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Summary. The compositional distribution of  cod- 
ing sequences from five vertebrates (Xenopus ,  chick- 
en, mouse, rat, and human) is shifted toward higher 
GC values compared to that of  the DNA molecules 
(in the 35-85-kb size range) isolated from the cor- 
responding genomes. This shift is due to the lower 
GC levels ofintergenic sequences compared to cod- 
ing sequences. In the cold-blooded vertebrate, the 
two distributions are similar in that GC-poor genes 
and GC-poor DNA molecules are largely predom- 
inant. In contrast, in the warm-blooded vertebrates, 
GC-rich genes are largely predominant over GC- 
poor genes, whereas GC-poor DNA molecules are 
largely predominant over GC-rich DNA molecules. 
As a consequence, the genomes o f  warm-blooded 
vertebrates show a compositional gradient of  gene 
concentration. The compositional distributions of  
coding sequences (as well as of  DNA molecules) 
showed remarkable differences between chicken and 
mammals, and between mouse (or rat) and human. 
Differences were also detected in the compositional 
distribution of  housekeeping and tissue-specific 
genes, the former being more abundant among GC- 
rich genes. 
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Introduction 

A breakthrough has recently been made in our un- 
derstanding of  the organization and evolution of  the 
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vertebrate genome, due to some findings (Bernardi 
et al. 1985) that can be summarized as follows. (1) 
The nuclear genome of  warm-blooded vertebrates 
is characterized by a striking compositional corn- 
partmentalization in that it consists of  a mosaic of 
very long (>300 kb) DNA segments, called iso- 
chores, which belong to a small number of  classes 
showing different GC levels and a fairly homoge- 
neous base composition, at least in the 3-300-kb 
range. (2) GC-poor and GC-rich isochores appear 
to correspond to the DNA segments present in 
Giemsa and Reverse chromosomal bands, respec- 
tively. (3) The localization of  a number of  sequences 
in the isochore classes (or genome compartments) 
of  warm-blooded vertebrates has revealed that the 
distribution of  genes is strongly biased toward 
GC-rich isochores and tends to be conserved in evo- 
lution. (4) The GC levels of  both coding and non- 
coding sequences (e.g., introns, specific families of 
interspersed repeats, etc.), as well as of codon third 
positions and CpG doublet levels show a linear de- 
pendence upon the GC levels of  the genome com- 
partments harboring the sequences. (5) In contrast 
with the situation just described for warm-blooded 
vertebrates, GC-rich isochores are either absent or 
poorly represented in the genomes of the vast ma- 
jority of cold-blooded vertebrates. These genomes 
are much less compartmentalized, and Giemsa and 
Reverse chromosomal bands are poor or absent 
(Medrano et al. 1987). Some general issues related 
to the results obtained on the vertebrate genomes 
have been recently discussed elsewhere (Bernardi 
and Bernardi 1985, 1986a,b; Mouchiroud 1986). 

The basic findings outlined above could only be 
obtained by combining DNA fractionation in den- 
sity gradients run in the presence of  sequence-spe- 



cific ligands with the localization o f  genes in the 
fractions so obtained. This laborious approach can 
hardly be extended to a large number  o f  genes, and 
Yet such an extension is needed in order  to reach a 
general view o f g e n o m e  organizat ion in vertebrates. 
Alternative pathways to gather addit ional infor- 
raation exist, however.  These comprise  (1) inves- 
tigating the GC content  and other sequence prop- 
erties (such as CpG levels or GC contents o f  codon  
third positions) o f  genes from vertebrate genomes; 
(2) scanning the GC levels of  extended D N A  se- 
quences; and (3) correlating the G C  content  o f  the 
genes of  vertebrates with their ch romosomal  band  
location or with their replication t iming (the latter 
is early and late in the cell cycle for Reverse and 
Giemsa bands, respectively). The first approach was 
used to show that the composi t ional  distribution o f  
COding sequences was strikingly different for 19 genes 
from cold-blooded vertebrates, which were predom-  
inantly GC-poor ,  and for 34 h u m a n  genes, which 
showed a wide GC level spectrum and a predomi-  
nance o f  GC-r ich genes (Bernardi et al. 1985). Using 
the second approach,  it was shown that long D N A  
regions surrounding genes were indeed fairly ho- 
~aogeneous in base composi t ion,  the GC levels being 
close to those o f  the surrounding genes (Aota and 
Ikemura 1986). The third approach showed that, in 
humans, GC-poo r  and GC-rich genes were most ly 
present in Giemsa and Reverse bands, respectively 
(Aota and Ikemura  1986). 

