Theor Appl Genet (1992) 84:555~559

© Springer-Verlag 1992

Subfamilies of histone H3 and H4 genes are located on most,
possibly all of the chromosomes in maize
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Summary. It has been previously shown that in the ge-
nome of maize the multiple copies of the histone H3 and
H4 multigenic families are organized into eight to ten
subfamilies each containing a variable number of copies.
Each subfamily i1s characterized by a specific proximal
environment and thus can be revealed by blot-hybridiza-
tion with its specific 5’ probe. Restriction fragment length
polymorphism (RFLP) combined with monosomic anal-
ysis was used to localize several H3 and H4 subfamilies
on maize chromosomes. H3 and H4 genes were found to
be located on most, possibly all of the chromosomes,
revealing a remarkably dispersed organization of these
multigenic families.
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Introduction

The organization of the multigenic families encoding his-
tones has been well documented in the genomes of lower
eukaryotes and animals (Kedes 1979; Hentschel and
Birnstiel 1981; Maxson et al. 1983). In a majority of these
organisms these multigenic families are organized into
gene clusters that show a remarkable variability in their
topological arrangement from one species to another.
Tandemly repeated sets of genes encoding the five major
histones exist in the genome of sea urchins (Hentschel
and Birnstiel 1981), fruit flies (Lifton et al. 1977), and
newts (Stephenson et al. 1981). Histone genes have also
been found to be clustered in birds and mammals, but
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from one cluster to another, the histone coding regions
vary in identity, order, and spacing (Maxson et al. 1983).
Nevertheless, in many organisms H2A and H2B genes on
one hand and H3 and H4 genes on the other hand have
been found to be paired. To add to such a topological
variability, it has also been shown that both ordered and
disordered gene arrangements may coexist in the same
genome, as in the case of sea urchin (Childs et al. 1982;
Maxson et al. 1983).

In the plant kingdom only the genes encoding the
most conserved histones (i.e, H3 and H4) have been
cloned from a small number of species (review by Gigot
1988), and data concerning their genomic organization
are restricted to maize. The various cloned maize H3 and
H4 genes encode the same proteins and show extensive
sequence homology (95-98%) among their coding re-
gions. In contrast, most of them have specific 5 and 3
flanking regions (Chaubet et al. 1989). When genomic
blots of restricted maize DNA were hybridized to the H3
or H4 coding regions used as probes, 10-12 DNA frag-
ments of different sizes hybridized at variable intensities,
but whatever the restriction digest no DNA fragment
hybridized to both H3 and H4 probes (Chaubet et al.
1986). This result suggests that these two types of genes
are not closely linked, which is in contrast to the situation
in animal genomes. When the 5’ flanking non-transcribed
region of one particular gene was used as a probe, only
one (at an exception, two) fragment hybridized. Using the
5’ non-coding regions of three H3 and two H4 genes as
probes, we could demonstrate that in maize the multiple
copies of both the H3 and H4 multigenic families are
organized into eight to ten subfamilies (Chaubet et al.
1989). Each subfamily contains a different number of gene
copies that all have the same proximal emvironment.
These subfamilies were found to exist in more than 40
maize inbred lines as well as in the closely related ge-
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nomes of sorghum, Coix, teosinte, and sugar cane
(Chaubet et al. 1989).

In this paper, we present an analysis of restriction
fragment length polymorphisms on maize monosomics
using 5 non-transcribed regions of different H3 and H4
genes as well as H3 and H4 coding regions as probes. We
localize three previously characterized H3 and H4 sub-
families on three different maize chromosomes and
demonstrate that additional H3 and H4 genes are located
on most, perhaps even all of the maize chromosomes.

Materials and methods
Monosomic plants

Monosomic maize plants analyzed in this study were produced
using the r-X7 system as described (Weber 1973; Helentjaris
et al. 1986). Inbred W22 maize containing the r-X7 deficiency
(R/r-X1) were crossed as female parents by inbred Mangels-
dorf’s multiple chromosome tester (MT), and F, progeny which
were monosomic for chromosomes 2, 3,4, 6,7, 8, 9, or 10 (eight
of the ten chromosomes) or diploid were selected from the prog-
eny of this cross. Monosomics generated with the r-X7 system
contain a complete haploid genome from the male parent (MT)
and nine of the ten chromosomes from the female (W22) parent.
Each of the monosomics analyzed in this study was examined
cytologically or by RFLP analysis to establish that a complete
chromosome was missing

DNA preparation and analysis

DNA was extracted from leaf tissues, restriction digested, sepa-
rated on agarose gels, transferred onto nylon membranes as
previously described and blot hybridized with the 5’ non-tran-
scribed regions of different H3 (H3C2, C3 and C4) and H4
(HAC7 and C14) genes previously used to characterize the differ-
ent multigenic subfamilies (Chaubet et al. 1989).

