J Mol Evol (1982) 18:73-91

Journal of
Molecular Evolution

© Springer-Verlag 1982

Structural Characteristics of Genome Organization in Amphibians:
Differential Staining of Chromosomes and DNA Structure

Vadim J. Birstein

A.N. Belozersky Laboratory of Bioorganic Chemistry and Molecular Biology, Lomonosov State University, Moscow 117234, USSR

Summary. Differential staining patterns on amphibian
chromosomes are in some respects distinct from those
on mammalian chromosomes; C-bands are best obtained,
whereas G- and Q-bands are either unobtainable (on
anuran chromosomes) or coincide with C-bands (chro-
mosomes of urodeles). In amphibians, rRNA genes are
located at secondary constrictions, but in urodeles they
are also found at other chromosome sites, the positions
of these sites being strictly heritable. DNA content in
amphibian cells is tens and hundreds times higher than
in mammals. DNA contents in anurans and urodeles
differ within certain limits: from 2 to 25 pg/N and from
30 to over 160 pg/N respectively. Species characterized
by slow morphogenesis have larger genomes. Genome
growth is normally due to an increase in the amount of
repetitive DNA (mostly intermediate repetitive sequen-
ces), the amount of unique sequences being almost
constant (11 pg/genome in urodeles, and 1.5 pg/genome
in anurans). In anurans in general no satellite DNA was
found, whereas such fractions were found in many
Urodela species. Nucleosome chromatin structure in
amphibians is identical to that of other eukariotes. It
is postulated that differences in chromosome banding
between amphibians and mammals are due to differences
in chromatin packing which in turn is related to the
distinct organization of DNA repetitive sequences. It is
likely that fish chromosomes have a similiar structure.
A comparison of such properties as the chromosome
banding patterns, variations in nuclear DNA content and
some genome characteristics enable us to group fishes

and amphibians together as regards chromosome struc-
ture, as distinct from amniotes — s, birds an

At present, differential staining techniques are widely
used for studying chromosomes of various classes of
animals. In particular, they are employed in the study of
chromosome homology in mammals, localization of the
satellite DNA and nucleolar organizer regions (NORs)
(Evans et al. 1973 ; Nadler et al. 1974; Dutrillaux et al.
1975; Wurster-Hill and Gray 1976; Zakharov 1977 and
others). Those investigations seem to be especially inter-
esting where banding techniques are used along with
classical methods of molecular biology to determine
evolutionary relationships between organisms (see, for
example, Dev et al. 1975; Hatch et al. 1976; Mitchell
et al. 1977). Studies of chromosome banding patterns
and molecular characteristics of some Drosophila species
allow us to establish phylogenetic and evolutional rela-
tionships between sibling species with similar morpholo-
gy and Karyotypes (Holmquist 1975). In other words,
those studies enable us to connect the molecular level
of genome evolutionary changes with the chromosome
level.

The following staining techniques appear to be the
most popular (Dutrillaux and Lejeune 1975; Zakharov
1977): G- and C-banding techniques (various Giemsa
staining methods) and the Q-banding technique using
fluorescent dyes. The G-banding technique involves a
pretreatment of chromosome preparations with proteo-
lytic enzymes (usually with trypsin), urea, chelates, and
saline solutions (SSC, in particular), with a subsequent
application of Giemsa stain (whose components are
azure dyes and eosin). Such treatment reveals stained
n the chromosomes of many mammals, the result

a specific pattern for each chromosome pair.
C-banding involves a pretreatment of chromosome
pre _ratlons with an alcali which is followed by incuba-
tion in the SSC solution and staining with Giemsa. The
C-fe hmaue reveals regions of structural heterochroma-
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tin enriched with satellite DNA. With Q-staining using
fluorescent dyes (quinacrine and its derivatives) mam-
malian chromosomes acquire characteristic fluorescent
banding patterns.

There are other banding techniques — R-banding for
example, which results in the reversed staining pattern
of the G- and Q-bands. Finally, N- and Ag-AS-techniques
have been recently used for the localization of NORs
(sites of ribosomal DNA) on chromosomes (Funaki
et al. 1975; Goodpasture and Bloom 1975).

There is a great amount of data in the literature on
the staining patterns of amphibian chromosomes; these
animals are the traditional objects of evolutionary and
molecular biological research. In this review these data
are analysed and discussed in connection with the
characteristics of amphibian DNA and chromosome
structure.

1. Cytological Data: Differential Chromosome Staining
in Urodele and Anuran Amphibians

Since most experiments have been carried out on
urodele chromosomes (with the result that differences
between them and anuran chromosomes have been
established) data on urodele and anuran chromosomes
will be discussed separately. With regard to the karyo-
types of amphibians in general, it should be noted that
there is an evolutionary tendency towards the acqui-
sition of karyotypes composed of a low number of
metacentric chromosomes, regularly decreasing in size
(called “‘symmetrical” karyotypes) (Morescalchi 1973;
1977). With the exception of some members of the
Cryptobranchoidea suborder (animals with ‘“asym-
metrical” karyotypes (consisting of a large nuber of
meta- and acrocentric chromosomes and dot-like micro-
chromosomes) practically all the species in question have
“symmetrical’’ karyotypes.

a. Chromosomes of Urodeles

In primitive urodeles C-banding was obtained on the
mitotic chromosomes of two species of the Crypto-
branchoids, viz. Andrias japonicus, 2n=60 (the family
Cryptobranchidae), and Hynobius keyserlingii, 2n=62
(the family Hynobiidae). In the former case the cen-
tromeres of almost all chromosomes were stained, with
the exception of two pairs of middle-sized chromosomes
and four pairs of microchromosomes (Morescalchi et
al. 1977). Using N-banding (pretreatment of chromo-
somes with an acid) a NOR was localized in the third

chromosome pair of the salamander. L-Dan(lll’lg pattern
in Hynobius keyserlingii were unusual: on all tne
chromosomes, except microchromosomes a specifi
staining pattern was obtained and the chror

looked like G-banded mammalian ct
el 1 1 41 4 1 1[\"1 AY S5 ssades PR, R -
(Graphodatsky et al. 1973). By using N-tecninique it we

also possible to localize the NORs at the secondary
constrictions of two chromosome pairs in Hynobius
retardatus, 2n=40 (Funaki et al. 1975).

The most detailed data have been obtained on
members of the following genera: Pleurodeles, Triturus,
Notophthalmus, FEuproctus, Cynops, Aneides of the
families Salamandridae and Plethodonthidae. Of those,
the differential staining in Pleurodeles waltii Michah,
2n=24, seems to have been studied most extensively.
After staining mitotic chromosomes with quinacrine
mustard or Hoechst 33258 intensively fluorescing
Q-bands at the secondary constrictions of almost all
chromosomes could be seen (Bailly 1972; 1976; 1977,
1979; Bailly et al. 1973). Weaker fluorescence was
observed in the centrometric regions of most chromo-
somes, and it disappeared altogether if the animals
previously had been kept in cold water. The satellites
of the third and eleventh chromosome fluoresced
considerably less than other regions — this may be
due to a high content of non-histone proteins (Bailly
1972; 1976). The locations of the majority of the bands
appearing during G-staining at pH 9.0 (Labrousse et
al. 1972; Bailly et al. 1973) coincided with the locations
of Q-bands (Bailly 1976; Bailly et al. 1973). Centro-
meres of all chromosomes and telomeres of the second
pair were also revealed during C-staining (Bailly 1977).
It is noteworthy that the number of bands on the
chromosomes of urodeles is much less than in the case
of mammals — only 2 (at the secondary constrictions
of each arm) or 3 (including the centromere) in the case
of Q-banding, and 1 or 2 in the case of C-banding.

Of all members of the genus Triturus, T. cristatus
carnifex, 2n=24, has been studied most thoroughly
(Mancino et al. 1973; 1977; Ragghianti et al. 1974;
Schmid and Krone 1976; Rudak and Callan 1976).
The exposure of embryos to cold led to the formation
of secondary constrictions near the centromeres in both
arms of most chromosomes. The third, fourth and fifth
chromosomes were an exception, showing no such
constrictions; the first chromosome had two constric-
tions in its long arm, also two constrictions were ob-
served in the short arms of the sixth and twelfth chro-
mosomes. Besides, the sixth and ninth chromosomes
had the normally observed secondary constrictions
carrying NORs. Having been subjected to Giemsa the
cold-induced secondary constrictions stained inten-
sively. In the third, fourth and fifth chromosomes
(showing no constrictions) interstitial bands were also
seen on the long and short arms. The NORs of the
sixth and ninth chromosomes were not stained. The
resulting bands coincided with C-bands on mitotic
chromosomes from liver cells of aduits that had not
been subjected to cold treatment, and aiso with C-bands
on the spermatogonial chromosomes of animais that
had been preliminary kept in water maintained at a
temperature of 20C (in the later case, besides the
constrictions, the centromeres were also stained). It




seems that the stained regions are characterised by an
especially high degree of chromatin packing and are
potentially capable of forming secondary constrictions
(Rudak and Callan 1976).

