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ABSTRACT
Histone genes are a group of multigene families encoding five 

small basic polypeptides ubiquitous in eukaryotic organisms. 
Although a largre numbers of histone genes have been 

well-characterized in a wide range of organisms, very few of 
them are from plant species. To extend the knowledge of plant 

histone genes, two histone H3 genes and one pseudogenes from a 

monocot plant, Oryza sativa, and one histone H3 genes and four 

cDNAs from a dicot plant, Medicago sativa, were analyzed. One of 
the rice H3 genes and the pseudogene are located on a 14.6kb DNA 

fragment with a 5.8kb spacer separating them. The other rice H3 

gene are on a 17.2kb and the alfalfa H3 gene are on a 10.7kb DNA 

fragment. There are about 50 and 160 copies of H3 sequences in 

the diploid rice genome and the tetraploid alfalfa genome, 
respectively. The repetitive copies of H3 sequences are not 
closely associated in both genomes although histone genes were 

supposed to be less dispersed in rice genome than in alfalfa or 

other plant genomes.
In addition to the consensus sequence motifs found in the 5' 

flanking regions of animal and plant histone genes, multiple 

copies of the plant-specific motif, CGCGGATC, were detected in 

the two rice genes and the reverse form of the octamer was found 

to be adjacent to another specific motif, ACGTCA. The rice H3 

pseudogene does not contain any of these specific motifs. 

Interestingly the pseudogene is associated with a stretch of 
short tandem repeats in the 5' distal region.

Instead of the animal-specific hairpin structure and its 

"downstream element", the 3' flanking regions of the rice and 

alfalfa h3 genes contain unrelated inverted repeats and 

polyadenylation signal-like sequences. The 3'UTR of alfalfa H3 

transcripts were further characterized via cDNA cloning. In 

contrast to those of animal histone transcripts, the 3'UTR of 
four alfalfa H3 cDNAs are more than 150bp long and they carry 

poly(A) tails. The polyadenylation of alfalfa H3 transcripts in 

plants, calli and somatic embryos was confirmed by Northern blot 

hybridization.
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As other monocot histone genes, the rice H3 genes exclusively 

prefer G and C to A and T in selection of synonymous codons. In 

contrast, the dicot alfalfa H3 gene and cDNAs do not follow this 

coding strategy.
The two rice H3 genes encode an identical protein which 

varies with that deduced from the alfalfa H3 gene in only one 

amino acid at position 90, while the alfalfa H3 histone differs 

from a H3 variant encoded by a minor alfalfa H3 cDNA in four 

amino acids. Despite these differences, plant H3 histones are 

highly conserved and they differ from animal H3 histones by four 

amino acid residues.
The expression of alfalfa H3 genes was studied by Northern

The H3blot hybridization in a somatic embryo culture system. 
mRNAs are almost undetectable in leaves, more in stem and calli 
than in roots and highly accumulated in somatic embryos. The
significant variation in H3 gene activity probably reflects a 

complicated regulatory mechanism controlling histone gene 

expression in higher plants. In partially synchronized callus 

cells the coincidence of H3 gene expression with DNA synthesis 

was observed.
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Chapter 1.

INTRODUCTION

A Brief Review of Plant Histone Genes

1.1. General Introduction

Histone genes are a group of multigene families encoding five

small basic polypeptides ubiquitous in eukaryotic organisms. The

histone proteins are the structural elements of chromatin which

consists of two components---- the nucleosomal particle and the

linker region joining the particles. Each of the nucleosomal

particle consists of eight core histones, two from each types of 

the core hiistones (H2a, H2b, H3 and H4), and 146 base pair 

stretch of DNA wrapped around the core histone octamer (Morse 

and Simpson, 1988). The histone HI. is associated with the linker

region. In the past twenty years, the histone genes have been 

extensively studied in animals and in lower eukaryotes (review

in Kedes, 1979; Hentschel'and Birnstiel, 1981; Maxson et al, 

1983; Stein et al, 1984). According to the initial studies, the 

histone genes share a ndmber of structural characteristics. They 

encode intronless and non-polyadenylated mRNAs; they possess 

typical RNA polymerase II 

gene-specific consensus sequences, such as the GATCC pentamer, 

near upstream of the TATA box, and the "cap site", downstream of

well as histonepromoters as

relatively short 5' and 3' 

untranslated region(UTR). In the 3' flanking regions, most of

conserved T-hyphenated dyad

the TATA box and they have

highlyhistone genes carry a

(Fig.1.1).symmetric structure and a "downstream element" Now

two elements are known to be essential for the correct andthese
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distal
activating regulatory core 

domain element(s) promoter

3'cleavage 
site

protein coding region 01■Í»-

—OotKü Y/////////////////////////ATATA

"downstream"
elememt

T-hyphenated 
inverted repeats 1<-->

. . .TTCAATTCCCCCCCCCCCCCCATCCCTAACGGCCCTTTTTAGGGCCAACCACAGTCTCTTCAGGAGAGCTGACACTGAC...

Fig.1.1. Schematic structure cf a replication-dependent animal histone gene. 

This figure is modified from that of Schiimperli (1988). In contrast to most 

other eukaryotic genes, there is no introns. The core promoter consists of 
the TATA box and the "cap site" where the transcription starts (arrow 

pointing to the right). The regulatory region contains one or more binding 

sites for regulated transcription factors. The distal activating domain is 

composed of multiple constitutive promoter elements, one of which is CAAT 

box. The signal for 3' processing consists of two conserved sequence 

elements, the T-hyphenated inverted repeats (hairpin loop) and the 

"downstream" element (black box). The lower part of this figure is an 

expanded view of the bipartite RNA 3' processing signal derived from a mouse 

histone H4 gene (Stauber et al, 1986). Vertical arrow indicates the major 

3'cleavage site.

efficient З'-end processing of histone pre-mRNAs (Birnstiel, 

1985; Schaufele et al, 1986; Cotten et al, 1988) and the cell 

cycle-dependent accumulation of histone mRNA (Schümperli, 1988). 

Moreover, the regulation of histone genes is typically cell 

cycle-dependent, with their expression being linked to ongoing 

DNA replication (Schümperli, 1986; 1988)

theHistone genes belong to class of middle repetitive
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sequences with copy number ranging from tens (birds, mammals) to 

hundreds (sea urchin, frogs, fruit fly, etc). Usually they are

clustered and located on certain loci of chromosomes such as in

the case of Xenopus borealis (D'Andrea et al, 1985; Grandy and 

Dodgson, 1987; Turner et al, 1988). However, with the range from 

highly regular, tandem-repeating quintets, randomly arranged, 

disperse clusters to non-clustered "orphan" genes, the

organization of histone genes does not exhibit a single

conserved topology, neither among different genomes nor within a

given genome.

Recently, the emphasis in studying the histone genes is laid

analysis of gene structure anddown not only theon

investigation of molecularorganization, but also on the

and the characterization ofmechanism for gene expression

variant histone genes. The recent knowledge supplemented with 

the classical concepts of histone genes can be summarized as the

followings:

A large number of histone variants and their genes have1.

detected and studied (Stein et al, 1984; Old and Woodland,been

1984). Many of these variant histone genes are more similar to

the normal eukaryotic genes than to the histone genes. They are 

interrupted by introns and transcribed into polyadenylated mRNAs 

(Engel et al, 1982; Stein et al, 1984; Wu et al, 1986; May et 

al, 1987; Wells et al, 1987; Wellman et al, 1987; Alonso et al, 

1988; Lieber et al, 1988). More intriguingly, histone subtype 

genes in some species show distinct profiles of expression 

during development and the course of cell cycle, notably the

differential (Ruddell and Oacob-lorena, 1985; Levine et al,
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1988), the1988; Colin et 1988; Carrino et al,al,

tissue-specific (Kemler et al, 1986; Trainer et al, 1987; Kim et 

al, 1987; Brown et al, 1988) and the cell cycle-independent 

expression (Stein et al, 1984; Wells et al, 1987). The minor

histone variants may provide substitution to the predominant 

histone proteins in chromatin and therefore may play a role(s)

in the regulation of chromosome structure and function during

different developmental stages or under specific physiological

conditions .

2. The cell cycle-dependent regulation of histone genes 

appears to be controlled by multiple regulatory steps including

RNA stability and thetranscription, pre-mRNA processing, 

synthesis of histone proteins (reviews in Schiimperli, 1986;

1988; Graves et al, 1987; Marzluff and Pandey, 1988)

3 . Another new field in studyiny the histone genes is to 

determine the regulatory elements governing the histone gene 

expression. Recently emerged studies suggested that the 

regulatory elements are located not only in the 5' (Hanly et al,

1985; Oslay et al, 1986; Kroeger et al, 1987; Trainor et al, 

1987; Heidi et al, 1988; Dalton and Wells, 1988a; 1988b; 

Marzluff and Pandey, 1988; Breeden, 1988; Hwang and Chae, 1989),

flanking region (Lüscher et al, 1985;but also in the 3

1985; Stauber et al, 1986; Levine et al, 1987; CottenBirnstiel,

et al, 1988; Stauber and Schiimperli, 1988 ; Schiimperli, 1988; 

Mowry and Steitz, 1988) and probably in the coding region

(Grantham et al, 1981; Wells et al, 1986, Thomas et al, 1988; 

Murray et al, 1989) .

In contrast to the enriched information in animals, the study
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on plant histone genes had been long ignored until 1982 when an 

Indian laboratory (Ahmed and Padayatty, 1982; Thomas and 

1983a; 1983b; 1984) isolated a 6.64kb DNA fragmentsPadayatty ,

carrying histone H2a, H2b and H4 genes from rice embryos.

the histone H3 and/or histone H4 genes have beenSubsequently

from wheat, corn, Arabidopsis, and rice. Moreover theisolated

cDNAs for histone H3 in barley and HI in pea have also been

isolated and sequenced (Table 1.1). Interestingly, several

Table 1.1. The cloned plant histone genes, pseudogenes and cDNAs

Copy/haploidPlant Clone Gene Reference

Alfalfa ALH3-1.1
pH3c-l
pH3c-3
pH3c-7
pH3c-10
pH3c-ll
pH3c-12
pH3c-17
H3A713
H3A725
H4A748
H4A777

H3 40 Wu, 1988 
This thesisH3 cDNA

Arabidopsis H3 5-7 Chaboute, 1987

H4 5-7
H4

Barley
Corn

H3 cDNA 10-20
30-40

Chojecki, 1986 
Chaubet, 1986 
Gigot, 1987 
Chaubet, 1986 
Philipps, 1986 
Gigot, 1987 
Philipps, 1986 
Gantt, 1986 
Xie, 1987

H3C2 H3
H3C3
H3C4

H4H4C7 50-60
H4C13
H4C14
PsHlb
pRH3-2
pRH3-l
H3R-11
H3R-12
H3R-21
pIR22
pTH012
pTH081
pTHOll
pTH091

Pea
Rice

HI cDNA
H3 25
H3 pseud
H3 This thesis
H3 pseud.
H3
H2A,H2B&H4 Thomas, 1983b 

Tabata, 1984a 
Tabata, unpubl. 
Tabata, 1983 
Tabata, 1984b

Wheat H3 15-18

H4 18-20
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the limiteddistinct features have been postulated from

knowledge of plant histone genes. In comparison with those in 

animals we present here a brief review on plant histone genes

1.2. The Organization of Plant Histone Genes

histone gene organization wasThe classical picture of 

outlined by studies on invertebrate (sea urchin, sea star, fruit

etc) where the five main histone genes are usuallyfly,
organized into regular tandem-repeated units on certain loci of 

chromosomes (Kedes, 1979; Maxson et al, 1983; Stein et al, 1984; 

Howell et al, 1987). In vertebrates, (birds, mouse, human, etc), 

however, such regular repeating units are no longer existed, 

rather, most of the histone genes in these animals are found to

be clustered in a random manner. In fact, the organizational

topology of histone genes is so diversed that different types of 

random histone gene clusters can coexist in a genome where the 

regular tandem-repeating quintets are dominant (Maxson et al, 

1983; Stein et al, 1984; Turner et al, 1988). In sea urchin, the

histone genes in regular and irregular clusters are transcribed 

differentially (Maxson et al,

Furthermore, quite a number of histone "orphans", those who are 

not closely associated with any other histone genes, increase

1988).Colin et al,1983;

the complexity of histone gene organization.

In higher plants, the histone genes also belong to the class

of intermediate repetitive sequences. The copy number of histone

20-50H3 or H4 genes in studied plants is about copies per

(Table 1.1)haploid genome with the exception of Arabidopsis

which possesses the smallest genome size among higher plants
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(Meyerowitz, 1989). The Southern 

wheat, rice, corn and Arabidopsis (review in Gigot,

hybridization analysis in

1988;

Chaubet et al, 1987) have shown that repetitive copies of

histone H3 and H4 genes are located on multiple framents of

single and/or double restricted genomic DNA and most of the

histone H3 and H4 sequences are not located on the same

These results suggest that both the histone H3 and H4fragments .

genes are organized in a very dispersed manner rather than

regular repeat units. Nevertheless, as in the case of higher

animals, some plant histone genes are found to be clustered in a 

random manner. The notable plant histone "cluster" is a 6.64kb

fragment of rice genomic DNA carrying H2A, H2B and H4 genes with 

bidirectional transcription (Thomas and Payatthy, 1983). The H2A

H2B genes are closely linked, while the H4 gene is separatedand

by a 3.5kb spacer. A 13kb DNA fragment of wheat genome also

carries two histone H3 and H4 genes which are separated by a

(Tabata et al, 1983, 1984a). But as the authors1.6kb spacer

proposed, not many of the histone H3 and H4 genes are closely 

associated in wheat genome (Tabata et al, 1984a). Chaubet et al 

(1987) recently analyzed the organization of histone H3 and H4 

genes in corn and Arabidopsis by using the 3' proximal flanking

region as probes. They demonstrated that each probe hybridized

bands from all fragments showingto only a few specific 

hybridization signal with the coding region. These specific 

bands may represent a certain gene family which is characterized 

by its specific proximal environments. The low copy number of

the histone genes in Arabidopsis also allowed the authors to

determine approximately an llkb spacer between two cloned H3 and
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H3A713 and H4A748. Another cloned H4 gene, H4A777H4 gene , was

also shown to be separated from an unidentified H3 gene by a 

spacer of 4-llkb. Besides, the fact that most of the cloned 

plant histone genes are "orphans" (Chaubet et al, 1987) also

provides an evidence that plant histone genes are not closely 

clustered. As proposed by Maxson et al (1983), the dispersed

organization of histone genes might have resulted from a complex

recombination processes. However, one has to consider the role

of multiple crosses which is frequently used in plant breeding.

1.3. The Structure of Plant Histone Genes

1.3.1. The coding region

One of the very distinct feature of histone H3 and H4 genes

is their high conservation during evolution. Except a rice DNA 

fragment carrying H2A, H2B and H4 genes, which were identified 

by hybridization-release translation (Ahmed et al, 1982; Thomas,

and padayatty, 1983), all plant histone H3 and H4 genes were

isolated by heterologous probes and identified by nucleotide

sequence comparison. The homology between plant and animal is

75-85%about for histone H3 or H4 genes and over 95% for their

coding products. The plant histone H3 and H4 genes also encode

highly conserved small basic proteins with 135 and 102 amino

acid residues, respectively, without being interrupted by

introns. The plant H4 histones from pea, wheat, corn and

Arabidopsis are all identical except that a wheat H4 histone

variant deduced from its DNA sequence differs from others by one

acid change at position 4 (Gigot, 1988; Spiker, 1988). The

plant H3 histones are slightly less с од
f'y
/ '■O

amino

than H4 histones.
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H3 histone variants with up to four amino acid replacements were

observed among different or within the same plant species

(Spiker, 1988; Gigot, 1988). Interestingly, the amino acid at

position 90 seems to be highly variable. It may be a serine, 

alanine, leucine or arginine (Gigot, 1988).

H4At the nucleotide level, the homology of histone H3 .and

any phylogenetic relationship. Thegenes does not reflect

homology can range from 99% to 75% independent of the genome in 

which the histone genes accomodate (Wells, 1986). This seems

true for plant histone H3 and H4 genes. Because of the highalso

conservation of H3 and H4 histones, the nucleotide divergence is

mainly due to the different codon preferences of individual

It has been noticed that all the cereal histone genesgenes .

initially studied prefer exclusively C and G to T and A in their

codon choice (Tabata and Iwabuchi, 1983, 1984a, 1984b; Chaubet 

et al, 1986; Phillips et al, 1986; Xie et al, 1987). The wobble

nucleotides used by these genes are composed of over 95% G and 

C. In some genes, the А-ended codons were never used (Xie et al,

1987) . Interestingly, all the four H3 and H4 genes from a

dicotyledonous plant, Arabidopsis, do not possess such GC-biased

codon usage. It should be worthwhile to survey the coding 

strategy of histone genes in other dicotyledonous plants. In 

other eukaryotic genes too the non-random use of synonymous 

codons has been well documented (Grantham et al, 1981; Murray et 

al, 1989). Several recent studies have suggested that the coding 

strategy may reflect gene expressivity (Grantham et al, 1981; 

Wells et al, 1986; Ernst, 1988; Thomas et al, 1988).

1.3.2. The 5' flanking region
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In animals, the flanking regions of histone genes possess

several specific motifs. Two of these are in the 5' flanking

"cap site" , pyCATTCpuregion, the GATCC pentamer and the

(Hentschel and Birnstiel, 1981). To find out whether plant 

histone genes exhibit the similar properties, Gigot (1988) has

made a comprehensive analysis. He showed that these two specific

with slightmotifs seemed to exist in plant histone genes

modifications. Based on this study, the "cap site" in higher

plants is pyCAA/Cpy and the pentamer motif is GCpypyC. But the

most intriguing finding is that all the analyzed plant histone

H3 and H4 genes carry a highly conserved octamer motif,

CGCGGATC, about 200-250bp upstream from the initiation codon. In 

a few cases, the "CGC box", as designated by Gigot (1988),

exists in its reverse form, GATCCGCG. It is unknown whether the

orientation of the CGC box has any functional significance.

