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Genes for embryo development are packaged in blocks
of multivalent chromatin in zebrafish sperm

Shan-Fu Wu, Haiying Zhang, and Bradley R. Cairns'

Howard Hughes Medical Institute, Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah School

of Medicine, Salt Lake City, Utah 84112, USA

In mature human sperm, genes of importance for embryo development (i.e., transcription factors) lack DNA methylation
and bear nucleosomes with distinctive histone modifications, suggesting the specialized packaging of these developmental
genes in the germline. Here, we explored the tractable zebrafish model and found conceptual conservation as well as
several new features. Biochemical and mass spectrometric approaches reveal the zebrafish sperm genome packaged in
nucleosomes and histone variants (and not protamine), and we find linker histones high and H4Kléac absent, key factors
that may contribute to genome condensation. We examined several activating (H3K4me2/3, H3Kl4ac, H2AFV) and
repressing (H3K27me3, H3K3éme3, H3K9me3, hypoacetylation) modifications/compositions genome-wide and find
developmental genes packaged in large blocks of chromatin with coincident activating and repressing marks and DNA
hypomethylation, revealing complex “multivalent” chromatin. Notably, genes that acquire DNA methylation in the soma
(muscle) are enriched in transcription factors for alternative cell fates. Remarkably, whereas H3K36me3 is located in the
3’ coding region of heavily transcribed genes in somatic cells, H3K3éme3 is present in the promoters of “silent” de-
velopmental regulators in sperm, suggesting different rules for H3K36me3 in the germline and soma. We also reveal the
chromatin patterns of transposons, rDNA, and tDNAs. Finally, high levels of H3K4me3 and H3Kl4ac in sperm are
correlated with genes activated in embryos prior to the mid-blastula transition (MBT), whereas multivalent genes are
correlated with activation at or after MBT. Taken together, gene sets with particular functions in the embryo are packaged
by distinctive types of complex and often atypical chromatin in sperm.

[Supplemental material is available for this article. The microarray data from this study have been submitted to the NCBI

Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession no. GSE26609.]

A central question in early development is how totipotency and
pluripotency are established in germline and embryonic stem (ES)
cells, respectively. Studies in ES cells cultured in vitro have pro-
vided many interesting concepts for pluripotency, such as the use
of special transcription factor combinations (POUSF1 [also known
as OCT4], SOX2, others) that operate as a network to promote
pluripotency and self renewal, and the presence of specialized
chromatin at developmental regulators in ES cells to ensure their
silencing and poising until later in development (Rao and Orkin
2006; Wang et al. 2006; Jaenisch and Young 2008; Kim et al. 2008).
Due to technical limitations, little is known about the mechanisms
underlying the totipotency of vertebrate eggs (Seydoux and Braun
2006), but multiple contributing mechanisms can be envisioned,
including maternal RNAs (coding and noncoding) that promote
totipotency, the loading and function of key transcription factor
proteins (including pluripotency/self-renewal factors), and chro-
matin structures that enable (or prevent) the expression of particular
embryonic developmental regulators.

Until recently, options (beyond DNA methylation) for the
sperm genome to provide epigenetic contribution to totipotency
appeared limited (Seydoux and Braun 2006), as spermatogenesis
involves the replacement of the vast majority of the histone-based
chromatin by protamine (Ward and Coffey 1991; Wykes and
Krawetz 2003), which is not known to propagate information via
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modifications. One view is that the male genome need not carry
any gene packaging information (beyond methylated imprinted
genes), as it can simply be “reprogrammed” and repackaged by the
egg following fertilization to achieve totipotency. One clear event
in mice and humans involves active DNA demethylation of the
paternal genome upon fertilization, prior to the fusion of the two
nuclei and the onset of replication (Mayer et al. 2000; Oswald et al.
2000; Hajkova et al. 2008, 2010; Abdalla et al. 2009; Okada et al.
2010). Although this clearly occurs, we currently lack an under-
standing of which genes in the genome are susceptible or resistant
to DNA demethylation, beyond the resistant imprinted genes. In-
deed, a full understanding of the methylation state of the gametes
before and after fertilization will be an important step forward.
Another view is that specialized gene packaging may indeed
occur in sperm. Recently, a small percentage of the human and
mouse genomes have been shown to remain enriched with modi-
fied nucleosomes in mature sperm (Arpanahi et al. 2009; Hammoud
et al. 2009; Brykczynska et al. 2010). These studies revealed the
packaging of the genes encoding most key embryonic devel-
opmental and morphogenesis regulators by nucleosomes with
histone modifications that correlate both with activation and si-
lencing. The observed silencing mark was trimethylation of lysine
27 on histone H3 (H3K27me3), a modification catalyzed by the
PRC2 (Polycomb Repressive Complex 2) (Cao et al. 2002; Czermin
et al. 2002; Kuzmichev et al. 2002; Muller et al. 2002). Resident
activating marks included di- and trimethylation of lysine 4 on
histone H3 (H3K4me2/3), a modification catalyzed in the soma by
MLL, Setl, and Set7/9 histone methyltransferases (Byrd and
Shearn 2003; Dou et al. 2005; Wysocka et al. 2005). The co-
incidence of these two marks is termed bivalency and has been
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described previously at the promoters of developmental regulators
in ES cells (Bernstein et al. 2006). These antagonistic marks are be-
lieved to help poise these genes in a repressed state. Furthermore,
developmental regulators in human sperm are profoundly DNA
demethylated (Down et al. 2008; Farthing et al. 2008; Hammoud
et al. 2009), a result that makes the genome-wide demethylation
of the paternal genome all the more curious, if needed (in part)
for totipotency. Finally, genes that are involved in spermatogenesis
and metabolic processes are solely coated with the active mark
H3K4me3 in both human and mouse sperm (Hammoud et al. 2009;
Brykczynska et al. 2010). Thus, human and mouse sperm display
two very distinct chromatin patterns for two different classes of
genes: active genes (in sperm) and embryonic transcription factors.