When considering the composi t ional  distribution 
of genes from warm-blooded  vertebrates, an addi- 
tional element to be taken into consideration is the 
SUggestion that housekeeping genes have a different 
distribution in ch romosomal  bands, compared  to 
tissue-specific genes. Indeed, some o f  the former  
genes (which fulfill basic cell functions and are, 
therefore, expressed in every cell) were localized in 
Reverse bands, whereas some o f  the latter (which 
are expressed in a tissue-specific and/or  in a devel- 
OPmentally regulated way) were localized in Giemsa  
bands (Goldman et al. 1984). This led to the pro- 
laosal o f  the existence o f  two g e n o m e s - - a  house- 
keeping genome, corresponding to Reverse bands, 
and an on togene t i c  genom e ,  c o r r e s p o n d i n g  to 
Giemsa bands (Goldman et al. 1984; Holmquis t  
1987). The gene localization results o f  Bernardi et 
al. (1985) indicated, however,  that  while the few 
housekeeping genes tested were restricted to GC- 
rich components  in warm-blooded  vertebrates, tis- 
SUe-specific genes could be distributed in both  GC- 
poor and GC-rich compartments .  

Here we present an investigation on the GC dis- 
tribution o f  a much  larger sample o f  vertebrate genes 
Compared to those studied so far, focusing on the 
five species on which informat ion is most  abundant :  
human, rat, mouse, chicken, and Xenopus.  The main 
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questions we addressed concern (1) the correlation 
between the composi t ional  distributions o f  genes 
and D N A  molecules; (2) the differences in gene dis- 
tr ibutions (a) between cold-blooded and warm-  
blooded vertebrates, (b) between chicken and m a m -  
mals, and (c) between mouse  (or rat) and man;  and 
(3) the composi t ional  distr ibution o f  housekeeping 
and tissue-specific genes. 

Materials and Methods 

Compositional distributions of DNA molecules from Xenopus 
(Xenopus laevis), chicken, mouse, and human were those reported 
by previous investigations on the "major DNA components," 
namely on the DNA fragments derived from each of the isochore 
classes of these genomes (Thiery et al. 1976; Cortadas et al. 1979; 
Cuny et al. 1981 ; Olofsson and Bernardi 1983; Salinas et al. 1986; 
Zerial et al. 1986). Sedimentation coefficients for the DNA prep- 
arations used were 35S (Xenopus), 47S (chicken), 39S (mouse), 
and 32S (human). Using the relationship of Eigner and Dory 
(1965), these sedimentation coefficients correspond to molecular 
weights of 27, 57, 36, and 22 million daltons, respectively. Frac- 
tionation procedures involved preparative Cs2SO4/Ag + (Xeno- 
pus, chicken, mouse, human) or Cs2SO4/BAMD [chicken, mouse, 
human; BAMD is 3,6 his (acetato-mercuri methyl) dioxane] den- 
sity gradient centrifugations (see the references quoted above for 
the experimental conditions). In the case of the chicken genome, 
the 1.712 g/cm 3 minor component, corresponding to 3% of total 
DNA, was considered here as a major component, which was 
called H3 by analogy with the H3 component of the human 
genome (Bernardi et al. 1985). Recent results (Sabeur, Filipski, 
and Bernardi, in preparation) on rat DNA indicate a great sim- 
ilarity with mouse DNA, as far as "main-band" DNA is con- 
cerned. 

For most density components, GC contents were determined 
by nucleoside analysis; otherwise, they were derived from buoy- 
ant densities in CsCI, using the relationship of Schildkraut et al. 
(1962). The intermolecular compositional heterogeneity, H, of 
major DNA components was estimated according to Schmid and 
Hearst (1972). H is equal to the standard deviation of the com- 
positional distribution curve. 