ACGTCA ,Another plant specific hexamer motif, originally

postulated from wheat histone genes, was also seen in several 

plant histone genes (Mikami et al, 1987). This hexamer is not

found in all the plant histone genes and seems to be less

conserved than the CGC octamer. Gel mobility shift assays have

showed that this hexamer is the target of a nuclear binding 

protein(s), HBP-1 (Mikami et al, 1987). The functions of these

plant histone gene-specific consensus sequences are unknown so 

far. However, the recently developed techniques (Schell, 1987, 

Jefferson, 1987) for reintroducing cloned genes into plant cells

have paved the way to the functional analysis of promoter

elements involved in regulation. One pioneer experiment carried 

out by Tabata and Iwabuchi (1987) has demonstrated the faithful
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expression of wheat histone H3 and H4 genes in transgenic

sunflower seedlings. In yeast and animal, several reports on the

characterization of histone promoters involved in cell cycle

regulation have recently emerged (review in Breeden, 1988; 

SchQmperli, 1988). These studies revealed that approximately 200

bps of histone 5' flanking region, which includes the regulatory

(Fig.l.1),elements and the distal activating domain were

sufficient to confer cell cycle regulation on a linked reporter

gene. The regulatory elements might exist in a longer 5

UTR inflanking region in plant histone genes, since the 5

plant is generally longer and sometimes the plant specific

motifs are found over 250bp away from the initiation codon.

mRNAsFlanking Region: Are the Plant Histone1.3.3. The 3

Polyadenylated?

Evidence documented in the past few years have indicated

that, while the 5' flanking region governs gene transcription,

regulates gene expression at thethe 3 flanking region

level (Birnstiel, 1985; Platt, 1986). Mostpost-transcriptional

polyadenylated signal and areof eukaryotic genes possess 

transcribed into polyadenylated mRNAs. In contrast, most animal

histone genes carry two distinct consensus structures and encode 

non-polyadenylated mRNAs. These two specific structures are the 

T-hyphenated inverted repeats and 

(Fig.1.1). Both of them are involved in the 3 

event mediated by U7 small nuclear RNA (Cotten et al, 1988). The 

T-hyphenated dyad symmetry element 

essential for the cell cycle-dependent regulation (review in

its "downstream element"

processing, an

also shown to bewas

Schümperli , 1988) .
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In plant histone genes, dyad symmetry structures were

occasionally observed in their 3' flanking regions. But these

inverted repeats are rarely similar to the animal ones and they 

are not followed by the "downstream element". The 3' ends of 

several plant histone genes from wheat (Tabata and Iwabuchi, 

1986), corn (Chaubet et al, 1988), Arabidopsis (Chaboute et al, 

1988) and barley (Chojecki, 1986) have been determined by SI 

nuclease protection experiments or cDNA cloning. These 

experiments indicated that the 3'UTR of plant histone genes is 

more than 150bp, much longer than that of animal histone genes. 

The latter is about 80bp long. These differences between the 3'

flanking regions of plant and animal histone genes suggest that 

' processing of plant histone pre-mRNAs is different from 

that of animal histone pre-mRNAs. This suggestion was confirmed 

at least in some cases when a French group demonstrated that the

the 3

histone H3 and H4 mRNAs are polyadenylated (Chaubet et al,maize

1988). Subsequently, they again by using the same methods showed 

the polyadenylation of histone H3 and H4 mRNAs in Arabidopsis

and, probably, tobacco and sunflower. The data presented in this 

thesis also proved the polyadenylation of independent histone H3

transcripts in alfalfa. The cDNAs for a pea HI and a barley H3 

histone were also found to carry a polyA tract. However, an 

earlier study on rice defined the histone mRNAs in the polyA(-) 

fraction of total rice RNA (Ahmed et al, 1982). Therefore the

literature is insufficient to provide a general picture about

the polyadenylation status of plant histone mRNAs.

1.4. The Expression of Plant Histone Genes.
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is well known that the expression of histone genes is cellIt

cycle-dependent. The cell cycle dependence of histone gene

expression is regulated by multiple mechanisms at different

mRNAlevels, mainly transcription, pre-mRNA processing, 

degradation and histone protein synthesis (Stein et al, 1984;

Graves et al, 1987; Marzluff and Pandy, 1988; Schumperli, 1986,

1988). The coupling of histone gene expression with the DNA

synthesis is the main characteristic of most histone genes in

various organisms from yeast to man. Beside that, there are

several other regulatory mechanisms related to histone gene

expression, such as the temperally uncoupled expression during 

oogenesis and early embryogenesis in some animal species (Maxson

1983; Stein et al, 1984; Old et al 1983), the cellet a 1,

H3.3cycle-independent expression of mammalian basal histone

(Stein et al, 1984; Wells et al, 1987) and the developmentgene

and tissue-specific expression of minor histone gene variants

(Stein et al, 1984; Kemler and Busslinger, 1986; Kim et al, 

19887; Lieber et al, 1988; Alonso et al, 1988).

In higher plants, many studies has been carried out on plant 

histones (Spiker, 1982; 1985; 1988; Waterborg et al, 1987; 

Mazzolini et al, 1989). In many of these experiments, plant

histones from various tissues were mainly characterized, in

comparison with animal histones, by gel electrophoresis and

immunological assays. Unfortunately, these studies gave very

little information about gene regulation. The plant histone

were first studied in an Indian.laboratory by Ahmed andmRNAs

Padayatty (1982). They located the rice histone mRNAs in the 

polyA(-) fraction of total RNA isolated from 18-day-old
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germinated rice embryos by oligo-dT cellulose chromatography and

subsequently identified several individual histone mRNAs by cell

free translation. The histone mRNAs were found to be very

abundant in the 18 days old rice embryos. Recent studies also 

indicated that the histone mRNAs were highly accumulated in 

germinated maize embryos (Chaubet et al, 1987, 1988) and alfalfa 

somatic embryos (Wu et al, 1988). These observations seem to be 

in agreement with the quick and cell cycle-independent

transcription of histone genes during early embryogenesis in 

animal (Maxson et al, 1983). Consistently, Kato et al (1982) and 

Zlatanova and Ivanov (1988) have respectively demonstrated that 

the DNA and histone synthesis are uncoupled in early germination

of Vicia faba and maize embryos.

Unfortunately, the expression of plant histone genes in

somatic tissues has not yet been studied and it is not known how

the plant histone genes are regulated in somatic cells. Since

the plant histone genes are structurally very different from

animal histone genes, particularly in the 3 flanking region

which plays an important role in cell cycle regulation of animal 

histone genes (Stauber et al, 1986; Stauber and Schumperli, 

1988; Schumperli, 1988), one may speculate pecific regulatory

mechanisms for plant histone genes.

1.5. Summary

In summary, based on the limited studies discussed above, we

have seen that plant histone genes are certainly different from

cell cycle-regulated animal histone genes in several aspects 

(Table 1.2). The main characteristics of plant histone genes are



19

Table 1.2. Comparison of animal and plant histone genes

Invertebrates Vertebrates Plants

100-800Copy number 10-60 5-60

Organization Quintet regular, 
tandem repeat

Random cluster, 
no regular repeat

Occasional cluster? 
no regular repeat

Structure Short UTR
Majority no intron 
Majority no polyA mRNA

Relative long UTR 
No intron found 
All polyA(+) mRNA?

Specific motif 3' T-hyphenated inverted repeats 5' CGCGGATC
Regulation Cell cycle-dependent in somatic cell 

Cell cycle-independent during 
oogenesis and early embryogenesis

?
?

the followings: (1) The multiple copies of plant histone genes

usually exist as multigene families and they are not closely 

associated as animal histone genes are. (2) The presence of

plant specific consensus sequences in the 5' flanking region and 

the absence of animal-specific structural elements in the 3' 

flanking region. (3) The polyadenylation of histone transcripts

in maize and Arabidopsis.

Structure is always related to its function. The differences 

between plant and animal histone genes suggest that 

mechanisms for histone gene evolution, expression and regulation 

adopted by these two biological categories might be somewhat 

different. However, these conclusions may still be premature to 

serve as general rules for histone genes in all plant species,

the

since so far studies on histone H3 and H4 genes are restricted

to three monocot cereals and one dicot weed. Furthermore, genes
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for the less conserved HI, H2a and H2b histones have not yet

been analyzed.

In this thesis, we present data about the organizational and 

structural analysis of three histone H3 genes, one H3 

pseudogenes and four H3 cDNAs from a monocotyledonous plant, 

Oryza sativa, and a dicotyledonous plant, Medicago sativa. The

expression of alfalfa histone H3 genes was studied by using the 

somatic embryo culture system of alfalfa as a developmental 

system (Stuart et al, 1985). The presented eight DNA sequences

also allowed us to analyze the characteristics in the coding

regions of plant histone H3 genes.
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Chapter 2.

MATERIALS AND METHODS

2.1. Plant Sources:

2.1.1. Oryza sativa L, subsp. Japanica, cv. early 2439 bred by

Y.-X.Cai et al (1985, unpublished) was used for the construction 

of rice genomic library. Rice seeds were obtained from Jiaxing

Institute of Agroscience, Zhejiang Province, China.

Medicago sativa L cv. Nagyszenási commercially available2.1.2.

in Hungary was used for the construction of alfalfa genomic

library .

Medicago sativa L cv. Regen S. isolate RA3 kindly2.1.3.

provided by Stuart (1985) was used for the construction of

alfalfa cDNA library, tissue culture and gene expression

experiments.

2.2. Chemicals and Enzymes:

Common chemicals were either Hungarian or Chinese products,

Fine chemicals were purchased from Sigma or Serva. Most of the

few of them were BRL orenzymes were from Biolab, a

Boehringer/Mannheim products.

2.3. Plant Tissue Culture:

General procedure for somatic embryo induction was used as 

described by Stuart et al (1985) with a few modifications. The

soft and rootless calli were initiated from roots on agar

SH medium (Schenck and(SHM) ,maintenance medium i . e.

Hildebrandt, 1972) supplemented with luM 6-benzyl aminopurine
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(BAP) (2,4-0) .5uM of 2,4-dichlorophenoxyacetic acid 10and

grams of three week old calli were incubated in 150ml of

medium (SHI) , SH with 50um of 2,4-D and 5uMinduction i . e .

kinetin (KIN), for three days with constant shaking (120rpm) at 

25°C. The induced then transferred to agarcalli were

regeneration medium (SHR), i.e. SH with 30mM of proline and lOmM 

of (NH^^SO^. Somatic embryos became visible after two weeks. 

For selection of somatic embryos at different stages, 30 day old

cultures were used. The whole procedure for somatic embryo

induction is illustrated in Figure 3.2.4. The in vitro grown

alfalfa plants used for callus initiation and RNA preparation 

were grown in agar UM medium (Uchimiya and Murashige, 1974) from 

nodal cutting without adding plant hormones.

^H-Thymidine Incorporation:2.4.

The procedure was that modified from F.Boldog (Ph.D thesis, 

Eötvös Lorant University, 1986). The details are described as 

the followings (steps 4-6 were carried out at 4°C):

1) RA3 calli were collected and suspended in SHI medium 

(10g/100ml). For control, SHM was used instead.

2) The suspended cell clusters (10ml) were distributed into 

25ml flasks and cultured at 25°C with constant shaking (120rpm).

3) Each day callus cells were pulse-labeled with 5.55MBq (150 

uCi) of ^H-thymidine per flasks for 12 hours and then 

by filtration. Three labelings were carried out in parallel.

4) The labeled cells were homogenized in a potter homogenizer 

with 2ml of 7% trichloroacetic acid (TCA). Precipitation of the

collected

homogenate was carried out by centrifugation at 20,000g for 10
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minutes .

5) The pellets were washed several times with 2ml of 7% TCA

until no radioactivity was measured in the supernants and then 

once with 2ml of ethanol and ether (3:1) by resuspending and

centrifugation.

6) The pellets were suspended again with 2ml of ether and 

then the suspensions were dried by filtration on discs of 

glass fiber paper (Whatman).

7) The radio activity on each discs was measured in

GF-C

thescintillation cocktail. Final data were the mean cpm from

three sets of labeling.

2.5. Construction and Screening of Genomic Libraries:

2.5.1. Rice: The construction of the rice genomic library has

been described previously (Wu et al, 1987). In brief, 10 days 

old rice seedlings grown in dark at about 28°C were used for 

total DNA isolation. The method was that described by Murray and

Thompson (1980). Purified total DNA was partially digested with

Mbol and fractioned by density gradient centrifugation in 10-40% 

sucrose as described by Maniatis et al (1982). The 15-20kb rice 

DNA fragments were then ligated to BamHI/EcoRI-digested EMBL3 

vector DNA (Frischauf et al 1983). The recombinant DNAs were 

packaged in vitro (Maniatis et al, 1982). Finally the rice 

genomic library was amplified by growing the phages in E. coli 

Q359 (Maniatis et al, 1982) and stored at -70°C. Tostrain

isolate histone genes, about 100,000 phages were grown in E_. 

coli strain K802 (Maniatis et al, 1982) and screened by in situ

plaque hybridization (Benton and David, 1977) with appropriate
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DNA probes according to standard procedure (Maniatis et al,

1982).

The alfalfa genomic library was constructed by 

É.Vincze et al (in preparation). Total DNA was isolated from

2.5.2. Alfafla :

young alfalfa plants, purified and fractioned as described

above. 10-15kb alfalfa DNA fragments were inserted into

BamHI-digested pGY97 DNA. pGY97 is a fused vector of lambda 

EMBL4 (Frischauf et al, 1983) and plasmid pBR322. It can be used

either as a plasmid bacteriophage lambda vector. The 

recombinant DNAs were packaged in vitro (Maniatis et al, 1982)

or

and the packaged phages were infected into E.coli K-1400 (Cami 

and Kourilsky, 1978) and grown as bacteria at 28°C in the 

presence of ampicillin and tetracycline (É.Vincze et al, in 

preparation).

stored in 15% glycerol at

screening the library, about 100,000 recombinants were induced 

at 42°C and grown in K802 as phages. The resulting plaques 

then in situ hybridized with appropriate DNA probes.

Finally, the bacterial colonies were harvested and

-70°C in small aliquots. For

were

2.6. Southern Blot Hybridization and Estimation of Copy Number:

Genomic DNA or cloned DNAs were digested with appropriate

restriction enzymes, separated on agarose gels and blotted

according to the standard methods (Maniatis et al, 1982). The

copy number of histone H3 genes was estimated according to 

Gullis (Gullis et al, 1984). Cloned DNA and genomic DNA was dot

blotted onto a nitrocelullose filter according to White et al, 

The filters were hybridized with appropriate DNA probes.(1982) .

After hybridization, the filters were exposed to X-ray film. For
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copy number estimation the radioactivity of each dot was

measured and used for calculation. Hybridization was carried out

in a solution containing 50% formamide, 3 x SSC, 0.1% SDS, 0.25%

Belgium) and 2x10^ cpm/ml of "^P-labeledmilkpowder (Gloria, 

probe DNA (random primer labeling method, Feinberg and

Vogelstein, 1983) at 42°C for 24-30 hours. The filters were 

washed in 0.1 x SSC and 0.1% SDS at 67°C for 5 hours.

2.7. RNA Preparation:

the method ofRNAs prepared

guanidiniumthiocyanat-LiCl precipitation described by Cathala et 

al (1983) and quantified by spectrophotometric assay as well as 

agarose gel electrophoresis. PolyA(+) RNAs and polyA(-) RNAs was 

prepared from purified total RNAs by oligo-dT cellulose 

chromotography (Aviv et al, 1973).

Total bywere

2.8. Northern Blot and Dot Blot Hybridization:

Total RNAs, polyA(+) and polyA(-) RNAs were separated on

formaldehyde agarose ' gels and blotted onto nitrocellulose

(Maniatis et al, 1982). The procedure used for dot 

that of White et al (1982). Conditions were the same as used

blotfilters

was

for Southern blot hybridization.

2.9. Construction and Screening of Alfalfa cDNA Library:

by J.Györgyey et alThe cDNNA library was constructed

(unpubl.). RA3 calli were incubated in SHI medium for 60 hours.

Total polyA(+) RNA was prepared from the induced calli and used

for the construction of cDNA library. The cDNA library was
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constructed according to Gubler and Hoffman (1983) in an Jjn

transcription vector, pGEM-2. Screening of the library wasvitro

performed according to standard colony in situ hybridization 

procedure (Maniatis et al, 1982).

2.10. DNA Sequencing:

M13 mpl8/19 vectorsDNA fragments were subcloned 

according to Yanisch-Perron et al (1985) and sequenced by the 

dideoxy chain termination method (Sanger et al 

sequencing kit (Sequenase) and protocol were provided by United 

States Biochemical Corporation (USB).

into

1977). The

Computer Analysis: All the DNA sequence data were handled2.11.

Cornell DNA Sequenceby appropriate programmes from the 

Analysis Package (Fristensky et al, 1982) run on an IBM/DOS

computer. For homology searching, Microgenie programme and the

DNA data library was that released by GenBank in March, 1988.
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Chapter 3.