These studies prompt several key questions. First, why place
embryonic developmental regulators in bivalent chromatin in
mature sperm cells? One possibility is to poise these genes for ex-
pression in the embryo. Another possibility is to protect them
from DNA methylation through the use of “activating” chromatin,
while simultaneously placing repressive chromatin on them to
prevent their expression in the germline (Bernstein et al. 2006;
Okitsu and Hsieh 2007; Ooi et al. 2007; Ciccone et al. 2009). An-
other key question is the complexity of the packaging and marking
of developmental genes. Also, one might expect this packaging/
marking system, if indeed instructive, to require additional mod-
ifications or histone variants to maintain robustness in the em-
bryo. Furthermore, is this system for gene packaging in sperm
identical to the system already established in ES cells, or are there
unique aspects to packaging developmental regulators in the
germline? Finally, it is of high interest to understand how this
packaging is established and maintained in the germline and
whether a similar system exists in the egg.

To begin to investigate these questions, we turned to the
zebrafish animal model, due to the ease of obtaining both sperm
and eggs and to the possibilities for future genetic manipulation.
One apparent difference between humans and zebrafish is the use
(revealed below) of nucleosomes rather than protamine to package
the sperm genome. In spite of this difference, our studies reveal
remarkable conservation between humans and zebrafish in the use
of distinctive chromatin states to package embryonic develop-
mental regulators in sperm, including the use of coincident acti-
vating and silencing modifications, and DNA demethylation. In
addition, we greatly extended the analysis of chromatin compo-
sition to several other histone modifications and a histone variant,
showing contiguous blocks of “multivalent” programmatic chro-
matin built over the promoters (or full genes) for developmental
regulators, suggesting a complex and robust packaging network.
Furthermore, we find features in this germline chromatin not ob-
served in ES cells or in the soma, including the presence of
H3K36me3 in these large blocks at developmental regulators.

Results

Biochemical composition of the zebrafish sperm genome

We began by characterizing the proteins that package the genome
of mature zebrafish sperm. Sperm cells were collected from sexu-
ally mature males, which exhibited a sperm head morphology
more rounded than those derived from mammals, suggesting an
alternative compaction strategy (Fig. 1A). Chromatin preparations
from sperm and a zebrafish fibroblast cell line were analyzed by
SDS-PAGE, revealing prominent bands migrating at the exact size
and distribution of histones. Mass spectrometric analysis revealed
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Figure 1. Sperm morphology and biochemical composition of zebra-
fish sperm chromatin. (A) Zebrafish sperm have a round head morphology
(~10-wM diameter). (B) Whole-cell extracts were prepared from sperm
and fibroblasts (ZF4) by lysing cells in 2 SDS-PAGE sample buffer. SDS-
PAGE analysis of the cell extracts reveals a shared canonical histone pat-
tern, with sperm displaying a higher level of linker histones. Histone
components in sperm were verified by mass spectrometry (Supplemental
Table 1). (C) Internucleosomal distances are longer in zebrafish sperm.
Nucleosomes in sperm and fibroblasts (ZF4) were released by MNase di-
gestion, and the DNA was analyzed by agarose gel electrophoresis and
staining with EtBr (duplicate loading for each sample). Sperm displayed
a longer average internucleosomal distance, 50 bp, than did the fibro-
blast, 40 bp. M indicates protein marker; Sp, sperm; Fib, fibroblast; and
M1 and M2, DNA markers start from 1 kb with 1-kb increments and from
100 bp in 100-bp increments, respectively.

the presence of the canonical histones H2A, H2B, H3, and H4, as
well as certain canonical histone variants (H2AFX, and H2AFV),
and linker H1 histones and variants (related to human HISTH1C,
-D, and -E; and H1FX; H1FO) (Fig. 1B; Supplemental Table 1),
known to package the somatic genome. Here, we note that West-
ern analysis reveals the clear presence of H1 linker histone in ZF4
fibroblasts, but at levels that are about 25% of those in sperm,
normalized for ploidy (Supplemental Fig. 1A,B). Somewhat sur-
prisingly, protamine, transition proteins, and testis-specific histone
variants—proteins that constitute the vast majority of proteins in
mammalian sperm—were not identified in zebrafish sperm, either
through acid-urea gel analysis (data not shown) or mass spectrometry.
Furthermore, the current zebrafish genome (Zv8) lacks the structural
genes encoding orthologs of mammalian testis-specific histones,
transition proteins, or protamine; though we note the presence of
a gene distantly-related to protamine (zgc:114104, 492 amino acids),
of unknown function and not detected in our sperm chromatin
preparations. Consistent with the lack of protamine, the round head
morphology of mature zebrafish sperm is similar to the “round
spermatid” stage of human sperm development, the stage preceding
protamine replacement of histones. Taken together, the mature
zebrafish sperm genome is packaged by histones but contains a higher
relative level of linker histone than does a somatic cell (Fig. 1B).
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ing a longer average internucleosomal dis-
tance in sperm (50 bp) than fibroblasts
(40 bp), consistent with global H1 pack-
aging in sperm (Godde and Ura 2009). Our
interpretation is that zebrafish sperm, in
comparison to fibroblasts, have a higher proportion of their ge-
nome in chromatosomes as opposed to nucleosomes.

A second mode of promoting compaction was suggested
through our analysis of histone modifications. The histone mod-
ification most closely associated with regulating compaction is the
acetylation of lysine 16 on histone H4 (H4K16ac), which alone
deters the transition of 10-nm nucleosome arrays to more com-
pact 30-nm fibers (Shogren-Knaak et al. 2006; Zhou et al. 2007;
Robinson et al. 2008; Kan et al. 2009). Furthermore, H4K16ac
uniquely antagonizes the chromatin remodeling ATPases (ISWI-
and CHD-family) responsible for organizing nucleosomes in or-
dered arrays of consistent spacing (Clapier et al. 2001; Corona
et al. 2002). Remarkably, immunoblot analyses demonstrate that
H4K16ac is virtually absent in zebrafish sperm chromatin (Fig. 2A;
Supplemental Fig. 1C), a result of distinction given the relative
abundance of other histone modifications in zebrafish sperm
(detailed below). We note that H4R3me2 is robustly detected
(Supplemental Fig. 1D), ensuring that the H4 tail is present and
intact in zebrafish sperm chromatin. Furthermore, we detect in
the zebrafish male gonad (data not shown) robust expression of
the two zebrafish orthologs of the human ISWI family members
SMARCA1 and SMARCAS. These results raise the possibility that
zebrafish sperm promotes genome condensation by utilizing
linker histones and the lack of H4K16ac, which coordinate with
assembly remodelers to promote compaction in somatic cells.