GC contents of protein-coding genes were obtained from 
GenBank, Release 48 (February 1987). The ACNUC retrieval 
system (Gouy et al. 1984) was used. Computations were done 
using ANALSEQ, a software for statistical analysis of genetic 
sequences developed by the Laboratoire de Biomrtrie in Lyon. 
Listings of the genes investigated will be provided upon request. 
Coding regions were considered from the initial AUG to the 
termination codon. In the case of Xenopus, data concerning genes 
not yet available in GenBank were obtained from the literature. 
These genes were: pre-proopiomelanocortin (Martens 1987), ri- 
bosomal protein Ll4 (Beccari and Mazzetti 1987), and c-myc 
(Taylor et al. 1986) genes. The GC contents of the coding se- 
quences of these genes were 45.1, 48.8, and 51.7%, respectively. 

Since genes located in any given gene cluster have approxi- 
mately the same GC levels, compositional distributions of clus- 
tered genes should preferably be plotted for the gene dusters and 
not for individual genes (Bernardi et al. 1985), in order to avoid 
a bias. This has been done here whenever gene clustering was 
known to be present. 

Results 

Figure 1 depicts a compar ison of  the composi t ional  
distribution o f  D N A  molecules (in the 3 5-8 5-kb size 
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range) and of coding sequences from Xenopus, 
chicken, mouse, rat, and man. A window of  2.5% 
GC was chosen as most convenient for these com- 
parisons, which involved gene numbers ranging from 
23 to 245. Since each major DNA component has 
a compositional heterogeneity of  2.5-3.8% GC (Cuny 
et al. 1981; Olofsson and Bernardi 1983), the 2.5% 
GC bars only correspond to the centers of distri- 
bution of  major components. 

Three main features are immediately evident in 
the histograms of Fig. 1. (1) In all cases, the gene 
distribution shows an overall shift toward higher 
GC levels compared to the distribution of DNA 
molecules. (2) The distribution of  the Xenopus genes 
tested is similar to the distribution of the DNA mol- 
ecules, in that (a) both DNA and gene distributions 
are narrow; and (b) GC-poor genes are largely pre- 
dominant, as are GC-poor DNA molecules. (3) In 
the case of  warm-blooded vertebrates, the gene dis- 
tribution is wide and multimodal; moreover, GC- 
rich genes are more abundant than GC-poor genes, 
whereas GC-rich DNA molecules are less abundant 
than GC-poor DNA molecules; in other words, the 
two distributions are quite different and are almost 
mirror images of each other. 

The distribution of  the Xenopus genes only com- 
prised 23 genes that were centered around the GC 
level of the GC-poor peak(s) of  the mammalian 
genes, with the exceptions of  the histone H4 and the 
cytokeratin genes. 

In the chicken genome, the distribution involved 
56 genes and appeared to be multimodal with a 
predominant GC-rich peak. The lower limit of the 
distribution was coincident with those of  mammals, 
but the upper limit was definitely higher than those 
of  rodents and also o f  humans if  account is taken 
of  the different numbers of  coding sequences. 

In the case of  the human genome, the composi- 
tional distribution of  coding sequences concerned 
245 genes covering a 37.5-75% GC range and was 
multimodal with two major peaks at about 46% and 
58% GC, the second peak being predominant. In 
the case of  the mouse genome, the distribution in- 
cluded 134 genes. While the lower limit of  the dis- 
tribution was identical with that of the human genes, 
the upper limit was lower. Moreover, the overall 
compositional distribution of genes was different 
from that of  human genes in that the predominance 
of  GC-rich genes was less marked. The distribution 
of the 144 coding sequences from the rat genome 
was similar to, but narrower than, that of  mouse. 

The compositional distribution of genes from the 
three genomes which comprise the largest number 
of sequenced genes, those of  human, mouse, and 
rat, were also studied by using a narrower, 1.5% GC 
window, to obtain a higher resolution. This revealed 
the existence of  a fine structure in the distribution 
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Fig. 1. Relative amounts of major DNA components (lefthand 
frames; in the case of warm-blooded vertebrates bars correspond 
to major components L1, L2, H1, H2, and, if  present, H3; data 
from Bernardi et al. 1985; the DNA distribution of rat is similar 
to that of mouse; Sabeur, Filipski, and Bernardi, in preparation) 
and number  of genes (righthand frames) from vertebrate genomes 
are plotted against the GC levels of  major DNA components and 
of coding regions, respectively. A 2.5% GC window was used; 
since major components from vertebrate DNAs range in H values 
(see Materials and Methods) from 2.5 to 3.8% GC, bars on the 
lefthand frames only correspond to the centers of their compo- 
sitional distributions. Numbers of genes explored were 23, 56, 
134, 144, and 245 for Xenopus, chicken, mouse, rat, and man, 

respectively. 

of  coding sequences from both genomes and con- 
firmed the existence of  differences between the dis- 
tributions of  rodent and human genes (Fig. 2). 

