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Abstract. Comparison of histone gene cluster
arrangements in several species has revealed a broad
spectrum of histone gene patterns. To elucidate the
core histone gene organization in a mollusk, we have
analyzed a Mytilus edulis genomic library and have
isolated eight phage clones containing core histone
genes. Analysis of insert DNA revealed that the core
histone genes are arranged as regular gene repeats of
all four core histones. The repeats do not contain
linker histone genes. The clones are distributed into
two groups of dissimilar repeated units with a com-
mon size of about 5.6 kb. The genes of each core
histone class in the distinct repeats encode identical
histone proteins and have comparable gene arrange-
ments in the two repeat units. However, the inter-
genic sequences differ significantly. The core histone
genes are organized as large clusters of about 100
repeats each. Previously, we have shown that the
linker histone genes in M. edulis are also organized in
a cluster of repeats of solitary HI genes. Hence, this is
the first case of a separate, clustered organization of
both core and linker histone genes, repectively.
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Introduction

Histones are the major protein constituents of
eukaryotic chromatin. The family of histone proteins
has been subdivided into the core histones (H2A,
H2B, H3, and H4), which form the core particle of
the nucleosome, and the linker histones (H1), which
are involved in the generation of the higher-order
chromatin structure (Thoma et al. 1979). The H3 and
H4 histone proteins are among the most conserved
eukaryotic proteins, and their genes as well as their
arrangement have been conserved over a long period
in evolution (Miller et al. 1993). For example, the H4
amino acid sequences of slime molds, plants, and
mammals are nearly identical (Wells and Brown
1991). In humans, 14 genes code for H4 proteins with
identical amino acid sequences (Albig and Doenecke
1997). In contrast to the highly conserved family of
core histones, H1 histones are less evolutionary con-
served. Seven H1 subtypes have been characterized
and isolated from the genomes of human and mouse
(Eick et al. 1989; Albig et al. 1991, 1997a; Drabent
et al. 1991, 1993, 1995; Wang et al. 1997). In nu-
merous organisms, core and linker histone genes are
organized in clusters containing several copies of all
five histone genes (Hentschel and Birnstiel 1981).
Such gene clusters can be arranged in tandem repeats
of genes encoding all five histones as in several in-
vertebrate genomes (Maxson et al. 1983a). In the
genome of the sea urchins Strongylocentrotus purpu-
ratus and Psammechinus miliaris, several hundred
quintets of histone genes are tandemly linked and are
expressed at early embryonic stages (Hentschel and
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Birnstiel 1981; Kedes 1979; Sures et al. 1978). The sea
urchin histone genes that are expressed later in em-
bryogenesis are clustered with no regular organiza-
tion, while some histone genes appear dispersed
throughout the genome (Maxson et al. 1983b). In the
chicken, murine, and human genomes, histone genes
are clustered but not tandemly repeated, and the H1
histone genes are located within these large clusters
together with core histone genes (Heintz et al. 1981;
D’Andrea et al. 1985; Albig et al. 1997a, b; Wang
et al. 1997). In the annelids Chaetopterus variopedatus
and Platynereis dumerilii, histone gene clusters of all
five histones and additional clusters of only core
histones without H1 genes have been reported (Sellos
et al. 1990; del Gaudio et al. 1998). Gene clusters
containing exclusively core histones, with no HI1
genes, have also been described in the genomes of the
newt Notophthalmus viridescens (Stephenson et al.
1981), the sea stars Pisaster ochraceus, P. brevispinus,
and Dermasterias imbricata (Cool et al. 1988), and
the coral Acropora formosa (Miller et al. 1993), albeit
with variable histone gene arrangements.