It should be noted that the long arms of the first
chromosome in 7. cristatus carnifex were stained differ-
ently from other chromosome regions: after C-banding
or after the animals had been exposed to cold hetero-
morphic segments showed a spotty pattern resembling
“mitotic spiralization” (Mancino et al. 1973; Rudak and
Callan 1976); sometimes even 7 C-bands occured (Schmid
and Krone 1976). The heteromorphic segments was also
stained intensively during C-banding of T.c. carnifex
lampbrush chromosomes (Morgan 1978).

Similar results have been obtained on the chromo-
somes of other Triturus species (2n=24). In T. cristatus
cristatus and in T.c. dobrogicus C-banding revealed a
pattern analogous to that obtained during the staining of
T.c. carnifex chromosomes (Rudak and Callan 1976;
Mancino et al. 1977). G- or C-bands, usually identical to
Q-bands, have been shown in T. marmoratus marmo-
ratus, T. montandoni, T. alpestris apuanus, T.a. alpe-
stris, T. italicus, T. vulgaris meridionalis, T.v. vulgaris,
T. helveticus, and Notophthalmus (= Triturus) viri-
descens (Mancini et al. 1973; 1977; Nardi et al. 1973;
Ragghianti et al. 1974; 1978; 1980; Hutchinson and
Pardue 1975; Schmid and Krone 1976; Schmid et
al. 1979). C-staining of heteromorphic segments of one
of the chromosome pairs of T.a. alpestris and T.h.
helveticus males, similar to the banding of a T.c. carni-
fex heteromorphic segment was obtained (Schmid
et al. 1979). In N. viridescens, as well as in T. cristatus
and P. waltlii, there proved to be a clear-cut correlation
between the locations of bands on chromosome arms
and the regions of cold-induced secondary constrictions
(Hutchinson and Pardue 1975). Thus, the ability of the
regions of cold-induced secondary constrictions to be
Giemsa-stained is a characteristic feature of chromo-
somes of some urodeles.

On the whole, the C-banding pattern of Triturus
lampbrush chromosomes seems to be similar to the
C-banding pattern of mitotic chromosomes (Mancino
et al. 1978; Ragghianti et al. 1978; Schmid et al 1979).
Thus, all centromers of T. marmoratus lampbrush
chromosomes, as well as most telomers, nucleolar organ-
izer region and some inserted structures were stained
(Batistoni et al. 1974); the same regions did not include
3H-uridine (Nardi et al. 1972). An elaborate comparison
of the C-banded katyotypes of T. alpestris, T. vulgaris
and T. helveticus and the maps of their lampbrush
chromosomes showed that some of the C-banding
regions seem to correspond to the structures inserted
on the lampbrush chromosomes (Schmid et al. 1979).

On C-staining of mitotic chromosomes of two species
of the genus Euproctus, 2n=24, centromeres and peri-
centric regions in all but one of the chromosome pairs
and also the long arms of one pair were stained (Bucchi-
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Innocenti et al. 1978). In the case of Cynops pyrrhoga-
ster, 2n=24, centromeres were not stained, only a band
was obtained on each arm (Schmid and Krone 1976),
while in Aneides ferreus, 2n=28, mainly centromeres
were C-stained (Kezer and Sessions 1979).

The above results can be summarized as follows.
C-bands are the easiest to obtain on the chromosomes
of urodeles; locations of G-, C-, and Q-bands are often
identical. Few banding patterns, usually only centro-
meres, the regions of the cold-induced secondary con-
strictions and sometimes also telomeres and some inter-
stitial regions are stained.

b. C-banding Patterns of Urodele Chromosomes and
rDNA Localization

Some attempts to discover the relationship between the
banding ability of chromosome regions with the func-
tion of rDNA loci were made. A partial coincidence of
C-banded regions and rDNA loci location was shown
in T. vulgaris meridionalis chromosomes (Nardi et al.
1977; 1978). In situ hybridization experiments revealed
sites of 185+28S rRNA genes not only in NORs (the
secondary constriction of the 11th chromosome), but
in additional sites also (at the telomeric, centromeric
and C-band regions of some chromosomes). Hybridiza-
tion with the NORs has been observed in all specimens,
while the hybridization with additional sites varied from
one specimen to another. The data concerning the
location of rRNA genes was confirmed by the results
of AgNOj-staining: in males the secondary constric-
tion of one homologue of the eleventh chromosome was
stained, as well as two intercalary sites in the long arm
of the same chromosome and one site in one homologue
of the eighth chromosome (Ragghianti et al. 1977). The
distribution of rDNA sites is strictly heritable (Batistoni
et al. 1978).

Coinciding banding patterns and rDNA loci have also
been found in two Euproctus species: there were C-bands
at secondary constrictions, while additional rDNA sites
could be detected only by the Ag-AS-technique (Bucci-
Innocenti et al. 1978). However, one should be cautious
about the results of staining with silver: experiments on
the chromosomes of T.v. meridionalis have shown
that Ag-positive regions exist that do not contain IDNA
(Nardi et al. 1978).

In other Triturus species, and also in N. viridescens,
no correlation has been found between the location of
rDNA in chromosomes and C-staining (Barsacchi-Pilone
et al. 1974; Hutchinson and Pardue 1975). It should
be noted, however, that in those species some rDNA
sites are located not oniy at secondary constrictiomns,
but also in other chromosome regions {Huichinson
and Pardue 1975; Ragghianti et al. 1977).

It can be assumed that in other newt and s
species TDNA is also partly localized in
regions. Thus the in situ hybridizatio
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losa, 2n=22 (which is closely related to Triturus),
has shown that 18S and 28S RNA genes are located near
the centromere in the short arm of the ninth chromo-
some and in the telomeres in the eleventh chromosome
pair, while in Batrachoseps wrighti, 2n=26 (the family
Plethodontidae — the most specialized lungless salaman-
ders) they were localized in the pericentric region in the
long arm of the large chromosome (Ledn 1976).

The genes for 5S RNA are also sometimes located
in C-staining regions. In V. viridescens, the greater part
of 5S DNA is localized in the pericentric regions of all
acrocentric chromosomes (Hutchinson and Pardue
1975; Pukkila 1975). In the same regions a highly
repetitive satellite DNA is localised (Barsacchi and Gall
1972). The 5S RNA genes are either embedded into
this DNA or are a part of the highly repeated sequences
(Hutchinson and Pardue 1975). Besides, a small part
of 5S DNA in N, viridescens is localized in the middle
of the long arm of one of the small submetacentrics.
In Triturus marmoratus the sites of 5S DNA are local-
ized only in one region in the middle of the long arm
in the tenth chromosome (Barsacchi-Pilone et al. 1974),
and in T. vulgaris meridionalis in a single locus in an
intercalary position of the long arm of chromosome XI
(Barsacchi-Pilone et al. 1977).

In various species of the family Plethodontidae three
types of localization of the 5S RNA genes sites have
been found: in most cases in the short arms of long
chromosomes, sometimes in the long arms on long
chromosomes, but in some cases they were localized in
centromeric and telomeric regions (Macgregor and Kezer
1973 ; Macgregor and Mizuno 1976;Le6n 1976;Ledn and
Kezer 1978). Besides, in some Plethodon species, as in
N. viridescens, the satellite DNA was localized in peri-
centric regions (Macgregor and Kezer 1971; Macgregor
et al. 1973). It can be assumed, therefore, that in these
animals, too, the 5S RNA genes are partly located in
C-banding regions of the chromosome.

In summary it can be stated that in most cases
C-bands in urodeles do not correlate to rRNA loci;
sometimes, however, some of the rDNA sites are
found in the banded regions. A specific feature of the
location of the 18S and 28S RNA genes in urodeles is
that they are found both in NORs and in other chromo-
some sites in the form of small rDNA blocks, the po-
sition of these sites being strictly heritable. This fact
is not quite in accordance with the theory that the
18S and 28S RNA genes have a fixed position in
eukaryotic chromosomes (Lima-de-Faria 1976). The
5S RNA genes also may be interspersed. Sometimes
their location coincides with the location of the sat-
ellite DNA.

¢. Chromosomes of Anuran Amphibians

The available data on differential staning of anuran
chromosomes is rather limited. G-banding experiments

have been carried out on the chromosomes of primitive
species of Anura-Xenopus laevis, 2n=36 (Matsui 1974),
and X. rmulleri, 2n=36 (Stock and Mengden 1975);
however, the published data does not allow us to dis-
cover the banding patterns of all the chromosomes.
The banding pattern revealed after trypsin treatment
of X. laevis chromosomes resembled ‘‘mitotic spiral-
ization” of chromosomes (Matsui 1974). In X. mulleri,
where the bands were obtained after trypsin and urea
treatments, the pattern was somewhat similar to that
in mammals, but the number of bands per chromo-
some unit seems to have been greater, and the pattern
was considerably different from bandings in birds,
turtles and snakes (Stock and Mengden 1975). After
a weak treatment of the mitotic chromosomes of
X. laevis with an acid the telomeres of almost all the
chromosomes and the secondary constriction of the
twelfth chromosome were stained; strong treatment
(N-banding to localize the NORs) produced bands
only at the secondary constriction of the twelfth
chromosome (Matsui 1974; Funaki et al. 1975). This
is the site of 18S+28S rDNA (Pardue et al. 1973). 5S
RNA genes in both Xenopus species were localized in
other regions, namely in the subtelomeric regions
of the long arms of the majority of chromosomes
(Pardue et al. 1973 ; Pardue 1974).

