,217 DNase I HS sites from ES cells located at least 1 kb away from any gene.
doi:10.1371/journal.pgen.1002036.g003

Nucleosome Retention in Human Sperm
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nucleosome retention is accounted for by local base composition

variation along the human genome.

Nucleosome retention in sperm is linked to the
establishment of DNA methylation-free regions in the
early embryo

One of the most striking epigenetic events in the early embryo is

the de novo genome-wide re-establishment of DNA methylation at

CpG sites [55]. Recently it was shown that many, but not all, CpG

islands are protected from this de novo wave of methylation [41].

Given that nucleosomes are also enriched at many CpG islands in

sperm (Figure 1E) we investigated whether these two phenomena

might be linked. Strikingly, we observed a strong association

between nucleosome retention at CpG islands in sperm and the

establishment of unmethylated regions in the early embryo

(Figure 5A). Considering all CpG islands in the genome, sperm

nucleosome retention predicts the establishment of an unmethy-

lated region with a precision of 86%, and correctly identifies 74%

of all unmethylated regions. Unmethylated CpG islands in the

early embryo are also strongly associated with H3K4me3 in

mature sperm (Figure 5B), and to a lesser degree with H3K27me3

(Figure 5D). Thus, the retention of nucleosomes in sperm, and the

modification H3K4me3, are directly or indirectly linked to the

establishment of DNA methylation-free regions in the early

embryo.

Discussion

Nucleosome retention in sperm, rather than occupancy
in the soma, may be the major functional consequence
of base composition variation in the human genome

In mature sperm only a minority of the genome remains bound

by nucleosomes [5]. We have shown here that nucleosome

retention sites defined genome-wide in sperm by MNase digestion

are strikingly predicted by the fine-scale GC-content variation

along the human genome. In both genic and non-genic regions of

the genome, base composition is likely to be the primary

determinant of nucleosome retention (Figure 6).

High GC-content is associated with an increased binding

affinity for nucleosomes in vitro [31,32], which suggests that

intrinsic binding preferences may account for much of the

retention biases observed in sperm. It also suggests that the major

consequence of intrinsic binding affinity variation along the

human genome may be chromatin organization in transcription-

ally quiescent sperm, rather than that in transcriptionally active

somatic cells. Consistent with this, inhibiting RNA polymerase in

yeast results in nucleosome occupancy that more closely matches

the predicted in vitro binding preferences [24]. We note, however,

that in vitro binding preferences, as quantified in a sequence-based

model, are a slightly poorer genome-wide predictor of nucleosome

retention in sperm than GC-content alone (data not shown). This

suggests that other factors such as competition with protamines or

transition proteins, CpG-binding proteins [56] or the process of

DNA demethylation earlier in germline development [57] might

also be important.

Nucleosome retention may relate to the need for robust
gene activation and silencing in the early embryo

The transmission of paternal nucleosomes [16] and their

modifications [17] to the zygote could influence gene activity in

the embryo [19,20,21]. For example, the inheritance of H3K4me3

and H3K27me3 at developmental loci might be important for

establishing a robust silent or ‘poised’ state in the early embryo

Figure 4. GC-content predicts sperm nucleosome retention at
individual genes. GC-content (A,C,E) and sperm nucleosome
retention (B,D,F) around the transcription start site of housekeeping
genes (A–B), tissue-specific genes (C–D), and transcription factors that
regulate development (E–F). Each row of the heat map is an individual
gene. Genes are clustered according to their GC-content and the same
gene ordering is used in the nucleosome retention plots. In both cases
values are calculated in 150 bp windows.
doi:10.1371/journal.pgen.1002036.g004

Nucleosome Retention in Human Sperm
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[3,4,5] (see also Figure S5). Consistent with this, H3K27me3

marked regions are very similar in mature sperm and in the early

embryo, suggesting that this epigenetic state might be stably

maintained across generations from one germline to the next [4,5].

Similarly, we suggest that the retention of nucleosomes and

activation marks (Figure S5) at housekeeping genes might be

important for marking transcription start sites on the paternal

genome, facilitating gene activation in the embryo.

The retention of nucleosomes at distal regulatory regions

defined by DNase I hypersensitive sites is also consistent with a

model in which the transmission of paternal nucleosomes and their

modifications influences gene expression in the early embryo.

Further, we suggest that the need to retain nucleosomes in sperm

may explain why widely and highly expressed genes have high

nucleosome occupancy encoded at their transcription start sites in

the human genome, in contrast to the nucleosome-free regions

encoded in the yeast genome [29,58].