In the fruit fly Drosophila virilis, core histone gene
clusters without H1 genes have been found in addition
to tandemly arranged quintets of all five histone genes
(Domier et al. 1986). In contrast, histone gene clusters
in Drosophila melanogaster consist exclusively of
quintets containing H1 and core histone genes (Lifton
et al. 1977). In the genome of the nematode Caenor-
habditis elegans dispersed clusters of only core histone
genes have been found (Roberts et al. 1987). More-
over, in Volvox carteri (Lindauer et al. 1993), Ca-
enorhabditis elegans (Sanicola et al. 1990), and
Arabidopsis thaliana (Gantt and Lenvik 1991; Ascenzi
and Gantt 1997), single-copy genes of HI1 separated
from core histone genes have been described. In hu-
man (Albig et al. 1993), mouse (Brannan et al. 1992),
and rat (Walter et al. 1996), the genes coding for the
histone H1° are located solitarily within the genome.
Sellos et al. (1990) have described core histone genes
tandemly repeated in the annelid Platynereis dumerilii
and have compared the cluster arrangements in
several species. Summarizing the evolutionary picture
emerging from these data, the authors conclude that
regularly repeated histone gene quintets are charac-
teristic of echinoderms and arthropods.

In a previous report, we studied the arrangement
of the linker histones in the genome of the marine
mollusk Mytilus edulis, which has been the subject of
several studies in chromatin research. This work on
linker histone genes has shown that all H1 genes are
arranged in tandem with no neighboring core histone
genes (Drabent et al. 1999). Here, the organization of
the core histone genes within the genome of this
bivalve mollusk is described. The core histone genes
are organized in clusters, each containing all four
core histone genes repeated in tandem. There are two

clusters, with a similar arrangement of the coding
sequences but with distinct intergenic sequences.

Materials and Methods

Isolation and Sequence Analysis of Mytilus edulis
Histone Genes

A Mytilus edulis genomic library in the AGEM-11 bacteriophage
(Promega, Madison, WI) was prepared from sperm DNA and
screened with a human H4 histone gene probe (Albig et al. 1991).
Hybridization was performed under low-stringency conditions
(60°C, 5 x SSPE [1 x SSPE: 0.18 M NaCl, 0.01 M sodium phos-
phate, 0.001 M EDTA]). Eight phage clones hybridizing with the
probe were isolated and further analyzed by restriction enzyme
digestion and Southern blotting. The fragments hybridizing with
core histone gene probes were isolated and subcloned into the
pUCI19 plasmid vector. Sequence analysis was carried out by Dye
Terminator Cycle sequencing with an ABI 373A DNA Sequencer
(Applied Biosystems, Foster City, CA). Alignments of the se-
quences were obtained using the DNA Star and BLAST software.

Restriction Mapping of the Phage Inserts

Restriction mapping of the phage inserts was performed following
Smith and Birnstiel (1976) with some modifications. Briefly, 10-15
ng of phage DNA was completely digested with Sfil to release
inserts from the phage arms. These were then partially digested
with Sacl, Pstl, Hindlll, and EcoRI, respectively. The resulting
restriction fragments were separated by gel electrophoresis and
blotted onto a nylon membrane. The Southern blot was hybridized
with radioactively labeled oligonucleotide probes for the Sp6 and
T7 promoter sites, delimiting each end of the inserts. Size analysis
of the labeled restriction fragments revealed the arrangement of the
Sacl fragments within phage inserts.

Determination of the Copy Number of the Repeat
Unit within the Genome

Four, 2, 1, 0.5, and 0.2 pg of Mytilus edulis genomic DNA and, for
comparison purposes, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.0l ng of
plasmid DNA from pUWO06 and pUWI15, containing one copy of
each of the Mytilus edulis core histone genes on a 4.8 or 5.6-kb Sacl
fragment, were digested with Sacl and blotted onto a nylon
membrane. Considering a haploid DNA complement for Mytilus
edulis of 1.5 x 10° bp (Ruiz-Lara et al. 1992), 1 pg of genomic
DNA corresponds to approximately 6 x 10° Mytilus edulis genome
equivalents. Because the size of pUWO06 and pUW15 is 8.2 kb each,
1 ng of plasmid DNA corresponds to 1.2 x 10 copies of each of
the core histone genes. The blot was subsequently hybridized with
the radioactively labeled Mytilus edulis H4 probe and the hybrid-
ization intensity was measured with a Phosphor Imager and eval-
uvated with the software Image-Quant (Amersham Biosciences,
Freiburg). The quantitation was done in three independent exper-
iments. The linearity of the intensities of the hybridization signals
was verified by a dose-response curve.