Figure 2.

Active and repressive histone modifications in zebrafish
sperm chromatin

Histone modifications in sperm chromatin were assessed by com-
parison to levels in fibroblasts by immunoblotting (normalized to
histone H3 levels) (Supplemental Fig. 1B). We find the common
“repressive/silencing” modifications (those correlated with gene
silencing) such as H3K9me3 and H3K27me3 present and at levels
comparable to or slightly lower than that of fibroblasts (Fig. 2F,G).
We note that mature sperm of humans and mice are transcrip-
tionally inactive and lack RNA polymerase (Pol) II (Miteva et al.

Bulk levels of histone modifications and histone variants in sperm. Immunoblotting was
applied to quantify the level of modifications in sperm by comparing to ZF4 fibroblast cells and nor-
malizing with H3 levels. (A) H4K16ac is not detected in sperm. (B-H) The levels of active and repressive
marks and a histone variant (H2AFV/H2A.Z) in sperm compared with ZF4 fibroblast cells.

1995; Naz 1998; Grootegoed et al. 2000; data not shown). In
keeping, we find RNA Pol II barely detectable in zebrafish sperm
(<0.5% the level in fibroblasts). Nevertheless, sperm chromatin
retains “active/positive” histone modifications (those correlated
with gene activity/competency) at levels within twofold of fibro-
blasts, including H3K4me3, H3K4me2, and H3K14ac (Fig. 2B-
D)—though as discussed above, H4K16ac is absent. Furthermore,
levels of the histone variant H2AFV (ortholog of H2A.Z in mam-
mals), which has been linked with gene poising and chromatin
boundaries (Meneghini et al. 2003; Zhang et al. 2005), are com-
parable in sperm and fibroblasts (Fig. 2E). Thus, sperm chromatin
resembles somatic chromatin in bulk levels of the many active and
repressive histone modifications tested, as well as a key histone
variant.

Approaches for localizing histone modifications
and DNA methylation

Chromatin immunoprecipitation (ChIP) and methylated DNA
immunoprecipitation (MeDIP) were performed in mature sperm to
localize histone modifications and DNA methylation, respectively.
From native sperm chromatin, nucleosomes were released by MNase
digestion to mainly di- and mononucleosomes and utilized for ChlIP,
involving multiple modification-specific antibodies (Supplemen-
tal Fig. 2). For MeDIP, sperm DNA was purified and sheared into
fragments (~400 bp) and then immunoprecipitated with anti-
5-methylcytosine antibodies (Weber et al. 2007). Following am-
plification and labeling (see Methods), the ChIP eluate and input
were then hybridized to customized zebrafish promoter arrays that
tiled (at 250-bp resolution) 12 kb of the promoter region of about
13,000 genes, as well as many other chromosomal elements and
loci (miRNAs, repetitive sequences, tRNAs, etc.) to provide a ge-
nome-wide perspective of chromatin packaging. Enriched loci
were determined and ranked, and enriched gene promoters were
subjected to Gene Ontology (GO) term analyses, summarized in
Table 1 (for full lists, see Supplemental Materials; for GO analyses,
see Methods).
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Table 1. Summary of enriched gene categories for particular
chromatin marks and a histone variant

H3K27me3 Brain development

Neuron fate specification

Ear morphogenesis

Endocrine system development

Regulation of transcription

H2AFV Endocrine system development

Hindbrain development

Embryonic morphogenesis

Regulation of cellular protein
metabolic process

Regulation of transcription

H3K4me2? Chromosome organization
Cell division

Cellular metabolic process
Chromatin assembly

Nucleosome assembly

H3K4me3? Cell cycle

Microtubule based process
Cellular protein catabolic process
M phase

Flagellum organization

H3K14ac? Microtubule based process
Intracellular transport
Protein modification process
M phase

Protein metabolic process

H3K36me3 Regulation of transcription

RNA biosynthetic process

Central nervous system development
Regulation of metabolic process

Developmental process

DNA hypomethylated
genes in sperm

Central nervous system development
Regulation of transcription
Regulation of biosynthetic process
Developmental process

Organ development

Top five nonredundant gene categories were retrieved from GO analyses.
FDR < 0.001; enrichment fold over random > 2.0 unless otherwise specified.
°FDR between 0.0001 and 0.2.

Multivalent and regional chromatin packages
developmental loci

One clear and striking feature of our chromatin maps is regional
blocks of coincident “multivalent” chromatin at developmental
transcription factors utilized in embryonic development. First,
blocks of H3K27me3 are strikingly enriched at developmental loci,
a feature most clearly evident at hox loci (but not at flanking genes)
and also evident at stand-alone transcription factors, with varying
degrees of spreading (Fig. 3A-C; Table 1; Supplemental Table 2).
Remarkably, of the 250 loci most enriched with H3K27me3, 90%
are the promoters of embryonic transcription factors, including
the vast majority of homeobox, T-box, GATA, and ETS family
members (Fig. 3A,B; Supplemental Table 3). In addition, the pro-
moters of many embryonic signaling molecules also displayed
H3K27me3 enrichment, including shha, fgf8a, wntl, and wnt10b
genes (Fig. 3C). Indeed, GO analysis of the top 800 enriched loci
generates almost exclusively developmental gene classes with high
significance (Supplemental Table 2).