C-bands have been obtained on the chromosomes of
4 Hylidae species and 18 Bufonidae species (Schmid
1978a; Obara et al. 1975; Birstein, 1981a). Usually
centromeres, and in many cases also telomeres (often
more weakly) and the regions of secondary constric-
tions were stained. In all 3—5 bands per chromosome
were revealed. In the experiments of other authors
centromeres and sometimes pericentric regions of
Bufo chromosomes were stained (Graphodatsky et
al. 1978; Birstein, 1981a).

C-bands were also obtained in the related Bujfonidae
Leptodactilus ocellatus and Odontorphynus. In L.
ocellatus, 2n=22, centromeres of all chromosomes were
stained, and also 1-2 or 5 bands were observed in
different regions of various chromosomes (Bianchi
et al. 1973). In many instances the position of bands
coincided with the localization of late-replicating DNA
and secondary constrictions (they are present in all
chromosomes of this species), but DNA of the staining
centromeres in six chromosomes was not late-replicating.
This has led the authors to the assumption that the
centromeric heterochromatin is heterogenous.

In the diploid Odontophrinus americanus, 2n=22,
there are secondary constrictions on the fourth and
eleventh chromosomes, while in the teraploid sibling
species O. americanus, 4n=44, and in O. cultripes,
2n=22, the constrictions are present only on the elev-
enth chromosome. In O. americanus, 2n, C-bands ap-
peared only at secondary constrictions of the fourth
chromosomes, while in O. americanus, 4n, and in O.
cultripes they appeared at secondary constrictions of




the eleventh chromosomes (Ruiz and Begak 1976).
Besides, in fresh chromosomal preparations of the
latter specimen intercalary bands were obtained on
the second, third and sixth chromosomes, while in
old ones centromeres of all chromosomes were also
stained.

N-staining confirmed the results of C-staining; in
the diploid O. americanus in the regions of the second-
ary constrictions of the eleventh chromosomes there
were no bands, consequently, it did not contain rDNA
(active IDNA, at any rate) (Ruiz and Begak 1976). The
secondary constrictions of the fourth chromosomes in
O. americanus, 2n and of the eleventh chromosomes
in O. americanus, 4n were positively stained. On the
whole, the number of C-bands in the diploid and tetra-
ploid O. americanus is proportional to the DNA content
and the number of rDNA cistrons.

C-bands have also been obtained on the chromosomes
of some species of the genus Rana (Raicu and Geor-
mineanu 1977; Schmid 1978b; Heppich 1978; Grapho-
datsky et al. 1978; Birstein, 1981a). After relatively
strong treatments (trypsin, NaOH) only centromeres
become stained, while using Ba(OH), both centro-
meres and other regions are stained.

Thus C-bands appear on chromosomes of a variety
of anuran species. As regards G-staining, all authors are
unanimous: all attempts to obtain G-bands in anurans,
that would be similar to G-bands in mammals, have
failed (Raicu and Geormidneanu 1977; Schmid 1978b;
Graphodatsky et al. 1978; Birstein, 1981a). During
G-staining chromomere-like structures resembling mito-
tic spiralization appear first, which disappear as the
treatment proceeds, and the chromosomes become’
“swollen” and deformed (Birstein, 1981a). We know
of only one successfull attempt where clear G-bands
were obtained after staining the chromosomes of the
haploid Rana pipiens cell line ICR 2A, n=13 (Freed
1975—1976). The number of G-bands per chromosome
unit length was considerably greater than that of
mammalian chromosomes. It is difficult to tell whether
those bands were due to a different chromatin state in
the haploid cells cultured in vitro or to a modified
staining technique.

Like G-bands, Q-bands on anuran chromosomes ap-
pear rarely. Usually after quinacrine staining the majori-
ty of chromosome regions fluorescence with a uniform
and weak intensity, however fluorescing regions are
mostly exceptions (Pardue 1974; Badaev et al. 1974;
Ruiz and Begak 1976; Schmid 1978a, b; 1980; Birstein,
1981a). In the case of Xenopus mulleri chromosomes
(but not of X. laevis chromosomes) the localization of
intensive fluorescing Q-bands correspond to the regions
of the localization of AT-rich satellite DNA (Pardue
1974). In Schmid’s experiments (Schmid 1978a, b;
1979; 1980) C-band positive regions of chromosomes
of many Bufo species and some other Anura fluoresced
brighter (intensive Q-bands, 3-6 per hapioid set) or
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weaker (regions of secondary constrictions, some telo-
mers) than the most parts of chromosomes (euchro-
matin). The mithramycin and chromomycin A3-stainings
(fluorescent GC-specific antibiotics) generally resulted
in a pattern with the same regions but opposite to those
obtained with quinacrine stain: the weaker a region
fluoresced with quinacrine, the stronger was the inten-
sity of the fluorescence with antibiotics (Schmid 1980).

As has been shown using N- or Ag-techniques, in most
anurans studied (species of the genera Xenopus, Odonto-
phrynus, Hyla, Bufo, Rana) rDNA is located only at
secondary constrictions of one of the chromosome pairs
(Funaki et al. 1975; Ward 1977; Ruiz and Begak 1976;
Schmid 1978a, b; Beck and Mahan 1979; Aleksandrovs-
kaya et al. 1979). Secondary constrictions are often
C-band positive heterochromatic regions (Ruiz and
Begak 1976; Freed 1977; Schmid 1978a, b). By contrast
the sites of 5S RNA genes in X. laevis and X. mulleri
are located in subtelomeric regions of the long arms of
most of or all chromosomes (Pardue et al. 1973; Pardue
1974).

In summary, compairing banding patterns on chro-
mosomes of anurans and urodeles, it should be noted
that in the former G- and often Q-bands do not ap-
pear, whereas in the latter, if they do, their positions
coincide with C-bands. As in urodeles, C-bands in
anurans usually occur in centromeric, but sometimes
in telomeric and other regions; on the whole, C-banding
patterns may vary more than in urodeles. In anuran
chromosomes cold-induced secondary constrictions do
not appear. The genes for 18S+28S rRNA are located at
secondary constrictions, and, unlike urodeles, anurans
have no additional tDNA sites.

In general, the whole picture in the case of amphib-
ians is quite different from that of mammals with their
characteristic G- and Q-banding patterns. This difference
may be due to the specific organization of DNA in
amphibians, or to chromatin packing in chromosomes,
or both.

2. DNA Structure in Amphibians

a. The Genome Size

One of the principal molecular features of amphibian
cells is their high nuclear DNA content which can be
tens, hundreds or even thousands times as greater than
that in mammals (Morescalchi 1973; Fredga 1977). The
DNA content shows a very high degree of interspecific
variability: from 30 to over 160 pg/N in urodeles and
from 2 to 25 pg/N in anurans (Morescalchi 1973; Olmo

1070, N

1978; Bach-

1973; Olmo 1973; Olmo and Morescalchi
mann and Nishioka 1978). Among different species
with the same chromosome number and belonging to
the same genus the DNA content may differ by a factor
of about 1.5-2.0 (Morescalchi 1973; Bachmann
and Nishioka 1978).
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In southern anurans genome size is smaller than in
northern species within the same genus (Bachmann and
Blommers-Schlosser 1975; Bachmann and Nishioka
1978). Apparently, this is a general rule for all genera
(Morescalchi 1973; 1977). There is an inverse correlation
between the nuclear DNA content in anurans and the
rate of embryonic development: in animals with larger
genomes metamorphosis is completed later than in
species with smaller genomes (Goin et al. 1968; Bach-
mann and Nishioka 1978). A similar correlation can be
observed among urodele species: species with paedo-
genetic forms (i.e. forms which can reproduce themselfs
in the larval stage) have larger genomes (Morescalchi
1973).

Nuclear volume, cell volume and cell surface area
show a linear and direct correlation to the nuclear DNA
content (experiments on erythrocytes of amphibians)
(Olmo and Morescalchi 1978). As DNA content in-
creases, cell volume and, to a lesser extent, cell surface
area both increase, and the cell surface area/cell volume
ratio tends to decrease. These correlations are character-
istic of both anurans and urodeles with a DNA content
of less than 70 pg/N; among urodeles with a higher nu-
clear DNA content there is a tendency to the stabiliza-
tion of the cell surface area/cell volume ratio. Probably,
these correlations are due to the fact that Amphibia,
lacking physiological mechanisms capable of controlling
the rate of oxidative metabolism in the organism as a
whole, exercise this control at least at the cellular level
(Morescalchi 1977). In any case, variations in the ge-
nome and cells sizes seem to determine the adaptive op-
portunities of amphibians, which are greater than in
other vertebrates (Olmo and Morescalchi 1978).

Thus a high nuclear DNA content and a correlation
between its great variability with the length of morpho-
genesis is a characteristic feature of amphibians. There-
fore their DNA must have an organization that would
allow an easy enough change in the number of genome
fractions responsible for the morphogenesis rate.