RESULTS

3.1. THE STRUCTURE AND ORGANIZATION OF RICE HISTONE H3 GENES

3.1.1. Organizations of Isolated Rice Histone H3 Genes

Although two associated histone H3 gene and pseudogene have

identified in a rice genomic clone, ARH3-17, most of the 50been

H3 pseudogene 1kb

E E В
4-U

H
A.RH3-1

4 \ \ \ \s x ^
P BpN Sc EScFbSc X St И К Bn E В X? xIV

EHHEH HH ir rARH3-2 \ \// \ \/
XbSpSc SaSaBs S Sc Sa \✓ \/ 1 тгII I

Fig.3.1.1. The restriction maps of ARH3-1 and ARH3-2 and the sequencing 

strategies (indicated by arrows) of H3 gene subclones, H3R-12 (left) and 

H3R-11 (right) from ARH3-1 and H3R-21 from ARH3-2. The solid boxes represent
B=BamHI, Bg=BglII, Bs=BssHII, E=EcoRI, H=HindIII, K=KpnI, 

Sp=SphI, St=StuI, X=XhoI and Xb=XbaI.
coding regions.
P=PstI, S=SalI, Sa=ScaI, Sc=SacI 5
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copies of H3 sequences remain unknown. In addition the flanking 

regions of the two cloned H3 gene (pRH3-2) and pseudogene 

(pRH3-l) were not well characterized (Peng and Wu, 1986 ; Xie et 

al, 1987). For further characterization of the structure and 

organization of rice histone H3 genes, a Pstl/PvuII fragment of

clone pRH3-2 was used as a probe to screen a rice genomic

library (Wu et al, 1987). Two positive clones were isolated from

about 100,000 recombinants. Figure 3.1.1. shows the restriction

maps of these two rice histone H3 clones. ЛРНЗ-1 carries two

copies of H3 sequences but shows different organization from 

that of A.RH3-17 (Peng and Wu, 1986)). These two H3 sequences are

separated by a 5.8kb spacer and localized on a 0.7 and a 0.5kb

of EcoRI/BamHI fragments, respectively. Clone k.RH3-2, however,

possesses only one copy of H3 gene with distinct restriction

pattern as compared to ARH3-1 or ARH3-17.

3.1.2. The Structure of Rice Histone H3 Genes

The nucleotide sequences of the rice histone H3 genes derived

from clone A.RH3-1 and Ä.R H 3 - 2 were compiled with those from clone

A.RH3-17 in Figure 3.1.2. The compilation analysis revealed

several characteristics of the rice histone H3 genes.

3.2.3.1. The coding region of the rice H3 genes

The two H3 sequences subcloned from ?\.RH3-1 and one H3

sequence subcloned from A.RH3-2 were designated as H3R-11, H3R-12 

and H3R-21, respectively (Fig.3.1.1). Despite different

organization, the coding region of the rice histone genes and

pseudogenes are highly conserved. The homoloy among these

sequences is over 92% and up to 96.8% between H3R-11 and pRH3-2
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ю 20 5(1 40 50 60 70 80 90 100
21.

110 120 130 140 150 160 170 180 190 20011. l^bAALLLLALbbAILbLbA1|'uUÜUUIbTGATT.GGTT,GGÜGCAG^T.GCGCGCGGAr^GCATTCGCA1rCCCGirGGGTrGCGCCTC[:^A .тАТ1ГССДАЛС

GG A lICCA A it T GC ACCG ТСС А Т TCGC ACGC
21.
P2.

210 220 230 240 2 50 260 270
11. fcCAAAATlTTCGCtCAAAllTTCGAACATTTCCACTGCGCGCGAATGCGAATGAGCGAATCCCTdcCAAAllTTCACGCClrATTTAAAlCACCGCGAATTCCCC 
21. CCGCATCGCTCGCGCIjCCAAAATlTCCAAACCC|CCAAAAAAAAAAAAT ССССССССССТСТААААТССАДАПГСДГГГТГТГГГГ1ГАТАТАДА|ГПГТГ:гтл 
p2. AATCCAACGGGGCTGATTCCCCGCGGpCAAAAT|CCAAA|CCAAAAAAÍ TTTCGCGCTCTCAAATTCCAAACCCCAGCCTCCCCdTATATAAAlnGrnGnTrG

2H0

310 320 330 340 350 360 370 380 390 400
11. CCTCTCAATCCACCACCGCCAAGTCTCAAATCCAAAGAAATCACTCGCCGCCGCCGCCTCGCCTTCTCCGCCGCGCCAAGCTCTCCTCTCCTCCTCCTCG 
21. TCTCCCTCGCCGCCTCATCCCACTCCGCCGCCGCCGCCGCGAAATCTCCAAGCCAAAGCGCCGCCAGAGAGCCCCGAGGCCTCCTCCTCCCTCCTCCGCG 
p2. CCTCCCTCGCTGTCTCAACCCACTCCGCCGCCGCCGACTTCGCCGCGAAATTTCTCAAACTCCCAAAGCTCCGCCGCGTCAAGCTCTCCTCTCCTCCTCG

TTTTGTTGACG1ATAATAAGT1AGACA 
TTTTGTTGACGTATAA1AAGTTAGACA

12.
pl.

410 420 430 440 450 460 470 480 490 500
11. ATGGCCCGCACGAAGCAGACGGCGCGCAAGTCCACCGGCGGGAAGGCGCCGAGGAAGCAGCTGGCGACCAAGGCGGCGCGCAAGTCGGCCCCGGCCACCG21 . T. .G G G G G
P2. G12. CA.A 
pl. CA.AXXX

T A--------
A----...---------A.T

— .T- AA. ,T 
ДА. .T

A..T
I A..T

510 520 530 540 550 560 570 580 590 600
11. GCGGCGTGAAGAAGCCCCACCGCTTCAGGCCCGGCACCGTCGCGCTCCGTGAGATCCGCAAGTACCAGAAGAGCACGGAGCTGCTCATCCGCAAGCTCCC
21. G...C....GG G G
p2. G G
12. G A
pl. G A

610 620 630 640 650 660 670 680 690 700
11. CTTCCAGCGCCTCGTCCGCGAGATCGCCCAGGACTTCAAGACCGACCTCCGCTTCCAGAGCTCCGCCGTCGCCGCGCTGCAGGAGGCCGCCGAGGCGTAC
21. G G G G G C C
p2. CG CG G...CG....

Áá ДА ái12.
pl. CG CG."А*""да

720710 730 740 750 760 770 780 790 800
11. CTCGTCGGGCTGTTCGAGGACACCAACCTGTGTGCCATCCACGCCAAGCGCGTCACCATCA1GCCCAAGGACATCCAGCTCGCGCGCCGGATCCGCGGCG
21. C C..C C C T.
p2. C T C C C T.
12. C T.
pl. C

810 820 830 900840 850 860 870 880 890
11. AGCGCGCTTAGGCGATCCGCCTCCTTTGGTTCTTGCTTGG1TCGTAGGGACTTGTCA1GTTCTACCAGTTCTTGTTAATTATTAGATCC1TGCCTTGTCA

...AAATTAGTTCAATAATCTGATCAAACATTCTGTTGACCAACATCATCCCACTATTTGAGCAGCCTGATGGAGAAGCATTAATTGGTTGIT 
C.GATTAATTTATTAGTCGCTTCATCTGTGATAGCTCTAGTACCAGAATTGCTTAGTAGTAGTGATGTAATGGCTTGTTGCTGTTGCTGTCAA 
C.GATTGATTTAGTCGCTTGGTCTGAGCTTACCAGAAAATTGCTAGGGAGTAGTAGTAATGTAACTTGTTGCAAACCTGC^AT^jCATGGCAGC

21.
p2.
12.
pl.

XXX
920 930910 940 950 960 970 980 1000990

11. TGTCGTAGTCTTTGATTCTTAGTTGCMI£IMCCDCTGGTTATTCTGAAATTGCAACCGAAGTAATCTGTTTTATCCCCAAATTTCTGTCCATATTTGT 
21. AATGTTGTTCAATTGCACGCGACAACATTGTCAGrlfTGAGAAAAATAAAAATCCAAAATGGAACAAAACGTTATAATAAT£CATTTCTATACCTGTAGT 
p2. TTGTTGCTCTGATTATAAATGGGAAATGTTTCTGATGTTCAAATCTTGCTA
12. ACGGCTGTGAAGTGTTGAGCTGATTATGAATGAGAAATCGGTCTTCCATGTTCAAATCTATCCATTTGTTTTGCCTGTTTTTCATGAAAGATTTGAAA1G

110010601030 1040 1050 1070 1080 109010201010
11. CTGAACTGATTGCAATTTGAGTGGATGATCAGGTCTGGCTCCATGCGATAAATTCATCTTATCCTACACTTGTTCTGTTTTGTTTGATGTTCAGAAATCA 
21. TTCCCTTTTAGATGTTGAAATGAGCATGTTCAAATCTTATCATTATAAGTTTGATCAACGGTCCATAAGAAAGTGACCGTACCTTAAAATTCCTCCATAA
12. AATGTGTGGAATGCCTTTCCGAGTTCAGAGAATCAGAGTCTGCAGGATTAAAGTGGCCTCGCTTTCTTACTGAATGATGCGTTAGTGTTACATATTGGCA

120011301120 1150 11901110 1140 1160 1170 1180
11. GAATGGTTCTGAAATTATTCCATTATGCATTTGTCCCTAGATTTGTAGTTTTCACTAAAAAGTACTGAATAAATTGCAATTCAAGTCTGTAGTGTCT TG1 
21 TTAAAGTATCCCACTACCCCACTTACAAGCAATTGTCCTAGCTTTGATGCTAAGTAGCTAAACGTGATAAGCATTCGCAGAATAAATTGTAAACAATAAA
12. ICAATTGAGTTATGCGTGGAGAAGGCATTCTAAATTTGCATAGAGTATTTTCTTTTATAATTGAGCAAACATTTCAACTGGTCTACCAAGAGTCTGTAAI

The nucleotide sequences of rice histone ИЗ genes and H3 
In the coding regions, the initiation and termination codons

Fig.3.1.2. 
pseudogenes.

marked with Xs, the putative sequencing errors in pRH3-2 and pRH3-2 are 
indicated with solid triangles and dashes represent deletions in the 

In the 5'-flanking regions, the TATA box and CAAT box are 
the "cap sites" are shown with clashed lines and the direct or

are

pseudogenes. 
framed,
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reverse "CGC boxs" are indicated with arrows in either directions. In the 
3'-flanking regions, the palindromic sequences are indicated by inverted 
arrows and the polyadenylation signal-like sequences are underlined. 
11=H3R-11, 21=H3R-21, p2=pRH3-2, 12=H3R-12 and pl=pRH3-l. The sequences of 
pRH3-l and pRH3-2 were obtained from Xie et al (1987).

(Table 4.3). As previous studies on pRH3-2 (Xie et al, 1987) and 

other cereal histone genes (review in Gigot,1988), both H3R-11 

and H3R-21 display extremely GC preference at the codon position 

III (Table 4.4). Among 135 codons excluding the start and stop

А-ended codons were never used, while T-ended codons wereones ,

used only three times in each of the rice genes. 23 of the 25

nucleotide replacements between the coding regions of H3R-11 and 

H3R-21 were the changes between G and C (Figure 3.1.2). Both 

H3R-11 and H3R-21 encode an identical protein. This protein is 

identical to those deduced from corn (Chaubet et al, 1986) and 

Arabidopsis (Chaboute et al, 1987) H3 genes and it varies with 

those from pea (Patthy et al, 1973), wheat (Tabata and Iwabuchi, 

1984) and alfalfa (W u et al, 1988) in only one amino acid at 

positon 90 (Fig.4.5). But surprisingly, the H3 histone encoded 

by H3R-11 and H3R-21 varies with that (H3г) deduced from . the

nucleotide sequence of pRH3 — 2 at three positions despite the

60 7040 5020 3010
1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRFRPGTVALREIRKYQKSTELLIRKLPFQRL
2
3
4

120 130100 11080 90
1 VREIAQDFKTDLRFQSSAVXALQEAAEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
2 T...R R
3 A
4 A

Fig.3.1.3. The amino acid sequences of rice H3 histones derived from their 
genes. 1, Consensus sequence of plant H3 histones (Wu et al, submitted; also 

Fig.4.5) and 2, H3r deduced from pRH3-2 and 3-4, H3 histones deduced
from H3R-11 and H3R-21, respectively.
see
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homology (60%) between H3R-11 and pRH3-2 (Fig.3.1.3).extensive

sequence alignment in Figure 3.1.2 indicates that all theseThe

due to the dinucleotideH3ramino acid changes in are

of 5'CG to 5'GC. Two identical dinucleotidesubstitutions

substitutions are also observed in the previously published

pseudogene, pRH3-l. It possible that these unusualis

dinucleotide changes in pRH3-2 and pRH3-l might have resulted

from DNA manipulation errors.

In comparison to other rice H3 genes, H3R-12 consists of a 

total lObp deletions inside the "coding region" and 11

nucleotide substitutions of G or C to A or T. Some of these

substitutions lead to amino acid replacements(not shown). This

sequence also lacks an initiation codon and the entire 5

flanking region which characterizes the rice histone H3 genes 

(see below). In addition, H3R-12 is identical to the previously 

published rice H3 pseudogene, pRH3-l (Xie et al, 1987), except 

that pRH3-l has five more base pair deletions and contains two

660-661 and 693-696dinucleotide substitutions at position

(Fig.3.1.2). H3R-12Therefore it is reasonable to conclude that

represents a histone H3 pseudogene.

flanking region of rice histone H3 genes3.1.2.2. The 5

flanking sequences of the rice histoneComparing the 5

genes, the "orphan" gene H3R — 21 shows very limited homology to

H3R — 11 or pRH3-2, while the latter two exhibit relatively high 

degree of homology (Fig.3.1.4). Despite the homology limitation, 

however, a number of conservative and distinct sequence motifs 

were observed among the rice histone genes (Fig.3.1.5). Besides

TATA box and the "cap site", several CnAnTn sequences appearthe
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in each of the rice H3 genes (Fig.3.1.2). These CnAnTn motifs 

may be the divergent types of CCAAT box as suggested by Anderson 

et al (1984). Interestingly, the plant histone gene-specific CGC 

box (Gigot, 1988) exists in the 3' flanking region of H3R-11 and 

H3R-21 as multiple copies (three copies in H3R-21 and four

180 190 200 210 220 230 240
pR2 GGATCCAATCTGCACCGTCCATTCGCACGCAATCCAACGGCGCTGATTCCCCGCGGCCAAAAT-CCAAACC—: : : : :::
R21 ATCCAATGGCATATATTTCGTGCTT ■CCCTGCCGCATCGCTCGCGC-GCCAAAATTCCAAACCCC

180 190 200 210 220 230

250 260 270 2B0 290 300 310 320
pR2 AAAAAATTTTCGCGCTCTC—AAATTCCAAAGCC-CAGCCTCCCCCTATATAAACGCCGCTCGCCTCCCTGGCTGTCTCAACC

R21 CAAAAAAAAAAAATCCCCGCGCGCTCTAAAAT-CCAAACCCACCCTCT-CCCCTATATAAACGCTGCCAT-CTCCCTCGCCGCCTCATCC
240 250 260 270 280 290 300 310 320

330 340 350 360 370 380 390 400
pR2 CACTCCGCCGCCGCCGACTTCGCCGCGAAATTTCTCAAACTCCCAAAGCTCCGCCGCG TCAAGCT-CTCCT—CTCCTCCTCG:::::::: :::: :: : : : : : : : ::::::: : :
R21 CACTCCGCCGCCGCCG- CCGCGAAA—TCTCCAAG—CCAAAGCGCCGCCAGAGAGCCCCGAGGCCTCCTCCTCCCTCCTCCGCG

330 340 350 360 390 400370 380

The homology between the 5' flanking regions of pRH3-2 (pR2) and 

sequence numberings correspond to Figure 3.1.2. Dashed are
Fig.3.1.4.
H3R-21 (R21).
introduced for maximal homology.

H3R-11. CGCGGATCGCGATCCGTG.92.CCAAAAT.69.CTATTTAAAC.18.TCAATCCAC.32.GCCGCCGCCGCC.21.CTCTCCTCTCCTCCTCCTCGATG 
H3R-21. CACGGATCCCJ3ATCCGCG.90.CCAAAAT.59.CTATATAAAC.21.TCATCCCAC..3.GCCGCCGCCGCC.41.CTCCTCCTCCCTCCTCCGCGATG 
pH3R-2. CCAAAAT.49.CTATATAAAC.22.TCAACCCAC..3.GCCGCCGCCGAC.45.CTCTCCTCT--- CCTCCTCGATG

CAAT box TATA box CTCC boxInverted CGC boxs Cap site GCC box

Fig.3.1.5. Conserved sequence motifs in the 5' flanking region of rice 

histone H3 genes. The asterisks mark the initiation codon and the numbers 

indicate distances (bp) between motifs.
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H3R-11) . bothTwo inverted repeats of CGC boxes incopies in

genes are closely linked and they could form a stable hairpin

(Fig.3.1.2, 3.1.5). The other two CGC boxes in H3R-11structure

exist as direct form at position 32 and 150, respectively,

whereas the third CGC box in H3R-21 exists as reverse form at

position 61 (Fig.3.1.2). Additionally, the rice H3 genes also 

possess other specific consensus sequences. These are a stretch 

of four GCC repeats designated as "GCC Box" downstream of the 

"cap site" and a stretch of CT repeats designated as "CTCC Box" 

adjacent to the initiation codon (Fig.3.1.2 and 3.1.5). The

conserved sequence motifs of the rice histone H3 genes are

the 51 "flankingsummarized in Figure 3.1.5. In contrast,

region" of the H3 pseudogene, H3R-12, does not exhibit any of 

these characteristic motifs (Fig . 3.1. 7A) .

flanking region of rice histone H3 genes3.1.2.3. The 3

flanking sequences of the rice histone H3 genes areThe 3 '

the 5' flankingnot as GC-rich as the coding region and

instead they exhibit slightly AT-rich. Among the fivesequence,

3 ' flanking sequences, only a very limited degree of homology

812 822 832 842 852 862 872 882 892
pR2 TGATTAATTTATTAGTCGCTTCATCTGTGATAGCTCTAGTACCAGAATTGCT- TAGTAGTAGTGATGTAATGGCTTGTTGCTGTT

:::::::::: ::::
R12 TGATTGATTTA—GTCGCTTGGTCTGAGCTTACCAGAA- ■AATTGCTAGGGAGTAGTAGTAATG—TAA----CTTGTTGCAAAC

852 862 872 882812 822 832 842

900 920 940910 930
PR2 ■GCTGTCAATTGTTGCTCTGATTATAAATGGGAAATCTTTCTGATGTTCAAATCTTGCTA

R12 CTGCAATGCATGGCAGCACGGCTGTGAAGTGTTGAGCTGATTATGAATGAGAAATCGGTCTTCCATGT
890 900 910 920 930 940

Fig.3.1.6. The homology between 3' flanking regions of pRH3-2 (pR2) and The 

H3 pseudogene, H3R-12 (R12). sequence numberings correspond to Figure 3.1.2. 
Dashed are introduced for maximal homology.
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(Fig.3.1.6). ThepRH3-2 H3R-12 observedandbetween was

T-hyphenated inverted repeats and its "downstream element" of

animal histone genes were not detected in the rice H3 genes,

shortseveral polyadenylation signal-like sequences and 

inverted repeats were observed (Fig.3.1.2).

rather ,

The Rice H3 Pseudogene Is Associated With Short Tandem3.1.3.