Interestingly, we observe general coincidence of H3K27me3
with the histone variant H2AFV (the zebrafish ortholog of mam-
malian H2A.Z) at developmental loci (Fig. 3A-C; top 250 genes,

Supplemental Table 4); intersecting of the respective top 800 genes
displays a 40% overlap (correlation P-value < 0.001). GO term
analysis showed H2AFV is highly enriched at the promoters of
genes involved in transcription and developmental processes
(Table 1; Supplemental Table 5), in keeping with previous obser-
vations in stem cells (Creyghton et al. 2008).

Notably, H3K4me2 and H3K4me3 are moderately enriched at
developmental loci bearing H3K27me3 (Supplemental Table 3).
H3K4me2/3 levels at developmental loci are higher than at av-
erage promoters (2.3- or 2.0-fold higher for H3K4me3 and
H3K4me2, respectively) and coincident with H3K27me3 (Fig. 3A-
C). This aligns with the observations in human sperm and ES cells
of the presence of “bivalent domains”—coincident H3K4me3
and H3K27me3—on the orthologous developmental regulators
(Bernstein et al. 2006; Mikkelsen et al. 2007). To address whether
H3K27me3 and H3K4me3 are present on the same nucleosome
and at high density, we performed a sequential ChIP experiment
using mononucleosomes from sperm. However, this procedure
failed to provide enrichment (data not shown), suggesting that
most nucleosomes do not contain both marks, a result supported
by experiments described later suggesting that H3K4me3 is only at
moderate density at developmental genes, while H3K27me3 is at
high density. Curiously, certain gene clusters are enriched in
H3K4me3 while also deficient in H3K4me2 (i.e., hoxb and hoxd
clusters, but not hoxa) (Fig. 3A; Supplemental Fig. 3A,B), suggesting
precise and regional H3K4me states at certain loci. Finally, de-
velopmental loci lack significant H3K14ac enrichment, a mark
correlated with transcription in somatic cells (Supplemental Table
3), and also generally lack significant enrichment of the repressive
mark H3K9me3 (data not shown), a mark present at other types of
repressed loci, described later.

Taken together, the vast majority of developmental tran-
scription factors, as well as considerable number of key signaling
proteins, is bound by coincident blocks of H3K27me3, H3K4me2/
3, and H2AFV but lacks significant H3K14ac enrichment. These
blocks can extend for tens of kilobases at clustered gene loci,
whereas at stand-alone transcription factors genes, the blocks are
typically 2-5 kb (with variation), extending from the TSS into the
proximal promoter and sometimes encompassing the entire gene.

Pronounced DNA hypomethylation at developmental loci

Although the bulk zebrafish sperm genome is hypermethylated
(Mhanni and McGowan 2004), GO analysis reveals three cate-
gories of DNA hypomethylated promoters (false discovery rate
[FDR] < 0.1%): developmental regulators, transcription factors, and
metabolism/biosynthesis (Table 1; Fig. 3A-C; Supplemental Table
6). Indeed, the top 250 hypomethylated genes are dominated by
embryonic transcription factors (Supplemental Table 7). One ex-
ample is the hoxa locus, where hypomethylation covers almost the
entire locus (Fig. 3A). This observation extends beyond the clus-
tered developmental transcription factors to many stand-alone
developmental regulators (Fig. 3B). DNA hypomethylation at de-
velopmental loci in sperm was further confirmed by bisulfite se-
quencing (Supplemental Fig. 4), which revealed a nearly quantita-
tive absence of methylation. To identify loci that acquire methylation
in development, we compared DNA methylation profiles in sperm
to a differentiated cell type, adult zebrafish muscle. These exami-
nations revealed extensive methylation of developmental tran-
scription factor promoters not expressed in muscle cells (almost all
hox genes), but the lack of methylation at the mef2 and hoxal3
promoters, which are expressed in muscle (Fig. 3; data not shown).
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Indeed, 35% of the top 250 genes that acquire DNA methylation in
their proximal promoter region in muscle cells are developmental
regulators such as transcription factors (Supplemental Table 8). In
contrast, along the majority of the genome, DNA methylation
profiles are virtually superimposable in sperm and muscle (Supple-
mental Fig. 3C). The acquisition of methylation at developmental
promoters in muscle was further confirmed by bisulfite sequencing
(Supplemental Fig. 4). Together, these results suggest that de-
velopment in zebrafish is accompanied by the methylation of de-
velopmental loci for alternative transcription programs.

We find multivalent chromatin and DNA hypomethylation
residing at the promoters of the vast majority of developmental
transcription factors and a large number of signaling factors in
zebrafish sperm. Exceptions to this include the promoters for the
transcription factors atoh7, atoh2a, poulfl, foxnl, tal2, and gatala,
among others (data not shown). Notably, these genes are not
generally expressed during early patterning or organ specification
but rather are expressed during or after segmentation—with many
of these types of factors being expressed during the later stages of
eye, thymus, blood, or neuronal development. Thus, the multi-
valent chromatin may be more important for helping to regulate

gene expression in early embryos than during terminal differen-
tiation. Furthermore, the promoters of a subset of signaling factors
such as wnt5b, fgf10, egf, and bmp7 are also not marked with
H3K27me3 (or H3K4me2/3) and are DNA methylated (data not
shown). However, we have not identified a clear biological or
temporal attribute of this group of signaling factors that might
underlie their alternative marking, but these loci are of interest to
examine for DNA demethylation in embryos.

Loci bearing high levels of multiple active marks
in zebrafish sperm

We find the general coincidence of the three active marks tested
(H3K4me3, H3K4me2, and H3K14ac), as pairwise intersection
analyses of their respective top 250 enriched genes show signifi-
cant overlap (~25%-35%; P < 0.001) (Supplemental Tables 9-11).
GO analysis reveals H3K4me3 and H3K14ac significantly (FDR
<10%) enriched at the promoters of housekeeping genes and genes
for sperm-specific processes, including flagella/microtubules, cat-
abolic processes, regulation of M-phase, DNA repair, and nucleo-
tide metabolism (Table 1; Supplemental Tables 12, 13). Intuitively,
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their presence at genes for sperm-related functions likely repre-
sents retention of chromatin modifications from spermatogenesis.
Thus, to provide proper context, developmental loci show only
low-moderate enrichment with H3K4me2/3 (2.0- to 2.5-fold) in
comparison to the gene categories for sperm-specific processes
(H3K4me2/3, 4.0- to 5.0-fold; H3K14ac, 2.3-fold). Finally, we ob-
served one large and curious region on chromosome 19 with
a continuous block of very high H3K14ac extending through genes
and intergenics, including the genes daxx and sdha and certain
protease subunits (data not shown).