According to cytological data, variations in DNA
content do not radically change chromosome morpho-
logy, which may point to a distinctive characteristic
of chromatin packing in amphibian chromosomes. It
should be remembered that both the structure of the
DNA and the means of chromatin packing provide the
possibility for the packing of the “excess” DNA in
the chromosomes of amphibians. It seems that all
these characteristics are directly connected with the
banding patterns of anuran chromosomes.

b. Genome Organization in Amphibians

The pioneer works on the genome structure in amphib-
ian had pointed out that genome size increases as the
amount of repetitive DNA increases (Straus 1971;
Morescalchi and Serra 1974; Rosbash et al. 1974). Ex-

perimental studies of the kinetics of DNA reassociation
revealed that in Andreas japonicus, 2n=60, 2C=93 pg
(the most primitive of the urodeles studied), and in
Necturus maculosus, a species with a very high DNA
content (2C=165 pg), DNA reassociates very quickly,
due to a great number of repetitive DNA fractions in
their genomes (Morescalchi and Serra 1979). DNA of
more advanced species, both with a high (Amphiuma
means, 2n=28, 2C=150 pg, family Amphiumidae) and
a low (species of Plethodontidae and Salamandridae,
2C=30-60 pg) DNA content ressociated more slowly
and the reassociation curves were more complex. It
is interesting to note that, judging by the kinetic data,
the genome of Taricha torosa, 2n=22, 2C=56 pg, is more
complex than the genome of Triturus cristatus carnifex,
2n=24, 2C=44 pg, although the genus Taricha is consid-
ered to derive from the genus Triturus. On the whole,
it seems that species of evolutionarily advanced families
have more complex genomes than species of more
primitive groups (Morescalchi and Serra 1974).

Further experimental studies of the reassociation
kinetics confirmed the hypothesis that both in urodele
and anuran amphibians the difference in the genome
size is due to the different repetitive DNA content. DNA
of two anuran species — Xenopus laevis, 2n=36,
2C=6 pg, and Bufo bufo, 2n=22, 2C=14 pg — and two
urodele amphibians — Triturus cristatis, 2n=22,
2C=46 pg, and Necturus maculosus, 2n=38, 2C=104 pg
— have been investigated (Baldari and Amaldi 1976).
Analysis of the reassociation curves for DNA fragments
of a length from 200 to 250 nucleotides has led to the
conclusion that in DNA of X. laevis and T. cristatus
there are sequences of three classes: highly repetitive
and foldback, intermediate repetitive and unique
sequences, whereas in DNA of B. bufo and N. macu-
losus there are four sequence classes, since in those
species intermediate seguences consist of two compo-
nents, I and II. The whole picture of the genome struc-
ture of these four species can be seen from Table L. It
is worth noting that in DNA of X. laevis the number
of palindromes per genome is very great and equals
100,000 (in mice it is 40,000 and only 4000 in Droso-
phila) (Perlman et al. 1976). Probably, this number is
also great in other amphibians.

Thus it seems that the difference in DNA content
between X. laevis and B. bufo (3 and 7 pg per haploid
genome respectively) almost wholly depends on the
difference in the content of repetitive fractions, in-
cluding particularly highly repetitive and intermediate
sequences, while the amount of unique sequences is
approximately the same in the two species (about
1.5 pg per haploid genome). Similarly, the difference
in DNA content between T. cristatus and N. maculosus
(23 and 52 pg per genome respectively) is due to the
different content of highly repetitive and intermediate
sequences, the amount of unique sequences being
equal (about 11 pg per genome).




Table 1. Genome structure of four amphibian species*
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Highly repetitive and Intermediate repetitive Unique
foldback sequences sequences sequences
Species 2n C,pg Amount Average Amount Average Amount Average
length, length, length,
pg/genome nucleotides pg/genome % nucleotides  pg/genome nucleotides
% II I 1II %
Xenopus
laevis 36 3 0.2 7 480 0.9 30 380 1.9 63 1600
Bufo bufo 22 17 1.4 20 560 0.7 50 10 400 1.4 20 760
Triturus
cristatus 24 23 2.3 10 420 9.9 43 350 10.8 47 1340
Necturus
maculosus 52 10.4 20 480 24.4 52 47 10 370 120 23 880

*Data from Baldari, Amaldi 1976;1977.

The interspersion period of repetitive and unique
sequences in renaturated DNA, both pretreated with
nuclease S and non-treated, was analyzed by electron
microscopy and agarose gel electrophoresis (Baldari
and Amaldi 1977). The length of the interspersed
repetitive sequences in DNA of the species of both
orders turned out to be the same — 300 to 400 base
pairs (380 nucleotides on an average). The length of
unique sequences in DNA of B. bufo (760 nucleotides)
was shorter than in DNA of X. laevis (1600 nucleo-
tides) and the length of unique sequences in DNA
of N. maculosus (880 base pairs) was shorter than in
DNA of T. cristatus (1340 nucleotides). Consequent-
ly, species with a higher DNA content have shorter
unique sequences than species with a lower DNA con-
tent (see Table I). Besides, in the course of the evolution
of Anura and Urodela there were apparently no changes
in the length of repetitive sequences despite their differ-
ent number in genomes.

More detailed studies of the intermediate repetive
sequences have revealed that those which are accumu-
lated in long clusters increase in number roughly propor-
tionally to the increase of genome size (Bozzoni and
Beccari 1978). The number of short repetitive sequences
(about 300 nucleotides) grown unproportionally rapidly;
however, it should be remembered that in species with a
high DNA content the percentage of highly repetitive se-
quences also increases and an additional new fraction,
component II, appears (Baldari and Amaldi 1976).

Although the means of change in genome size in the
two Amphibia orders discussed seem to be quite similar,
and the quantity of intermediate repetitive sequences
seem to be mostly responsible for the changes in DNA
content, the primary structure of repetitions is very
different in each case. Thus the percentage of hybrid-
ization of different anuran DNAs is high: 60 to 80%
in the case of hybridization between DNA of Rana
species, and 8 to 25% for species of different families

(the percentages of hybridizations of R. ridibunda
DNA with Bufo bufo and Hyla japonica DNA were
25 and 20% respectively, and X. laeves and Bombina
variegata DNA — 8-16%) (Mednikov et al. 1976). A
similar picture is observed among urodeles: the per-
centage of hybridization of DNAs of closely related
species of the same group of the large genus Plethodon
is 40-60%, while for distant species it is less than 10%
(Mizuno and Macgregor 1974). Hybridization between
an anuran (R. ridibunda) and an urodele (Salamandra
salamandra and N. maculosus) DNA was very low —
2 to 6% (Mednikov et al. 1976) — which points to
considerable structural differences between repetitive
DNA sequences in the species of these two orders.

As regards intermediate sequence fractions in urode-
les, it has been shown that, unlike distant species, related
species have identical, evolutionarily stable sequences
(Mizuno et al. 1976; Macgregor et al. 1977: Macgregor
and Jones 1977). Closely related species have much in
common (over 90% of hybridization between DNA of
Plethodon cinereus cinereus, C=20.0 pg, and P. hoff-
mani, C=21.4 pg, or P. nettingi, C=18.2 pg), but distant-
ly related species have only about 10% of intermediate
repetitive sequences in common. Thus, in the case of
P.c. cinereus and P. dunni, C=38.8 pg, the percentage of
DNA hybridization was 12.1%, that is about 6.000 “com-
mon” repetitive sequenses per genomes (Mizuno et al.
1976; Macgregor et al. 1977), and the percentage of all
intermediate sequences is about 50 and 80% per genome
respectively (Mizuno and Macgregor 1974). In situ
hybridization of middle repetitive fractions has shown
that in P. cinereus these sequences are non-uniforml
distributed along the mitotic chromosomes, apparen
in blocks (Macgregor Andrews 1977; Macgregor
Similar experiments with Triturus cristatu
chromosomes have revealed that the 1
segments of the first chromosome pair ar
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with middle and high repetitive sequences (Macgregor
1978;1979).

Structural differences between DNA from urodeles
and anurans can also be seen during the analytic cen-
trifugation of DNA in CsCl. In the course of the experi-
ment (Thiery et al. 1976) DNA of X. laevis was divided
into two components, p=1.699 and 1.704 g/cm3 (92%
and 8% of genome, respectively), while in the case
of Pleurodeles waltlii there were three components:
major, p=1.7036 g/cm3 (85%), minor, p=1.706 g/cm3
(7%), and a satellite, p=1.709 g/cm3 (9%). Similar
experiments revealed satellites in DNA of other urode-
les: some Plethodon species (up to 4 to 20%; in some of
the species no such fractions were found (Macgregor and
Kezer 1971; Macgregor et al. 1973) and Triturus virides-
cens (Barsacchi and Gall 1972). In all those cases, as was
noted earlier, in situ hybridization showed the satellite
DNA to be located in the centromeric heterochromatic
regions.

In DNA from X. laevis a satellite (p=1.712 g/cm3,
0,3% of genome) was found only on combined
Cs7804—Agt and CsCl analysis (Thiery et al. 1976). In
a similar study of P. waltlii DNA two satellites were
found, p=1.686 and 1.716 g/cm3 (0,4 and 0,2% of the
genome , respectively). Structural differencies between
DNA from X. laevis and P. waltlii were also confirmed
by the combined centrifugation of DNA pretreated with
a mixture of restrictases (Macaya et al. 1976).