Nucleosome retention in sperm is linked to the
establishment of DNA methylation-free regions in the
early embryo

Also consistent with a connection between nucleosome retention

and gene expression in the embryos is the observation that

nucleosome retention sites are established as free from DNA

methylation in the early embryo. During early embryogenesis the

genome-wide removal of methylation marks is followed by a wave

of non-specific methylase activity [45]. Many CpG islands are

protected from de novo methylation, and these islands are

accurately predicted by their nucleosome retention in sperm

Figure 5. Nucleosome retention in sperm is linked to the formation of DNA methylation-free regions in the early embryo. Most (74%,
11,264/15,237) CpG islands that remain unmethylated in ES cells overlap nucleosome retention sites in sperm. In contrast, only 29% (1774/6,127) of
the CpG islands that are methylated in ES cells overlap sperm nucleosome retention sites (A). CpG islands that are unmethylated in ES cells are
enriched for H3K4me3 in mature sperm (B) compared to CpG islands that are methylated in ES cells (C). H3K27me3 shows moderate enrichment in
sperm around CpG islands that are unmethylated in ES cells (D) compared to around CpG islands that are DNA methylated in ES cells (E).
doi:10.1371/journal.pgen.1002036.g005

Figure 6. A model for nucleosome retention in human sperm.
During the histone to protamine transition nucleosomes are retained at
GC-rich sites which have high intrinsic affinity for nucleosomes. This
results in nucleosome retention at the start sites of many genes,
especially at the start sites of housekeeping genes and master
regulators, as well as at distal regulatory elements. Regions that retain
nucleosomes in sperm are also frequently established as free from DNA-
methylation (‘Me’) in the early embryo, further suggesting a connection
between the transmission of paternal nucleosomes and the establish-
ment of gene regulation in the early embryo.
doi:10.1371/journal.pgen.1002036.g006

Nucleosome Retention in Human Sperm
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(74% of regions are identified with a precision of 86%). This

suggests the interesting model that paternal nucleosome inheri-

tance might aid in the establishment of DNA methylation-free

regions (Figure 6). There is evidence that the histone modification

H3K4me3 can interfere with DNA methylation [48], and CpG

islands that retain nucleosomes in sperm are also enriched for this

mark (Figure 5). This suggests a possible mechanism for how

nucleosome retention may influence DNA methylation in the

embryo. Alternatively, the same sequence elements and factors

may underlie both the establishment of methylation-free regions

and the retention of nucleosomes in sperm.

Sperm chromatin organization may drive fine-scale base
composition variation in the human genome

Finally, based on the striking relationship between base

composition and nucleosome occupancy in sperm, we propose

that chromatin organization in the male germline may be an

important selective pressure on GC-content evolution in mam-

malian genomes. By defining the regions at which nucleosomes are

retained in the paternal germline, base composition establishes the

organization of sperm chromatin and so the regions at which

epigenetic information in the form of histone modifications can be

transmitted from one generation to the next. It is interesting to

speculate, therefore, that a requirement to transmit paternal

epigenetic information to the zygote could be an important

selective pressure on sequence evolution in mammalian genomes.

Methods

Nucleosome retention sites in human sperm
The following measures of nucleosome retention in human

sperm were used in this study.

Regions of nucleosome retention defined using deep

sequencing. We used the genomic positions of retained

nucleosomes from four sperm donors as identified using

micrococcal nuclease digestion and reported by Hammoud et al

[5]. In brief, these regions were defined by the USeq package [59],

using a 300-bp sliding window along the genome, and represent

genomic windows where sequence reads are significantly more

from the histone-bound fraction of the genome than from the

genomic input control.

Nucleosome retention score defined using deep sequen-

cing. The raw unfiltered reads from the nucleosome fraction

and genomic input control from four sperm donors were

downloaded from Gene Expression Omnibus (GEO) [60]. We

filtered reads keeping those matching the genome without

mismatches and with an Eland alignment score $13 as in [5].