Results

Isolation of Clones Containing Core Histone Gene
Repeats from a Mytilus edulis Genomic Library

For the isolation of the core histone genes from My-
tilus edulis, a genomic library was analyzed with a
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Fig. 1. Restriction maps of the inserts of the phage clones
containing core histone genes. Recombinant phages were isolated
from a Mytilus edulis genomic library. The phage inserts were
mapped according to the method described by Smith and Bir-

human H4 histone gene probe (Albig et al. 1991). The
screening yielded eight phage clones. Restriction
enzyme analysis with Sacl, Pstl, and Sacl/Pstl
revealed that the clones could be distributed into two
groups according to size. The inserts of one group
contained identical 4.8 and 0.8-kb Sacl fragments,
whereas the other group contained only 5.6-kb Sacl
fragments. The first group comprised five clones, and
the second three. All clones were further analyzed by
restriction enzyme mapping and Southern blot
hybridization, which was performed with recombinant

nstiel (1976), with the restriction enzymes Sacl (S), Pstl (P),
HindlIIl (H), and EcoRI (E). The repeat units of the two types
(UWO06 and UWI15) are shown below the corresponding restric-
tion maps.

phage DNA digested with the restriction enzymes Sacl
and Pstl and the combination thereof (Sacl/Pstl).
Hybridizations were carried out with the human H1.3
probe (Albig et al. 1991) and with probes for the hu-
man core histones H2A, H2B, H3, and H4 (Albig et al.
1997b). None of the eight phage DNA fragment pat-
terns hybridized with the HI1 histone gene probe,
whereas all phage clones yielded insert fragments that
hybridized with all four core histone gene probes. The
size pattern of the hybridizing fragments confirmed the
subdivision into two groups.
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Fig. 2. Histone gene arrangement in different repeat units. Re-
striction enzyme cleavage sites are indicated as in Fig. 1. Bold ar-
rows denote the coding regions of the core histone genes. Top:
Comparison of the two repeat units. Vertical numbers indicate the
nucleotide sequence similarity of the corresponding genes and the
intergenic regions between the two repeat units (UW06 and

Phage inserts were mapped in detail by partial
digestion with Sacl and hybridization with probes for
each of the phage arms, following Smith and Birnstiel
(1976). Partial Sacl digestion clearly revealed a
repeated structure in the insert, with several Sacl
fragments within the DNA of each phage (electro-
phoresis data not shown). Almost all phage inserts
contained Sacl fragments of the same size as shown
in Fig. 1. The phage inserts 1.1.1, 8.2.1, 9.4.1, and
10.2.1 contained alternating Sacl fragments of 4.8
and 0.8 kb, whereas the phage inserts 5.2.1, 6.2.1, and
9.1.1 contained multiple 5.6-kb fragments. One of the
phage inserts (6.3.2) yielded a restriction fragment
pattern different from that of the two prototypes
(Fig. 1). It displayed an additional Sacl fragment of
2.5 kb interspersed within the regular arrangement of
the Sacl fragments of 4.8 and 0.8 kb found in the
corresponding cluster type. Sequence comparison
indicates that this is the result of three deletions from
the regular 4.8-kb Sacl fragment as shown in Fig. 1.

Characterization of the Core Histone Genes

Various Sacl fragments hybridizing with the core
histone probe were isolated, subcloned, and mapped
with several restriction enzymes. Fragments of the
same size revealed an identical restriction enzyme

UWI15), expressed as a percentage. Bottom: Interpretation of the
origin of the aberrant Sacl fragment UW27 of the recombinant
phage 6.3.2. UW27 is the result of three deletions from two adja-
cent UWO06 repeats. Deleted regions are indicated as hatched tri-
angles. Note: The size scale for the bottom is half that for the top.

pattern, whereas fragments of different sizes revealed
distinct but similar restriction patterns (not shown).

