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Summary. The core histone genes of Saccharo- 
myces  cerevisiae are arranged as duplicate nonallelic 
sets of specifically paired genes. The identity of 
structural organization between the duplicated gene 
pairs would have its simplest evolutionary origin in 
the duplication of a complete locus in a single event. 
In such a case, the time since the duplication of one 
of the genes should be identical to that since dupli- 
cation of  the gene adjacent to it on the chromosome. 
A calculation of the evolutionary distances between 
the coding DNA sequences of the histone genes leads 
to a duplication paradox: The extents of sequence 
divergence in the silent component of third-base 
positions for adjacent pairs of genes are not iden- 
tical. Estimates of the evolutionary distance be- 
tween the two H3-H4 noncoding intergene DNA 
sequences are large; the divergence between the two 
separate sequences is indistinguishable from the di- 
vergence between either of the regions and a ran- 
domly generated permutation of itself. These results 
suggest that the duplication event may have oc- 
curred much earlier than previously estimated. The 
potential age of the duplication, and the attractive 
simplicity of  the duplication of both the H3-H4 and 
the H2A-H2B gene pairs having taken place in a 
single event, leads to the hypothesis that modern 
haploid S. cerevisiae may have evolved by diploid- 
ization or fusion of two ancient fungi. 
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Introduction 

The histones provide a useful and important gene 
family in which to study the possible principles and 
mechanisms ofeukaryotic molecular evolution. The 
extreme conservation of the protein sequences over 
time potentially permits the analysis of early events 
in evolutionary history. Additionally, the histone 
genes were among the first eukaryotic genes to be 
molecularly cloned by recombinant DNA tech- 
niques. Thus the structural organizations and DNA 
sequences of the genes have been determined in a 
wide variety of organisms (Kedes 1979; Hentschel 
and Birnstiel 1981; Maxson et al. 1983). 

The haploid genome of the yeast Saccharomyces  
cerevisiae contains two copies of each of the genes 
for the core histories. The genes are arranged as two 
nonallelic sets ofH2A-H2B gene pairs and two non- 
allelic sets of H3-H4 gene pairs. In each pair, the 
genes are divergently transcribed and are separated 
by 600-800 nucleotides ofintergene DNA sequence. 
Each pair of  genes is on a separate genetic linkage 
group. All eight genes are transcribed and translated 
into histories (Hereford et al. 1979; Smith and Mur- 
ray 1983; Smith 1984). The duplicated gene pairs 
are functionally redundant in the laboratory: Any 
single pair of genes may be deleted without loss of 
cell viability, although the growth rates of the strains 
may be affected under certain conditions (Grunstein 
et al. 1984; M. Smith and V. Stifling, unpublished). 
This dispersed duplicated arrangement poses ques- 
tions regarding the origin and evolution of the loci. 
This report presents the results of  an examination 



Table 1. Description of DNA sequences 

Accession 
Gene ID, Sequence type Yeast strain number  Locus name Base positions b 
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I-ITA 1 Histone H2A 
HTBI Histone H2B 
HTA2 Histone H2A 
I-ITB2 Histone H2B 
HHT1 Histone H3 
HHF1 Histone H4 
HHT2 Histone H3 
blHF2 Histone H4 
IGI H3-H4 copy-I 

intergene DNA 
IG2 H3-H4 copy-II 

intergene DNA 
GALIG GAL 1--43AL 10 

intergene DNA 
SeCYC lso- l- 

cytochrome c 
SpCYC Cytochrome c 
SCADH Alcohol 

dehydrogenase 
SpADH Alcohol 

dehydrogenase 

S. cervlslae 
S. cervtstae 
S. cervlslae 
S. cervtstae 
S. cervtstae 
S. cervtslae 
S. cervtstae 
S. cervtstae 
S. cervlstae 

J01325 YSCH2A 1 264--656 
J01327 YSCH2B 1 203-592 
J01326 YSCH2A2 264-656 
J01328 YSCH2B2 185-574 
X00724 YSCH34CI 612-208 (c) 
X00724 YSCH34CI 1265-1570 
X00725 YSCH34CII 744-340 (c) 
X00725 YSCH34CII 1427-1732 
X00724 YSCH34CI 726-1153 