Repetitive Sequences

flanking region""3 of the H3To characterize the

"upstream region" of thispseudogene, H3R-12, the entire

A.RH3-1 (Fig.3.1.1) was sequenced. Thepseudogene cloned in

complete sequence of this region is shown in the Appendix-2.

Figure 3.1.7A includes only the most characteristic 1130 bp

(Fig.3.1.2) ."coding region"sequences adjacent to the

Occasionally interrupted by stretchs of GA-rich sequences, the 

first 1500 bp "upstream sequence" exhibits extensively AT-rich.

More intriguingly, this region includes a stretch of repetitive

sequences (RS). Figure 3.1.7A shows the sandwich structure

AT-rich/G-containing the RS and its flanking sequences: 5

rich/RS/G-rich/AT-rich 3'. The RS itself is a mosaic composition

of three different repeating elements, the 16 bp short tandem 

repeats (STR), the 26 bp interspersed repeats (ISR) and the 31 

bp super-EcoRI repeats (SER). In addition, the AT-rich regions 

which flanks the G-rich/RS/G-rich structure also display short

are not specified inirregular repetitive sequences which

Fig.3.1.7.
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A

10050 ВО 9010 20 зп 40 fin 70
AAGCTTTGTT CTTTATCACC ATTTTTCCAA CTTGCCTTTC TCGTTTTTGA GGCGGACGTT TTTTATAATG ATATATAAAA AATTTTCTAT ATAAAAAATA

200180 190150 170110 120 130 140 160
TTTTAAAAAA TAATATTAAT GTATCTTATA ААААААДТАА TTAATATTTA ATTAATGATG CAACAAAACG AGTTTTGTTT TGCGTGCCAG GAGGGAGGGG

300290230 240 250260 270 280210 220
GTACCCTAAT GGGCGATTGA TCGGCGTGGG GATGGGGTAG CGATCAGATT CGCTCCCCAC TCCCTCCCTC CACCTGGTTT CCTTTTTTGG CATCGCATTA

400380 390520 330 34C 350 и 0 370510
CTTTCCTATT TTAGTAAATT^TATACACCTA AAGTUATGC ACGTAAAGTT JACACATATA AAGTTTAGAG ACCAAAAGTT JATAAGTCAA AAGTTTATAT

420  430 440 450 460 .7C
ATCCGATTCA АААТТГААТТ TfcAATTCfoAA JATJTTJTAJJVJATAGCATJ TCTATACATA TAAAGTT1AT ACACCTAAAG TTTATAGATC TAAAGT^TAT

510 520 530 540 550 ____560 570 580 590
AGACCTAAAG TTTATAAGTC AAAAGTTTAT ATACCCGTTT CAAATTTGAA ТТТ^ААГЩА^AATATGCGAT TCAAATTTGA ATTTGAATTG AGAJATTTTJ

680 690 700
CATATATAGT ATTTfJATAC ATGTAAAGTT JATAGACCTA AAGTTTATAT ACCCGATTGA AATTTGAATT TTAATTATAT CTGATTCAAA TTTAAATTTfT

____ 710 720 730 740 750 760 770
ЛАТТфААТА TTTTCTATAT ATAGTATTTC^rATACATCTA AAGT TTATAG ATCCAAAGTT^TATAAGTCAA AAGTTTACAT

_____ 810 820 830 840 850 860 870 880 890
ijGAATTCjAAA TTTTTTATAT ATAGTATTTC TATACATAAA TTTTTCTAAC TTTTGTTTTT CAAAAAATJT JGTGTGGTCT ACTGAAAGAG GAGAAGGAGA

500480 490470410

600

620 640 670610 630 650 660

800780 790
ACCCGATTCA AATTTGAATT

900

1000910 970 980 990920 930 940 950 960
TGAGGAAGGG GGAAGAGGGA GGAGTACATC TAGTAGTATA GGGGAGAGGG TGGGCGGGTG ATGGCTAGGC GGGTGGGGGA GCGATCACCC GCCCATTAGC

1090 110010801010 10701020 1030 1040 1050 1060
CTTTCCGGGG AGGGTTCCCT CCTTCCGAAC ACGGCGTAAA ATCTTAAATC CTTAATTGAT TTATAAAAAT CGAATTAAAT TAGATCTAGA AGCATACGAT

11301110 1120
TGGTTTTGTT GACGTATAAT AAGTTAGACA

DВ

ATACACCTAAAGTTT 
ATGCACCTAAAGTTT 
ACACATATAAAGTTT 
AGAGACCAAAAGTTT 
ATAAGTCAAAAGTTT 
ATACATATAAAGTTT 
ATACACCTAAAGTTT 
ATAGATCTAAAGTTT 
ATAGACCTAAAGTTT 
ATAAGTCAAAAGTTT 
ATACATGTAAAGTTT 
ATAGACCTAAAGTTT 
ATACATCTAAAGTTT 
ATAGATCCAAAGTTT 
ATAAGTCAAAAGTTT 
ATACAT—AAATTTT

ATTACTTTCCTATTT-TAGTAAATTT 
AAATATTTTTTATATATAGCATTTCT 
AGATATTTTTCATATATAGTATTTCT 
AAATATTTTCTATATATAGTATTTCT 
AAA—TTTTTTATATATAGTATTTCT 
TAACTTTTGTTTTTCAAAAAATTTTG

E

ATAT—CCGATTCAAAATTT-AATTTGAATTC 
ATATACCCGTTTC-AAATTTGAATTTGAATTC 
AAATATCCGATTC-AAATTTGAATTTGAATTG 
ATATACCCGATTC-AAATTTGAATTTTAATT- 
ATAT—CTGATTC-AAATTTAAATTTGAATTC 
ACATACCCGATTC-AAATTTGAATTTGAATTC

C

ATACATCTAAAGTTT 
16 14 15 8 13 10 12 10 16 16 16 15 16 16 16

C G G G С A A
1 1 5 3 6 2 4

T
1

G A G C
1 3 1 1

Fig.3.1.7. Repetitive sequences (RS) in the "5'-flanking region" of the rice 
H3 histone pseudogene, H3R-12. (A) The upstream sequence containing the
short tandem repeats (STR). Numbering from 5', the STRs, super-EcoRI repeats 
(SER) and interspersed repeats (ISR) are indicated with direct, reverse and 
dashed arrows, respectively. The super-EcoRI sites are framed. (B) Sequence 
comparison of the STRs. (C) Frequency of nucleotide used in the STR. (D) 
Sequence comparison of the ISRs. (E)Sequence comparison of the SERs. All the 
repetitive sequence elememts listed from top to bottom in (B), (D) and (E) 
correspond to those from 5' to 3' in (A).

1
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3.2. CHARACTERIZATION OF HISTONE H3 GENES AND THEIR TRANSCRIPTS

IN ALFALFA (Medicago sativa)

3.2.1. Isolation and Structural Analysis of an Alfalfa Histone

H3 Gene

To date, about 20 histone genes have been isolated from three 

monocotyledonous crops, but only four H3 and H4 genes from one 

dicotyledonous plant (Table 1.1). To study histone genes from a

broader taxonomic groups, an genomic library wasalfalfa

screened for H3 histone clones by in situ plaque hybridization.

A BamHI/EcoRI H3R-11fragment of the rice histone H3 gene,

(Fig.3.1.2) was used as a probe. One positive clone out of four, 

designated as A.ALH3-1, was further analyzed. The cloned 10.7kb

genomic DNA fragment bears only 

(Fig.3.2.1.). Other histone genes (H2a, H2b and H4) have not 

been detected by DNA hybridization (data not shown). A l.lkb

H3 genehistoneone

fragment carrying this H3 gene, designated as ALH3-1.1, was then

H ВEE H EH E 1Kb (a)I I 4
////

/
/C-' EVSCSC c /

/I_< (b)

(c)

Fig.3.2.1. The restriction map ofAALH3-l(a), ALH3-l.l(b) and the sequencing 
strategy(c) for the alfalfa histone H3 gene. The black box indicates the 
coding sequence of ALH3-1.1. B=BamHI, C=ClaI, E=EcoRI, Ev=EcoRV, H=HindIII 
and Sc=SacI.
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subcloned The complete nucleotide sequence ofand sequenced.

ALH3-1.1 is presented in Figure 3.2.2. with theIn comparison

histone genes from other several characteristicspecies ,

features were observed in both the coding region and the

flanking sequences of the alfalfa H3 gene.

-281
GGAT

-251 -211-271-261 -241 -231 -221
CCTCATCACA CAAACAAAAC ACATCCACAC CCCACGTCA^GATCCGCGT GTCGCAAATA CTCCAAATAA

-171 -141-201 -191 -181 -161 -151
acgacacccg tcgattaCíT~aáTV\atcaac ggccacaatt acaccccatt cacccacttc tcaaatttca

-71-131 -121 -111 -101 -91 -81
AAACCCGCAC AAAATCATAT CAŰTATATAAI CTCACCCCTT TCATCTCTTC TTCCTCATCA CTCTCAATTC

-31-61 -51 -41 -21 -11 -1
TTCAAAGCAC AAAAACAACC TTCAAGTTTC TCTGTTTGAT ACTGTTCTTT TCAGTTATTT TTCATAATCA

30 60
ATG GCA CGT ACC AAG CAA ACC GCT CGC AAA TCC ACC GGT GGC AAA GCT CCA AGG AAG CAA 
MET Ala Arg Thr Lys Gin Thr Ala Arg Lys Ser Thr Gly Gly Lys Ala Pro Arg Lys Gin

90 120
CTC GCC АСА AAA GCC GCT CGC AAA TCT GCT CCG GCC ACC GGC GGA GTG AAG AAA CCT CAC 
Leu Ala Thr Lys Ala Ala Arg Lys Ser Ala Pro Ala Thr Gly Gly Val Lys Lys Pro His

150 180
CGT TTC AGG CCA GGA ACC GTC GCT CTC CGT GAG АТС CGC AAG TAC CAG AAG AGC ACT GAG 
Arg Phe Arg Pro Gly Thr Val Ala Leu Arg Glu Ile Arg Lys Tyr Gin Lys Ser Thr Glu

210 240
CTC CTC АТС CGC AAA CTC CCC TTC CAG CGT CTT GTC CGT GAG АТС GCT CAG GAT TTC AAG 
Leu Leu Ile Arg Lys Leu Pro Phe Gin Arg Leu Val Arg Glu Ile Ala Gin Asp Phe Lys

270 300
ACT GAT CTC CGT TTC CAG AGC TCC GTC GTG TCG GCT TTG CAA GAA GCG GCC GAG GCT TAT 
Thr Asp Leu Arg Phe Gin Ser Ser Val Val Ser Ala Leu Gin Glu Ala Ala Glu Ala Tyr

5 50 360
CTC GTC GGT CTC TTT GAG GAT ACT AAC CTC TGC GCC ATT CAT GCT AAG CGT GTC ACT АТС 
Leu Val Gly Leu Phe Glu Asp Thr Asn Leu Cys Ala Ile His Ala Lys Arg Val Thr Ile

390
ATG CCT AAG GAT АТС CAG CTC GCT AGG CGT АТС CGT GGC GAG CGT GCT TGA 
MET Pro Lys Asp Ile Gin Leu Ala Arg Arg Ile Arg Gly Glu Arg Ala

420 430 440 450 460 470 480
TCTTGTTGA TTCGCTTTGT TAGGGTTTGT GTAGATAGGT TCATGATGTA GTTAAATCAC AAACCGTTGC

490 500 510 520 530 540 550
TATAAGTTTC TCTATGGATT ITGTTATATT GTAATGTGCT TAACGCTTAA TCAATGAAAT CGATCATCTT

560 570 580 590 600 610 620
TTGTTAAACT CTTTGTTCAA TTACTTATGC TTTTTTTTTA TCTTTTCTTA ACCCTAATTT TCTGTCATTT

630 640 650 660 670 680 690
TATTACACTT TCCGAACTTT TGTTATCCCT AATTGGATTf GAAATCAAAA TTAGGGTTGA TAAAGGCAIA

700 710 720 730 740 750 760
TTGTATAATG TTGAAATTCT TGTTAAATAT ATTGATAAAT ACAATTATTT CAAAGTAAAA ATTAAATGCT

770 780 800790
GTTGATTACA TCTTGAAATG TAAAAATAAI TGCATGCATA AGCTT

Fig.3.2.2. The nucleotide sequence of an alfalfa histone H3 gene, ALH3-1.1. 
The coding sequence starting from the initiation codon is arranged in 
triplets, and deduced amino acids are given below the corresponding codons. 
In the 5'-flanking region, the TATA box and CAAT box are framed and the "cap 
site"-like sequence 
reverse form of the 
region,
polyadenylation signal-like sequences are underlined.

is dotted. The specific block of the ACGTCA and the 
"CGC box" is double underlined. In the 3'-flanking 

the palindromic sequence is indicated by inverted arrows and the
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Table 3.2.1. Percentage homology in the coding region of 
ALH3-1.1 and deduced H3 protein with those determined in 
other species.

DNA ReferenceProteinCloneSpecies

This thesis 
Chaubet,1986 
Peng ,1986 
Tabata,1984a 
Chaboute ,1987 
Patthy,1973 
Wells ,1987 
Kaumeyer,1986

78.8
80.8 
81.5 
81.5 
79.8

pH3c-l1 
H3C2 
pRH3-2 
TH012 
ИЗ A713

97.0
99.3
96.3

Alfalfa
Corn
Rice
Wheat 100

99.3Arabidopsis
100Pea

76.4HuH3-149
SpL22

94.8
95.6

Human
Sea urchin 82

The amino acid sequence of alfalfa histone protein deduced

shows very highALH3-1.1from the nucleotide sequence of

homology (over 95%) with those determined in other species 

(Table 3.2.1). This protein is identical to those from wheat and 

pea, and only one amino acid replacement at position 90 as 

compared to those from corn and Arabidopsis (Fig.4.jT). However,

despite the high homology at the protein level, the coding 

sequence of ALH3-1.1 has only about 80% homology with all the 

genes compared (Table 3.2.1). Based on these analysis described 

above, it can be concluded that the isolated alfalfa gene is a 

histone H3 gene, though its activity has yet to be tested.

The 284 bp of the 5' flanking region possesses most of 

typical consensus sequences found in both animal and plant

(Fig.3.2.2). The TATA and CAAT boxes are located 

at position -111 and -188, respectively. A "cap site"-like motif 

TCACTC which is probably the transcription initiation point 

(Hentschel and Birnstiel, 1981) is located about 30 bp

the

histone genes

ACGTCA,downstream from TATA box. Interestingly, a hexamer,
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(Mikami,etpostulated from wheat and other histone genes

al,1937) was found adjacent to another motif, GATCCGCG, around 

position -240 of ALH3-1.1 (Fig.3.2.2 .) . The hexamer is the

1987)target of a nuclear binding protein (Mikami et al, in

wheat and the GATCCGCG is the reverse form of a putative plant 

histone gene-specific motif, CGCGGATC, called "CGC" box (Gigot, 

1988) .

The З'-flanking region of the alfalfa histone H3 gene is 

characterized by an A/T-rich nucleotide composition (72% AT). A

long dyad symmetric sequence which might form a stable hairpin 

structure (Tinoco et al, 1973) is observed 235 bp downstream

from the stop codon. Interestingly, several sequences similar to

the classical polyadenylation signals, AATAAA , were also

observed in the 3' flanking region.