The observed differences in fragment lengths sug-
gest that phage inserts contain genomic DNA tracts
from core histone clusters with distinct repeating
units or distinct parts of the same gene cluster. It was
difficult to sort out the fragments of various lengths
in phages with several Sacl fragments of the same
size. Since end-sequencing of a set of subcloned
5.6-kb Sacl fragments from several clones revealed
identical sequences, we further analyzed the repeat
unit for each group: UWO06 for the Sacl 4.8- +
0.8-kb repeat group and UW15 for the Sacl 5.6-kb
group, together with the interspersed 2.5-kb Sacl
fragment of the 4.8-kb repeat unit of phage 6.3.2. The
sequence analysis revealed a similar arrangement of
the histone genes within the two repeat units. The
coding sequences of the corresponding core histone
genes were also similar in the two repeats, but there
was little resemblance as regards intergenic regions
(Fig. 2). The open reading frames (ORFs) of the
corresponding core histone genes encoded the same
primary structures. All core histone genes show the
characteristic regulatory elements found in all repli-
cation-expressed histone genes (see Fig. 5): (1) a
CAAT box, (2) a TATA box (exception, H3), and (3)
the palindromic consensus sequence that forms the
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Histone H2A

N-terminal domain globular domain
l--=—mmmmmmmme e e 80
MSGRGKOGGKARAKAK TRS SRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLAAVLEYL TAE TLELAGNAARDNKK TRII
MSGRGKOGGKARAKAKSRS SRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYMAAVLEYL TAE ILELAGNAARDNKK TRII
MSGRGKGAGKARAKAKSRS ARAGLQFPVGR VHR FLRKGNYA ORVGAGAPVYLAAVLEYLAAE TLELAGNAARDNKK TRII
MSGRGK-GGKARAKAKSRS SRAGLQFPVGRVHRFLRKGNYAERVGAGAPVYLAAVMEYLAAE TLELAGNAARDNKK TRIN
MSGRGK-GGKAKGK SKSRSSRAGLQFPVGRIHRLLRKGNYAER IGAGAPVYLAAVMEYLAAEVLELAGNAARDNKK TRII
MSGRGK-GGKAKGKSK TRSSRAGLQFPVGRIHRLLRKGNYAERARAGAPAYLAAVMEYLAAEVLELAGNAARDNKKSRII
MSGRGK-GGKVKGKSK TRSSRAGLQFPVGRIHRLLRKGNYA ORVGAGAPVYLAAVMEYLAAEVLELAGNAARDNKKSRII
MSGRGK-GGKAKAKAKSRSSRAGLQFPVGRIHRLLRKGNYAERVGAGAPVYLAAVLEYLAAEVLELAGNAARDNKKSRII

C-terminal domain

8l--—===—- o e 130 variances
PRHLQLAIRNDEELNKLLGKVTIAQGGVLPNIQAVLLPKKTESHHKAKGK 17
PRHLQLA VRNDEELNKLLGGVTIAQGGVLPNIQAVLLPKKT ESHK PGKNK 17
PRHLQLA VRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKT-S-=-~-KASK 13
PRHLQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKTA--~~KAAK 11
PRHLQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKS-SQ-~K-TK 9
PRHLQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKT--0—-KPAK 8
PRHLOQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKT—-Q--KAAK 6

PRHLOQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKT--Q--KAAK

Histone H2B

N-terminal domain globular domain
e et DL D D DL S L L DL S L L L L L R R e L L L P L e L Lt 80
M-PEPAKSAPAPKRKGSKKAVTKAQKKDGKKRKRSRKESY SVY VYKVLKQVHPDTG ISSKAMGIMNSFVNDIFERIAGEAS
M-PEPAKSAPAPRKGSKKAVTKAQKKDGKKRKRSRKESY SVY VYKVLKQVHPDTG ISSKAMGIMNSFVNDIFERIAGEAS
M-PEPAKSAPAPKKGSKKAVTKTQKKGDKKRRRTRKESY SIY VYKVLKQVHPDTG ISSKAMGIMNSFVNDIFERIAGEAS
M-P-AKAQA-AGKKGSKKA-KAPKPSGDKKRRRKRKESYGIYIYKVLKQVHPDTG ISSRAMSIMNSFVND VFERIAAEAS
MAP-PKTSGKAAKKAGKAQ-KAISKDDKKKRRHKRKESYAIYI FKVLKQVHPDTGVSSKAMSIMNSFVNDIFERIAAEAS
M-P-PKVSGKAAKKAGKAQ-KNISKGDKKKNR-KRKESYAIYIYKVLKQVHPDTG ISSKAMSIMNSFVNDIFERIASEAS
M-P-PKVSSKGAKKAVSKS-KAPRSG-DKKKRRKRRESY SIY VYKVMKQVHPDTG ISSKAMSIMNSFVND LFERIASEAS
M-P-PKVGTKGAKKAVTKA-KTARPGGDKKRRRKRRESYAIYIYKVLRQVHPDTGVSSKAMSIMNSFVNDIFERIAAEAS

C-terminal domain

8l-—mmmmm e ————— e 127 variances
human RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 28
rat RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 28
chicken RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 26
sea urchin RLAHYNKKSTITSRE /QTAVRLLLPGELAKHAVSEGTKAVTKYT TSK 22
Chironomus RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 18
copepod RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 17
polychaete worm RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK 14

Mytilus edulis
Fig. 3.

Alignment of the amino acid sequences of histones H2A

RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSSK

by their respective accession numbers. H2A histones: human, Homo

(A) and H2B (B) from Mytilus edulis with a selected set of homo-
logues from other eukaryotes. Residues other than those of the
M. edulis histones are shown by italicized letters; identical residues,
by boldface letters; deletions are indicated by light dashes; wild
cards, by heavy dashes. The variability is expressed as the number
of variant amino acids together with insertions and/or deletions
with respect to the M. edulis histone proteins. Boundaries between
N termini and globular domains and between the latter and C
termini are indicated by pound signs above the alignments.
Sequences are from the NCBI Protein database and are identified

stem—loop motif responsible for proper 3’ histone
mRNA processing (Birnstiel et al. 1985).

The coding regions of the core histone genes con-
sist of ORFs for a 124-amino acid (aa) H2A histone,

sapiens, XP_004457; mouse, Mus musculus, AAB04767; sea urchin,
Strongylocentrotus purpuratus, P16886; starfish, Asterias rubens,
P02269; spoon worm, Urechis caupo, P27325; polychaete worm,
Chaetopterus variopedatus, AF007904; and cuttlefish, Sepia offici-
nalis, P02268. H2B histones: human, Homo sapiens, XP_011484;
rat, Ratus norvegicus, 223096; chicken, Gallus gallus, A30221; sea
urchin, Strongylocentrotus purpuratus, P16889; chironomus, Chir-
onomus thummi thummi, P21897; copepod, Tigriopus californicus,
P35069; and polychaete worm, Chaetopterus variopedatus,
AAC15915.

a 123-aa H2B histone, a 135-aa H3 histone, and a
102-aa H4 histone. Sequence comparison of the
amino acid sequences with the histone sequence
database revealed that the H4 and H3 histones are
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Fig. 4. Determination of the copy number of the core histone bp, the copy numbers of genomes and plasmids, respectively, are

genes within the Mytilus edulis genome. DNA samples, ranked in
the order of the decreasing amounts shown at the fop, of Mytilus
edulis genomic DNA and, for calibration, plasmid DNA pUW15
and pUWO06, each containing one copy of the corresponding My-
tilus edulis repeat unit, respectively, were digested with Sacl and
blotted onto a nylon membrane. Considering that the haploid
DNA complement of Mytilus edulis has been estimated as 1.5 x 10°
bp (Ruiz-Lara et al. 1992) and the size of the plasmids is 8.2 x 10°

identical to the H4 and H3 proteins of several species
as divergent as mammals and nematodes. The H3
histone sequence is identical to the H3.1 variant of
mammals.