Atypical placement of H3K3éme3 in zebrafish sperm

Methylation on H3K36 is catalyzed by Set2-family methyl-
transferases, and deposition is generally coupled with RNA Pol II
elongation (Krogan et al. 2003; Carrozza et al. 2005; Joshi and
Struhl 2005; Keogh et al. 2005), leading to H3K36me3 placement
along gene bodies. In yeast, H3K36me3 recruits the Rpd3S com-
plex bearing histone deacetylase (HDAC) activity to prevent spu-
rious transcription in the coding region.

Remarkably, we do not observe H3K36me3 on the coding
regions of genes known to be expressed during spermatogenesis
and genes displaying robust levels of H3K4me3 and H3K14ac at
their TSS, known marks of transcriptional activity (Fig. 4A). Rather,
we find H3K36me3 at two types of loci. The type with the highest
levels of H3K36me3 is found at certain repetitive genes (U6 genes)
and elements (Fig. 4B). The second enriched type has clear
H3K36me3 in regional blocks and is coincident with devel-
opmental loci (Fig. 3A-C). This is most strikingly observed at the
clustered hox gene loci and also at divergent developmental genes,
which display clear enrichment of H3K36me3 in the intergenic,
such as the divergent wntl-wnt10 genes (Fig. 3C). We found 137
unique genes overlapping or adjacent to high levels of H3K36me3
(more than 2.7-fold enriched) (Supplemental Table 14), and of
these, over 37% are categorized into transcription and develop-
mental processes (FDR < 0.001) (Supplemental Table 15). Intersec-
tion analyses show that H3K36me3 in gene promoters is strongly
correlated with H3K27me3, H2AFV, or H3K4me3 (each correla-
tion P < 0.001) (Supplemental Fig. 5), but not with H3K14ac—
properties evident at developmental genes (Fig. 3). Here, sequen-
tial ChIP was performed to test H3K36me3 and H3K27me3
coincidence, and co-enrichment was observed at the promoter
region of several developmental regulators tested (Supplemental
Fig. 6). These correlation data and localization of H3K36me3 in-
dicate a potential repressive role for H3K36me3 in zebrafish sperm.
Importantly, genes with H3K36me3 lack significant H3K14ac in
zebrafish sperm, consistent with observations in somatic cells
(Figs. 3A-C, 5C; Carrozza et al. 2005; Bell et al. 2007). This raises
the possibility that in spite of its atypical placement, H3K36me3 in
the germline might still recruit HDAC:s to help silence loci. Nota-
bly, the atypical placement of H3K36me3 is not restricted to
clustered genes, as stand-alone developmental transcription and
signaling factors contain blocks of H3K36me3 in their promoter
region, coincident with H3K27me3, H3K4me2/3, and H2AFV (Fig.
3B,0).

The presence of H3K36me3 enrichment at intergenics and
gene promoters/5’ ends has not been reported previously in verte-
brates. This anomaly is not simply species specificity, as zebrafish
late embryos display typical H3K36me3 profiles involving enrich-
ment at 3’ ends of transcribed genes (Vastenhouw et al. 2010),
a result confirmed here (Supplemental Fig. 7A). One question is
which methyltransferase is responsible for the placement of atypical

H3K36me3. Previous work in mice and humans has revealed addi-
tional H3K36 methyltransferases, including nsd1 and nsd2 (Wang
et al. 2007). We find the orthologs nsd1a, nsd1b, and nsd2 expressed
in zebrafish testis (data not shown), revealing candidates for future
investigation.

As H3K36me3 distribution was atypical, we therefore exam-
ined H3K36me2 at selected genes. We examined two genes
expressed in spermatogenesis (bactin2, ddx5) by ChIP-qPCR and
found H3K36me2 higher in their coding regions than their 5’ ends
(Supplemental Fig. 7B). Furthermore, the levels of H3K36me2 in
coding regions of expressed genes were much higher than were
levels detected at two developmental genes (gsc, kIf4) that are not
expressed in spermatogenesis (Supplemental Fig. 7B). Therefore,
the distribution of H3K36me2 in sperm appears similar in concept
to somatic cells, whereas the distribution of H3K36me3 is atypical;
though for H3K36me2, we have only examined a few genes and
have not extended this examination genome-wide.

Chromatin features of repeat regions and noncoding RNAs

Our arrays included various regions of the genome, enabling an
analysis of chromatin profiles in repetitive regions, 55/5.85 rtDNA
repeats, tRNAs, and tRNA clusters. We emphasize that the majority
of the regions discussed in this section are nonunique and that
chromatin maps derived from array formats represent a class av-
erage of the element described. First, we find that type 1 transpo-
sons (LINE) are typically DNA methylated and deficient in the
activating marks tested but are (somewhat surprisingly) not en-
riched in any of the repressive marks tested (including H3K9me3),
nor are they deficient in H3K14ac (Supplemental Fig. 8A). Type 2
transposons (SINE) displayed a similar pattern, though with only
moderate levels of DNA methylation (Supplemental Fig. 8B). We
note that our examination of data sets from human T cells (Barski
et al. 2007) likewise does not generally reveal H3K9me3 at LINE or
SINE elements (data not shown). In counter-distinction, we find
the repeated genes encoding the noncoding RNAs Ul and U6
highly DNA-methylated and associated with particular silencing
marks (high H3K36me3 and moderate H3K9me3), while highly
deficient in activating marks (H3K4me2/3, H3K14ac, or H2AFV)
and lacking H3K27me3 (Fig. 4B). A similar pattern is noted for the
zebrafish 5§ and 5.8S rRNA repeats, although 5.8S tDNA repeats
display much higher levels of H3K9me3 than do the 5S repeats and
lack H2AFV deficiency (Supplemental Fig. 8C,D). In contrast, our
examination of data sets from human T cells (Barski et al. 2007)
reveals a general lack of H3K9me3 at the U1/U6 and 55/5.8S loci,
suggesting some differences in the packaging of repetitive loci in
zebrafish and humans. The tRNA clusters all showed profiles sim-
ilar to that of the UI/U6 repeats, while most stand-alone tRNAs
were found in regions of active chromatin—bearing moderate to
high levels of H3K14ac and H3K4me2/3 while lacking H3K27me3,
H3K9me3, or H3K36me3 (Supplemental Fig. 8E,F). This parti-
tioning of tRNAs into very different chromatin environments
(active or repressive) is reminiscent of recent studies in human
cells, where those tRNAs in active chromatin environments were
occupied by the RNA Pol III machinery and those unoccupied by
Pol IIT were in repressive chromatin (Oler et al. 2010).