S. cervisiae X00725 YSCH34CII 864-1294 

S. cervisiae K02115 YSCGAL 242-673 

S. cervisiae J01319 YSCCYC I 252-575 

S. pombe J01318 YSPCYC 448-771 
S. cervisiae J01313 YSCADHI 754-1794 

S. pombe J01341 YSPADH 277-1329 

a Identifications of  the DNA sequence entries used from release 40.0 of  the GenBank genetic sequence data bank 
b A "(c)" indicates that the sequence was complementary to the GenBank entry 

of the time of duplication of the core histone gene 
loci. Analysis of the gene family organization, the 
Protein sequences of the duplicated pairs, and the 
DNA sequences of  the genes leads to some surpris- 
ing observations. 

Sequences and Data Analysis 

Release 40.0 of the GenBank sequence library (Bolt Beranek and 
Newman Inc, Cambridge, /VIA) was used as the source of the 
DNA sequences in this study, except for the Schizosaccharomyces 
pornbe histone gene sequences, which were taken directly from 
Matsumoto and Yanagida (1985). The sequences studied are 
SUmmarized in Table 1. Random sequences were generated from 
the histone intergene DNA by a simple algorithm in which bases 
Were selected at random, using a random-number-generator func- 
tion call, until the count of each nucleotide was the same as in 
the original sequence. 

Evolutionary distances were calculated using the three-param- 
eter divergence matrix as described by Kimura (1980, 1981). 
Coding region DNA sequences were aligned by similarities in the 
amino acid sequence translations; the program of Wilbur and 
Lipman (1983) was used to help position minor gap insertions 
in the DNA. Alignment of the historic H3-H4 intergene DNA 
sequences was more difficult because of  the extensive divergence; 
in general the sequences were aligned at their respective "TATA"  
regulatory sequences and a variety of  methods were used to in- 
troduce gap insertions to improve homology. Insertion/deletion 
gaps were assigned with computer assistance using combinations 
of dot matrix alignment (Smith and Andresson 1983); the al- 
gorithms of  Korn et ai. (1977), Goad and Kanehisa (1982), and 
Wilbur and Lipman (1983); and finally manual inspection. 

Results 

The basic structural organization of the core histone 
genes in the S. cerevisiae haploid genome is sum- 
marized in Fig. 1. The striking feature of  this ar- 
rangement is the symmetry of the duplication; that 
is, two distinct unlinked but functionally related gene 
pairs, and not simply a single gene, have been du- 
plicated. It would be particularly interesting to un- 
derstand the origins and evolution of  this gene ar- 
rangement. As a first step toward this end it is 
reasonable to ask how long ago the duplication of 
the genes took place within the yeast genome. 

The Duplication Paradox 

A straightforward calculation of  the time of  dupli- 
cation of the histone gene pairs by the alignment of  
the coding sequences results in the surprising ob- 
servation that the paired genes appear to have been 
duplicated at quite different times. This discrepancy 
has been noted earlier based on a comparison of  
amino acid sequences (Choe et al. 1982; Smith 1984). 
The consequences of  this point will be further elu- 
cidated here and examined in greater detail at the 
D N A  sequence level. 

Silent, or synonymous, nucleotide substitutions 
at the third position of amino acid codons have been 
shown to occur at a rate that is independent of  the 
rate of  amino acid substitution in a variety of genes, 
and particularly among different genes adjacent to 
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each other on the same DNA sequence (Miyata et 
al. 1980; K.imura 1981). For example, although ami- 
no acid substitutions have occurred at one of  the 
lowest known rates in the H4 histone protein, the 
rate of base substitution at the third position of  H4 
codons is high, comparable with those determined 
for a variety of other genes (Kimura 1977; Graur 
1985). 

Table 2 presents the calculated values of the evo- 
lutionary distance K~.' estimated from the silent 
component of all third-position substitutions for each 
of the duplicated histone genes. Surprisingly, the H3 
genes appear to have been diverging almost six times 
longer than the H4 genes. Similarly, the H2B genes 
are about twice as divergent as the H2A genes and 
10 times as divergent as the H4 genes. 