We then shifted the positions of the reads by 75 bp (which is half of

the length of the sequenced nucleosome-bound fragments) in the

direction of sequencing to transform the data from counts of 59

and 39 ends to central nucleosome positions. To account for a

possible sequencing bias, we calculated the normalized

nucleosome retention score in 150 bp windows genome-wide as

the difference between the number of nucleosome reads and the

number of genomic input reads within the window and divided by

the square root of the sum [5,59]. Because the nucleosome fraction

sample was sequenced to a greater depth compared to the

genomic input control, for the calculation of the normalized

nucleosome retention score the reads from the nucleosome

fraction were randomly sub-sampled to generate a dataset with

the same number of reads as the genomic input, as described in

[5]. Repetitive windows of the genome were defined using the

Duke uniqueness track downloaded from the UCSC browser

website [61]. For the analyses of correlation between nucleosome

retention and GC-content or nucleosome affinity, 150-bp windows

containing non-unique 20mers were removed.

Genome-wide nucleosome retention scores defined using

microarrays. We also analyzed two additional nucleosome

retention scores along the human genome from data generated by

a second laboratory [3]. In these experiments the nucleosome-

bound regions were isolated by two different experimental

methods (micrococcal nuclease digestion (MND), and salt

extraction followed by endonuclease digestion (SRD)) from four

donors, and identified using genome-wide low-density CGH

microarrays. In brief, sperm chromatin was digested with

micrococcal nuclease and then centrifuged to separate the

histone from the protamine fraction (MND experiment).

Alternatively, sperm chromatin was treated with weak salt

solutions, digested with two endonucleases and centrifuged to

separate the histone and protamine fractions (SRD experiment). In

both cases, the histone and the protamine fraction were hybridized

to a two-colour CGH array consisting of 44 thousand genic and

intergenic probes. The raw hybridization signal intensity data for

these two experiments were downloaded from GEO. We

normalized the downloaded raw microarray data using MA2C

with the ‘‘Robust’’ normalization setting to adjust for dye and

probe-sequence bias [62]. We also analyzed data from a third

MNase digestion map [4], but found that it shows little agreement

with data from the two other studies. The reasons for this are not

clear, but may relate to a more extensive digestion of DNA.

Retention of modified nucleosomes in human sperm
We used the H3K4me3 and H3K27me3 ChIP-Seq data generated

by Hammoud et al [5]. For each of the two datasets, to control for

sequencing biases, we calculated a retention score, based on the

binomial distribution, by normalizing against the input control.

Genomic distribution of regions of nucleosome retention
in sperm

We classified genes as overlapping retained nucleosomes at their

transcription start sites when one or more start site is within 50 bp of a

nucleosome enrichment region defined by sequencing from Ham-

moud et al [5]. Coordinates for all protein-coding and non-coding

genes and transcripts were retrieved from Ensembl release 54 [63].

Nucleosome occupancy in T-cells
We used the nucleosome occupancy data generated by Schones

et al using MNase digestion and deep sequencing [51]. The

positions of the uniquely mapped sequenced reads marking the

ends of nucleosomes along the human genome were downloaded

from the authors’ website. We filtered-out identical reads. As for

the sperm nucleosome data, we shifted the positions of the reads in

the direction of sequencing to transform the data from positions of

fragment ends to central nucleosome positions. We then counted

these transformed nucleosome positions along the human genome

in 150 bp windows.

Intrinsic nucleosome binding preferences
Nucleosome binding preferences were predicted using the

model of Kaplan et al [30], which is trained on the occupancy of

chicken nucleosomes on naked yeast DNA. The nucleosome

affinity score for human genome version hg18 was downloaded

from the authors’ website.

Gene expression data
We retrieved gene expression data for ten tissues (testes, brain,

breast, colon, heart, liver, lymph node, skeletal muscle and cerebellum)
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quantified by Solexa sequencing from Wang et al [53]. The expression

values from the six samples for cerebellum were averaged. Gene

expression was measured in ‘number of sequenced reads per kilobase

of exon per million mapped reads’ (RPKM) [64]. We considered

genes with $0.5 RPKM in a tissue as expressed in that tissue. As

tissue-specific genes we defined those with expression above the

threshold in one out of ten tissues. We retrieved ubiquitously expressed

(housekeeping) human genes from Ramskold et al [65].

mRNA retention in mature sperm
The abundance of mRNA in mature sperm from 13 different

fertile donors was measured using Affymetrix gene expression

microarrays by Platts et al [66]. We downloaded the mRNA

detection calls (mRNA present/absent calculated by DChip MBE)

for each gene from GEO. Probe to gene mappings were made

using Ensembl and probes matching multiple genes were removed.

We defined a gene’s mRNA as present in mature sperm if at least

one probe matching this gene showed expression present in at least

7 out of 13 sperm donors.