Transcripts retained in mature sperm and their
chromatin profiles

Mature sperm of vertebrates are transcriptionally inert (Miteva
etal. 1995; Naz 1998; Grootegoed et al. 2000). Consistent with this
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Figure 5. Certain chromatin modification patterns in sperm correlate with the timing of embryonic gene expression. (A) Heat map showing the
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(H3K27me3) in sperm. (B) Genes expressed before/early in MBT (3 hpf in zebrafish) are those that drive the cell cycle and promote metabolism, and are

enriched with high levels of active histone modifications.

observation, RNA Pol II protein levels in mature sperm are barely
detectable (<0.5% compared with fibroblasts) (data not shown). In
spite of this, we reasoned that an examination of transcript profiles
of mature sperm might reflect, in part, the recent transcriptional
program of spermatocytes and spermatogenesis and might also
correlate with regions of active chromatin retained following the
cessation of transcription. To this end, we performed expression
profiling by microarray, and enriched RNAs (more than 5.8-fold

over background) were retrieved, yielding 1731 genes, which
revealed largely genes predicted to be highly expressed (encoding
ribosomal proteins, actin, tubulin, etc.) (Supplemental Table 16).
As expected, transcripts in mature sperm were well correlated with
active chromatin marks (H3K4me2/3 or H3K14ac) and DNA
hypomethylation (all P < 0.01), but not with the repressive mark
H3K27me3 or the poising mark H2AFV (Fig. 4A; Supplemental
Table 17).
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Sperm chromatin features and timing of gene
expression in embryos

Previous work suggests that a small number of loci might be
transcribed before or during an early phase of the mid-blastula
transition (MBT), the time when general zygotic transcription
initiates in the embryo (Mathavan et al. 2005). These genes include
factors that promote the cell cycle and those that assist with RNA
translation and metabolism, whose increased levels might help
prepare cells for handling the RNAs generated during zygotic
transcription. One possibility is that genes that are transcribed
prior to (or early in) the MBT in zebrafish (3 h post-fertilization
[hpf]) might have been marked in the sperm with particular
chromatin modifications or histone variants that might help fa-
cilitate their early activation in the embryo. Although certain
marks/proteins are likely lost at fertilization (see Discussion), some
might be retained and instructive. Here, we reasoned that if
marking in the sperm does occur, then genes that contain high
levels of active marks in mature sperm might be correlated with the
genes activated prior to general zygotic transcription. We find that
genes bearing active histone marks (H3K4me2/3 or H3K14ac) in
sperm are indeed correlated with an early zygotic expression pro-
file (genes that others defined as initiating their expression at
2 hpf) (Fig. SA; Mathavan et al. 2005). We note that genes that
drive the cell cycle and promote metabolism in very early embryos
bear very high levels of active histone marks in sperm (Table 1; Fig.
5B). In contrast, genes in sperm bearing high levels of the re-
pressive mark H3K27me3 and also the histone variant H2AFV are
better correlated with a post-MBT expression profile, when
developmental regulators begin to be expressed (Fig. SA; exem-
plified in Fig. 3A-C). Genes that lack DNA methylation in sperm
are correlated with embryonic transcription, both pre- and post-
MBT, but better with post-MBT. In conclusion, although a causal
relationship has not been established, we do observe correlations
between chromatin modification patterns in sperm and gene ex-
pression timing in embryos.

Discussion

Zebrafish sperm utilize nucleosomes and linker histones
for packaging

Our goals are to understand chromatin-transcription relationships
and their contributions to totipotency in germ cells and early
embryos, and here we explore the zebrafish model. We find that
zebrafish packages its sperm genome in nucleosomes rather than
protamine, which is widely utilized in mammals. Curiously, sperm
genome packaging systems utilized in teleost fish vary widely; some
utilize only histone, while others use protamine or protamine-like
proteins (Shimizu et al. 2000). At present, it is not clear why certain
fish utilize particular packaging strategies, as they cannot be parti-
tioned on simple attributes such as salt versus fresh water. However,
our analysis of histone modification states and packaging compo-
sition suggest an intuitive strategy for the compaction of the his-
tone genome involving the coordinated use of nucleosomes lacking
H4K16ac, various linker histones, and possibly ISWI-type remod-
elers—based on extensive work on this process in somatic cells. We
note that the packaging of the sperm genome by nucleosomes
prevents its effectiveness as a model for understanding the histone-
protamine transition. However, as discussed below, zebrafish ap-
pear very similar to humans in their packaging of genes important
for embryonic development, suggesting they may serve as an im-
portant model for developmental gene packaging and marking.