The main features exhibited by the compositional 
distributions of  the coding sequences (Figs. 1 and 
2) were confirmed and made more evident by corn- 
paring the compositional distributions ofcodon third 
positions (Fig. 3). 

Finally, housekeeping genes from warm-blooded 
vertebrates were found among both GC-poor and 
GC-rich genes (Fig. 4), but a higher abundance 
among GC-rich genes could be seen (see also Table 
1). This situation was also evident in Xenopus. 
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Fig. 2. The numbers of mouse, rat, and human genes are plotted 
against the GC levels of the coding regions. A 1.5% GC window 
Was used. 
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D i s c u s s i o n  

The Compositional Distribution of 
Vertebrate Genes (Coding Sequences) 

The main  conclusions reached are the following: 
1) Coding sequences f rom ver tebra te  genomes  

exhibit a compos i t iona l  dis t r ibut ion which is shifted 
toward higher G C  levels c o m p a r e d  to that  o f  the 
Corresponding D N A  molecules.  This  result is ex- 
plained by  the fact that  intergenic noncoding se- 
quences (which form the m a j o r  par t  o f  the ver tebra te  
genomes) are lower in G C  c o m p a r e d  to coding se- 
quences (Bernardi et al. 1985; Bernardi  and Ber- 
nardi 1986b; and manuscr ip t  in preparat ion) .  I t  
should be noted  that  coding sequences were chosen 
because o f  their  large number s  in GenBank.  Very 
similar results would, however ,  be ob ta ined  for exon 
and int ron sequences, since introns show only a 
slightly lower G C  level c o m p a r e d  to exons (Bernardi 
et al. 1985; Bernardi  and  Bernardi  1986a,b; and  
manuscr ip t  in preparat ion) .  

2) The composi t ional  distr ibution o f  the 23 genes 
f rom the Xenopus genome  is s imilar  to that  o f  D N A  
molecules. Indeed,  mos t  coding sequences and  m o s t  
D N A  molecules are GC-poor .  This  result is based 
on an admi t ted ly  small  gene sample,  but  it can, 

Fig. 3. The numbers of genes are plotted against the GC levels 
ofcodon third positions. A 2.5% GC window was used. Tentative 
identifications of the compartments of the human genome (L1, 
L2, H l, H2, H3) are indicated (see text). 

however ,  be t rusted (a) on the basis o f  the fact that  
all avai lable  Xenopus genes, and  not  a selected sam-  
ple, were used (this was equally the case for all o ther  
genes examined  here); (b) because it is suppor ted  by  
data  on genes f rom other  cold-blooded ver tebra tes  
(Bernardi et al. 1985; Perr in  and  Bernardi  1987); 
and  (c) because o f  the lack or very  low level o f  GC-  
rich D N A  c o m p o n e n t s  in the genomes  o f  cold- 
b looded vertebrates.  I t  should be noted  that  Xen- 
opus is one o f  the rare co ld-b looded  ver tebra tes  (see 
H u d s o n  et al. 1980; Medrano  et al. 1987) that  has 
a relat ively heterogeneous genome.  The  major i ty  o f  
cold-blooded vertebrates ,  which have  a more  ho-  
mogeneous  genome,  can, therefore,  be expected to 
show gene and  D N A  distr ibut ions even m o r e  s im-  
ilar to each other.  

3) In contras t  to the previous  case, the c o m p o -  
sitional dis tr ibut ions o f  D N A  molecules  and  coding 
sequences f rom warm-b looded  ver tebra tes  are dif- 
ferent. The  fo rmer  is character ized by a p redomi-  
nance o f  G C - p o o r  molecules,  the latter by  that  o f  
GC-r ich  genes. The  difference, seen in the histo- 
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Fig. 4. The numbers of housekeeping genes (black bars) and of 
all genes investigated (white bars) are plotted against GC levels 
of  coding regions. A 2.5% window was used 

grams of  Fig. 1, may be even more pronounced in 
reality, because of  the current underrepresentation 
in GenBank of  housekeeping genes, which tend to 
be more abundant among GC-rich genes (see be- 
low). 