Gene function annotations
Gene ontology (GO) annotations of genes were obtained from

Ensembl. Genes coding for developmental transcription factors were

defined as genes annotated with the Biological Process term ‘‘DNA-

dependent regulation of cellular transcription’’ (GO:0006355) and

also with a term that contains the word ‘‘development.’’

Predicting nucleosome retention across the human
genome

To test the performance of GC-content as a predictor of

nucleosome retention throughout the human genome we used all

non-repetitive 150 bp windows of the genome. We further excluded

windows that had in total less than 5 sequenced reads from the

nucleosome and the genomic control datasets, as low-read count

windows were also excluded from the nucleosome retention peak

finding algorithm used by Hammoud et al. This analysis was also

performed separately for genic and non-genic windows (here 1 kb

upstream of each start site was included in the genic portion of the

genome). Receiver operating characteristic (ROC) analysis was used

to assess how well we can predict the regions of nucleosome

retention enrichment in sperm from GC- and CpG-content. ROC

analysis was performed in R using the ROCR package [67]. In

brief, all 150 bp windows of the genome were ranked according to

decreasing GC (or CpG) count. Going down this ranked list, we

then counted the number of windows overlapping regions of

nucleosome retention as a fraction of all windows with the same or

higher GC-content (true positive rate, y-axis) and the number of

windows not overlapping regions of nucleosome retention as a

fraction of all windows with lower GC-content (false positive rate, x-

axis). If there were no correlation between GC-content and

nucleosome retention in sperm, we would expect the ROC curve

to be a diagonal line across the plot and the resulting area under the

curve to be equal to 0.5. For a perfect predictor, the area under the

curve would be equal to 1. In Figure 1, for direct comparison, we

also plotted the sensitivity and specificity of CpG islands in

predicting 150-bp windows that overlap regions of nucleosome

retention in sperm. CpG islands as defined by Gardiner-Garden et al

[36] were downloaded from the UCSC genome browser database.

DNase I hypersensitive sites in human embryonic stem
cells

We retrieved the locations of DNase I hypersensitive sites for

H1 human embryonic stem cells [68] from Ensembl (release 60)

and converted the locations to human genome version hg18 using

the UCSC LiftOver tool. All sites within 1 kb from any type of

annotated gene in Ensembl were removed. We retained 64,217

noncoding ES DNase I hypersensitive sites. Average signals were

calculated for 4 kb centered on the middle positions of these sites.

DNA methylation annotation of CpG islands in human
embryonic stem cells

We used the DNA methylation status annotation of CpG islands

reported in Straussman et al [41]. We considered only CpG islands

that were consistently annotated as DNA methylated or unmethy-

lated in both embryonic stem cell lines (I6 and H13) tested by

Straussman et al. Average signals were calculated for 4 kb regions

centered at the middle position of the islands.

Supporting Information

Figure S1 Correlations between GC-content and nucleosome to

protamine normalized probe signal intensity ratio. The two plots

show the correlation for the data generated by two different

experimental methods of identifying nucleosome enriched regions

from Arpanahi et al; micrococcal nuclease digestion (MND, A) and

salt-extraction followed by restriction digestion (SRD, B). In both

cases the probe value corresponds to the ratio of the nucleosome to

protamine normalized signal intensity. The GC-content shown

corresponds to the window 6147 bp from the microarray probe.

(EPS)

Figure S2 Nucleosomes are preferentially retained in sperm at

transcription start sites. (A) Genome-wide distribution of nucleo-

some retention sites. Nucleosome enrichment regions are classified

according to whether they are within 50 bp of a transcription start

site (TSS, 9,068 regions), or end site (TES, 718 regions),

overlapping other parts of a gene (other genic, 7,785) or other

parts of the genome (non-genic, 7,549). The coordinates of regions

of nucleosome retention defined by sequencing were retrieved

from Hammoud et al. (B) The plot shows the percentage of

transcription start and end sites that are within 50 bp of a

nucleosome retention region. The total number of human

(Ensembl) transcripts considered here is 52,312. Error bars

indicate 95% confidence intervals.