The structural similarity of  the related gene pairs 
would seem to have its simplest origin in the du- 
plication of an original complete locus in a single 
event. That is, it seems likely that the H3 and H4 
genes were duplicated together rather than in two 
separate events. The latter scenario would require 
first the duplication of  one gene of  the pair, the H3 
gene for example, and then at a later time the du- 
plication of  the other (the H4 gene). In addition, the 
second event would have to have produced exactly 
the original gene configuration at the duplication 
locus. Thus, the duplication paradox is that genes 
that logically should have been duplicated at the 
same time appear to have been duplicated indepen- 
dently. 

The Paradox is Not the Result o f  Codon Bias 

The S. cerevisiae histone genes, in common with 
many other yeast genes, use a small subset of  pos- 
sible amino acid codons (Bennetzen and Hall 1982a; 
Smith and Andr6sson 1983). A strong bias in pre- 
ferred codon usage by a gene may introduce errors 
into the comparative distance calculations (Miyata 
et al. 1980; Miyata and Hayashida 1981). I f  this 
codon bias has a functional significance, a third-base 
substitution in glycine codons, for example, may not 
be neutral, since the H3 and H4 genes use G G T  
exclusively as the codon for glycine (Smith and 
Andr6sson 1983). Thus, the apparent differences in 
the rates of  divergence of  the histone genes could 
be due to different proportions of  extremely biased 
codons. 

The data for yeast codon usage suggest that sub- 
stitutions in the third base position of  the codons 
for alanine, serine, threonine, valine, and isoleucine 
should be neutral in S. cerevisiae histone genes. Thus, 
a neutral-mutation rate was calculated for the his- 
tone genes considering only these five codons. Table 
2 shows the distance calculations for this limited 
biased-codon analysis (Kb). These distances are 

Histone H 2 A - H 2 B  
~ - 8 0 0  

HTA1 ] 

- 800 

Histone H 3 - H 4  
, 646 ~ ~  

HHT1 ~3__,___ 428 

HHT2 J.--o _ 431 

GALl - GALlO 
787 - -  i 

o GALl 

Fig. 1. Oenomic  organizations o f  the core histone genes and 
the GALl  and G A L l 0  genes in Saccharomyces cerevisiae. The 
arrows encompass  the translational start and stop codons for each 
gene, and their directions show the polarity of  transcription. The 
arrows for GALl  and G A L l 0  coding sequences are hatched to 
show that they have been truncated and are not  drawn to scale. 
The small open boxes in the histone H 3 - H 4  and GALl - -GALl0  
intergene regions represent the " T A T A "  regulatory sites. The 
distances between the A T G  start codons, and between the TATA 
box signals, are indicated in base pairs. The intergene lengths for 
the H2A- H2B pairs have been estimated f rom mapping studies 
since the complete sequences are not known. Gene designations 
are as in Table 1 

Table 2. Estimates of  evolutionary distance 

Compar ison  K I~ '  Kb 

H T A I - H T A 2  -- 0.18 + 0.05 
H T B I - H T B 2  -- 0.41 ___ 0.09 
H H T I - H H T 2  -- 0.23 + 0.05 
H H F I - H H F 2  -- 0.04 + 0.02 
I G I - I G 2  (no gaps) 2.41 + 0.54 -- 
IG  I - I G  I shuffle 

(no gaps) ~ 1.87 4- 0.27 -- --  
I G I - I G 2  

(15~ gaps) 1.01 + 0.15 -- --  
I G I - I G I  shuffle 

(15% gaps)" 0.86 + 0.09 -- --  
IG 1-GALIG 

(15% gaps) 1.42 + 0.29 -- --  
ScHistone-  

SpHistone b -- 0.73 4- 0.05 --  
ScCYC-SpCYC -- 0.90 _ 0.24 -- 
S c A D H - S p A D H  -- 0.99 4- 0.17 -- 