It is interesting to note that the higher GC level 
of  coding sequences compared to intergenic se- 
quences (and, to a lesser extent, to introns) and the 
predominance of GC-rich genes are the two factors 
that account for the early observations that most 
mammalian coding sequences are higher in GC than 
the genomes from which they are derived. 

4) A novel result concerns the fact that the com- 
positional distribution of  the chicken genes extends 
further toward GC-rich values compared to those 
of  mammals. Results obtained by fractionating 
chicken and mammalian DNAs (Thiery et al. 1976; 
Cortadas et al. 1979; Kadi, Filipski, and Bernardi, 
in preparation) show similar differences. Even if  no 
gene has been localized so far in the GC-riehest 
component, H3, of  the chicken genome, it is most 
likely that some are located there. Indeed, the GC- 
richest coding sequences of  chicken are up to 10% 

Table 1. GC levels of coding sequences and codon third posi- 
tions from genes localized in isochore classes 

Species/gene locus a 

% GC 

Codon 
Coding third Isochore 
sequence position class b 

Xenopus 
1 B-globin 48.8 50.4 L1-L2 

a-globin 45.2 51.1 LI-L2 

Chicken 

I Ovalbumin 44.9 46.7 L1-L2 
Y 42.9 48.9 L1-L2 

2 Vitellogenin 47.9 58.0 L1-L2 
3 o~D-globin 57.5 77.4 H2 

aA-globin 59.4 81.1 H2 
4 B-globin 59.2 81.1 H2 

p-globin 59.4 87.8 H2 

Mouse 

1 Igk variable 46.2 43.5 LI 
2 Igk constant 48.8 58.5 L2 
3 ac-actin 51.3 61.2 L2* 
4 B-minor globin 55.8 66.9 L2 

B-major globin 55.3 66.9 L2 
5 ce-globin 58.0 67.9 H2 
6 a,-actin 57.6 77.2 H2* 

Man 

1 B-globin c 56.3 66.2 L2 
2 c-mos 61.1 72.9 L2-H 1" 
3 c-myc 58.9 76.6 H1-H2 
4 c-sis 62.3 78.0 H3* 
5 c-Ha-ras 1 59.3 80.2 H3* 
6 cel-globin 65.0 88.8 H3* 

c~2-globin 65.0 88.8 H3* 
7 p-omc 67.8 90.0 H3* 

References for gene sequences are given in Bernardi et al. (1985) 
a Locus indicates here a gene or a gene cluster (see Bernardi et 

al. 1985) 
h Slightly modified from Bernardi et al. (1985), Salinas et al. 

(1986), and Zerial et al. (1986). Asterisked values refer to lo- 
calizations in Cs2SOJBAMD density gradients 
Average of  the localized genes from the #-globin cluster 

higher in GC than the a- and ~-globin genes, which 
have been localized in the H2 component. 

5) Another novel result concerns differences in 
the compositional distribution of  mouse and human 
genes. These differences are in keeping with the dif- 
ferent DNA distributions found in the genomes of 
mouse (Salinas et al. 1986) and man (Zerial et al. 
1986). In fact, the mouse genome does not contain 
the heaviest DNA component, H3, which is present 
in the human genome. Moreover, the predominance 
of  the GC-rich genes is much less striking in the 
mouse genome than in the human genome. These 
features of the mouse genome are found also in the 
genome of  another murid rodent, the rat. 