3.2.2. Repetition and Genomic Organization of Histone H3 Genes

in Alfalfa

About 160 reiterated copies of histone H3 gene were estimated

per tetraploid genome according to the measurement shown in

Figure 3.2.ЗА, assuming that the size of the haploid genome 

is 1.7 x lO^bp (Murray et al, 1984).

of

Medicago sativa To study

the genomic organization of the 160 copies of H3 genes, we

analyzed the alfalfa genomic DNA by Southern hybridization. As

shown in Figure 3.2.3B, the 160 copies of histone H3 genes are

located on more than 20 bands in the double-digested alfalfa

genomic DNA. This result suggests that a regular repeat unit of

histone genes might be excluded in alfalfa. However, it is

possible that some H3 genes are closely linked in certain
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8 23.7-

9.5-
6.7-' 0
4.3-

в
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4 1.1 -
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2

1

Fig.3.2.3. The copy number estimation(A) and genomic organization(B) of 
histone H3 genes in alfalfa. (A) 83.25, 166.5, 333.0, 832.5 and 1665 pg of 
ALH3-1.1 DNA subcloned in M13mpl8 vector and 1, 2 and 5 ug of alfalfa 

Nagyszenási DNA were dot-blotted(l-8), respectively. After hybridization 
with the "^P-labeled 195bp EcoRV/SacI fragment of ALH3-1.1(Fig.3.2.2), each 

dot was cut out and the radioactivity was measured. The data were used for 

calculating the copy number. (B) BamHI and Hindlll-digested DNAs were
separated on a 1.0% agarose gel, Southern blotted and hybridized with the 
■^P-labeled l.lkb BamHI/Hindlll fragment of ALH3-1.1. Lane 1, lOug of
Nagyszenasi DNA and lane 2-4, ALH3-1.1 DNA equal to 5, 10 and 20 copies of 
histone H3 genes corresponding to 10 ug of alfalfa genomic DNA, assuming the 

genomic size of alfalfa to be 1.7 x 10 bp (Murray et al, 1984).
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rice (Fig.4.2),fragments as is the case for since some

fragments contain obviously more than one copy of H3 genes

(Fig.3.2.3B).

3.2.3. Expression of H3 Genes in Alfalfa

study the expression of histone H3 genes, we have analyzedTo

the total amount of mRNA homologous to the coding region of

ALH3-1.1 during the development of RA3 plants through somatic

embryogenesis. Total RNAs were isolated from different parts of

calli and somatic embryosin vitro grown alfalfa plants,

(illustrated in Fig.3.2.4). The RNA samples were analyzed by

Northern blot hybridization. As shown in Figure 3.2.5, the

quantitative variation of H3 transcripts between tissues is

significant. Although H3 transcripts are almost undetectable in

leaves and roots, H3 mRNA is accumulated at a relatively high

similar to that in calli cultured in vitro.level in stems

o globular 
O „heart ■■

О torpedo E2

C^=> cotyledon E3

Regeneration.Induction

h'fi- AdOmM(5yuM KIN
50/jM 2A-D) ^^-^(NH4)2S04 ^ 

30mM proline)

C alius induced
calli

somatic
embryos

selected embryos

Fig.3.2.4. The procedure for somatic embryo induction from alflafa roots. 
The SH medium (Schenck and Hoffman, 1972) was used throughout the culture 

with the suplementation of the indicated hormones or chemicals at different 
stages of tissue culture. Somatic embryos of different stages were selected 

according to Stuart et al (1985).
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Fig.3.2.5. The accumulation of histone H3 mRNAs in alfalfa tissues. (A) 20ug
of total RNA isolated from various sources, was separated on a 1.5%

32formaldehyde agarose gel and hybridized with the 

BamHI/Hindlll fragment of ALH3-1.1. (B) a control experiment by using the
39

P-labeled 0.7kb PstI fragment of the cDNA clone, pTU4, which encodes a 

soybean cell wall protein (Hong et al, 1987), as a probe. L=leaf, S=stem,

P-labeled l.lkb

R=root, C=calli and El-E3=somatic embryos at different stages shown in
possible species of H3 transcriptFigure 3.2.4. Arrows indicate the 

detected. Molecular markers were the Clal and BstNI-digested M13mpl8 RF DNA 

(Yanisch-Perron et al,1985).
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the level of H3 mRNAs in the plant tissues and calli isHowever ,

considerably lower than those in somatic embryos differentiated

from callus cells. Since the development of somatic embryos in

RA3 culture system is unsynchronized, the somatic embryos were

artificially divided into three stages according to Stuart et al 

( 1985, Fig.3.2.4). As shown in Figure 3.2.5A, the histone H3

transcripts remain at high levels in all somatic embryos at the

three stages of embryonic development and little quantitative

change can be seen. For comparison, the cDNA pTU04 encoding a 

soybean cell wall protein (Hong et al, 1987) was used as a probe

to hybridize the same RNA preparations and the result is shown

in Figure 3.2.5B. In contrast to the H3 mRNAs, the pTU04 mRNA

displayed highest level in root. The concentration of pTU04 mRNA 

reduced during 2,4-D treatment (see below) and increased with

the development of the somatic embryos. In addition to the 800 

bp main band, a high molecular weight RNA species (about 1900 

bp) was also detected by H3 gene probe in the embryos (Fig. 

3.2.5A). The level of this unusual RNA species is higher at 

heart and torpedo stage (El and E2 in Fig.3.2.5A) and lower in 

late embryos (E3). It was speculated that this RNA species might

be an embryo-specific H3 transcript.

CellAccumulation of H3 Transcripts during Induction of3.2.4.

Division

shown in Figure 3.2.5A, the histone H3 genes exhibitedAs an

of 2,4-Dincrease of expression during the first two days

treatment. We postulated that this may be related to the

increase of cell division frequency. According to our previous
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microscopic observations (not shown) during the 2,4-D treatment,

the division of callus cells was stimulated and accelerated in

the first 48 hours and then decreased afterwards. Meanwhile, the 

dividing cells become smaller and cytoplasmically condensed. 

Subsequently many cells follow embryogenic developmental pathway 

in a basic hormone-free medium (illustrated in Fig.3.2.4). 

activation of cell cycle induced by the auxin treatment and/or 

probably the fresh liquid medium (Sung et al,1984) was analyzed 

^Pl-thymidine incorporation experiments

The

during the 2,4-Dby

(Fig.3.2.6) . As we can see there is a thymidinetreatment

incorporation peak at the second day of culturing. Parallel with

г 5000500 7
о

E JO
CL CO
«-» 400 -■ О- 4000 с
CL О

esi
(О Ö
< 300- <►3000 g

CL
a: оE

со 200'' -2000 _E
JZ aj

a
aj

-1000 —§ 100 о
E
>,</> _c

JZ
t t

4(day)1 2 30

Fig.3.2.6. The timing of H3 mRNA accumulation (-0-) and the incorporation of 
5H-thymidine (-.-) in callus cells during the 2,4-D treatment. lOug of total 

RNA isolated from SHI-treated calli was dot-blotted and hybridized as 

described in Figure 3.2.5A. After exposing to X-ray film (not shown), the 
radioactivity(cpm) on each dots was measured. ^H-thymidine incorporation was 

performed in parallel as described in Chapter 2.
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this change, the expression of H3 histone genes in the callus

after two days treatmentcells reached the highest level

(Fig.3.2.6). These results suggest a certain relation between

DNAthe timing of H3 gene expression and the activation of

synthesis in callus cells. These preliminary data prompted

further studies on the use of the H3 gene expression as cell

cycle marker.

3.2.5. Alfalfa H3 Histone Transcripts Are Polyadenylated

In addition to the several polyadenylation signal-like 

sequences located in the 3' flanking region of the alfalfa 

histone H3 gene, ALH3-1.1, it has been noticed that the alfalfa 

H3 messenger RNAs possessed unusually high molecular weight at 

about 800 bp long. Since the coding region of H3 genes is only

UTR normally does not exceed lOObp405 bp and the 5

(Fig.3.2.2), it was predicted that the alfalfa mRNAs carried

long 3' UTR with the possible contribution of polyadenylic tail. 

To test this hypothesis, polyA(+) and polyA(-) mRNAs were 

isolated by oligo-dT cellulose chromatography (Aviv et al, 1972) 

from alfalfa plants, calli and somatic embryos. The amount of H3 

transcripts in polyA(+) and polyA(-) RNA fractions was analyzed 

by RNA blot hybridizaton (Fig.3.2.7). In comparison with the 

non-separated total RNA fractions, the signal detected in the 

polyA(+) RNA fractions was stronger, whereas no detectable 

amount of H3 mRNA was observed in the polyA(-) RNA fractions. 

These results indicated that histone H3 mRNAs are polyadenylated

in the studied alfalfa tissues. The results shown in Figure

3.2.7 are also consistent with the findings shown in Figure
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Fig.3.2.7. Northern blot hybridization analysis of total RNA (T), polyA(-) 

RNA (-) and polyA(+) RNA (+). RNAs were prepared from 16 days old alfalfa

plants raised from nobal cutting in vitro (P), three weeks old calli (C) and 

somatic embryos of mixed stages (E). 25ug of total and polyA(-) RNA and 5ug 

of polyA(+) RNA were immobilized on nitrocellulose filter and hybridized to 
the 32 P-labeled 320bp EcoRV-Styl fragment of ALH3-1.1. The polyA(+) RNA 

samples were loaded about 4-fold in excess, assuming an appropriate 54 of 

polyA(+) RNA in the total RNA. Molecular markers were the same as shown in 

Fig.3.2.3.

3.2.5 indicating that the histone H3 highly expressed in somatic 

embryos. To show unequivocally that alfalfa И3 transcripts carry

a polyA tail H3 cDNA clones were analyzed. About 40,000 cDNA

clones from an alfalfa cDNA library were screened by using the

Styl/EcoRV fragment of ALH3-1.1 as a probe. Out of 25 positive

clones seven were characterized by restriction enzymes. As shown
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Fig.3.2.8.

EcoRV, H=HindIII, Pv=PvuII, Sc=SacI, and St=StyI.

The restriction maps of cDNA clones for alfalfa H3 histones. Ev=

in Figure 3.2.8, the seven H3 cDNAs fall into two categories:

six of them possess homologous restriction sites with the

genomic clone, ALH3-1.1 (Fig.3.2.1), while the other exhibits

completely different restriction patterns. The DNA sequencing 

data of four cDNA clones (Fig.3.2.9) revealed more information

about the difference between these two classes of alfalfa H3

cDNAs . Among the isolated cDNAs, only clone pH3c — 1 carried a 

length H3 transcript, while the others were incompletefull

copies of H3 mRNAs. Clone pH3c-l, pH3c-3 and pFI3c-12 are highly

They vary with ALH3-1.1 only in a few nucleotides inconserved.

both translated and untranslated region. In contrast, clone

pH3c-ll has only 78.8% homology with ALH3-1.1 in the translated 

region and encodes a longer non-homologous 3' UTR (Fig.3.2.9).

The low homology between pH3c-ll and the other alfalfa H3
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sequences results in four amino acid replacements (Fig.4.5).

These include a change of a hydrophobic Ala to a polar Thr at 

position 31, a hydrophobic Phe to a polar Туг at position 41, a 

polar Ser to a basic His at position 87 and a polar Ser to a 

hydrophobic Leu at position 90, respectively. As predicted, the

3 ' UTR of the H3 cDNAs are very long (217 for pH3c-ll and 146 for

50 60 70 10010 20 30 40 80 90 110 120
1, ClrATATAifcTCACCCCTTTCATCTCTTCTTCCTCATCACTCTCAATTCTTCAAAGCACAAAAACAACCTTCAAGTTTCTCTGmGATACTGTTCTTTTCAGTTATTTTTCATAATCAAT
2, ^^ ---------- ...C........................AC..T....C.A........C...T............................. GC...**
3,
A,
5,

170 180 190130 140 150 160 200 210 220 230 240
1, GGCACGTACCAAGCAAACCGCTCGCAAATCCACCGGTGGCAAAGCTCCAAGGAAGCAACTCGCCACAAAAGCCGCTCGCAAATCTGCTCCGGCCACCGGCGGAGTGAAGAAACCTCACCG
2, *...................................................................................................................................................................................................................
3,
4.
5, G C..G..T...A.G TA.T..T..A C

250 260 290 300 360270 280 310 320 330 340 350
1, ITTCAGGCCAGGAACCGTCGCTCTCCGTGAGATCCGCAAGTACCAGAAGAGCACTGAGCTCCTCATCCGCAAACTCCCCTTCCAGCGTCTTGTCCGTGAGATCGCTCAGGATTTCAAGAC
2,
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5, A.A.C.C..T T T T T. .c TT.G G..T..A..T A..T A
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1, TGATCTCCGTTTCCAGAGCTCCGCCGTGTCGGCTTTGCAAGAAGCGGCCGAGGCTTATCTCGrCGGTCTCTTTGAGGATACTAACCTCTGCGCCATTCATGCTAAGCGTGTCACTATCAT
2, TAC
3, cAC
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2, mwc A
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5, . ТТС...TATGCGTTGTATAGTTCTGAACCTATAATGTTCAATCTTTAACAACAGACATATTTTGGATTATGATTAGTTTTTTGCGGACAAATTTGTGArGTAATTGGTCAATTACAATT
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Fig.3.2.9. Comparison of the nucleotide sequence of alfalfa histone H3 cDNAs 
with that of genomic clone, ALH3-1.1. The TATA box is framed, the "cap site" 
is indicated by dashed line, the initiation and stop codons are marked with 
asterisks and the putative polyadenylation signals are underlined. Dots 
represent base pairs identical to the genomic ones and dashes represent 
deletions. The polyA tracts in all the cDNAs were represented by 13 A 
sequences. 1, ALH3-1.1; 2, pH3c-l; 3, pH3c-12; 4, pH3c-3 and 5, pH3c-ll.
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mRN Asthe others) as compared to those of animal histone 

(Birnstiel, 1985). The detection of polyA tract in three of the 

sequenced cDNAs is in agreement with the hybridization data 

shown in Figure 3.2.7. It is conceivable, however, that the H3 

cDNA in plasmid pH3c-3 originally possessed a polyA tail which

(Fig.3.2.9). Based on thesecould be lost during cloning

that independent histone H3results, It can be concluded

differentalfalfa attranscripts are polyadenylated in

developmental stages.

About 20bp upstream from the 3' ends of the alfalfa H3 

transcripts a highly conserved sequence motif, AAUGAAA, had been 

identified (Fig.3.2.9 and Table 3.2.2). This motif varies by one

Table 3.2.2. Putative polyadenylation signal sequences 
of plant histone H3 and H4 genes*

Referencebp** SignalSpecies Clone

This thesisAAUG-AAA 
AAUG-AAA 
AAUG-AAA 
AAUG-AAA 
AAUUG-AA 
G-UUGAAA 
GAUG-AAA 
AAUGGAAA 
AAUGGAAA 
AAUGGAAA 
GAUG-AAA 
GAUG-AAA 
GAUG--AA 
AAU---AA 
AAUGGAAA 
AAUG--AA 
-AUG-AAA

122Alfalfa ALH3-1.1 
p H 3 c -1 
pH3c-3 
pH3c-l2 
pH3c-l1 
H 4 7 4 8 
H 4 7 7 7 
H 3 C 2 
H3C3 
H 3 C 4 
H4C7 
H4C13

122
122
122
188

Chaboute, 1988Arabidopsis 149
196

Chaubet,1988178Corn
134
215
194
194

Chojecki , 1986 
Gantt, 1986 
Coruzzi, 1984

237Barley
pea 65PsHlb

rbcS 101
124

Dean , 198683Cab91RPetunia

А/GAUG(G)AAAConsensus sequence

* Putative polyA signals for a histone HI cDNA and a rbcS 
gene from pea and a Cab gene from Petunia are included in 
this Table. ** Base pairs from the stop codon.
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G insertion as compared to the conventional polyadenylation

signal, AAUAAA (reviews in Manley, 1988).

3.2.6. Codon Usage of Alfalfa Histone H3 Sequences

Based on the available data on biased codon usage in plant

genes (Gigot, 1988), the codon usage in the dominant H3histone

H3 cDNA,sequences represented by ALH3-1.1 and 

pH3c-ll, have been analyzed. By comparing the codons for the 

abundant amino acids(Ala, Arg, Leu, Lys and thr), three codons 

were revealed to be preferentially used in ALH3-1.1 (Table 4.5):

the minor

among four possible codons, encoding Ala, is used 60% of theGCT

60%among six possible codons, encoding Arg, is usedCGTtime ;

the time and CTC among six possible codons, encoding Leu, isof

83% of the time. In pH3c-ll, the CGT and CTC are no longerused

instead, the AAG for Lys and the CTT for Leu appear tooverused ,

be the preferred codons. Besides the codons for abundant amino

acids, the difference in codon usage between the dominant and

otherminor H3 variants is also shown in the codons for thethe

comparison of the nucleotidesnon-abundant amino acids. A

present at the codon position III revealed that in pH3c-ll the 

proportion of C is reduced by two times, while the proportion of

T is increased to 38.8%, as compared to that in the dominant H3 

sequences (Table 4.4).

Subsequently, we compared the nucleotides present at the 

third position of codons in various histone genes from different 

organisms. In contrast to the extreme overuse of the G/C-ended

codons in all of the monocotyledonous histone genes compared,

the histone genes and cDNAs from three dicotyledonous plants do 
not exhibit such property in codon usage (Table 4.4).
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Chapter 4.