Results

Localization of histone H3 and H4 subfamilies
using the 5' non-transcribed regions as probes

When DNA purified from the two parental lines W22
and Mangelsdorf’s multiple tester (MT) used to generate
the eight maize monosomic types were restricted and blot
hybridized to the maize H3 or H4 coding regions, the
hybridization patterns showed 10-12 bands hybridizing
to each probe (Fig. 1 A). The same blots were successive-
ly hybridized to the 5 flanking regions specific to three
H3 and two H4 subfamilies previously characterized
(Chaubet et al. 1989). As an example we show here the
genomic blots hybridized to the 5’ probes corresponding
to three H3 subfamilies: H3C2, C3, and C4 (Fig. 1B).
Surprisingly, some of these 5’ probes like H3C3, H3C4,
and H4C14 revealed polymorphism with almost all of the
nucleases tested, while others like H3C2 and H4C7 did
not.

DNA from the two parental lines, from a diploid F;
plant, and from each of the eight F, monosomic types
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Fig. 1A, B. Restriction fragment length polymorphism of the
histone H3 and H4 genes (A) and 3 of their subfamilis (H3C2,
C3 and C4) (B) in the genomes of maize lines W22 and Mangels-
dorf’s multiple chromosome tester (MT). Genomic DNA from
W22 (lanes 1 and 4) and MT (lanes 2 and 5) were digested with
Bglll (lanes 1 and 2) and Xbal (lanes 4 and 5), electrophoresed
on 0.8% agarose gels and the fragments transferred to Hybond
N nylon membrane. The blot was successively hybridized to the
5'-probes of the three H3 gene subfamilies C2, C3 and C4 (B),
and finally to the H3 and H4 coding regions (A). Lane 3 corre-
sponds to size references whose lengths are indicated on the left
of the figure

were digested with a nuclease-generating RFLP for a
given 5-probe and blot hybridized to this probe. The
autoradiograms showing the localization of H3C3,
H4C14, and H3C4 subfamilies are presented in Fig. 2. In
the case of H3C3 and H4C14 subfamilies, a DNA frag-
ment that was present in the female parent was absent in
one of the monosomic types, clearly showing that the loci
for H3C3 and H4C14 are located on chromosomes 9 and
2, respectively. However, when the H3C4 5 region was
used as a probe, each of the eight monosomic types ana-
lyzed showed a hybridization pattern that was identical
to the pattern in diploid siblings; therefore, this locus is
not present on any of these monosomic chromosomes
and must probably be located on one of the two chromo-
somes (1or 5) for which no monosomics were available.
These hybridizations thus enabled the localization of
three of the five previously identified subfamilies. The
two others could not be localized because polymor-
phisms were not found in the parental lines with the
nucleases tested.



Fig. 2. Monosomic analysis of some H3 and H4 subfamilies.
The 5'-probes of the subfamilies which were shown to produce
RFLP in W22 and MT were used to probe Southern blots
containing genomic DNAs prepared from the parental lines
W22 and MT, a diploid F, and F, individuals monosomic for the
chromosome listed on top of each lane. A Bg/II blot was succes-
sively probed with H3C3 and H3C4 5'-probes and a HirdIII blot
with H4C14 5-probe. The arrowheads indicate the monosomic
type missing the female parental DNA fragment
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Localization using the H3 and H4 coding regions as probes

In order to gain further information on the location of
other yet unidentified subfamilies, we hybridized the
same genomic blots to H3 and H4 coding regions as
probes. Because many DNA fragments of different sizes
hybridize to H3 and H4 probes at different intensities, it
is more difficult to understand the patterns, and we have
restricted our conclusions to those data that could be
unambiguously interpreted.

Three possibilities exist for the interpretation of these
autoradiograms, considering the fact that one of the
chromosomes from the female parent is missing in a
monosomic genome: (1) if a DNA fragment hybridizing
to a probe in the female genome has no counterpart in the
male genome and is missing in one of the monosomic
types, then the locus which codes for this fragment must
be located on the missing chromosome (Fig. 3, black
arrowheads); (2) if a DNA fragment is present in both
parents but hybridizes less intensely to one of the mono-
somics than to the other fragments, it is suggestive of a
location on the missing chromosome (Fig. 3, open arrow-
heads); (3) if a DNA fragment specific to the female
genome is present in all monosomic types, then the locus
which codes for this fragment is located on chromosome
1 or 5 (as for H3C4 in Fig. 2).

Xbal

Fig. 3. Monosomic analysis of the H3
and H4 multigenic families. Mono-
somic genomic blots were probed with
the maize histone H3 and H4 coding
regions. For clarity only those lanes
presenting a modified pattern are pre-
sented. For each particular blot the
three lanes on the left correspond to the
female (W22), male (MT) and F, lines.
Numbers on top of the other lanes indi-
cate the missing chromosome in the
monosomic types. Black arrowheads
point to female-specific missing frag-
ments and open arrowheads to bands
common to male and female parents
but hybridizing with reduced intensity
in some mMonosomic types
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By combining the hybridization patterns obtained
with the specific 5'-probes (Fig. 2) and H3 and H4 coding
regions (Fig. 3) on monosomic genomic blots digested
with four different endonucleases (BamH1, Bg/ll, Hindl-
11, Xbal), we have been able to map H3 subfamilies on
chromosome 1 or 5 as well as on chromosomes 2, 3, 4, 6,
9, and 10 and H4 subfamilies on chromosome 1 or 5 as
well as on chromosomes 2, 3, 4, 7, 8, and 10 at least.
Because each blot contained many bands which could
not be assigned to a particular chromosome due to the
complexity of the hybridization pattern and to the ab-
sence of any visible RFLP, this result has to be consid-
ered to be the minimum possible. Thus, the H3 and H4
histone genes are likely to be distributed on (nearly) all of
the chromosomes.