Features of gene packaging in germ cells and ES cells

Key issues in germ cells include understanding the mechanisms for
totipotency and the relative contributions of the egg and sperm
genomes to this process. Here, chromatin structure could play an
important role, given its known roles in gene regulation and gene
poising. Currently, little is known in vertebrate eggs regarding the
chromatin structure that packages the key embryonic self-renewal
and developmental transcription factors. However, previous work
in mature human and mouse sperm has revealed that genes of
importance for embryo development (i.e., transcription factors)
lack DNA methylation and bear nucleosomes with distinctive
histone modifications, suggesting the specialized packaging and/
or poising of developmental genes in the germline (Weber et al.
2007; Down et al. 2008; Farthing et al. 2008; Arpanabhi et al. 2009;
Hammoud et al. 2009; Brykczynska et al. 2010). This packaging is
similar in some respects to their packaging in ES cells, as they share
H3K4me3/H3K27me3 “bivalency,” DNA hypomethylation near
the TSS, and the presence of H2AFV (Bernstein et al. 2006;
Creyghton et al. 2008; Fouse et al. 2008). These similarities
strongly suggest some degree of overlap in the chromatin mecha-
nisms that contribute to the pluripotency of ES cells and totipo-
tency in germ cells. This also raises the interesting possibility that
the chromatin signatures of totipotency arose initially in the
germline—and were then largely maintained (or re-established) to
achieve pluripotency in somatic cells.

Furthermore, our studies extend on those before to reveal
considerable additional complexity in gene packaging in sperm, as
well as features thus far unique to germ cells. First, our examination
of multiple modifications argues for complex “multivalent” chro-
matin involving multiple positive and negative marks. Likewise, we
speculate that additional histone modifications and packaging
proteins might be present at developmental genes in ES cells and
contribute to the robustness of their transcription states.

Also, whereas developmental genes in human or mouse ES
cells display bivalency in a relatively narrow range near the TSS of
genes (Bernstein et al. 2006; Mikkelsen et al. 2007; Hammoud et al.
2009; Brykczynska et al. 2010), hox loci in zebrafish sperm display
a contiguous block of modifications that typically (though not
uniformly) extend throughout the locus. For stand-alone tran-
scription factors in sperm, blocks of multivalent chromatin are
also present and typically extend over many kilobases. The size and
typical uniformity of these chromatin blocks strongly suggests a
program for their establishment in the germline. Although the
mechanistic basis for this program (including the targeting, es-
tablishment, and maintenance) has not been determined, we
speculate that the self-renewal factors may have roles in targeting
chromatin, based on a precedent in ES cells for the targeting and
establishment of bivalent chromatin (Boyer et al. 2005, 2006a,b;
Orkin 20035; Welstead et al. 2008). Another outstanding question is
how these regions are bounded, as the boundaries for this chro-
matin are often quite sharp, raising the possibility of a boundary
factor such as CTCEF. Further work in this area will involve an ex-
amination of the packaging of these genes in spermatogonial stem
cells.

H3K3éme3 at developmental genes and relationships
to transcription

Remarkably, we find H3K36me3 located in developmental gene
promoters in sperm and not present at the 3’ ends of coding re-
gions of genes, even when examining genes heavily transcribed
in spermatogenesis and spermiogenesis. Our results raise multiple
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possibilities, which are not mutually exclusive. One possibility is that
the rules for H3K36me3 deposition are the same in the germline and
soma—with H3K36me laid down during Pol II elongation (Krogan
et al. 2003; Keogh et al. 2005)—but that histone demethylases
remove the mark from highly transcribed genes before sperm cell
maturation. Another possibility is that the Set2d histone H3K36
methyltransferase, or a Set2 paralog such as nsd1/2, does not
methylate highly transcribed genes but instead methylates genes
inside the chromatin domains of developmental genes (such as hox
clusters) in a manner independent of transcription. Finally, one
attractive but speculative model is that the promoters of devel-
opmental loci (and perhaps more extensive regions at clustered
hox loci) are briefly and promiscuously transcribed in the germline,
leading to blocks of overlapping H3K4me2/3, H3K27me3, and
H3K36me3 patterns. By this model, the observed chromatin pat-
terns are dependent on initial promiscuous transcription (gener-
ating H3K4me3 in initiation regions and H3K36me in elongation
regions), followed by the silencing of the gene by the attraction
of PRC2/H3K27 by the nascent RNAs produced (Zhao et al. 2008;
Lee 2009; Tsai et al. 2010) and deacetylation through resident
H3K36me3 and its recruitment of HDACs (Carrozza et al. 2005;
Joshi and Struhl 2005; Keogh et al. 2005).

The purpose of zebrafish sperm chromatin

Loci of developmental importance in the embryo bear complex
multivalent chromatin in sperm and resemble several ways the
chromatin present at these loci during MBT, when developmental
loci must be repressed but able to be activated (Hammoud et al.
2009; Lindeman et al. 2010; Vastenhouw et al. 2010). Indeed, work
from several laboratories now suggests that totipotent/pluripotent
states of the germline and embryos share at developmental pro-
moters unmethylated and complex “multivalent” chromatin
(Hammoud et al. 2009; Lindeman et al. 2010; Vastenhouw et al.
2010). A clear question is whether this complex multivalent
chromatin built in the sperm is needed solely for the proper gene
regulation in the germline, or whether this multivalent chromatin
(or any portion) is maintained and instructive in the embryo. One
clear role for complex multivalent chromatin in the germline is to
repress the many fate-determining developmental embryonic
transcription factors. However, this does not explain the presence
at these genes of positive marks such as H3K4me2/3 and H2AFV,
which one would expect to be absent if the sole purpose is re-
pression. Alternatively, we speculate that the negative marks are
indeed present to repress these genes in the germline but that the
positive marks are present to prevent DNA methylation of these
loci, as even modest DNA methylation might bias these genes for
repression in the embryo. This notion is in keeping with previous
results that both H3K4me3 and H2A.Z/H2AFV are strongly anti-
correlated with DNA methylation (Okitsu and Hsieh 2007; Weber
et al. 2007; Zilberman et al. 2008).

The next issue is whether the epigenetic marks other than
DNA methylation (histone modifications and variants) are main-
tained in the embryo and are instructive. We observe correlations
of chromatin marking in sperm with expression in the embryo,
which might suggest the use of a chromatin memory to instruct
expression timing. However, for two reasons, these data must be
interpreted with caution. First, the genes with high H3K4me3 and
H3K14ac in sperm that are transcribed prior to MBT are strongly
transcribed in virtually every somatic cell type, so early expression
might be a result of their exceptionally strong promoters, not prior
marking in the sperm. Second, recent experiments in zebrafish

have demonstrated that the bulk levels of H3K4me3 and H3K27me3
are greatly diminished between fertilization and MBT, and these
reductions also occur at developmental genes (Vastenhouw et al.
2010). Furthermore, these marks are then visible again after MBT,
thus re-establishing this signature of pluripotency after zygotic
transcription. As they are diminished prior to MBT, these two
marks cannot solely be instructive for regulating the timing of gene
activation.