0.21 + 0.07 
0.65 +_ 0.20 
0.45 + 0.14 
0.06 4- 0.05 

" I G  1 shuffle sequences were generated by randomly shuffling the 
bases in the 1G 1 sequence as described in Sequences and Data 
Analysis section 

b Compar ison  of  the S. cerevisiae and S. pombe histone gene 
protein coding sequenes. The K value presented is the weighted 
average o f  all the pairwise comparisons  o f  the homologous gene 
copies 
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..... ~ ................. 20  401 . 60 Bg . 

i~iiiii~iii~;;.~;~i~i!!Lii~!AT6TA~TTCA--ACAAGGAGCc~T~-GAG~GTAC-CAAAA~AAA---ATCG~ccGG~-TATTTCGTTTATC~TTTACGcTAAAA 

~ii!iil;li!!l!ilii!li!ililili I~ACAACTaCfiGTC' ICAI~AA6~AACGCGAGAGA6~A~IICACGCT6TTI~A~G~AAAC~I~GTTT~GACA~CGAGC~ATAGCCG 
100, 120, 140, 160, 180, 

. . . . . . . . .  5TCAAGGAGA~-GATATTAC6GCCAAGATC6CAAA6GT6CAGAGCAAGGAAATG-TGAGA . . . . . .  AATTGTGA6A-ACGA 
fill I Ill] 1 I 1 II I II II 1111 I II Ill II I II 

TGATTGT~CGTCACATTGGGCGATAATGAAC~CTAAATGACCAACTCCCATCC~TA~GAC~CCCTTAGGC~T~CCAATAGTTTCACGCGC 

200, 220, 240, 260, 
`TAAT~T-.AT6~AC..AATGC8AAAAT6TGAGAACGAG.-AGC--AAAAATCTTTTTT6TATCTCCCCGCCGAATTTGGAAACCG--~ 
IIl[I I I I II I II fill I I I Ill I I I I II IIIII I I 

TTAATG~GAA~TGCT~GGAAC~GACAACT~TG6TC8TTTGGCA~GAAAGTG~TACTAGACCGAGAGTTTCGCATTT~TATGGCA~GA 

::~:~ ............. 28.0, 300, , 320. , 340, , 360 
i:!i..~i~i~i~i~A~i~;~iY~TCACATA6TAAAACCBTTCCGAGCGCTTCTCCC~ATAAT6GTTAGT6GTAAAAACCGAABTTGTTTACT 
i~iii!iiiiilliiiiiiiiiiii!!iiiii!iiiiiiiiiiiiiiiiiiiii~i~iiiiiiiiiii t II III III I I I I I I I  I 
! -;B~i~!~i~.~i~i~i~i~i~i~i~i~;~CAAG C T IT r T C G GGCG- - _ C GAAA TGCAGA- - C CAOACC A GAAC e . . . . . .  AAAACAACTGACAAGAAGG 

380, 400, 420, 440, 
TTAGcAAAT6ccC~C~AATAC~T~6TTAAA~T~CCACCcCcCCTTCCcCATTcATTB~BTAAAGACcAATTT~ATBGATAAATT66TTG 

I l l  I I I I  I I I l l  r I I I  111 I II II I I l l  III II III  
C~TTTTAATT . . . . .  TAATATGTT-fiTTCACTC~C6 . . . . . .  CCT66GCT6TT6-TTATTC6G . . . . . . .  CTAGATACATAC-GTfTTTG 

460. ~80, 
T6GAAAA6GTCTAATTCTTTT~CC~!~I 
I i l t i~ iiiiiiiiii!i!iiiii!i!iiiiiiiiii!iii 
TGC~ . . . . .  TAT~TA6TTATATCAt~ i l i i i i  

Fig.  2. Sample ~ignment ofhistone H3-H4 in~rgene sequences. The sequences o f l O l  (top) and IG2 (boUom) are compared. The 
TATA sites of  each sequence were aligned and are shaded at each end of the comparison. The in~rnal alignment was keyed by the 
upstream-ac~vator-site homology between the two sequences. This r e ,on ,  ~so shaded, is centered around position 280. The dashes 
represent gaps inserted into each sequence dunng the analysis to improve nucleotide homology 

slightly larger than the Ks' values, particularly for 
the more divergent genes H2B and H3. Neverthe- 
less, the Kb values also show a significant disparity 
in the apparent divergence of the different core his- 
tone genes--even for genes adjacently paired on the 
chromosome. 