Satellite DNA (two AT-rich satellites making up
about 4% of the total DNA) has been found on centri-
fugation in CsCl of X. mulleri DNA (Stern 1972; Pardue
1974). On of those satellites (p=1.683) was localized in
the short arms of almost all (except two) chromosome
pairs, that is in those regions which, as was pointed out
above, fluorescence after being stained with quin-
acrine mustard (Pardue 1974). Since chromosomes of
most anurans show no Q-bands and in two Anura
species (X. laevis and R. pipiens) no satellite DNA
has been found (Thiery et al. 1976; Sueoka 1961),
satellites in X. mulleri seem to be rather an exception
from the general rule.

The facts presented above can be summarized as
follows. DNA from urodeles and anurans differ in a
number of characteristics: the amount of unique se-
quences differ by one order (1.5 pg in anurans and
11 pg in urodeles; such a great number of unique
sequences is surprising in itself); in anurans practically
no satellite DNA was found; the percentage of hybrid-
ization of repetitive DNA of animals belonging to the
two orders is low. However, the genome growth (and,
probably, decrease) seems to be governed by the same
mechanism in both orders, the reiative length of
unique sequences decreases by 1.5-2 times, while
the proportion of repetitive fractions increases — pro-
portionaily to the genome growth in the case of
ciusters, and unproportionaily in the case of short

interspersed repetitions. How this is connected with
genome activity, particularly with slow larval develop-
ment of the organism, is not quite clear.

The differences in DNA characteristics between
Anura and Urodela species are not great as compared
with the differences between amphibians and higher
vertebrates, particularly mammals. For instance, by
the centrifugation in CsCl of the DNA of 11 mammals
and two bird species three major components have been
found (p=1.697, 1.704 and 1.709 pg/cm3) (Thiery et
al. 1976). In mammals their relative contents vary
insignificantly: 50-60%, about 25% and about 5-10%
respectively. In the same work, as was pointed out
above, in CsCl amphibian DNA was divided into three
components: major, minor and — in the case of urodeles
— a satellite.” Another feature of amphibian DNA (of
anurans, at any rate) is a high content of palindromes
(Perlman et al. 1976) and a high level of methylation,
4% for X. laevis cell culture DNA to compare with
1.0-29% for the total mammalian DNA (Browne et
al. 1976).

It used to be an accepted theory that most verte-
brates have an identical general DNA structure resem-
bling that found in X. lzevis (Davidson et al. 1975) where
about 50% of the genome consist of closely inter-
spersed repetitive and unique DNA sequences whose
average length is 3001100 and 800+200 nucleotides
respectively. In the rest of the DNA repetitions are
rare and spaced at about 4000 nucleotides (Davidson
et al. 1973). Now it has become evident that no such
clear-cut universalization exists. For example, genome
organization in many birds is apparently quite different
(Arthur and Straus 1978; Epplen et al. 1978; Ginatulin
et al. 1979), for more on which see below. Moreover,
recent data on the repetitive sequence arrangement
in amphibians does not quite agree with the results of
the pioneer works. It is probably the way in which
repetitive and unique sequences are interspersed that
constitutes the difference between details of genome
structure in amphibians and mammals.

Distinctive features of amphibians can sometimes
also be seen on the protein level (that is in some struc-
tural genes).Thus no immunological relatedness has
been found between serum albumins from frogs of the
genus Rana and from some species belonging to other
vertebrate classes (Wallace and Wilson, 1972). Similar
results have been obtained for transferrin from Pleu-
rodeles waltlii (Foucrier et al. 1976). In both cases
cited antiserums precipitated only with proteins from
members of that family of Amphibia to which the
studied species belonged (Walace et al. 1971; Foucrier
et al. 1976). This is not a hard-and-fast rule: the anti-
serum to R. pipiens lactate dehydrogenase My reacied
with the same enzyme from species of other verte-
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brate classes (Saithe and Kaplan 1566).



c. rDNA Structure and Transcription in Amphibians

At present, the structure of ribosomal DNA in amphib-
ians has been studied rather comprehensively; its details
have been found different from those of mammalian
rDNA. It has also been shown that the process of IDNA
transcription is different in animals of these two classes.

As was noted earlier, in most amphibians rDNA
(185+28S rRNA genes) is located in NORs occuring in
one chromosome pair (see above). IDNA content of
various Urodella is higher compared to the amount of
tDNA in Anura. Thus, the ratio of rDNA content in
X. laevis (C=3 pg) to those in Plethodon species
(C=20.0-38.8 pg) or in Ambystoma opacum (C=30.1 pg)
is 1:3, to those in Oedipina uniformis (C=62 pg) is 1:5
and to those in Triturus carnifex (C=33.5 pg) is 1:7
(Vlad 1977). Therefore tDNA content increases with
increasing of genome size, but the relative proportion of
tDNA decreases with the increase of DNA content.

tDNA of X. laevis can be displaced from the bulk of
nuclear DNA as a distinct satellite which bands on CsCl
gradients at a buoyant density of 1.723 g/cm3 and
comprises about 0.2% of the genome (Birnstiel et
al. 1968). It consists of repeating units with a molecular
weight of 7.3-8.7x106 daltons; about 500 such units
per haploid genome are arranged in tandem (Wellauer
et al. 1976).

Only parts of the repeating units are transcribed into
40S rRNA precursor and non-transcribed spacers occupy
about one-third of the total rDNA length (Wellauer et
al. 1976; Buongiorno-Nardelly et al. 1977; Fedoroff
1979). The sequence coding for the precursor of rRNA
is constant in length and exactly the same in sequence
in different repeating units. The transcription unit is
flanked by short nonrepetitive spacer sequences. The
remainder of the nontranscribed spacer varies in length
from about 2.7 kb to about 9 kb in different repeating
units. On whole spacer DNA consists of 7 regions, three
of which are internally repeated (Boseley at al. 1979;
Moss et al. 1979). These nontranscribed regions differ
in sequence because in the first one clusters of about
100 nucleotide pairs are repeated, and in the other two
repeating units of 81 and 60 nucleotide pairs are inter-
spersed.

The transcribed rDNA of X. laevis is highly methyl-
ated (up to 99%), whereas in spacers non-methylated
regions are concentrated (Bird and Southern 1978).
This is a peculiar feature of rDNA of somatic tissues
only, because amplified oocyte rDNA is less methylated.
It has been proposed that a complex organization of
spacers may be connected with their function: spacers
may include centers of RNA-polymerase binding and
with rDNA of X. laevis and X. mulleri it was shown
that the spacer rDNA evolves considerably faster than
the transcribed regions (Brown et al. 1972).
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In mammals rDNA can be located in only one site
of the haploid set (for example, in the gibbon — Wart-
burton et al. 1975) or in several sites (for example, there
are three such sites in the rat Rattus norvegicus (Szabo
et al. 1978) and five in man (Henderson et al. 1972;
Evans et al. 1974). The number of rRNA genes also
varies: in mice it is about 100 (Gaubatz et al. 1975),
in Rattus norvegicus — about 100-360 (Melli et al.
1971), and in the cat — about 1000 (Szabo et al. 1978).
Although many details of TRNA gene organization in
mammals remain unknown, it has been found that the
size of repetitive units in them is about twice as great as
it is in the case of amphibians (16.2-21.3x106 and
8x106 daltons respectively) (Southern 1975; Blin et
al. 1976; Arnheim and Southern 1977; Stambroock
1978; Meunier-Rotival et al. 1979). As in amphibians,
the absolute size of rDNA repeating units in mammals
can also vary, due to variations in spacer length (Am-
heim and Southern 1977; Stambroock 1978; Krystal and
Arnheim 1978). Thus in human rDNA repetitive units
of the length of 43.7, 28.6 and 53.9 kb have been dis-
covered (Wellauer 1979).

The difference in tDNA gene size between amphib-
ians and mammals is accompanied by the difference in
transcript size: in all poikilotherms — fishes, amphibians
and reptiles — the size of pre-rTRNA is less (38-40S, or
2.6-3.0x106 daltons; the same values have been deter-
mined for many plants and insects) than in birds and
mammals — 458 (Perry et al. 1979: Wellauer and David
1974; Rungger and Crippa 1977). In mammals it is
greater than the sum of 18S and 28S by almost 80%,
while in polikilotherms the difference is only 25-50%.
The size of 28S RNA in amphibians is much smaller
(139-1.55x106 daltons) than in birds and mammals
(1.58x106 and 1.71x106 daltons respectively), while
the size of 18S is approximately the same (0.7x106
daltons) (Loening 1968; Rogers and Klein 1972). It
should be noted that the molecular weight of 285 RNA
varies among species of the two Amphibia orders:
28S RNA in X. laevis is larger than in Triturus cristatus
and Plethodon cinereus (1.55x106, 1.39x10% and
1.45x106 daltons respectively) (Rogers and Klein 1972).

Both tDNA and rRNA are evolutionarily conserva-
tive. Thus rDNA of X. laevis hybridizes with DNA of
various eukaryots (Sinclair and Brown 1971) and is
frequently used for the localization of rDNA sites in
chromosomes of different animals (e.g. Evans et al.
1973; Hsu et al. 1975). On the other hand, two thirds
of the conserved similar regions are present in 18S rRNA
of various animals (Gerbi 1976) and the 5’-end nucle-
otide sequences in 18S RNA are identical in all the
vertebrates studied (Sakuma et al. 1976). One third of
the conserved regions is present in 285 rRNA and the
5-end sequence in 285 RNA in X. iaevis is different
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from that in other vertebrates (Gerbi 1976; Sakuma
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et al. 1976). This is in accord with the above-mentioned
difference in size between 28S RNA molecules in differ-
ent animals. Positions of methyl groups in 18S and 28S
IRNA molecules are not the same in X. lzevis and
mammals (Khan et al. 1978).