However, our description of multivalent chromatin raises the
possibility that one or more of the alternative marks, histone var-
iants, or possibly noncoding RNAs may still be maintained and
utilized to affect gene expression, though this remains to be tested.
However, we note that if a mark/protein does persist, it must have a
mechanism for self-renewal as new histones deposited during each
cell division must be newly marked. An alternative view proposed
previously (Vastenhouw et al. 2010) is of a naive chromatin ge-
nome prior to MBT—with developmental loci completely un-
marked prior to MBT and with chromatin modifiers (like H3K4
MTases) targeted to these loci at or just prior to MBT. A blending of
these mechanisms is also possible, with the use of transcription
factors to gain access to the open chromatin soon after fertiliza-
tion, which then help facilitate the reestablishment of those
chromatin marks and RNA Pol II recruitment at MBT. Future ex-
periments will help distinguish between these and other models.

Methods

Zebrafish stocks and cells

The wild-type zebrafish line (Tiibingen) and ZF4 cells (zebrafish
fibroblast cells) were maintained as described previously (Rai et al.
2007). Sperm cells were collected from sexually mature zebrafish
males by standard procedures (Westerfield 2000).

Western blotting and antibodies

The sperm or fibroblasts were counted using a hemacytometer,
washed with PBS, and then lysed in 2X sample buffer. Western
blotting was done according to standard procedures. Antibodies
were as follows: H3K4me3 (Abcam ab8580 and Active Motif
39159), H3K4me2 (Abcam ab7766), H3K14Ac (Upstate 07-353),
H2AZ (Abcam ab4174), H3K27me3 (Upstate 07-449), H3K9me3
(Active Motif 39161), H3K36me3 (Abcam ab9050), H3K36me2
(Abcam ab9049), H4K16Ac (Abcam ab1762), H4tetraAc (Upstate
06-866), and H3 (Abcam ab1791).

MeDIP, ChIP, and sequential ChIP

The procedures of MeDIP and ChIP were described previously
(Hammoud et al. 2009). Briefly, for MeDIP, 4 pg of sheared geno-
mic DNA (~400 bp) from mature sperm cells or dissected muscle
tissues was incubated with Dynabeads (Invitrogen) conjugated
with antibody against 5-methylcytidine (Eurogentec BI-MECY-
1000). For ChIP, 107 of sperm cells was treated with 0.05% lyso-
phosphatidylcholine (Sigma L1381) in PBS on ice for 10 min. Fif-
teen units of MNase (USB 70196Y) was then applied to release
oligonucleosomes for 5 min at 37°C. Two micrograms of specific
antibody conjugated to Dynabeads was incubated with the oligo-
nucleosomes. The pulled-down fragments and input from MeDIP
and ChIP were amplified by whole-genome amplification kit
(Sigma WGA2), labeled with cy3 or cy$5, and then hybridized to
customized Agilent 244k-feature slides. Two biological replicas
were used for each ChIP and labeled with dye swap.
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For sequential ChIP, 2 X 107 of sperm cells was crosslinked
and lysed in sperm cell lysis buffer (50 mM Tris at pH 8.0, 10 mM
EDTA, 1 mM EGTA, 150 mM NacCl, 1% SDS, 3 mM DTT). The lysate
was diluted with IP dilution buffer (16.7 mM Tris at pH 8.0, 167
mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, 0.01% SDS) and
sheared by sonication to obtain fragments of mononucleosome
size. Antibody was applied to first IP as above. After washing out
the nonspecific binding, chromatin-associated beads were in-
cubated in elution buffer (30 mM DTT, 0.1% SDS, 500 mM NaCl)
for 15 min at 37°C. The eluate was diluted 30-fold with IP dilution
buffer for the second IP and then treated as in standard IP pro-
cedures (Bernstein et al. 2006).

Customized zebrafish promoter microarray

The customized zebrafish promoter microarray, Z-array+ was
adapted from the Whitehead zebrafish promoter chipsets (Wardle
et al. 2006), by adding hundreds of additional genes and genetic
elements. Z-array+ constitutes of a pair of 244,000 feature arrays
with 60-mer oligos tiled an average 250 bp in the extended pro-
moter region (—9 to +3 kb) of approximately 13,000 mRNA genes,
miRNAs, tRNAs, rRNAs, repeat elements, CpG islands, and two
centromeric heterochromatin regions.

RNA extraction and expression microarray

As in standard procedures (Westerfield 2000), mature sperm cells
were screened under a microscope. RNA from 6 X 107 of mature
sperm cells was extracted with a Qiagen RNA isolation kit. The
zebrafish gene expression microarray (Agilent) includes 43,803
probes covering approximately 21,500 genes.

Data availability

The data have been deposited in the Gene Expression Omnibus
(GEO) under accession number GSE26609. The processed data are
available for programmatic access using the GenoPub DAS/2 data
distribution server (description, http://bioserver.hci.utah.edu/
Biolnfo/index.php/Software:DAS2; GenoPub web app, http://
bioserver.hci.utah.edu:8080/DAS2DB/genopub (type “guest”
for both the user name and password); and the DAS/2 Data Access
URL, http://bioserver.hci.utah.edu:8080/DAS2DB/genome). DAS/2
compliant genome browsers such as IGB (http://www.bioviz.org/
igb/) can be used to view the data sets, found under Danio rerio—
D_rerio_Jul_2007—Wu_2011.
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Note added in proof

Two studies have recently shown the deposition of H3K36me in
a transcription-independent manner in the germline of C. elegans
(Furuhashi et al. 2010; Rechtsteiner et al. 2010).
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