Intergene Sequence Divergence 

A comparison of the intergene sequences can also 
provide a measure of  the distance separating the 
duplicate gene sets. At present this analysis is re- 
stricted to the H3 and H4 gene sets, for which the 
COmplete DNA sequences of  the intergene regions 
are available for both loci (Smith and Andrrsson 
1983). Divergence of  the intergene regions is not 
Constrained by the amino acid codons required for 
Protein function. Furthermore, without the overall 
b N A  sequence homology imposed by the coding 
requirements of  the genes, recombination events be- 
tween the intergene regions are less likely. On the 
.Other hand, the alignment of  the intergene sequences 
]s more difficult, since they lack a translational read- 
ing frame with which to establish a proper registra- 
tion. Several comparisons have been made to try to 
COmpensate for this uncertainty in alignment. The 
main point to be drawn from the results of the cal- 
Culations described below is that the H3-H4 inter- 
genic DNA sequences are considerably more diver- 
gent than the silent component of  third-base changes 
observed between the coding regions. 

The comparisons rests on the following assump- 
tions. First, it is assumed that the intergene regions 
of the duplicated pairs are derived directly from a 

common ancestor. The primary support for this as- 
sumption is the common gene arrangement of  the 
pairs, as argued in the preceding sections, and the 
presumptive conservation of  upstream activator se- 
quences in the intergene DNA, a point to be illus- 
trated shortly. Second, it is assumed that the align- 
ment of the two intergenic regions may be limited 
by the locations of  the H3 and H4 transcribed se- 
quences. This solves one of the more difficult prob- 
lems of  aligning "spacer" DNA sequences: where to 
begin and end the comparison. Indeed, the sequence 
lengths between the H3 and H4 gene TATA box 
positions are nearly identical between the two copies 
(Fig. 1). Therefore, in the alignments that follow, 
the nucleotides between, but not including, the 
TATA sequences were compared. The functional 
significance of  the conserved length is unknown; 
however, it is supportive of the evolutionary com- 
parison. 

When the intergene DNA sequences located be- 
tween the TATA box positions were aligned without 
introducing insertion/deletion gaps, a maximum of 
24% nucleotide homology was obtained. The evo- 
lutionary distance for this alignment was calculated 
as K = 2.41 +__ 0.54 (Table 2). To obtain a more 
liberal estimate of  the intergene DNA divergence, 
insertion/deletion gaps were introduced into the two 
sequences to increase the homology. An example of  
an extreme alignment is illustrated in Fig. 2 and was 
constructed from the following considerations. An 
upstream activation site (UAS), required for expres- 
sion of  the copy-I genes, has been identified in the 
copy-I intergene DNA by deletion analysis (M.M. 
Smith and L.R. Karns, unpublished). The copy-II 
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intergene DNA contains a sequence homologous to 
this UAS, although its function has not yet been 
tested genetically. For the alignment presented in 
Fig. 2, the TATA box signals for the genes were 
aligned, as well as the two presumptive UAS regions 
(positions 271-291). Insertion gaps were then in- 
troduced to produce an alignment with improved 
homology. The proportion of  homologous nucleo- 
tides for this alignment is about 42% and the dis- 
tance between the regions was calculated as K = 
0.94 + 0.09 substitutions per position, ignoring any 
contribution of  the insertion/deletion gaps (Table 
2). 

The calculated divergence between the H3-H4  
intergene sequences will obviously depend on the 
extent of  gap insertion used in the alignment. Se- 
quence gaps, in effect, remove a portion of  a se- 
quence from an alignment comparison. As more 
gaps are introduced into two sequences, the fraction 
of  the total nucleotides compared decreases and the 
apparent homology between the remaining aligned 
nucleotides increases. Figure 3 illustrates the effect 
on the calculated evolutionary distance of  removing 
portions of  the sequences from the comparison. 
When approximately 30% of  the matches are re- 
moved by introduction of  insertion/deletion gaps, 
the evolutionary distance calculated for the remain- 
ing bases is reduced to about 0.50 substitutions per 
position. 