5.8S rRNA transcribed from the region between 18S
and 28S-genes and remaining bound to 28S rRNA in
ribosomes is evolutionarily very stable; 5.8S RNA
sequence in the hen and the turtle Terrapene carolina
is 99% homologous with that in human cells (Nazar and
Roy 1976; Khan and Maden 1977), while 5.85 rRNA
sequences in X. lgevis and X. borealis (mulleri) are 97%
homologous, being especially distinct at the 3’-end,
where in amphibians there is C and not U, as in other
animals (Khan and Maden 1977; Ford and Mathieson
1978).

All these features of rDNA show that it is very
conservative and probably relatively autonomous. The
latter is also evidenced by the presence of RNA-poly-
merase I in the nucleoli of animal cells (Reeder and
Roeder 1972), which transcribes rDNA and remains
bound to the NORs in mitotic chromosomes (Matsui
et al. 1978). In amphibians the autonomy of rDNA is
also demonstrated in its ability to amplify in ovary cells.

In spite of the noted differences in size between
rRNA genes and their transcripts in cold- and warm-
blooded animals, there seems to be no reason to believe
that there are radical differences in chromatin and
chromosome structure of these regions between differ-
ent animals, taking into account the evolutionary con-
servatism of rDNA. The difference in gene size rather
is due to different rates of processing in warm- and
cold-blooded animals. Anyway, tDNA organization in
amphibians supports the suggestion that rDNA are
not randomly localized: these sites take a fixed posi-
tion with respect to centromeres and telomeres (Lima-
de-Faria 1976). The fact that in mammals rDNA is
often located in several chromosomes does not fully
comply with this rule.

d. 58 RNA Genes in Amphibians

A few words about 5S DNA seem to be essential. As was
noted above, in urodeles SS RNA genes can be located
both in one site of a specific chromosome (e.g. in the
Triturus species — Barsacchi-Pilone et al. 1974) and in
several sites, in different chromosomes (e.g. in Notoph-
thalmus viridescence Hutchinson and Pardue 1975;
Pukkila 1975). In anurans, 5S RNA genes have been
localized only in Xenopus laevis and X. mulleri — in
both cases in the telomeric regions of long arms of
{probably) ail chromosomes {(Pardue et al. 1573;
Pardue 1974).

In mammais, 5S RNA genes are located at one or
two sites: in the long arm of the first chromosome in
man (Steffensen et al. 1975), and in homologous regions
in chimpanzee, gorilia and orang-outang {(Henderson et

al. 1976); at one site in the cat and, probably, mouse,
but at two sites in the Norwegian rat — in the NOR in
one chromosome, and the telomeric region in another
(Szabo et al. 1978).

Some detailed data on 5S RNA structure has been
obtained for X. laevis and X. mulleri (Brown et al. 1971;
Brown and Sugimoto 1973; Fedoroff 1979). There have
been found 24,000 and 9,000 5S RNA genes per
genome, respectively. The average size of repetitive units
in X. laevis is 0.5-0.6x106 daltons and 1.2-1.5x106
daltons in X. mulleri, the 5S RNA gene size being equal
in both species — about 0.08x106 daltons. Thus a
greater portion of the repetitive sequence is presented by
a non-transcribed spacer, the average spacer length in
X. mulleri being twice as great as in X. laevis. It is
interesting that in these two species the spacer DNA
is practically non-homologous (Brown and Sugimoto
1973), while 5S RNAs in them differ from one another
only by one nucleotide substitution (Ford and Brown
1976).

In mammals, the number of 5S RNA genes is much
smaller than in Xenopus: about 2000 copies per genome
in HeLa cells (Hartlin and Attardi 1971), in the case of
the DNA of diploid human cells the number appears to
be 2-3 fold lower (Szabo et al. 1978).

The homology of the 5S RNA sequences in verte-
brates is very great (Lind et al. 1978; Denis and Wegnez
1978). The 5S RNA nucleotide sequence is identical in
all the mammals studied (man, mouse, hamster, ox,
dolphin, and kangaroo rat). There is one inconsistency
with the usual phylogenetic views, namely, the 5SS RNA
sequence in reptiles is closer to that in modern mammals
than in birds (Denis and Wegnez 1978). On the whole,
the rate of the 5S RNA gene evolution is quite low: 90
of 120 residues in 5S RNA of all the vertebrates studied
are identical. Consequently, 5S RNA genes, like 18 and
28S RNA genes, are quite conservative regions of verte-
brate genomes.

It should be noted, however, that only the sequences
of 5S, 18S and 28S RNA genes are rather conserved in
evolution, the rate of the spacer region evolution being
quite high. Divergence time for X. laevis and X. mulleri
is about 10 million years (Bisbee et al. 1977); in the
case of rtDNA homology of spacer regions has decreased
by 20% during this period (Brown et al. 1972), and in
the case of 55 DNA spacer sequences became almost
nonhomologous (Brown and Sugimoto 1973). The
lability of the spacer DNA is also confirmed by the
polymorphism of its size and the nucleotide sequence
(Buongiorno-Nardelli et al. 1977).

VPR T

omosomes of vertebrates is non-randon

-
==
ey
@
o
-
=
=

’
SIWNT At o1 Lo AT 2en
TDINA 111 CUKdIyOLCS {Lillld-u




it was found that in Drosophila melanogaster inter-
phase nuclei 5SS RNA genes are situated between the
nucleolus and the nuclear membrane (Steffensen 1977).

In contrast to phylogenetically higher vertebrates, in
anurans (Xenopus) a dual 5S RNA gene system has been
found to exist: the genes of somatic cell (mentioned
above) and 5S genes which are active in oocytes (Wegnez
et al. 1972; Ford and Brown 1976). The oocyte-type
5S DNA in X, laevis consists of reiterated repetitive
units, approximately 700 nucleotides long; about half
of this length is occupied by a rather complex spacer,
the other half includes a 5S RNA gene, the so-called
“pseudogene” (which is probably a result of the 5S RNA
gene duplication), and a region between those two (Jacq
et al. 1977; Fedoroff and Brown 1978; Miller et al.
1978; Fedoroff 1979). The oocyte-type 5S RNA genes
in X. laevis and X. mulleri have envolved much faster
than the genes of somatic cells and independently of
them (Ford and Brown 1976; Denis and Wegnez 1978).
The oocyte 5S DNA is probably transcribed by the
specific RNA-polymerase III (Parker and Roeder 1978).

A similar dual encoding 55 RNA system has been
found in Teleost fish, namely, in Tinca tinca (Denis
and Wegnez 1977), but here the oocyte genes have
evolved more slowly than 5S RNA genes of somatic
cells (Denis and Wegnez 1978). It is not yet known
how frequently these two 5S RNA gene types occur
in different amphibians and fishes. It would be equally
interesting to find out whether other vertebrate species
have dual systems for 58 RNA coding, or this is a
feature of amphibians and fishes, determined by their
development.-

3. Chromatin Structure in Amphibians

Switching from DNA content and organization in
amphibians to DNA packing in chromatin, it should
be stated, regretfully, that very little is known about
the details of chromatin structure in amphibians. An
electron microscopic study of metaphase chromosomes
of somatic cells and chromosomes of the first meiotic
division of Odontophrynus americanus, 4n, revealed
chromatin fibers consisting of globules (nucleosomes)
about 80 A in diameter and loops with 160 A glob-
ules (Begak et al. 1977). In the condensed oocyte or
spermatocyte chromatin of this animal the size of
globules of supernucleosomes consisting of 8-10 nucleo-
somes 80 A in diameter may be as great as 300 A (Begak
and Fukuda 1979). Chromatin of the snake Xenodon
neuwiedii has the same structure (Begak et al. 1977).
Similar nucleosome characteristics are typical for bird
and mammalian chromatin (Georgiev and Bakaev 1978).

The nucleosome repeating length of 5S DNAis 175%5
base pairs (bp) in both red blood cells and liver of X.
laevis, suggesting that these specific genes may have a
constant chromatin structure, independent of the orga-
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nization of the bulk chromatin in the two tissues (in
blood cells and liver the nucleosome repeating length of
the majority of the chromatin is 18915 bp correspon-
dingly) (Humphries et al. 1979). In addition, 5S DNA is
less susceptible to staphylococcal nuclease than is bulk
DNA in nuclei from both cell types.

The association of nucleosomes with DNA in the for-
mation of amphibian chromatin subunits (experiments
on X. laevis IDNA) is probably not base-sequence speci-
fic (Reeves 1977). The results of electron microscopic
study of oocyte and lamprush chromosome chromatin
of X. laevis, Triturus alpestris, T. cristatus showed that
nucleosome frequency is a function of transcription:
nucleosomes are not seen in the heavily transcribed re-
gions and are formed only after the inactivation of the
regions (Scheer 1978). Thus, in lampbrush chromosomes
beaded nucleosome structure of chromatin fibrils is pre-
sent only in the transcriptionally inactive regions.