DISCUSSION

In this thesis, the isolation and characterization of four

genomic clones and seven cDNAs for H3 histones from a cereal,

Oryza sativa, and a legume, Medicago sativa have been described

and the differential accumulation and polyadenylation of H3

transcripts during the development of alfalfa plants through

somatic embryogenesis have also been demonstrated. Although only

one type of histone genes was included, several conclusions

drawn from this work have widen the horizones of knowledge about

plant histone genes. These are discussed as the followings:

4.1. The Organization of Rice Histone Genes

A total of five H3 sequences have been cloned from rice. A

previous Southern blot hybridization experiment revealed that 

five bands in the EcoRI/BamHI digested rice genomic DNA were

hybridized to the coding sequence of pRH3-2 (Fig.4.1, reproduced 

from Xie et al, 1987). Obviously, the 1.3 kb BamHI/BamHI 

fragment of ARH3-17, the 0.7 kb EcoRI/BamHI fragment of clone 

ARH3-1 and ARH3-17 and the 0.5 kb EcoRI/BamHI fragment of clone 

ARH3-1 correspond to band C, D, and E respectively, while the H3

sequence in clone ARH3-2 must correspond to a fragment which has 

higher molecular weight than band A (Fig.4.1). Since the copy

number of H3 genes in the rice diploid genome was estimated to 

be about 50 (Xie et al, 1987), these five bands may represent

different H3 gene families which consists of more than two H3

gene members, while the "orphan" genes such as H3R-21 may be
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Fig.4Л. Genomic organization of rice histone H3 genes. The data was from 

Xie et al (1987). BamHI/EcoRI-digested total rice DNA and pRH3-2 plasmid DNA 

were run

filter. Hybridization was carried out with the 
fragment of pRH3-2 at 42°C for 36 hours. Lane 1, lOug of rice DNA and lane 

2-5, pRH3-2 DNA quantitatively equal to 5, 10, 20 and 40 copies of H3 gene 

per diploid rice genome, respectively, assuming the genomic size of rice to 
be 6x10^ bp (Iyengar et al, 1979).

on a 0.7% agarose gel in parallel and blotted onto nitrocellulose
32P-labeled 220bp PvuII/PstI

involved in those fragments not clearly visualized in this 

experiment. In addition to the simple picture shown 

Southern hybridization experiment (Fig.4.1), the close linkage

by this

of H3 gene and H3 pseudogene in clone A.RH3-1 and A.RH3-17 and the 

H2a, H2b and H4 genes in clone pIR22 (Fig.4.2, Thomas and

Padayatty, 1983b) also suggest that the histone genes are less

dispersed in rice than other higher plants. To see whether clone
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and AR H 3 - 2 carry other histone genes, the coding regionsAR H 3 -1

of a wheat histone H4 gene (pTHOll, Tabata et al,1983), a chick 

H2a (pCH2eSX30) and a chick H2b gene (pCHlaKR-1.3, Sugarman et 

al,1983) were used as probes to hybridize with ARH3-1 and ARH3-2

DNAs, respectively. Unfortunately, these experiments did not 

show any positive results(not shown). However, the existence of

histone HI, H2a and H2b genes in clone ARH3-1 and ARH3-2 may not

Нз
В HHAALH3-1 1 kb

h2a h2b нь
li?PIR22

H3 pseudogene 
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Fig.4.2. The organization of cloned plant histone genes. The black bars 

represent coding sequences and arrows indicate the transcription orientation 

of each genes. Abbreviations for restriction enzymes are the same as Figure 

3.1.1 and references are as Table 1.1.
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be ruled out because of the negative results, since these genes

much less conservative than H3 and H4 genes. In other higherare

plants, the hybridization patterns of genomic DNA with histone

gene probes are not so simple after all. The repetitive copies 

of histone H3 and H4 genes in a 1fa 1fa(Fig.3.2.3), corn and wheat 

(review in Gigot, 1988) were shown to spread on more than 20

restricted genomic DNA. Infragments of single or double

addition all the histone genes cloned so far from these plants

were found to be "orphans" with the exception that a wheat 

genomic clone carried two closely linked H3 and H4 genes (Fig.

4.2) . These results suggested that the majority of the H3 and H4

genes exist in a rather dispersed manner in these plant species.

4.2. H3R — 12 Represents A Rice Flistone H3 Pseudogene

In comparison with the other rice H3 genes, H3R-12 obviously

represents a H3 histone pseudogene for several reasons. In 

addition to a total 10 bp deletion in the "coding region",

H3R-12 lacks the initiation codon and the entire 5 flanking

sequence which is characteristic for the rice histone H3 genes

(Fig.3.1.2, Fig.3.1.5). Moreover there 11 baseare

substitutions of G or C to A or T in the first 150 bp of the 

"coding region" and some of these base substututions resulted in 

amino acid replacements (Fig.3.1.2). These base substitutions

are consistent with the assumption that most base changes in 

pseudogenes no longer under selective pressure are due to losses 

of C's and G's, with the preferred changes from C to T and G to 

A (Gojobori et al, 1982). Interestingly, this H3 pseudogene is 

identical to a previously pu 1^1 гiсe H3 pseudogene pRH3-l5

% t-
$f\ О I

►Vу
.>
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(Xie et al, 1937), except that pRH3-l constitutes more deletions

and two dinucleotide substitutions at position 660-661 and

695-696. The dinucleotide substitutions in pRH3-l were supposed 

to be due to sequencing errors (marked with solid triangles in

Fig.3.1.2) . The high homology between these two pseudogenes may

suggest that they arose in the same period, probably due to a

duplication. Since the nucleotide divergence between the rice H3

pseudogenes and their "parent" (i.e. the associated intact H3 

gene) is about 7%, the rice H3 pseudogenes might have arisen

about 5 million years ago, if the rate of accumulation of

neutral point mutations in pseudogenes is about 1.3% per million 

during evolution (Miyata and Yasunaya, 1981; Wells et al,years

1987).

found among eukaryoticPseudogenes have been frequently

genes, especially among the best-characterized "house-keeping 

genes (review in Vanin, 1983 and 1985). These pseudogenes

generally fall into two categories: the replicative pseudogene,

which retains introns and is in tandem with a functional parent

(Vanin , 1983) , and the processed pseudogene, which is free of

intron and dispersed throughout the genome and therefore it was 

supposed to generate from processed mRNA intermediate (Vanin,

1986) .1985 ; Since both the two rice pseudogenes areWeiner,

associated with an intact H3 gene, they may be classified into

replicative pseudogene category. The replicative pseudogenesthe

might resulted from unequal crossover, gene conversion, 

insertion of mobile elements, etc (Maxson et al, 1983; Liu et

al, 1987).

Considering the RS region in clone H3R-12 might belong to
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part of some specific eukaryotic sequences, such as highly 

repetitive sequences, rDNAs and tDNAs (Wu and Wu, 1988) and the 

terminal inverted repeats of transposable elements (Ikenaya and 

Saigo, 1982; Liebermann et al, 1983), we searched for the 

possible sequences in GenBank homologous to the rice RS and its

flanking region. Only very limited and short sequences presented

in the GenBank were found homologous to the AT-rich sequences 

flanking the rice RS and little to the RS itself (searching 

results not shown). Most of the detected homologous sequences

are within the AT-rich region of random sequence samples and

they seem not to make much sense. Nevertheless, the distinct

organization of the rice RS region is similar to the outer

domain (OD) of the (LTR)long terminal repeats of several

transposable elements, such as the TU transposons of sea urchin

(Liebermann et al, 1983; 1986) and the foldback transposable 

elements of Drosophila (FB4, Potter et al, 1982). The ODs of

these transposable elements mainly consist of short direct

tandem repeats of 10-31 bp which may construct larger repeating

units as the basic repeating units of the rice RS do

(Fig.3.2.7A) . To see whether the RS is one part of the LTR of a

possible rice transposable element, further studies are

required .

The Consensus Sequence Motifs In The 5' Flanking Region of4.3.

Plant Histone Genes

4.3.1. The GATCC pentamer and the cap site

In animal, two specific motifs were found in the 5 flanking

region of most histone genes: a "cap site", pyCATTCpu where the
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transcription starts, located about 20 bp downstream from the

TATA box, and a pentamer, GATCC, located about 10 bp upstream 

from the TATA box (Hentschel and Birnstiel,1981). These two

consensus motifs with slightto exist well,seem as

in plant histone genes. As shown in Table 4.1, themodification,

pentamer motif for plant histone H3 or H4 genes is GCTCC and the 

"cap site" is pyCAA/CpyC. The unusual location of the two GATCC 

motifs which was noticed previously (Wu et al, 1988) in the

alfalfa H3 gene, ALH3-1.1, may reflect a casual event and has

any functional implification. The real pentamer, if there isnot

for this gene may be probably the GCACA 15 bp upstream fromany ,

the TATA box (Table 4.1).

In addition to the modification of the pentamer and the "cap

site", the TATA and CAAT boxes of plant histone genes also

It isexhibit some differences from those of animal gene's.

interesting that, whereas flanked mostly by G's in animal 

histone genes (Hentschel and Birnstiel, 1981), most of the TATA 

boxes of plant histone genes are flanked by C's (Table 4.1). As 

in other plant genes (Anderson et al, 1984; Heidecker, 1986), 

the CAAT boxes postulated from plant histone genes are very

variable, although the CnAnTn boxes appear to be dominant in

monocots (Table 4.1).

4.3.2. The plant specific motifs

Recent studies on wheat, maize and Arabidopsis histone H3 and

CGCGGATC ,H4 genes have revealed a highly conserved octamer,

existing in the 5' flanking region of all these genes. These

"CGC box”, is located about 100 to 150bpoctamer, so called

upstream from the TATA box. In some cases, this CGC box exists
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Table 4.1 Consensus motifs in the 5'-flanking region of plant histone genes*

CGC Box 
ALH3-1.1 -122 GATCCGCG 
H3A713

Gene CAAT Box 
-74 CCAAT 
-70 CAAT...CACA 
-32 CAnT 
-81 CAAAT..GAAC 
-92 ACAT...CATT 
-26 CAnT 
-93 ACAT...CATT 
-27 CAnT 
-96 CCACC.TCATC 
-68 GCAATGCCACT 
-101CCATTCCCACG 
-49 CAnT 
-23 CAnT 
-93 CCACC.TCATC 
-75 CCATCTCCATC 
-92 GCATC..TACC 
-53 CCATC..GAAC 
-78 TCATTCTCACC 
-53 CCATC..GAAC

TATA Box
CTATATAAAC
CTATAAAAC

CAP site 
+33 TCACTC 
+30 TCAACA

Pentamer 
-17 GCACA 
-7 GCTTC-185 CGCGGATC 

-91 CGCGGATC 
-123 CGCGGATC 
-140 CGCGGATC

H3A725
H4A748

ATAAATATC
CTATAAAAC

+40 TCAACT 
+24 TCACCC-17 GACTC

H4A777 -141 CGCGGATC -17 GACTC CTATAAAAC +24 TCACCC

H3C2 -116 CGCGGATC -15 GCTCC 
-8 GCTCC 
-6 GCTCC

TTACAAAAC +28 CCGAAC

-130 GATCCGCGH3C3 CTATTAATC +31 CCAACG

H3C4 -125 GATCCGTG 
-113 CGCGGATC 
-100 GATCCGCG 
-96 CGCGGCATC 
-126 GATCCGTG 
-101 GATCCGCG 
-97 CGCGGCATC 
-45 CGCGGATC

-13 GCTCC CTACAAATAC +32 TCACTG

H4C7 TTAAATAAC +30 CCACTC-25 GCTCC

H4C13 TTAAATAAC-25 GCTCC +28 CCACTC

H4C14 +35 CCAATC-80 CCATC..CAAC 
-68 TCATC.CCACC 
-32 CCATC..CAAC 
-109CCAAT 
-57 CCAnT 
-45 CCAnTn 
-93 CnAnTT 
-78 CnAnTn 
-66 CnAnTn 
-17 CnAnTn 
-112CCAAT 
-68 CCAnTT

-24 GCCTC 
-12 GCCTC

CTATATTAC

pRH3-2 CTATATAAAC +31 TCAACC-30 GCTCT

H3R-11 -247 CGCGGAAC 
-187 CGCGGATC 
-177 GATCCGTG 
-128 CGCGGATC 
-224 GATCCGCG 
-176 CACGGATC 
-166 GATCCGCG 
-94 GATCCGCG 
-90 CGCGGCATC 
-131 AATCCGCG 
-127 CGCGGCAT

-23 GAATC CTATTTAAAC +27 TCAATC

H3R-21 -29 GCTCT CTATATAAAC +30 TCATCC

THOU -54 CCACT.CCATC -23 GCCTC 
-6 GACCC 
-19 GCTCT 
-8 GCTCC

CTTTAAGAC +30 TCACAG

TH012 -92 CCACT.CCACT 
-81 GCATC.CCAAC 
-38 CAnT 
-107CCAC...CATC 
-104CCATC..CACG 
-41 CAnT 
-33 CAnT

CTATTTAAC +32 TCACCC

TH081 -120 GATCCGCG -24 GCCCG CTAAAACAC N.D.

TH091 -75 CGCGGATC -22 GTTCC CATATAAAC +29 TAATCC
CONS

CTATAT/AAAC pyCAA/CpyC 

GTATAAATAG pyCATTCpu 

* Modified from Gigot (1988). For individual references see Table 1.1.

Plant CGCGGATC 
or GATCCGCG

CCAnTn
or CCATC..CAXT 

CCAAT

GCpypyC

Animal GATCC
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Table 4.2. The putative ACGTCA-GATCCGCG block in the 
5' flanking region of plant histone H3 and H4 genes

AC-GA blockcloneSpecies

TCAtcGATCCGCG -115-130 ACG 
-139 ACGgaTCAc GATCCGCG -123 
-109 ACG 
-109 ACG 
-139 ACG 
-126 ACG 
-102 ACG 
-175 ACGgaTC gcGATCCGCG -159 

ACGTCA(g)cGATCCGCG

ALH3-1.1
H3C3
H3C7
H3C13
H3TH012
H3TH081
H3TH011
H3R-21

Alfalfa
Corn

TCAgcGATCCGCG -94 
TCAgcGATCCGCG -94 
TCAccAATCCGCG -124 

CAg GATCCGCG -113 
TCAccGATCCGCG -87

W h e a t

Rice
Consensus

Numbering and References are the same as table 4.1.

in its reverse form, 5'GATCCGCG3' (review in Gigot, 1988). As

expected, both the rice and alfalfa H3 genes possessed this

thespecific motif. Intriguingly, however, we have observed

multiple copies of CGC box, either direct or reverse form, in

H3 genes (Fig.3.1.2) and the association ofthe rice histone

CGC box with a hexamer motif, ACGTCA, in the alfalfa H3reverse

(Fig.3.2.2). Further investigation revealed that thegene

observations were not restricted to rice and alfalfa (Table 4.1

and 4.2). Multiple copies of CGC boxes were also found in an 

Arabidopsis H3 gene, two wheat H3 and H4 genes and two highly 

conserved corn H4 genes. In the case of wheat and corn genes, 

two of the octamers are inverted and 4bp-overlapped (Table 4.1).

of ACGTCA with GATCCGCG is also found inThe association

three H3 genes of corn, one H3 gene of rice and two H3 and one 

H4 genes of wheat (Table 4.2). It seems that the hexamer appears 

only in those genes which possess a reverse form of CGC box.
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Here we designate the ACGTCA(g)cGATCCGCG as AC-GA block. The

ACGTCA hexamer was originally reported in wheat histone H3 and

H4 genes (Mikami, 1987). Gel mobility shift assays have

demonstrated that the ACGTCA hexamer is the binding target of a

partially purified nuclear protein(s), HBP-1 (Mikami et al, 

1987). The function of this hexamer, as suggested by the

authors, is probably related to cell-cycle regulation of wheat

histone genes or cAMP-mediated gene regulation. The attachment

of ACGTCA to GATCCGCG may imply functional interaction between

this two motifs. It is also possible that the AC-GA block might

exist as an intact functional cis unit.

4.4. The Polyadenylation of Histone Transcripts

It was an early generally accepted dogma that histone

transcripts are non-polyadenylated. This concept has been under

revision in the last In animal, where thefew years.

non-polyadenylated histone mRNAs are quantitatively dominant, a

number of polyadenylated histone mRNAs have been discovered

recently. These polyadenylated mRNAs generally encode minor

histone variants and their accumulation is not cell

(reviews in Stein et al, 1984; also see Wells etcycle-dependent

1988) .1987; Lieber et al, 1988; Alonso et al,al,

Interestingly, there are two exceptions. In pre-matured frog 

oocytes (review in Maxson et al, 1983) and in avian haploid

1989) ,round spermatids (Challoner et al, a significant

proportion of histone mRNAs are polyadenylated, despite the 

polyA(+) mRNAs are identical to, except the polyA tail, the

non-polyadenylated histone mRNAs in proliferating somatic cells.
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These two exceptional cases have resulted in the hypothesis that

essential structural elements for polyadenylation coexist with

the Ü7 snRNA-mediated 3 end formation inthose for

1989) .replication-dependent histone genes (Challoner et al,

However, the observation of the polyadenylation in H3 mRNAs of

alfalfa cannot be considered as a minor case or a transitory

all)the H3 mRNAs (ifevent, since most of not are

polyadenylated in tissues of various developmental stages 

(Fig.3.2.7). Consistently, the histone mRNAs are polyadenylated 

throughout the life cycle in yeast (Fahrner, 1980) and a

siliated protozoan, Tetrahymena. Recently, the polyadenylation

of histone H3 and H4 mRNAs was also demonstrated in germinating

1988), cellembryos and seedlings of maize (Chaubet et al,

suspensions and seedlings of Arabidopsis and probably seedlings

of sunflower or cell suspension of tobacco (Chaboute et al,

1988) . theHowever, an early study on rice, which defined

(Ahmed andhistone mRNAs in the non-polyadenylated fractions

1982) ,Padayatty, comprehensivesuggests that a more

that theinvestigation is necessary for a general conclusion

histone transcripts are polyadenylated in higher plants.

In addition to the different regulatory mechanisms for the 3' 

end formation (compare reviews in Mowry and Steitz, 1988 and 

Humphrey and Proudfoot, 1988) and RNA stability, the 

polyadenylation of histone mRNA may also reflect an important 

event in gene evolution. If the non-poly(A) histone genes are 

modern products as suggested by Wells et al (1986), the poly(A)

histone genes in at least some species of higher plants, fungi

and protozoa might have failed to catch up with the evolutionary
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progress that the histone genes in higher animals have achieved,

or they would have adopted a different evolutionary pathway.