Control Sequence Comparisons 

The initial introduction of gaps into related DNA 
sequences can potentially improve the chances of  
detecting a relevant evolutionary alignment. Con- 
tinued gap insertion, however, will degrade the ap- 
propriate alignment at the expense of  increased in- 
dividual matches. At that point, the evolutionary 
distance between related sequences should approach 
that calculated for totally unrelated sequences. Two 
types of  comparisons have been made to help place 
limits on gap insertion. First, the H3-H4 intergene 
sequences were compared with randomized per- 
mutations of  their own sequences; second, the H3-  
H4 intergene sequences were aligned with a totally 
unrelated S. cerevisiae sequence. 

Randomized H3-H4  intergene sequences were 
constructed by randomly shuffling the bases in the 
sequence. The generated sequences thus had the same 
base composition as the original intergene sequence 
but a changed base order. Figure 3 illustrates a com- 
parison of  the copy-I H3-H4  intergene sequence 
with such a random permutation of  itself. The pat- 
tern of  "evolutionary distance" for this control com- 
parison is indistinguishable from that for the com- 
parison of  two authentic histone H3-H4  intergene 
sequences. 

3 

2 

K 

I 

0 I I 
0 O. I 0.2 0.3 O. 4 

F rac t i on  Gaps 

Fig. 3. Effect of insertion/deletion gaps on evolutionary dis- 
tance. The estimate of evolutionary distance, K, is plotted versus 
the fraction of gaps inserted into the test sequences. The histone 
IGI - IG2  comparisons are given by the open-circle data points 
and the lower solid curve. The histone IG 1-random-shuffle com- 
parison is given by the closed-circle data points and the dashed 
curve. The histone IG1--GALIG comparisons are given by the 
open-box data points and the upper solid curve. The sequences 
were aligned using the algorithm of Wilbur and Lipman (1983) 
and varying the gap penalty parameter; for the analysis presented 
the k-tuple and window parameters were 3 and 20, respectively. 
The apparent evolutionary distance for each alignment was then 
determined (Kimura 1980, 1981). The gap fraction was calcu- 
lated by dividing the total number  of gap insertions in both 
sequences by the length of sequence IG 1 (428 nucleotides). The 
curves are first-order exponentials fit by the nonlinear least-squares 
program of Johnson and Frasier (1985) 

As a second control, the H3-H4  intergene se- 
quences were compared with an unrelated S. cere- 
visiae intergene sequence located between the GAL 10 
and GAL 1 genes. Like the histone intergene regions, 
the G A L l - G A L l 0  intergene DNA serves as a bi- 
directional promoter and control region for a di- 
vergently transcribed pair of  genes. The length of 
the region is almost identical to that of  the histone 
H3-H4 regions: There are approximately 430 base 
pairs between the major TATA signals for the GAL 1 
and G A L l 0  genes (Fig. 1). The region's distribution 
of  base composition is similar to that of  the H3-H4 
intergene regions and it has a central activator se- 
quence controlling G A L l - G A L l 0  expression (St. 
John and Davis 1981; St. John et al. 1981; Guarente 
et al. 1982; Johnston and Davis 1984). Therefore, 
the structure and function of  the GAL 1-GAL 10 in- 
tergene region are similar to those o f  the histone 
H3-H4  regions. However, there should be virtually 
no evolutionary link between the DNA sequences 
of  the H3-H4  and the GAL I--GALl 0 intergene re- 
gions. 

Figure 3 presents the results of calculations com- 
paring the copy-I H3-H4  and the GALl- -GALl0  



intergenic sequences. At modest frequencies of  gap 
insertion the two histone gene sequences are more 
closely related to each other than the copy-I H3-H4 
sequence is to the G A L l - G A L l 0  region. However, 
as the fraction of  gapped nucleotides begins to ex- 
ceed about 20% the two comparisons become in- 
distinguishable. If  the evolutionary relationship be- 
tween the histone sequences is preserved at 15-20% 
gap insertion, then the divergence between the two 
is about 0.7-1.0 substitutions per position. 