The presence in human of  the GC-richest H3 
component (which is absent in mouse) was sug- 
gested to be either associated with a general GC 
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enrichment also involving genes, or to the "inva- 
sion', of"amplif ied" GC-rich repetitive sequences, 
like Alu sequences, which are five times more abun- 
dant in man compared to mouse and are particularly 
abundant in H3 (Salinas et al. 1986; Zerial et al. 
!986). The higher relative amount of GC-rich cod- 
~ng sequences in man, compared to either mouse or 
rat, indicates that, while Alu and other GC-rich re- 
Petitive sequences may have contributed to the GC 
enrichment of H3, a more fundamental process in- 
Volving point mutations in genes also took place 
(Perrin and Bernardi, in preparation). At this point, 
it Should be mentioned that the suspected presence 
~ in the genomes of  mammals from orders other 
than primates and rodents has been confirmed for 
the five orders explored so far (Sabeur, Filipski, and 
t~ernardi, in preparation). If  this situation also holds 
for the mammalian orders not yet tested (in partic- 
Ular for insectivores and chiropters), the ease for an 
ancient separate evolutionary origin of  murid ro- 
dents would receive support at the molecular level. 
The remarkable differences in the compositional 
distribution of genes between murid rodents and 
man found here would be in keeping with this idea. 

6) When a higher resolution was used to inves- 
tigate the compositional distribution of coding se- 
quences from mouse, rat, and human genes (Fig. 2), 
a fine structure was detected that confirmed the dif- 
fererxces between the compositional distributions of 
human and rodent genes as seen at a lower resolu- 
tion. In man, the major peak is higher in GC, and 
both GC-poor and GC-rich peaks are more numer- 
Ous and better individualized; moreover, GC-rich 
Peaks reach higher GC values. The more complex 
compositional distribution of  human genes com- 
Pared to rodent genes appears to be highly significant 
in view of the large gene samples analyzed. As far 
as the differences between mouse and rat gene dis- 
tribution are concerned, it should be mentioned that 
homologous coding sequences only represented a 
Small minority of mouse and rat genes. Differences 
are therefore likely to be largely due to the different 
gene samples used in the two cases. 

7) All the conclusions drawn above on the basis 
of the compositional distribution of coding se- 
quences are confirmed by those of  codon third po- 
sitions. Because of the elimination of the less vari- 
able GC levels of second and first positions, the 
histograms span a wider range (in the case of the 
human genes from 32.5 to 97.5% GC) and results 
are more clearcut (Fig. 3). A further improvement 
could be expected by using the third positions of  
quartet codons, but the advantages of these plots 
are counterbalanced by the reduction (by about 50%) 
in the number of codons analyzed. 

Finally, the results concerning the compositional 
distributions of genes point to the fact that these 

distributions represent a new extremely useful tool 
in phylogenetic studies; its importance will obvious- 
ly increase with the increase in the number of coding 
sequences available in data banks. 

The Compositional Distribution of Vertebrate 
Genes and the Genome Compartments 

The linear relationships found between the GC levels 
of coding sequences and codon third positions and 
those of  the genome compartments harboring them 
suggest that the compositional distribution of cod- 
ing sequences and codon third positions should re- 
flect that of genome compartments. The GC levels 
of  localized coding sequences (Table 1) are in basic 
agreement with this expectation, allowance being 
made for a certain overlap of  distribution curves. 
Indeed, GC levels of coding sequences and more so 
of codon third positions are higher for genes lOcal- 
ized in compartments of higher GC levels. If  one 
takes into account the GC levels of codon third 
positions from genes localized in isochore classes 
(Table 1), one can crudely set the limit between the 
coding sequences located in the two light (L I-L2) 
and those in the two heavy compartments (H1-H2) 
at 67% GC, and the limit betweeen the coding se- 
quences located in the latter and those comprised 
in the heaviest H3 compartment at 77% GC (Fig. 
1). Indeed, on this basis, one might even tentatively 
identify the major DNA components of the human 
genome with the peaks shown in Fig. 3; more lo- 
calization results of  known coding sequences are, 
however, needed to make this identification certain. 
Incidentally, the strong heterogeneity of  the H3 
component indicated by the histogram of Fig. 3 is 
also suggested by investigations at the DNA level 
(Zerial et al. 1986). 