4.5 The Polyadenylation Signals In Alfalfa H3 Histone Genes

In animal, the histone genes which are transcribed into

non-polyadenylated histone mRNAs possess a highly conserved

T-hyphenated hairpin structure and a consensus sequence just 

downstream from the 3' end of their transcripts (Fig.1.1). These

two structural elements are essential for efficient and correct

cleavage of histone pre-mRNAs, an U7 snRNA-mediated event 

which has been demonstrated recently (Cotten et al, 1988). The

3

histone genes which encode polyadenylated mRNAs lack the 

T-hyphenated inverted repeats and its "downstream element", thus 

the 3' cleavage of their pre-mRNA is supposed to be regulated by 

a different mechanism. For polyadenylated mRNAs, at least a 

highly conserved hexamer, AAUAAA, located 10-30 bp upstream from

the З'-end, and a stretch of less conserved U or GU repeats

are the essential cis-regulatory 

elements for the 3' cleavage and polyadenylation (review in 

Birnstiel, 1985; Manley, 1988 and Humphrey and Proudfoot, 1988). 

Many polyadenylated histone mRNAs including those from animal

downstream of the 3'-end

AAUAAA.and protista lack the typical polyadenylation signal,

The putative polyadenylation signal, AAUGAAA, for alfalfa H3

with the AAUAAA by one G insertion. ThismRNAs also varies

structural feature may not necessarily resulted in a different

mechanism for the cleavage-polyadenylation reaction, since many 

divergent types of AAUAAA have been reported (Manley, 1988) and 

pre-messenger RNAs are occasionally found to be cleaved and
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polyadenylated at multiple sites in vivo (for animal see ref. in 

Humphrey and Proudfoot,1988; for plant see Dean et al,1985). 

Similar forms of this putative polyadenylation signal also exist 

in histone H3 and H4 mRNAs of maize and Arabidopsis (Table

3.2.2), which have recently been shown to be polyadenylated 

(Chaubet et al, 1988; Chaboute et al, 1988). Coincidently,

AAUGAA or AAUGGAAA sequences were also suggested to be the 

polyadenylation signal in a Cab gene of Petunia (Dean et al, 

1985), in a rbcS gene of pea (Coruzzi et al, 1984) and a 

octopine synthase gene of Ti plasmid (Dhaese et al, 1983). In 

addition the putative polyadenylation signals in the studied 

alfalfa H3 sequences (Fig.3.2.9) and a maize H3 gene, H3C3 

(Chaboute et al, 1988), are all preceded by a C. The resulting

CAAUG pentamer overlapped with the AAUGAAA heptamer is similar

to the CApyllG motif postulated from many polyadenylated mRNAs 

(Manley, 1988). The latter usually lies just upstream or just

downstream of the AAUAAA. In two Arabidopsis H4 genes the CAATG

from the putative poly(A)motif is found lObp downstream

addition site (Chaboute et al, 1988). Moreover, there is a

the 3stretch of T-rich sequence about 20bp downstream from

ALH3-1.1 (Fig.3.2.2 and 4.3). Thus, it iscleavage site of

reasonable to propose that the cleavage-polyadenylation of 

alfalfa histone H3 pre-mRNAs occurs by a mechanism similar to 

that described for animal pre-mRNAs (Humphrey and Proudfoot,

1988) although modifications in plant cells may not be omitted

(Hunt et al, 1987).

In the RESULTS we pointed out the existence of a palindromic

several polyadenylation signal-likestructure followed by
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G
U-A
U-A
U-A
A-U

Г A G A
U-A
U-A
A-U
A-U
U-A
C-G

1i C-G
5'AAUGAAA ...uuaaau...U-rich region... C~Guu 3'

25 1151

Fig.4.3. The putative hairpin structure in the 3' UTR of the major alfalfa 

H3 pre-transcripts derived from the alfalfa genomic clone, 
nucleotides are numbered from the underlined polyadenylation signal.

site. The cryptic polyadenylation

ALH3-1.1. The
The

arrow points to the 3 cleavage
signal-like sequences (Fig.3.2.2) following the hairpin structure are not
shown.

(Fig.3.2.2).in the alfalfa histone H3 gene, ALH3-1.1sequences

These polyadenylation signal-like sequences may be recognized in 

vivo, similarly to those in other plant genes (Dean et al, 

1985). However, the 3' end cleavage and poly(A) addition at 

alternative sites may not be seen since this hairpin structure 

may play a critical role in preventing 3' end formation at sites

recently(1988)(Fig.4.3) . hasHuntdownstream of i t

demonstrated that cryptic polyadenylation sites in a pea rbcS

gene can only be seen to be functional if the principal

polyadenylation sites were deleted. Interestingly, a hairpin
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GTCAAATCGTGGCCTCTAATGAC, was found in this rbcS gene 

248bp downstream from the stop codon (Coruzzi et al, 1984). The 

position of this hairpin structure is just between the principal 

and cryptic polyadenylation sites defined by Hunt (1988). It is

structure

likely that this palindromic structure in the rbcS gene may also

ALH3-1.1.have the same function as suggested by us for that in

Coincidently, in other plant genes which encode transcripts with

ends in vivo (Dean et al, 1985), we failed toalternative 3

find sequences which may form stable hairpin structure between

any two 3' ends. Figure 4.3 shows the putative hairpin structure

in the 3' UTR of the alfalfa H3 рге-mRNA derived from the

genomic clone, ALH3-1.1. The hairpin structure may participate

cleavage/polyadenylation 

(Christofori et al, 1988) or, alternatively, act as a structural 

factor for transcription termination (Platt, 1986). It should be 

of interest to prove this speculation experimentally.

factorsin the recognition by

The Expression of Histone H3 Genes In Alfalfa4.6.

In RNA blot hybridizations, we have found a significant

variation in the accumulation of H3 transcripts among various

of different developmental stages in alfalfa 

(Fig.3.2.5). Comparable results were also observed in maize by 

Gigot et al (Abstracts of the 2nd Congress of ISPMB, Jerusalem,

tissues

1988). These differences may not be simply explained by using an

analogy with animal somatic cells, where the majority of histone 

RNA synthesis is cell cycle-dependent (Schumperli, 1986). 

Nevertheless, the high amount of H3 mRNAs in somatic embryos may

suggest a similarity with the DNA replication-uncoupled histone
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synthesis which is seen in animal oocytes and early embryos 

(Maxson et al, 1983 and Old et al, 1935). However differences

mRNAhave to be considered as for example the source of histone

from which the uncoupled histones are translated. In some

the high demand for histone mRNAs at the early stage ofanimals ,

RNA pool generated duringembryogenesis is provided by a

oogenesis, while the expression of histone genes remains at a 

very low level (Maxson et al, 1983). Probably, in contrast, the 

histone genes are highly active throughout embryogenesis in

plants because of the lack of animal-like oogenesis which

provides the histone mRNA pool. Consistent with this hypothesis, 

V.Raghavan (see Abstracts of XIV Botanical Congress, 1987, 

Berlin) found that the H4 gene is highly expressed in newly

anther cultures during embryogenicformed cells in rice

division. A study on Vicia faba also demonstrated that the

synthesis of histone proteins in early germination depends on 

newly transcribed messengers (Kato et al, 1982).

4.7. Is the Expression of Plant Histone Genes Regulated

Replication-Dependently?

The cell cycle-dependence of histone gene expression has been 

well characterized in animal somatic cells (Maxson et al, 1983; 

Graves et al, 1987; Marzluff and Pandey, 1988; Schümperli, 1936; 

1988). In alfalfa, we showed that the maximal amount of total H3

with ^H-thymidine incorporation peak 

partially synchronized callus cells (Fig.3.2.6). Recently Mikami 

et al (1987) also found that the binding of a nuclear 

protein(s), HBP-1, to a specific 5' hexamer, ACGTCA, in histone

intranscripts coincided



Gl

and H4 genes showed highest affinity in S phase-abundant cellH3

population of partially synchronized wheat seedlings. These

experiments primarily suggested that the expression of histone

is cell cycle-dependent in plants, as the case in animals, 

the cell culture systems used in both alfalfa and wheat

genes

However ,

were not well defined and the experiments lacked comprehensive

control. Therefore, further studies with highly synchronized

cell populations are required to demonstrate a link between

histone gene expression and DNA replication.

4.8. The Diversity of H3 Sequences In Alfalfa

H3 cDNAs withThe nucleotide sequence compilation of the

(Fig.3.2.8)ALH3-1.1 confirms the restriction enzmye analysis

showing that the cDNAs belong to two classes: a dominant class

and a minor class. The dominant class is represented by clone

pH3c-l, pH3c-3 and pH3c-12. These sequences vary only in very

few nucleotides in both translated and untranslated region with

the genomic clone, ALH3-1.1 (Fig.3.2.9). Clone pH3c-7, pH3c-10

and pH3c-17 are believed to fall into this class because of

their identical restriction patterns with the dominant class

(Fig.3.2.8) . is considered topH3c-llIn contrast, clone

represent a minor gene which has only 78.8% homology with the

major class in the translated region and encodes a longer

UTR (Fig.3.2.9). The low homology betweennon-homologous 3 

these two classes of alfalfa H3 genes results in four unique 

amino acid replacements (Fig.4.5). Surprisingly, the amino acid

this minor alfalfa H3 variant is identical to thatofsequence

of a barley H3 histone deduced from a partial H3 cDNA sequence
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(Chojecki, 1986) although barley and alfalfa belong to two

taxonomic groups which adopt completely different coding 

strategies(see below). Despite the four amino acid changes, the

21.2% nucleotide divergence between these two classes of alfalfa

H3 genes is mostly due to the different preference of synonymous

(Table 4.4 and Table 4.5). If assuming that the rate ofcodons

accumulation of neutral point mutation among histone H3 genes

during evolution is about 0.45% per million year (Miyata and 

Yasunaga, 1980), these two classes of alfalfa H3 genes may have

for more than 45 miliőn years. In attempt to study thecoexisted

expression of this minor H3 gene, we used the 3'UTR of pH3c-ll

as a specific probe to hybridized the same RNA samples as those

in Figure 3.2.5. Under the same hybridization conditions, we

could not detect the presumed longer mRNA band possibly encoded

by the minor H3 gene. Thus we propose that the expression level

of this gene might be very low in the studied tissues.

We have estimated about 160 copies of histone H3 sequences 

existing in the tetraploid alfalfa genome (Fig.3.2.3). This high

copy number may reflect a composition of major and minor gene

families and probably pseudogenes. A recent study on alfalfa

the existence of differenthistone proteins also revealed

subtypes of H3 histones (Waterborg et a 1, 1987). The diversity

of alfalfa cDNAs is consistent with these observations.

4.9. The Codon Usage of Plant Flistone Genes

We have analyzed the codon usage of alfalfa histone H3 genes

and pointed out that the 21.2% nucleotide divergence between the

dominant and minor histone H3 genes is mostly resulted from
АгТ1Г&Ч

%



69

their choice of different coding strategies. We also noticed

that the alfalfa histone H3 sequences display no exclusive GC

preference in their codon usage. In attempt to obtain more

generalized information, we analyzed the coding region of all 

plant histone H3 genes by compiling them with that of the rice

H3 gene, H3R-11. As shown in Figure 4.4, most of the base 

substitutions between monocot and dicot H3 genes are being C's

and G's to T's and A's. Such dramatical difference leads to a

20% or more nucleotide divergence between monocot and dicot H3 

genes (Table 4.3). Because of the high conservation of histone 

H3 proteins (Fig.4.5), the nucleotide divergence is mostly 

contributed by the unique codon usage of individual genes. Table 

4.4 shows the nucleotide composition of the codon position III 

used by plant histone genes. Among all monocot histone H3 and H4 

genes, the A and T-ended codons, particularly the A-ended 

codons, are almost completely avoided. They compose less than 

10% of all the possible codons. In contrast to the exclusive 

preference of G and C, the dicot histone genes select a totally 

different coding strategy. Here the A and T-ended codons are no 

longer depressed. They consist over 40% of the possible codons. 

Such more or less-balanced choice of G, C, A, and T in codon 

position III is also adopted by mammal histone H3.3 genes 

(represented by human H3.3 gene in Table 4.4), a gene family 

which expresses at a low level throughout the cell cycle (review

1987) .et al,also Wells1984 ,in Stein et al, see

Interestingly, the proportion of A and T-ended codons used by 

cell-cycle dependent animal H3 genes (represented by a sea 

urchin late H3 gene) is just between those of monocot and dicot
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410390 400380370360350340
1 TGTGCCATCCACGCCÄÄGCGCGTCACCATCATGCCCÄÄGGACATCCÄGCTCGCGCGCCGGATCCGCGGCGÄGCGCGCTTAG

С.....С..........Т
С.....С..........Т......... C.GA

А2 ..С
3 ..С

C.GAТ4 ..С
C.GA-..Т5 ..С
С..АGС..... С

С.....С......Т.......A.G..C...
...... C...Ä.G.......A.G....GA

6 ..С
7 ..С
8 ..С

СGС..... С9 ..С
C...Ä.G..A...A.G..C.GA 

И ..C..G..T..T..T...A.A.....Т..........Т......T..T..AT.G...A.GA.A..TA.A.......A.G......А
12 ..С..... Т
13 ..С.....Т..Т..Т.......Т..... Т..........Т..... Т
14 ..С..... Т..Т..Т.......Т..... Т
15 ..С.....Т..Т...........Т..... Т..........Т..... Т
16 .....А..Т..Т....... A.G..G..A..T......Т.......
17 ..С.....Т..Т...........Т.....Т..........Т..... Т

т10 ..с

............А.АА.А...А.А..А..А..А

...........TA.G..T...... Т

.......... TA.G..T...... Т

...........TA.G..T...... !
Т.....Т..Т..Т..С..Т......Т..А..Т
.......... TA.G..T...... Т

A.G..... G
T....GA
T....GA
T....GA

Т

T....GA

7, рТН012 
14, рНЗс-1

6, Barley НЗ 
13, ALH3-1.1

5, рШ-1 
12, НЗА725

4, H3S-12 
И, ЙЗА713

3, рЕНЗ-2 
10, НЗС4С

2, H3R-21 
9, НЗСЗС 

16, рВЗс-11 17, рНЗс-12

1, H3R-11 
8, ВЗС2С 

15, рНЗс-З

Fig.4.4. Compilation analysis of plant histone H3 genes. The coding regions 
or assumed coding regions of plant histone H3 genes, pseudogenes and cDNAs 
were compiled with that of the rice H3 gene, H3R-11. Deletions are marked by 
dashes and the nucleotides identical to those in H3R-11 are dotted. For 
comparison, the presumed sequencing errors in sequence 3 and 5 remain 
unchanged (Xie et al, 1987).

Table 4.3. Homology of plant histone H3 genes 
with the coding region of H3R-11 (%)

Species
Monocot

Rice

clone Homology Reference

H3R-21
pRH3-2
H3R12
pRH3-l

93.7 
96.8*
93.2 
92.0*
89.3
92.7
91.7 
93.9
90.3

This thesis 
Peng,1986 
This thesis 
Xie,1987 
Chojecki , 1986 
Tabata,1984a 
Chaubet ,1986 
Gigot ,1987 
Chaubet ,1986

Barley 
W h e a t 
Corn

H3
pTH012
H3C2
H3C3
H3C4

Dicot 
Arab . H3A713 

H3A725 
ALH3-1 .1 
pH3c-l 1

75.2
80.3 
82.5 
75.7

Chaboute ,1987

Alf a . Wu , 1988 
This thesis

*The supposed sequencing errors (Fig.3.1.2) 
were corrected before comparison. Arab.=Ara- 
bidopsis and Alfa.=Alfalfa.
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Table 4.4. Comparison of the nucleotide composition presents 
at the third position of the codons(%)

A TClone G C ReferenceSpecies

Monocot
Barley
Corn

Chojecki,1986 
Chaubet ,1986 
Gigot,1987 
Chaubet, 1986 
Philipps ,1986 
Gigot,1987 
Philipps ,1986 
This thesis

H3 60.0
52.6 
56.3 
51.1 
52.9 
52.9 
57.8
56.3
50.4
55.6
61.5
64.7
67.6

0 040.0
41.5
43.0
40.0
37.3
37.3
36.3 
41.5
47.4
42.2
36.3
31.4
29.4

5.2H3C2
H3C3
H3C4
H4C 7
H4C13
H4C14
H3R-11
H3R-21
pRH3-2
pTHO12
pTHOll
pTH 0 91

0.7
0 0.7
1 . 5 7.4
2.9 6.9
3.9 5.9
1.0 4.9

Rice 2.20
2.20
2.2 Peng,1986 

Tabata,1984a 
Tabata , 1983 
Tabata,1984b

0
1.5W h e a t 0.7
2.02.0

2.0 1.0
Dicot

Alfa. 28.9
39.2
24.4 
20.7
30.4
27.5
24.5

W u , 19 8 8 
This thesis 
Chauboute ,1987

37.8
20.0
22.2
31.1
28.4
30.4
18.1

11.9
15.8
25.2
22.2
15.6
17.6
24.9

ALH3-1.1 21.5 
pH3c-l1 
H3A713 
H3A725 
H4A748 
H4A777 
PsHlb

25.0
28.1
25.9
25.5
24.5
32.5

Arab .

Pea*
Animal

Gantt,1986

22.2 34.1 
20.0

Wells,1987 
Kaumeyer,1986

Human** HuH3-149 22.2
27.4

21.5
46.7S . ur . 5.9SpL2 2

* Full length histone HI cDNA. ** Human histone H3.3 gene. 
Alfa.=Alfalfa , Arab.=Arabidopsis and S.ur.=Sea urchin

histone genes (Table 4.4).