Discussion

We showed previously that the histone H3 and H4 multi-
gene families are organized into eight to ten subfamilies,
each of them being characterized by its proximal environ-
ment as well as by a different copy number (Chaubet et al.
1989). Using the 5’ non-transcribed regions of five genes
(three H3 and two H4) as probes to hybridize to genomic
blots of maize monosomic lines (Helentjaris et al. 1986),
we were able to localize three subfamilies on three differ-
ent chromosomes: 1 or 5, 2, and 9 for H3C4, H4C14, and
H3C3, respectively. Moreover, using the H3 and H4
coding regions as probes, we could detect the presence of
H3 and/or H4 genes on almost all the maize chromo-
somes.

As mentioned above, the histone genes have been
generally found to be grouped in the majority of eukary-
otes (Hentschel and Birnstiel 1981; Maxson et al. 1983).
However, in several higher eukaryotes, groups of histone
genes have been found at different loci. For example, in
the genome of chicken they exist as two major groups of
ten copies of each of the histone genes (D’Andrea et al.
1985; Grandy and Dodgson 1987); in mouse two loci
have been identified on chromosomes 3 and 13 (Marzluff
and Graves 1984), and in the human genome they are
even more dispersed as several loci have been found on
chromosomes 7 (Chandler etal. 1979), 1, 6, and 12
(Tripputi et al. 1986). However, in no case was such a
highly dispersed organization found as the one we de-
scribe here in maize.

Long fragments of duplicated sequences shared by
different chromosomes have recently been shown to exist
in the genome of maize (Helentjaris et al. 1988). Among
217 probes used to establish a linkage map, 62 (29%)
were shown to detect more than one locus. Also, several
isoenzymes such as alcohol dehydrogenase (Dennis et al.
1984) and sucrose synthase (McCarty et al. 1986) have
been shown to be encoded by two different loci, and genes

encoding the zeins, the major family of storage proteins
in maize, have been localized on three different chromo-
somes (Soave et al. 1981, 1982; Viotti et al. 1982). Howev-
er, up to now there has been no evidence for a multigenic
family to be distributed on least, seven to eight and per-
haps all of the chromosomes of maize.

Multiple homologous sequences existing in the same
genome may originate from (1) duplication and subse-
quent dispersal of an ancestral gene, and/or (2) a combi-
nation of related genomes. It is difficult to imagine that
the insertion of reverse-transcribed histone mRNA in the
genome could account for the actual organization of
these genes, as it is hardly conceivable that such reinsert-
ed histone “genes”, whose expression is rigorously con-
trolled, could be set under their proper promoter ele-
ments when integrated at random into the genome.

On the contrary, tandem duplication and subsequent
dispersal could certainly be responsible for such a dis-
persed organization. Originally, an ancestral H3 or H4
gene could have undergone duplication, leading to an
ancestral gene cluster. From such a cluster some copies
could have been transferred to other regions of the
genome and undergone independent evoluton giving rise
to the actual H3 and H4 subfamilies by successive dupli-
cations and translocations. Such events likely arose at
different stages in the evolution of the genome, as suggest-
ed by the existence of more or less extensive sequence
homologies between the 5’ flanking regions of some of the
genes: for instance, among the three cloned H3 genes, two
of them, namely H3C2 and H3C4, show limited but sig-
nificant sequence homology between their 5'-flanking re-
gions, whereas the third gene, H3C3, does not (Chaubet
et al. 1989). Thus, it is likely that these two genes diverged
from each other more recently than did their common
ancestor from the C3 gene.

As suggested earlier (Helentjaris et al. 1988), the fu-
sion of related genomes could also have contributed to
such a complex organization. However, as all five H3 and
H4 subfamilies identified in maize also exist, with a very
similar if not identical environment, in several related
genomes such as sorghum, CoiXx, teosinte, and sugar cane
(Chaubet et al. 1989), the genome fusion, as well as the
gene duplication/dispersal, should have occurred among
ancestral plants before the divergence of the andropo-
gonoideae into different tribes.

1t is well known that histone genes and particularly
those encoding H3 and H4 are under a high and constant
selective pressure. On the other hand, as it is known that
clustering of the genes facilitates sequence conservation
by conversion mechanisms, such a dispersed organiza-
tion of maize histone genes is surprising. It will be very
interesting to determine whether this organization relates
to some regulatory mechanisms particular to each sub-
family or if a special mechanism exists to ensure the
concerted expression of these so highly dispersed genes.
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