The H2A and H2B histones differ from other
known H2A and H2B histone proteins. The H2A
histone shows six aa exchanges compared with the
most closely related H2A from Sepia officinalis
(Fig. 3A). The variations are clustered within the
N-terminal domain of the H2A histone. The simi-
larity of the Mytilus H2A to the human H2A
sequences is even slighter, since there are 17 ex-
changes and the largest difference is found within the
distal C terminus, where the mammalian H2A con-
tains an octapeptide that is totally absent in the
mollusk as well as in the other invertebarates used for
comparison. The aa sequence conservation was rea-
sonably high in the globular domains of histone H2A
and histone H2B. The Mytilus H2B histone shows the
greatest similarity to the H2B from the annelid
Chaeopterus variopedatus, a polychaete worm (Fig.
3B). Again, the variability concentrates within the
N-terminal domain, with 8 of the 14 overall changes.
The N terminus of the mollusk H2B differs substan-
tially from that of the vertebrate H2B, as 22 of the 36

calculated from the amount of DNA applied on the gel and are
indicated at the top. The Southern blot was hybridized with the
radioactively labeled 5.6-kb Sacl fragment of the Mytilus edulis
core histone repeat unit (pUWI15). Hybridization intensity was
measured with a Phosphor Imager and quantified with the software
Image-Quant (Molecular Dynamics). The asterisks indicate the
bands used for calculation of the copy number.

aa comprising the N-terminal domain differ in these
two species.

Copy Number of the Core Histone Gene Repeat
Units in the Mytilus edulis Genome

During the screening about 20 copies of each repeat
unit of the two cluster types according to size were
isolated. To assess the total copy number of the core
histone genes in the Mytilus edulis genome, increasing
amounts of genomic DNA and, for comparison
purposes, graded amounts of plasmid DNA from
each cluster group containing one copy of the cor-
responding repeat units were digested with Sacl and
transferred to a nylon membrane (Fig. 4). The
hybridization intensity of the chromosomal DNA
was assessed and compared with that of the isolated
core histone gene repeat units. Using this method the
copy number of each core histone gene repeat was
estimated to be about 100 copies per haploid genome,
with an estimated uncertainty of about 20%. There-
fore the gene copy number for each core histone is
about 200 copies (about 100 of each repeat).

The hybridization of probes from each core his-
tone gene unit to genomic DNA cleaved with several
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CAAT
B -260 -171
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Fig. 5. Nucleotide sequence comparison of the core histone gene
promoters from the different repeat units. A Comparison of the
divergent promoter region of the H2A/H2B gene pair. The nucle-
otide sequences of the two TATA motifs are boxed. Consensus
binding sequence motifs of transcription factors are identified by
the TRANSFAC 4.0 software and indicated by hatched boxes. GR-
binding site, glucocorticoid binding site; Oct-1, consensus binding
site for the octamer transcription factor 1. The two dodecanucle-

restriction endonucleases revealed no signal besides
those of the two repeat units. However, hybridization
with the H3 and H4 probe generated a third signal
resulting from the additional 2.5-kb Sacl repeat
(clone UW27) interspersed in the UWO06 repeat type.
In summary, we conclude that the vast majority of
core histone genes from M. edulis are organized into
the two repeat units UW06 and UW15.

As reported elsewhere upon analysis of the chro-
mosomal organization of the H1 histone gene cluster
in Mytilus edulis by Southern blot hybridization of
large genomic restriction fragments (Drabent et al.
1999), the H4 histone genes are located in two chro-
mosome regions unrelated to H1 genes. This, to-
gether with the results presented here, indicates that

H4

otides with opposite orientations are also hoxed and the orientation
is indicated by the arrows above. The nucleotides are numbered in
relation to the start codons of the H2A genes. B Comparison of the
H3 and H4 promoter regions. Only the consensus binding
sequences of two factors were identified by the software. The
TATA and CAAT boxes are indicated as gray boxes. The nucle-
otides are numbered in relation to the start codons of the respective
genes.

core histone gene repeats do not colocalize with H1
genes and are not randomly dispersed but clustered
within the Mytilus genome. However, it cannot be
safely assessed whether the core histone genes in the
mussel genome are organized in one or two clusters
or whether the two repeat units colocalize or are lo-
cated on distinct genomic regions.