Comparison of the individual codons used by plant histone H3 

genes provides more detailed information (Table 4.5). Generally, 

the monocot H3 genes use only the G and C-ended codons with 

slight preference of C-ended codons. This narrow selection of 

codons results in high conservation among monocot H3 genes (over 

90%, Table 4.3). In contrast, the dicot H3 genes select codons



73

Table 4.5. The Number of individual codons used in histone H3 genes from 
different species*

Corn Wheat Human S.ur.Alfalfa
Codon A-l.l pell A713 A725 R-ll R-21 H3C2 TH012 Hul49 SpL22

Arabidopsis Rice
A.A

2 0Phe TTT 1 
TTC 4

2 0 0 0 01 0
5 2 42 4 5 5 5 5

00 0 0 0TTA 0
TTG 1
CTT 1 7
CTC 10 1
СТА 0 0
CTG 0 3

0 1 0Leu 0
110 0 О О2 3 О

4 3О о о4 5 О
1 49 8 82 5 7

1 1 ОО1 О ОО
3 5 45 3 42 1

4 ОО 1 ОIle ATT 1 
АТС 6
АТА О

5 3 1 О
3 772 4 6 7 7 б
1 ООО О ОО О О

2 31 11Met ATG 1 1 1 11

1 1О3 1 о оVal GTT О 
GTC 4
GTA О
GTG 2

2 О
О 525 5 43 2 4
1 ООО О ОО О О

4 3 О21 1 11 1

1 1О1 о о оТСТ 1
ТСС 2
ТСА О
TCG 2
AGT О
AGC 2

1 ОSer
22 4 12 1О 1 О
ОО О1 1 О о оо

1 о2 2 11О о о
2 1О1 о о1 о о

212 1 12 21 3

2 11 ОССТ 2
ССС 1
ССА 2
CCG 1

4 2 1 О ОPro
332 4 42 4О О
2О 12 О О1 2 О
О2 О2 2 4 1О 1

1О 42 О О ОThr ACT 4 
ACC 5
АСА 1
ACG О

3 3
8 2 95 5 63 5 7

0.О 42 1 О О О1
2 О О2 3 5 41 О

72 1 811 1 2бAla GCT 11 9
GCC 6 2
GCA 1
GCG 1 О

14 4 1010 10 83 5
1О 415 О О О4

4 2 О84 9 96

2 ООО О ОTAT 1 
ТАС 1

1 ОТуг О
1 322 2 2 23 1
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CAT 1 2 О О 2 1His 1 О О О
САС 1 2 2 2 2 2 О 11 1

САА 3 О 1 оGin 1 3 О о о о
CAG 5 8 8 86 5 8 8 7 8

ATT 1Asn О 1 1 О О о о о о
АСС 1 О О 1 1 1 1 1 1О

Lys AAA 2 5 5 О О6 О О 8 О
14 14 13AAG 8 9 9 9 14 14 5

Asp GAT 4 2 3 1 1 1О О О о
GAC О 2 4 3 4 3 31 3 4

5 1Glu GAA 1 3 4 5 О О О О
3 2 7 7 7 2 7GAG б 4 7

О 1 ОCys TGT 1 О О 1 О ОО
1 1TGC 1 1 1 1 1 ОО о

10Arg CGT 10 б 5 3 1 1 81 О
CGC 4 4 1 13 13 13 6 6О 8
CGA 1 1О 1 О 1 О О О О

1 1CGG О 2 8 О ОО О О
О 1 ОAGA 1 5 7 О О ОО

2 3 2 1AGG 3 1 13 6 6

GGT 1 1 1Gly 2 1 О О О О 4
GGC 3 1 4 5 7 1 2О О 5
GGA О 2 324 б 7 О О О
GGG О 1 1 О 2 2 1 О 1 О

*The Genes compared were from the same sources as Table 4.4. Abbrevi­
ations used: S.ur.=Sea urchin; А-l .1=ALH3-1.1; pc-ll=pH3c-ll; A713= 
H3A713; A725=H3A725; R-11=H3R-11; R-21=H3R-21; TH012=pTH012 and Hul49 
=HuH3-149.

with much wider range which leads to a higher divergence (about 

20%, Table 3.2.1) among these genes. The codon preference in

histone genes does not follow a general rule. For example,dicot

ALH3-1.1 of alfalfa favors CTC, АТС, GCT, GAT, GAG and CGT,

H3 gene prefers CTT, CCT, GCT and AAG, H3A725 ofalfalfa minor

overuses TTC, АТС, GCT, CAG and GGA while A713 doesArabidopsis J
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not obviously favor any individual codons except GGA (Table 

4.5). Despite the divergence, however, some codons are commonly 

favored among H3 genes, such as CAG and, except those of human 

H3.3 and/or alfalafa minor H3 gene, AAG, TTC, АТС, ACC. The 

codon GCT is frequently used among dicot H3 and human H3.3 

genes. As most of the eukaryotic genes (Murray et al, 1989) 

codon XTA (X=A,T,C,G) is rarely used in all the compared H3

the

genes.

Very recently Murray et al (1989) have made a comprehensive 

investigation on codon usage in plant genes. Generally, the

"codon dialect" of plant histone genes analyzed here is in

agreement with that of other plant genes. As in the case of

histone genes, the monocot genes highly active in leaves such as 

CAB or RuBPC SSU genes almost completely avoid the use of A and 

T at codon position III. But this codon bias seems not as 

pronounced in non-leaf genes such as ADH, zein 22 kDa subunit,

synthetase and ATP/ADP translocator genes. Severalsucrose

studies have suggested that the difference in codon usage among 

genes reflects the modulation of gene expression rather than 

phylogenetic relationship (Grantham et al, 1981; Wells et al,

1986; Ernst, 1988). Possibly the wobble codons differ in the 

affinity of codons and their anticodons (Thomas et al, 1988).

Accordingly, the activity of histone genes may be somewhat 

different between monocot and dicot plants. The very different

coding strategies between monocot and dicot histone genes may 

serve as a model system to investigate the possible regulatory

function of genetic codes.
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4.10. The H3 Histones in Plants Are Different from Those in

Animals

In alfalfa, we observed two different H3 histone variants

represented by dominant and minor cDNA species. As in animals,

in fact, many plant species were found to contain more than one 

histone variants for each type of histone (Spiker, 1985; 1988; 

Waterborg et al, 1987). The amino acid sequences of some of

these histone variants have been either directly determined or 

deduced from their genes (Spiker, 1988). However, despite the

highlydivergence, plant H3 histones conserved.are

Interestingly, at four positions the amino acids of plant H3

(Fig.4.5). The

substitutions at position 41 and 53 are both "conservative" (Von 

Holt et al, 1979), a term used for those changes between the

histones are different from those of animals

The mostamino acids with similar chemical properties.

intriguing difference between the animal and plant H3 histones 

is located at position 90. At this position, the amino acids can 

be either a hydrophobic Ala and Leu or a polar Ser (Fig.4.5) in 

plant H3 histone, while in animal, at the same position, the

acid is exclusively either a Met in H3.1 and H3.2 histonesamino

or a Gly in H3.3 histone which was considered to be an ancient

(Wells et al, 1986). It should be of particular interestprotein

to study whether these amino acid replacements in plant H3

histones have any structural effect on plant chromatin. In

comparison with the plant H3 consensus sequence, the amino acid

at position 41 of the alfalfa minor H3 variant is identical to 

that in animal H3 consensus (Fig.4.5). Interestingly, two H3 

histones (Hayashi et al, 1984) from a ciliate protozoa,
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10 20 30 40 50 60 70
1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRL

К2 F
К3 F

F К4
5 F К

F К6
7 F
8 F К
9
10 F К
11 T К
12 F К
13 F К DA S I

KF
15 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRFRPGTVALREIRKYQKSTELLIRKLPFQRL
14 • ••••KtttTaDttatavsV

120 13011080 90 100
1 VREIAQDFKTDLRFQSSAVMALQEASEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
2 AS
3 s s
4 AS
5 A A
6 A A
7 A A

V8 A SS
A9 H..L

10 AS
11 AH. .L

A12 A
FT. .MD..HE..AE

14 ..D..MEM.N.I....Q.IL
15 VREIAQDFKTDLRFQSSAVXALQEAAEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA

13 A RL
FA T. .MR

9, Barley (Chojecki,1986)
10, Alfalfa ALH3-1.1
11, Alfalfa рНЗс-11
12, Rice
13, Tetrahymena a (Hayashi,1984)
14, Tetrahymena b (Hayashi,1984)
15, Plant H3 Consensus

Animal consensus (Wells,1986)
2, Pea a (Patthy, 1973)
3, Pea b (Patthy,1973)
4, Wheat (Tabata,1984)
5, Arabidopsis (Chaboute,1987)
6, Corn (Chaubet,1986)
7, Cycad a (Brandt,1986)
8, Cycad b (Brandt,1986)

1,

Fig.4.5. Compilation analysis of plant H3 histones. All plant and two 
protozoan H3 histones are compiled with the consensus amino acid sequence of 
animal H3 histones (Wells, 1986). The letter X in the consensus amino acid 
sequence of plant H3 histone (No.15) represents the variable amino acids at 
position 90. The H3r deduced from pRH3-2 (Peng and Wu, 1986) is excluded in 
this figure because of the putative errors described in the text.
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Tetrahymena, where the H3 mRNAs are polyadenylated (Baum et al,

1983) , possess the same amino acids at all the four positions as

the plant H3 histone consensus, whereas the H3 histones from 

fungi (Wells, 1986), where the H3 transcripts are also 

polyadenylated (Fahrner et al, 1982), are closer to the animal 

H3.3 than the plant H3 histone (Wells, 1986). The studies on H4 

also revealed two "conservative" amino acidhistones

replacements between plant and animal at position 60 and 77

(Spiker , 1988) . The conservation and variation of different

classes of H3 histone among eukaryotes may be of evolutionary

importance. This remains to be studied.

(H3r) deduced from theSurprisingly

nucleotide sequence of pRH3-2 (Peng and Wu, 1986) varies with 

that encoded by H3R-11 and H3R-21 in three positions (Fig.3.1.3)

The H3 histone

although the homology between H3R-11 and pRH3-2 is as high as 

96% (Table 4.3). Two of these replacements happened at position

that they86 and 98 where the amino acids are so conservative

never changed during the course of evolution (Wells, 1986).were

Although the third replacement occured at a variable position 

(Fig.4.5), the change from a neutral Ala to a basic Arg may

dramatically affect the biochemical property of H3 protein,

particularly taking the identical change at position 98 into

account (Fig.3.1.3). Moreover, the nucleotide compilation of

rice H3 sequences revealed that all these three amino acid

changes in H3r were resulted from dinucleotide substitutions, as

compared to H 3 R — 11 or H3R-21, from 5'GC3' to 5 ' C G 3' (marked with

Fig.3.1.2) . Similar dinucleotidesolid triangles in

substitutions were also observed in two positions of the
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pRH3 — 1 (Fig.3.1.2). All these facts support thepseudogene,

explanation that the distinct amino acid changes in H3r might be

due to DNA sequencing errors.

4.11. The General Structure of Plant Histone H3 Genes

theIn summary, the plant histone H3 genes not only possess

essential characteristics of animal H3 genes, but also exhibit

their own specificities.

a) The size of the coding region of plant histone H3 genes is

Thisbp which encodes a protein of 135 amino acid residues.405

protein is identical to its animal counterpart except four amino

acid differences at position 41, 53, 90 and 96, respectively.

b) The codon usage of plant histone H3 genes is highly

exclusive GCexhibitTheunique. monocotyledonous genes

preference in their codon choice. The dicotyledonous genes do

strategy, rather, they differnot follow the same coding

individually.

c) In addition to, with slightly modifications, all histone

the 5'gene-specific consensus sequences found in animals,

flanking region of plant H3 genes possesses plant-specific

motifs, either CGC box or AC-GA block.

d) In comparison with animals, the 3' untranslated region of

plant histone H3 transcripts is much longer and does not contain

the highly conserved T-hyphenated hairpin structure and the 

"downstream element" (Fig.1.1).

e) Most of the H3 transcripts (if not all) in alfalfa,

Arabidopsis and corn are polyadenylated.

It has been known that the unique codon usage, 5 specific
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allmotifs and the polyadenylation of transcripts areconsensus

thethe common features of plant histone H4 genes. However,

characteristics of other plant histone genes have yet to be

studied.
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Appendix 2.

The Determined Nucleotide Sequences of the H3 Histone Genes,

Pseudogene and cDNAs Isolated from Rice and Alfalfa.

All numberings start from 5' of the sense strand. The initiation

and stop codons are indicated with Xs. All the sequences have

been handled by an IBM MS-DOS computer and the DNA sequences

analyzed in the TEXT have been deposited in the Sequence Data

Library of the European Molecular Biology laboratory. The file

stored in the computer and the accession numbers assignednames

in the EMBL Data Library are listed as the followings:

Computer: IBM, VARYTER XT. Operation: MS-DOS. Editor: Pathminder

Sequences Acc.No.Genes File Names

ALH3-1.1 Alfalfa H3 gene X13673 ALH3-11.NUM

X13674рНЗс-1 Alfalfa H3 cDNA PH3C1.NUM

X13675 PH3C3.NUMpH3c-3 Alfalfa H3 cDNA

PH3C11.NUMX13676Alfalfa H3 minor cDNApH3c-ll

X13677 PH3C12 . NUMpH3c-12 Alfalfa H3 cDNA

X13678 RH3-05FI.NUMH3R-11 Rice H3 gene

Rice H3 pseudogene X13679 RH3-08FI.NUMH3R-12

H3R-21 Rice H3 gene X13680 52RH3FI.NUM
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FILE PH3C3.NÖH, ALFALFA HISTONE H3 cDNA, p!3c-3, 03.02.1989, BY S.C-.P

80 90 100 11030 6040 50 702010
GGCAAAGCTC CAAGGAAGCA ACTCGCCACA AAAGCCGCTC GCAAATCTGC TCCGGCCACC GGCGGAGTGA AGAAACCTCA CCGTTTCAGG CCTGGAACCG TCGCTCTCCG

190 200 210 220140 150 160 170 180130120
TGAGATCCGC AAGTACCAGA AGAGCACTGA GCTCCTCÄTC CGCAAACTCC CCTTCCAGCG TCTTGTCCGT GAGATCGCTC AGGATTTCAA GACTGATCTC CGTTTCCAGA

330310 320240 250 280 290 300260 270230
GCTCGGCCGT GTCGGCACTG CAAGAAGCGG CCGAGGCTTA TCTCGTCGGT CTCTTTGAGG ATACTAACCT CTGCGCCATT CATGCCAÄGC GTGTCACTAT CATGCCTAAG

430 440420370 380 390 400 410350 360340
GÄTATCCAGC TCGCTAGGCG TATCCGTGGC GAGCGTGCTT GATCTTGTTG ATTCGCTTTG TTAGGGTTTG TGTAGATAGG TTCATGATGT AGTTATATCA CAAÄCCGYTG

X XX
480 490 500 510450 470460

CTÄTAAGTTT CTCTATGGAT CTTGTTATÄT TGTAATGTGC TTAACGCTTA ATCAATGAAA TTÄATCATCT TTT

FILE PH3C11, ALFALFA HISTONE H3 cDNA, рНЗс-11, 03.02.1989, BY S.-C.MJ

11070 80 90 10030 50 6010 20 40
CAAGGAAGCA GCTCGCCÄCC AAGGCTGCTA GGAAATCTGC TCCTACTACT GGAGGAGTCA AGAAACCTCA CCGATACCGC CCTGGAACTG TCGCTCTTCG TGAGATCCGT

220190 200 210170 180120 130 140 150 160
AAGTACCAGA AGAGTACCGA GCTTTTGATC CGCAAGCTTC CATTTCAGCG TCTTGTCCGT GAAATTGCTC ÄAGATTTCÄA GÁCGGATCTG AGATTCCAGA GCCATGCAGT

330320290 300 310230 240 250 260 270 280
TCTTGCACTT CAGGAAGCAG CTGAGGCTTA CCTGGTTGGA TTGTTTGAGG ACACCAATCT GTGTGCAATT CATGCCAAGA GGGTGACAAT TATGCCTAAG GACATTCAGC

440410 420 430390 400340 350 360 370 380
TTGCTCGTCG CATTCGCGGT GÁACGTGCTT AGGGTGGTGA AGGCGCTTTT AGCGTTATGG TGGATTAGTA TTTTGGAAGG ÄTTTAGGGTT TTATGAATTG AÄTTTTCTTT

XXX
550530 540510 520450 460 470 480 490 500

TATGCGTTGT ATAGTTCTGA ACCTATAÄTG TTCAATCTTT AACAACAGAC ATATTTTGGA TTATGATTAG TTTTTTGCGG ACAAATTTGT GATGTAATTG GTCAATTACA

560 590570 580
ATTGAAGTCT CTGCAACTAT TTTACTTATA AAAAAAAAAA AAAA

FILE PH3C12.NUH, ALFALFA HISTONE H3 cDNA, pH3c-12, 03.02.1989, BY S.-C.HO

100 11070 80 9050 6020 30 4010
TTCAAGACTG ATCTCCGTTT CCAGÁGCTCC GCCGTGTCGG CACTGCAAGA AGCGGCCGAG GCTTATCTCG TCGGTCTCTT TGAGGATACT AÁCCTCTGCG CCATTCATGC

220210180 190 200160 170120 130 140 150
CAAGCGTGTC ACTÄTCATGC CTAAGGATAT CCAGCTCGCT AGGCGTATCC GTGGCGAGCG TGCTTGATCT TGTTGATTCG CTTTGTTAGG GTTTGTGTAG ATAGGTTCAT

XXX
330310 320300250 260 270 280 290230 240

GATGTAGTTA TATCACAAAC CGTTGCTATA AGTTTCTCTA TGGATCTTGT TATATTGTAA TGTGCTTAAC GCTTÄÄTCAA TGAAATTAAT CATCTTTTGT TTAAAAAAAA

AAAAAAA

I