The limits between genome compartments can, 
in turn, be used to approximately estimate the rel- 
ative numbers of genes in the compartments of the 
human genome. In this case, the codon third posi- 
tion data suggest that approximately 48% of genes 
are located in the L1-L2 compartments, 32% in the 
H1-H2 compartments, and 20% in the H3 com- 
partment. Even if, admittedly, these estimates are 
rather crude, they are good enough to confirm, on 
a much larger gene sample, the striking nonuni- 
formity ofgene distribution in the genome of  warm- 
blooded vertebrates reported by Bernardi et al. 
(1985). Indeed, the three genome sections under 
consideration correspond to about 65%, 32%, and 
3% of the human genome. The data mentioned above 
clearly point to the existence of  a very steep com- 
positional gradient ofgene concentration in the hu- 
man genome, genes being roughly 10 times more 
frequent in the heaviest, H3, component than in the 
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two  l igh tes t  ones ,  L 1 - L 2 .  In  v i e w  o f  t he  c u r r e n t  
u n d e r r e p r e s e n t a t i o n  in  G e n B a n k  o f  h o u s e k e e p i n g  
genes (which  c o r r e s p o n d  to  the  va s t  m a j o r i t y  o f  genes  
a n d  a re  p r e d o m i n a n t l y  G C - r i c h ) ,  the  gene  g r a d i e n t  
is  l ike ly  to  be  m u c h  s t e epe r  in  rea l i ty .  

A s  far  as  t he  c o m p o s i t i o n a l  g r a d i e n t  o f  genes  f r o m  
w a r m - b l o o d e d  v e r t e b r a t e s  is c o n c e r n e d ,  a p o s s i b l e  
e x p l a n a t i o n  ( B e r n a r d i  a n d  B e r n a r d i  1986b)  is  t ha t  
t he  r e g i o n a l  e n r i c h m e n t  in  G C ,  w h i c h  l e d  to  the  
f o r m a t i o n  o f  G C - r i c h  i s o c h o r e s  a t  the  t i m e  o f  the  
t r a n s i t i o n  b e t w e e n  c o l d - b l o o d e d  a n d  w a r m - b l o o d e d  
v e r t e b r a t e s ,  i n i t i a l l y  t o o k  p l ace  in  a n d  a r o u n d  genes  
( and  m o r e  p a r t i c u l a r l y  a r o u n d  h o u s e k e e p i n g  genes).  
N e e d l e s s  to  say,  t he  ex i s t ence  o f  a gene  g r a d i e n t  in  
w a r m - b l o o d e d  v e r t e b r a t e s  a l so  has  a p r a c t i c a l  i m -  
p o r t a n c e  i n so fa r  as  t he  h u m a n  g e n o m e  p ro j ec t  (Pa l -  
ca  1987) is  c o n c e r n e d ,  s ince  m a p p i n g  a n d  s e q u e n c -  
ing  wil l  be  m u c h  m o r e  r e w a r d i n g  in  the  H 3  
c o m p a r t m e n t  t h a n  in  the  o t h e r  g e n o m e  c o m p a r t -  
men t s .  

The Compositional Distribution o f  Housekeeping 
and Tissue-Specific Genes 

T h e  resu l t s  in  Fig.  4 suggest  t ha t  h o u s e k e e p i n g  genes  
are  m o r e  a b u n d a n t  a m o n g  G C - r i c h  t h a n  a m o n g  G C -  
p o o r  genes.  H o u s e k e e p i n g  genes  de f in i t e ly  are  well  
r e p r e s e n t e d ,  h o w e v e r ,  a m o n g  G C - p o o r  genes.  T h e  
p re sence  o f  h o u s e k e e p i n g  genes  a m o n g  G C - p o o r  
genes  (as wel l  as  t he  p r e v i o u s l y  d e m o n s t r a t e d  p res -  
ence  o f  t i s sue-spec i f i c  genes  a m o n g  G C - r i c h  genes;  
B e r n a r d i  et  al. 1985) c o n t r a d i c t s  the  e x t r e m e  v i ew  
o f  a n  exc lus ive  l o c a l i z a t i o n  o f  h o u s e k e e p i n g  genes  
in  R e v e r s e  b a n d s  a n d  o f  t i s sue -spec i f i c  genes  in  
G i e m s a  b a n d s  ( G o l d m a n  et  al. 1984; H o l m q u i s t  
1987). T h e  o r ig ina l  sugges t ion  o f  t w o  g e n o m e s ,  a 
h o u s e k e e p i n g  o n e  a n d  a n  o n t o g e n e t i c  one,  needs ,  
t he re fo re ,  to  b e  r e v i s e d  in  t h a t  th is  s h a r p  d i s t i n c t i o n  
is n o t  w a r r a n t e d .  
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