These must be especially low estimates of the evo- 
lutionary distance between the H3-H4 intergene se- 
quences, considering the uncertainties of the align- 
ments, the exemption of gap penalties from the 
distance calculations, and the loss of resolution ob- 
tained as K approaches a value of 1.0 (Kimura 1980, 
1981). In addition, the histone intergene sequences 
are certain to contain regulatory sequences under 
functional evolutionary constraints. For example, 
in the alignment of Fig. 2, presumptive regulatory 
sequences were deliberately aligned and mutations 
of these sequences would not be expected to be neu- 
tral. However, exact values are not necessary for the 
argument. The striking result of the analysis is that 
even the smallest (most recent) distance estimates 
between the intergene sequences are much larger 
than the most distant calculation for the most di- 
Vergent histone coding sequences, the H2B genes. 

Relative Time Scale of the Duplication 

The calculations for the intergene sequences suggest 
that the evolutionary distance between the dupli- 
cated genes is immeasurably large. It is therefore 
Useful to consider a case where protein coding se- 
quences can be aligned unambiguously and a large 
divergence is expected. The histone genes from the 
fission yeast S. pombe have recently been cloned 
and sequenced (Choe et al. 1985; Matsumoto and 
u 1985). Thus, the evolutionary distance 
between the histone coding sequences of S. cerevis- 
iae and S. pombe can be compared with the distance 
between the two H3-H4 intergene sequences within 
S. cerevisiae itself. Haploid S. pombe contains three 
sets ofH3-H4 gene pairs, one set of H2A-H2B pairs, 
and a second, single H2A gene. The silent compo- 
nent of  third-base substitutions was calculated for 
all pairwise comparisons of  homologous histone 
genes from the two yeasts. Table 2 shows that the 
average distance for the histone coding sequence 
divergence is approximately 0.69 bases per position. 

The sequences of  other genes are known for both 
S. cerevisiae and S. pombe. The cytochrome c genes 
(Smith et al. 1979; Russell and Hall 1982) and the 
alcohol dehydrogenase genes (Bennetzen and Hall 
1982b; Russell and Hall 1983) are two examples. 
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The Ks' values for comparisons of  these genes are 
also shown in Table 2. 

Discuss ion  

The distance calculations for the S. cerevisiae his- 
tone H3-H4 intergene sequences suggest that they 
have been separated a long time. While uncertainties 
remain in the absolute evolutionary alignment of  
the two regions, the variety of  matches and control 
comparisons used in the current work place limits 
on the reasonable values of  the divergence. These 
considerations argue that the distance between the 
two loci is about 1 substitution per base position-- 
perhaps more. Interestingly, this divergence is great- 
er than that for the histone gene coding sequences 
orS. cerevisiae and S. pombe, calculated as the silent 
component of third-base changes. Two other genes 
from the two yeasts, the cytochrome c and alcohol 
dehydrogenase genes, also have diverged by nearly 
1 base per position. These results lead to the inter- 
esting hypothesis that the S. cerevisiae H3 and H4 
genes were duplicated at a time in evolution that is 
on the same order as the time of divergence of  S. 
cerevisiae from the line leading to S. pombe and 
onward towards Drosophila (Mad et al. 1982). 

When the intergene results are combined with the 
measurements on the coding sequences, the results 
provide evidence for the convergence of genetic in- 
formation, over evolutionary time, between the ho- 
mologous nonallelic histone loci. This support is 
derived from two lines of evidence. First, the large 
evolutionary distance between the H3-H4 intergen- 
ic DNA segments argues that the loci were dupli- 
cated much earlier than the times derived from the 
coding DNA would suggest. Second, the duplication 
paradox associated with the paired histone genes is 
most easily resolved by a single duplication event 
and occasional corrective recombination between 
individual coding sequences. The most practical im- 
plication of this analysis is that coding-DNA com- 
parisons between duplicated genes within the same 
genome may provide unreliable measurements of 
the time of duplication of the genes. Some important 
questions remain unanswered by the present anal- 
ysis, however. 