Analysis of Promoter Regions

The major difference between the Sacl repeats of the
two core histone gene units was their length (Fig. 2),
since the genes within the repeat units encoded
almost-identical primary structures. This prompted a
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Fig. 6. Organization of the histone genes in several species.
Genomic organization of clustered histone genes in the genomes of
a representative member of each phylum of this simplified phylo-
genetic tree (following Sellos et al. 1990; supplemented by data
from this paper and Drabent et al. [1999]). Trivial names are shown
in light letters. Arrows indicate the direction of transcription.

detailed analysis of the DNA tracts immediately
upstream of the coding sequences. The H2A and H2B
genes appear to be transcribed in opposite orienta-
tions and regulated by a divergent promoter as in
most eukaryotic genomes (Trappe et al. 1999).
Comparison of the consensus binding sequences
within this promoter with the elements found in the
H2A-H2B human promoter revealed sharp differ-
ences. We only identified a CAAT box, potential
binding sites for the Oct-1 transcription factor, and a
sequence homologous to a corticoid receptor binding
motif (Fig. 5A). Strikingly, a conserved dodecanu-
cleotide motif immediately upstream of the TATA
boxes, identical in both the H2A and the H2B genes,
was also detected. Motif searches by computer,
however, failed to identify this sequence as a binding
motif for a known transcription factor. Comparison
with binding motifs of transcription factors identified
in the promoters of histone genes indicates a distant
resemblance to the conserved HiNF-P/H4TF-2
binding site found in the promoter of vertebrate H4
genes (van Wijnen et al. 1992). In the promoter
region of the H4 genes, only the consensus sequences
of the TATA box and the CAAT box could be
identified (Fig. 5B). We could not identify a real
TATA box in the promoters of the H3 genes. These
promoters comprise only two classical CAAT boxes
with the extension CA, which is typical for CAAT
boxes in histone gene promoters (Meergans et al.
1998). The CAAT box is the binding site for NF-Y
(Mantovani et al. 1999) and the phylogenetically

conserved histone gene HiNF-D/CDP-cut (van
Wijnen et al. 1996).

Discussion

In this study, we have isolated and analyzed several
phage clones from a Mytilus edulis genomic library
containing complete sets of core histone genes. The
analysis has revealed that the inserts encompass two
different core histone gene repeats, containing each of
the four core histone genes. These repeats are orga-
nized in clusters as in most eukaryotes. The ar-
rangement of histone genes within the clusters can
vary from one species to another (see Fig. 6 and
Maxson et al. [1983a]). In birds (D’Andrea 1985;
Tonjes and Doenecke 1987), human (Albig et al.
1997b; Albig and Doenecke 1997), and mouse
(Sittman et al. 1981; Wang et al. 1997), histone gene
clusters are irregularly distributed, whereas in am-
phibians, fish, and invertebrates histone genes are
found in clusters of tandemly repeated units of all five
histone subtypes (Maxson et al. 1983a). In the sea
urchin, most histone genes are clustered in tandem
repeats and contain one copy of each of the five
histone genes (Schaffner et al. 1978; Sures et al. 1978;
Kedes 1979; Hentschel and Birnstiel 1981; Maxson et
al. 1983b). The trout (Salmo gairdnerii) genome also
contains tandem repeats of clustered histone genes
(Connor et al. 1984), although they are arranged
differently. In both organisms, histone mRNAs are
transcribed from the same DNA strand. In contrast,
the fruit fly Drosophila melanogaster displays clusters
with all five histone genes, where the H3, H2A, and
H1 genes are transcribed from one strand and the
H2B and H4 genes are transcribed from the other
(Lifton et al. 1977). Several types of histone gene
organization have been reported in amphibians. In
the newt Notophthalmus viridescens, histone genes are
organized in a major cluster containing all five his-
tone genes and the genes are transcribed from both
DNA strands (Stephenson et al. 1981). In Xenopus
laevis, some clusters consist of all five histone genes,
while other histone gene clusters lack H1 genes (van
Dongen et al. 1981; Turner and Woodland 1983). In
some clusters, all genes are located on the same
strand, while in others the genes are distributed on
both strands.