The existing data on chromatin proteins in amphi-
bians is also very scarce. The electrophoretic mobility
and distribution of nonhistone chromatin proteins in li-
ver and kidney tissue are different in amphibians (R. pi-
piens) and other vertebrates (the turtle Chelydra serpen-
tina and rat (Wu et al. 1975). In some amphibians (kid-
ney chromatin of X. laevis) a fraction of histone HI has
been found which is characteristic of these species (Ris-
ley and Eckhardt 1974). The electrophoretic mobility of
histones H2A and H2B in amphibians (liver chromatin of
R. pipiens) is different from that in mammals (Donna
and Gorovsky 1975). The distribution and mobility of
histones in amphibian embryos (Cynops pyrrhogaster,
X. laevis, X. borealis) are dissimilar to those in adults
(Imoh 1975; Blackler and Cassidy 1978).

It is noteworthy that in erythrocytes of birds, reptiles
and fishes there is histone HS, which does not occur in
mammals (Edwards and Hnilica 1968; Seligy et al. 1976).
Similarly the amino acid compositions of histone H2B of
erythrocytes are different in various vertebrate classes
(the available data includes X. laevis, Crocodilus niloti-
cus, the hen and the calf), the rate of the evolution of
these histones being 7-8 times as high as that of histones

H3 and H4 (Van Holden et al. 1978).
Perhaps the most interesting results have been obtained

studying the testis-specific histones (Kasinsky et al.
1978). During spermatogenesis histone H1 is replaced by
another histone (histones), specific for spermatosoids.
While in reptiles (snakes and lizards) and mammals there
are histones of uniform type (in reptiles there are two
histones the electrophoretic mobility of which is close to
that of protamins), quite a variety of testicular histones
has been found in amphibians. Some genera (e.g. Bufo)
are characterised by uniform histones, while in others
(Xenopus, Scaphiopus) there is great variation in the
amount and mobility of histone fractions in closely re-
lated species. Similar variations have been observed in
fish testicles (Bols and Kasinsky 1976).
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Immunochemical experiments (Ashmarin et al. 1975;
1976) have revealed a great difference between chroma-
tin proteins in amphibians and other vertebrates. During
the reaction of liver chromatin of R. temporaria with the
homologous antiserum 9 precipitation zones were seen;
with the antiserum to liver chromatin of the turtle
Testudo horsfieldi, there was only one weak zone, and
no precipitation occured during the reaction with the
antiserum to the rat and hen chromatin. Turtle chroma-
tin reacted with the antiserums to the frog and hen chro-
matins, but not that of rat, while the rat chromatin pre-
cipitated with all heterologous serums. It can be stated,
therefore, that there is little immunological similarity be-
tween chromatin proteins of the frog and those of other
vertebrates.

These data enable us to conclude that the first level
of chromatin packing in amphibians, the nucleosome
structure, does not differ from the chromatin structure
in other animals. This is not surprising, since chromatin
structures in all eukaryotes are likely to be basically the
same (Frado et al. 1977; Lohr et al. 1977; Georgiev and
Bakaev 1978). An analysis of a higher level of chromatin
packing in amphibians (Triturus viridenscens, lampbrush
chromosomes) and mammals (meiotic chromosomes of
the Chinese hamster) has also failed to reveal any sub-
stantial difference between these two types of chromatin
packing (Basu 1977). These results have shown that
chromomeres in chromosomes are formed by randomly
oriented fibres of coiled DNP, and in interchromomeric
regions fibres run parrallel several time in longitudinal
arrays. However, a great specificity of chromatin proteins
in amphibians (of course, it should be remembered that
very scarce data is available at present) does not contra-
dict our assumption of a possibly specific chromosome
structure in these animals.

4. Mechanisms of Chromosome Banding and Chromo-
some Structure in Amphibians

Although the mechanism of G-, C- and Q-banding has
not been determined so far, it seems essential, in order
to reveal a possible difference between chromosome
organizations in mammals and amphibians, to observe
briefly some basic details of banding of mammalian
chromosomes.

a. The Mechanism of Chromosome Banding in Mammals

By using light and electron microscopy it was established
that the pretreatment of mammalian chromosomes with
proteolytic enzymes or DNase I causes changes in the
chromosome surface: on G-bands the collapsed chromo-
somal morphology was seen; these are the regions where
chromatin seems to be densely packed (Burkholder 1975;
Gormley and Ross 1976; Burkholder and Weaver,
1977). Distances between identical bands may vary de-
pending on treatment conditions (Takayama 1979).

It is assumed that, in the case of the metaphase chro-
mosomes, the number and arrangement of G-bands are
roughly the same as of the chromomeres of pachytene
chromosomes (Okada and Comings 1974; Comings and
Okada 1975). Pachytene chromosomes and banding of
prometapahse chromosomes show that chromosome
bands are composed of multiple sub-bands, there are
2-5 sub-bands in each major G-band (Luciani et al.
1975; Comings 1977; Yunis et al. 1978). It seems possible
that there are sub-divisions of chromomers (and bands)
— so-called “rosetts” composed of loops of DNA cluste-
red around centers of nonhistone proteins (Okada and
Comings 1979).

G-band DNA is late replicating and AT-rich (Comings
1977). In interphase these DNA regions are condensed
and attached to the inner surface of the nuclear mem-
brane or connected to the nuclear matrix and are almost
inactive (Comings 1977; Yunis etal. 1977). After enzyme
pretreatments these condenced blocks may be revealed
as G-banding regions of chromatin (Bianchi et al. 1977).

Usually many authors connect the mechanism of G-
banding (as of C-banding) with the difference in histone
and nonhistone proteins content in different chromo-
some regions (Comings et al. 1973; Holmquist and Co-
mings 1976). Although histones do not play a significant
role in G-banding, there is some data on removing histone
H1 from non-staining regions (Holmquist and Comings
1976). It seems possible that some nonhistone proteins
take part in the high compaction of G-banded regions
(Burkholder and Weaver 1977). Apparently, this group
of proteins includes the proteins of the nuclear matrix
(Comings 1977). One can not exclude the opportunity
that proteins of the recently found by some authors
(Adolph et al. 1977; Paulson and Laemmli 1977,
Jeppesen et al. 1978) chromosome scaffolding struc-
ture also take part in G-banding.

In addition to the already mentioned components,
specific chromosomal RNA was found in G-banded re-
gions (Pierpont and Yunis 1977; Byarugaba 1978). It
seems possible that in G-banding some polysaccharides
or glycoproteins take part since hyaluronidase or lyso-
zyme pretreatments change the chromosome staining
pattern (Khachaturov et al. 1975; Birstein, 1981b).

The Q-banding mechanism in mammalian chromo-
somes is not quite clear either. As was mentioned
above, it is known that flourescence is enhanced when
quinacrine and 33258 Hoechst are bound to AT-rich
DNA regions and quenched when they are bound to GC-
rich sequences (Comings et al. 1975; Comings and Drets
1976; Jorgensen et al. 1978). A positive correlation be-
tween fluorescence brightness and base ratio was esta-
blished in some regions of quinacrine-stained human
chromosomes (Kornberg and Engels 1978). It seems
probable that nonhistone proteins affect the inter-
action between fluorochromes and chromosomes (Co-
mings et al. 1975; Comings and Drets 1976).




On the basis of the data described one can summa-
rize that G-, C- and Q-bands reflect the structural diffe-
rentiation of chromatin (different state of compaction)
which is also present in metaphase chromosomes. The
relative positions of G- and C-banding regions in inter-
phase nuclei, possibly, determine a certain spatial ar-
rangement of active chromatin regions which is neces-
sary to successful transcription in cells of each tissue
(Steffensen 1977; Jones 1978).

b. Hypothesis of Amphibian Chromosome Organization

Coming back to amphibians, it will be recalled that
many authors have failed to obtain G- and Q-bands on
anuran chromosomes, while on urodele chromosomes
the locations of few G-, C- and Q-bands often coincide.
Taking into account the banding pattern, genome size
and DNA and chromatin organization in amphibians and
mammals one can suppose that chromosome structure in
these animals (in particular, chromatin compaction) is
different.

Recently it was proposed that the absence of G-and
Q-bands on amphibian (and plant) chromosomes is due
to the very high degree of spiralization of amphibian
chromosomes in comparison with the mammalian chro-
mosomes (Greilhuber 1977; Schmid 1978a;1980). Thus,
the comparison of human chromosomes with those of
anurans (some Bufo species) shows that the mean DNA
content per nm of chromosome length in metaphase is
1.5 to 3 times greater in the Anura (Schmid 1978a). If
one assumes, that G-bands in prometaphase correspond
to chromomers in pachytene, and taking into account
DNA content per chromosome and the length of mito-
toc and meiotic chromosomes, one can see that the G-
bands on amphibian (and plant) chromosomes would be
placed so close that they could not be resolvable in a
light microscope (Greilhuber 1977).