Mechanism of  Coding-DNA Convergence 

The mechanism by which divergence between the 
nonaUelic coding sequences has been corrected is 
unknown. The problem is similar to that of  the 
maintenance of sequence homology among other 
dispersed repeated gene families. It is only possible 
to speculate on the basis of the known genetic prop- 
erties of present-day yeast. In nature S. cerevisiae 
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exists primarily as a homothal l ic  diploid. As such, 
it likely undergoes frequent cycles o f  meiosis, ger- 
mination,  mating, and vegetative growth. Therefore 
one possible mechanism for the convergence o f  the 
duplicated histone coding sequences is nonallelic 
gene conversion. The short lengths o f  D N A  in- 
volved in the coding-region correction event and 
the limitation o f  the extent o f  the recombinat ion by 
the divergent flanking D N A  are in line with the 
properties of  meiotic gene conversion (Fogel et al. 
1981). There are now several experimental prece- 
dents for such a mechanism's  maintaining sequence 
similarity in dispersed repeated genes (Scherer and 
Davis 1980; Ernst et al. 1981; Jackson and Fink 
1981). Recently J inks-Robertson and Petes (1985) 
demonstrated that the rate o f  meiotic gene conver-  
sion o f  nonalleles can be h igh- -near ly  as high as 
that for allelic genes. 

Duplication by Diploidization 

Finally, there is the question o f  the duplication event 
itself. As long as the duplication was placed in recent 
history, the possible mechanisms were limited pre- 
dominant ly  to intragenomic rearrangements, such 
as unequal sister chromat id  exchange, ch romosome  
translocation, and transposition (Stiles et al. 1981; 
McK_night et al. 1981). However,  a difficulty is im- 
posed by the unlinked arrangement  o f  the core his- 
tone gene pairs: Under  these mechanisms it would 
be necessary to invoke two or more duplication 
events, one for the H 2 A - H 2 B  pair and one for the 
H 3 - H 4  pair. 

On the other hand, the hypothesis that the histone 
gene pairs were duplicated in a more  ancient event, 
perhaps even predating Saccharomyces, makes pos- 
sible a mechanism for copying both gene pairs at 
once. Both duplications could be accounted for in 
a single event i f  modern haploid S. cerevisiae evolved 
by a diploidization or the fusion o f  two fungal ge- 
nomes, each carrying one set o f  core histone gene 
pairs. In the latter case, the ancient parents are pre- 
sumed to have evolved from a c o m m o n  progenitor 
containing one set o f  H 3 - H 4  genes and one set o f  
H 2 A - H 2 B  genes. The histone gene duplication then 
occurred as a fusion of  the two primitive yeasts to 
give a defective diploid genome that went on to 
evolve into the haploid yeast S. cerevisiae. Because 
o f  the coding sequence homology  imposed by the 
conserved histone amino acid sequences, rare non-  
allelic gene conversion events occasionally became 
fixed in the populat ion during this evolution. 

A prediction o f  the genome-fusion model  is that  
m a n y  genes, not  just  the histone genes, would have 
been duplicated in the defective diploidization event. 
Consistent with this prediction is the observat ion 
that S. cerevisiae has a large number  o f  duplicated 

genes, including cy tochrome c (Smith et al. 1979; 
Montgomery  et al. 1980), alcohol dehydrogenase 
(Bennetzen and Hall 1982b), enolase (Holland and 
Hol land 1980), glyceraldehyde-3-phosphate dehy- 
drogenase (Holland et al. 1981), the yeast ras genes 
(Defeo-Jones et al. 1983; Dhar  et al. 1984; Powers 
et al. 1984), the mating-type loci (Nasmyth and 
Tatchell 1980; Strathern et al. 1980), and many  of 
the r ibosomal protein genes (Fried et al. 1981; 
Abovich  et al. 1985). It is expected that additional 
duplicate genes will continue to be found frequently 
as new sequences are cloned and examined geneti- 
cally. I f  these duplicate genes were also copied by 
the proposed diploidization, then estimates o f  the 
evolut ionary distance between them should be iden- 
tical for each pair. As algorithms for gap treatment 
and spacer-sequence alignment improve,  it may  be- 
come possible to obtain reliable estimates for these 
cases. 
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