Core histone gene clusters with no neighboring H1
genes have been described in several organisms.
Various types of core histone gene clusters have been
found in the nematode Caenorhabditis elegans
(Roberts et al. 1987). H1 coding sequences have not
been detected in any of these clusters and no repeated
organization of the clusters has been observed. In
addition, the histone genes are transcribed from both
DNA strands. Tandem repeats of clusters with only



core histone genes at high copy numbers have been
reported in several sea star species, as detailed in the
Introduction. In the marine annelid Platynereis
dumerilii, core histone genes are clustered, showing a
highly conserved gene arrangement within the clus-
ters. These genes are tandemly arrayed and tran-
scribed from both strands (Sellos et al. 1990). In
contrast, the annelid Chaetopterus variopedatus shows
histone gene clusters with all five histone genes
including H1 genes (del Gaudio et al. 1998). Fur-
thermore, clusters of core histone genes devoid of H1
genes have been identified in the coral Acropora for-
mosa (Miller et al. 1993). In none of these cases have
tandem repeats of H1 genes been described. Howev-
er, the genomes of Volvox carteri (Lindauer et al.
1993), Caenorhabditis elegans (Sanicola et al. 1990),
and Arabidopsis thaliana (Gantt and Lenvik 1991,
Ascenzi and Gantt 1997) contain H1 genes that are
separated from core histone genes and individually
dispersed within the genome. None of these genes are
arranged in tandemly repeated units. In this respect,
the mollusk Mytilus edulis is an exception. Its ge-
nome, as reported here, shows two separate groups of
repeats, one containing the four core histone genes
and the other solitary H1 linker histone genes.

The genomic content of the Mytilus edulis core
histone genes has been calculated to be about 200
copies (about 100 copies of each type of repeat) per
haploid genome. This figure is in excellent agreement
with the 100 copies of H1 histone genes reported
previously (Drabent et al. 1999), in accordance with
the 2:1 stoichiometry of the core and linker histones
in the chromatin. Moreover, hybridization of geno-
mic DNA digested with rare cutting restriction
enzymes with a histone H4 probe revealed two hy-
bridizing fragments (Drabent et al. 1999). The total
size of these two fragments was calculated to be
about 1000 kb. Since the lengths of the core histone
gene repeat units are 5.6 kb, the maximum number of
core histone genes cannot exceed 200 copies.

The finding of two clusters of core histone gene
repeat units reported here is also consistent with the
results of the hybridization of restricted genomic
DNA with the histone H4 probe. However, the data
do not allow us to conclude whether the two tan-
demly repeated units are associated in a large cluster
or whether, on the contrary, they arise from distinct
clusters, each comprising one type of repeat unit.

The strong conservation of the structural elements
CAAT and TATA boxes and the 3’-end palindromic
sequence, together with the arrangement of the core
histone gene promoters and the opposite orientation
of the H2A and H2B genes, indicates that this is the
optimal organization for the regulation of expression
of the histone gene repeats. Likewise, the conserva-
tion of the core histone gene sequences can be con-
sidered a requirement of their key role in the
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organization of nucleosomal chromatin and the reg-
ulation of eukaryotic genes. The particular conser-
vation of the amino acid sequences of the histone
globular domains supports their function in chro-
matin organization, whereas the sequence differences
found in the N- and C-terminal regions of the pro-
teins suggest the modulation of chromatin-mediated
gene regulation in the mussel compared with other
species. The structural similarities of histone genes
and the homology between the individual histone
proteins clearly support a shared ancestry.

The results shown in this report, in combination
with those reported in our previous paper, des-
cribe for the first time the organization of the histone
genes of a bivalve mollusk. This fills a gap in the
knowledge of histone gene organization in the dif-
ferent linecages of the phyla (see Fig. 6). To our
knowledge, it is also the first case in which core his-
tone genes and H1 linker histone genes appear to be
organized in separate tandem repeats.
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