(EPS)

Figure S3 Nucleosome retention at transcription start sites

correlates with the expression breadth of a gene rather than the

expression level in the germline. (A) There is a positive trend in the

proportion of genes that have retained nucleosomes at the start site

and the expression level of the gene in testes (1,589 genes per bin,

x2 -test for trend in proportions = 626.1, p-value,2.2610216). (B)

However, there is also a strong positive correlation between

expression breadth (the number of different tissues in which a gene

is expressed) and nucleosome retention at the start site (x2 -test for

trend in proportions = 1,303.7, p-value,2.2610216). The total

number of genes (and the number of genes with nucleosomes

retained at the start) in each bin are as follows: 0-tissues = 792

(125), 1-tissue = 1472 (313), 2-tissues = 835 (284), 3-tissues = 742

(316), 4-tissues = 653 (264), 5-tissues = 562 (251), 6-tissues = 617

(287), 7-tissues = 657 (324), 8-tissues = 817 (433), 9-tissues = 1248

(711), 10-tissues = 7502 (4555). (C) The correlation between

nucleosome retention at the start and expression level is largely

explained by expression breadth. Here, we test the correlation

between expression level and nucleosome retention at the start of

genes, when controlling for expression breadth. In C, each panel

corresponds to the genes in each expression breadth shown in

Nucleosome Retention in Human Sperm

PLoS Genetics | www.plosgenetics.org 9 April 2011 | Volume 7 | Issue 4 | e1002036



panel B. Genes are sorted according to expression level and split in

ten equally sized bins. The x-axis shows the average expression

level of the genes in each bin. The y-axis shows the percentage of

genes in a bin that have a start site within 50 bp from a region of

nucleosome retention in sperm. From this figure it is also apparent

that when controlling for expression level, the expression breadth

of a gene correlates with the likelihood of nucleosome retention at

the gene start (e.g. compare high expression level bins for genes

expressed in one versus ten tissues).

(EPS)

Figure S4 Relationship between nucleosome retention at

transcription start sites and the expression level or breadth of

mRNAs detected as present in the mature sperm of at least seven

out of thirteen healthy sperm donors. (A) The percentage of genes

that retain nucleosomes at their start increases with gene

expression level (522 genes per bin, x2 -test for trend in

proportions = 158.9, p-value,2.2610216). (B) Expression breadth

shows strong correlation with nucleosome retention at the gene

start (x2 -test for trend in proportions = 512.8, p-val-

ue,2.2610216). The number of genes per bin are; 166 (0 tissues),

632 (1 tissue), 293 (2 tissues), 304 (3 tissues), 273 (4 tissues), 233 (5

tissues), 283 (6 tissues), 318 (7 tissues), 419 (8 tissues), 763 (9

tissues), 5,222 (10 tissues). (C) When considering genes expressed

in one tissue only, i.e. tissue-specific genes, the trend between

nucleosome retention and expression level in the germline is

greatly reduced (135 genes per bin, x2 -test for trend in

proportions = 1.158, p-value = 0.28). (D) When considering genes

expressed in all tissues, i.e. housekeeping genes, the trend between

nucleosome retention and expression level in the germline is also

greatly reduced (522 genes per bin, x2 -test for trend in

proportions = 0.041, p-value = 0.84). All genes with testes expres-

sion .0 and with present mRNA in at least seven out of thirteen

healthy sperm donors are considered here (N = 5,222). Genes are

considered to be expressed in a tissue when their expression level is

. = 0.5 RPKM. Genes are ranked according to increasing

expression level in testes and split in bins with the same number

of genes. The x-axis shows the average expression level of the

genes in each bin. The y-axis shows the percentage of genes in a

bin that have a start site within 50 bp from a region of nucleosome

retention in sperm.

(EPS)

Figure S5 Sperm H3K4me3, H3K27me3 and H2A.Z retention

at the start sites of housekeeping, tissue-specific and developmental

regulatory genes. (A–C) Retention of H3K4me3 at the start sites of

the three gene classes is similar to nucleosome retention, shown in

main Figure 3E–3G. (D–F) Retention of H3K27me3 appears to be

enriched around the start sites of developmental regulators, as

previously noted by Hammoud et al and Brykczynska et al. (G–I)

Histone variant H2A.Z shows no enriched at gene start sites. This

agrees with the observation that this histone variant is only

enriched in pericentric heterochromatin.

(EPS)

Figure S6 Correlations between sperm nucleosome retention

and GC- or CpG-content. Each point shows the correlation for all

unique 150-bp windows in the human genome with the same

number of G+C nucleotides (A) or CpG dinucleotides (B). GC-

content correlates robustly with nucleosome retention over a wide

range of window CpG-contents, whereas CpG content only

correlates strongly with retention at high GC-contents. The

analysis was carried out on windows with at least 5 reads from the

histone and the input control dataset, as in Figure 1. Correlation

values are Pearson correlation coefficients and error bars represent

95% confidence intervals. 95% of all windows fall within the data

ranges shown here.

(EPS)
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