Such an explanation seems to be unacceptible in the
cases when the amphibian genome size is comparable
with the mammalian genome size, but G-bands are not
revealed on chromosomes of these animals (for example,
X. laevis, 2C=6.3 pg — see above, or Pelodytes caucasicus,
2C=4.0 pg — Aleksandrovskaya et al. 1979). It seems
possible to propose that the structure of amphibian mi-
totic chromosomes let DNA content per chromosome
(which means the change of the amount of repetitive
DNA) change without any serious change in chromosome
size and morphology.

Possibly, there are fusions of chromomeres (sub-
bands) in amphibian metaphase chromosomes (at least
of anurans) as in mammalian chromosomes. Such a con-
clusion can be made on the basis of the following data.
At first, in the case of chromosomes of Rana pipiens
cells (haploid cell line ICR 2A) G-bands were distributed

rather reguiarly along the chromosomes (Fre‘ 1975-
1976). Secondly, in our own experiments on G-banding
of anuran chromosomes we pointed out that aft‘r iryp-
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sin or saline pretreatment “mitotic spiralization” appea-
red, and chromomere-like structures were observed (Bir-
stein, 1981a). After a prolonged treatment anuran
chromosomes became deformed and swollen. On the
whole, it seems that the removed substances are distri-
buted rather uniformly along the chromosomes and the
chromomeric structures are more susceptible to the
attack of denaturating agents than in the case with ma-
mmalian chromosomes.

C-banded structures of the heteromorphic arm of
Triturus cristatus carnifex chromosome I (Mancino et
al. 1973; Rudak and Callan 1976) may be the extreme
manifestation of such chromomers in mitotic chro-
mosomes. Thus, 20-30 active chromomers of lamp-
brush heteromorphic segments correspond to only a few
C-bands of mitotic chromosomes (Macgregor 1978;
1979). It must be emphasized that these chromomers
and corresponding sites of mitotic chromosomes are
highly enriched with high and intermediate repetitive
DNA (Macgregor and Andrews 1977; Macgregor 1978;
1979).

The increase in chromomere number in lampbrush
chromosomes rises along with the increasing of the ge-
nome size, as was shown on some Plethodons (Vlad and
Macgregor 1975; Macgregor et al. 1976). Since the in-
crease in DNA content is due mostly to the repetitive
DNA, then the lampbrush chromomers of Plethodons
seem to be enriched with repetitive sequences (Macgregor
et al. 1976). On the other hand, repetitive DNA is dis-
tributed non-randomly along the mitotic chromosomes
of urodeles (Macgregor and Andrews 1975; Macgregor
et al. 1976). It seems possible that these sites may be the
sites of fusion of lampbrush chromomers; moreover,
data on heteromorphic segment of 7. cristatus points
out that such fusing chromomeres may be enriched with
the same family of repeated sequences. Possibly the
orientation of chromatin fibers in lampbrush chromo-
somes promotes such fusion; DNA in chromomeres is
oriented randomly, in iterchromomeric regions — mostly
longitudinally (Basu 1977).

In conclusion one can summarize that the lack of G-
and Q-bands on mitotic amphibian chromosomes, ana-
logous to the mammalian ones, may reflect the differ-
ence in the structural differentiation of chromosomes of
animals of different classes. It seems possible that the
difference is not only in the actual chromosome spirali-
zation, but also in the system of the distribution of clus-
ters of repeated sequences along the chromosomes and
the fiber compaction in the regions enriched with repe-
titive DNA. One can suppose that the chromatin en-
riched in repeated sequences in amphibian chromosomes

composes chromomere-ike structures, which are distri-
buted quite uniformly along the chromosomes. Such
chromosome orgaiization might give us the opportunity
to change the content of the repeated sequences during
the change of genome size without principal changes in
the chromosome morphology. The opinion that the
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changes in genome size result in local changes of DNA in
amphibian chromosomes was advanced earlier (Ullerich
1970).

Some data concerning spermatosoid histones present
indirect evidence of a dissimilarity between chromosome
organization in amphibians and mammals: while in am-
phibians histone H1 is replaced by different histones, in
all mammals investigated the substitution histones have
similar characteristics (Kasinsky et al. 1978).

The organization of C-banded regions in amphibian
and mammalian chromosomes, especially in centrome-
tric regions, seems to be similar. In particular, these re-
gions are enriched with repetitive DNA (see above). The
intercalar C-banding regions of Triturus chromosomes,
and probably of other urodeles, seem to have a specific
organization since dense structures correspond to them
in lampbrush chromosomes (Schmid et al. 1979). Mul-
tiple C-bands, revealed on Hynobius keyserlingii chromo-
somes (Graphodatsky et al. 1978), may correspond to
the described chromomeres of mitotic chromosomes.
Since intercalar bands on anuran chromosomes are
obtained by different authors differently, these regions
do not have a highly condensed structure.

The characteristic features of amphibian chromosome
structure might be determined by DNA sequence organi-
zation, which, in turn, is connected with genome ex-
pression. It is not known in what way the growth of the
repetitive DNA fraction leads to the elongation of am-
phibian development — whether this is due to structural
complications of regulatory regions of the genomes
(Zuckerkandl 1976), or to variations in nuclear volume
(Cavalier-Smith 1978). It is possible to suppose that re-
petitive DNA in amphibians, as in Drosophila (Koroch-
kin 1977; Steffensen 1977) is significant for determining
the spatial organization of chromatin in interphase nu-
clei and for time regulation of gene action. In any case,
in amphibian oocytes a part of repeated sequences is
transcribed (Davidson and Hough 1971 ; Sommerville et
al. 1976) and this process is stage specific, at one stage
of oogenesis certain intermediate repetitive DNA sequen-
ces are exposed for transcription but not at other stages
(Macgregor 1978;1979). This fact points to the possible
participation of repetitive DNA in the regulation of
transcription. Nevertheless, the major part of transcribed
DNA in amphibian oocytes, of course, consists of unique
sequences (Rosbash et al. 1974). It is interesting to
add, that heterogeneous nuclear RNA size increases du-
ring development (gastrula and tailbud RNAs of Rana
pipiens were compared) and this is correlated to an in-
creasing degree of turnover of this RNA (Shepherd and
Flikinger 1979).

it shouid be emphasized again that the increase in the
repetitive DNA fraction ieads to proionged morphogene-
sis and paedogenesis. The change in genome size pro-
bably resuits in a change of transcription: as was men-
tioned above, the size of 40S-pre rRNA in urodeles is
greater than in anurans. In any case, the specific organi-

zation of repeated sequences (regulatory systems?) in
amphibians determines a slower evolutionary rate of
karyotypes and organisms as compared with mammals
(Wilson et al. 1974; Wilson 1976; Cherry et al. 1978). It
should be added that so far the difference between
unique DNA contents in the two amphibian orders is not
clear, as well as the high rate of evolution of the majori-
ty of repeated sequences.

5. Chromosome Structure in Amphibians — a Stage of
Evolution?

One may well ask: are all the described features of
chromosome and chromatin structure characteristic only
of modern amphibians or do they represent a stage in eu-
karyotic genome structure evolution? The existing data
on chromosome banding patterns and genome structure
in fishes, reptiles and birds seems to point to the conclu-
sion that the chromosome organization in amphibians
constitutes a stage in the evolution of the chromosomes
of vertebrates. Although we have no direct proofs of this
view, it seems to us that much of data described below
does not contradict it.

a. Chromosome Banding Patterns and DNA in Fish

Although the number of chromosomes in fishes is nor-
mally relatively great (Kirpichnikov 1974), their banding
patterns are similar to those in amphibians: G- and Q-
bands practically are not revealed on chromosomes (Abe
and Muramoto, 1974; Thorgaard 1976; Kilgerman and
Bloom, 1977). In some fishes, Q-bands are seen only on
heteromorphic F-bodies of chromosomes of males
(Howell and Bloom 1973; Kligerman and Bloom 1973).
Using C-technique, centromeres and pericentric regions
are stained (Zenzes and Voiculescu 1975; Thorgaard
1976; Kligerman and Bloom 1977), sometimes also
secondary constrictions (Thorgaard 1976; Barshene
1978) or other regions are too (Zenzes and Voiculescu
1975). On the whole, the banding patterns on fish
chromosomes are more similar to those on anuran
chromosomes than on urodelean ones.

The presently known characteristics of fish genomes
are in many respects similar to the characteristics of am-
phibian genomes. Although the amount of nuclear DNA
in the majority of fish species is lower than in man (on
average, 2C=2 pg/N — Cimino 1974), the range of vari-
ation within the class may run as high as a hundred times
(Hinegardner 1976). In some dipnoan species the DNA
content is very high, approximating that in urodeles: in

Protopterus aemzopzens 2C=241 pg/N (Pedersen 1971).
Probably, the increase/in DNA content in urodeles on
the one hand, and in dipnoans on the other, are conver-
gent processes (Morescalchi 1973) with similar mecha-
nisms. On the whole, the changes in DNA content of
fishes and amph ‘bians are possibly convergent: in north-




ern forms of amphibians the DNA content is greater
than in southern ones; similarly, in deep-sea fishes, it is
higher than in the related shallow-marine species (Ebe-
ling et al. 1971). Among fishes polyploidy occurs even
more frequently than among amphibians (Fredga 1977).

On centrifugation of fish DNA (Salmo salar, Opsanus
lan) is CsCl only the major component has been found
(Thiery et al. 1976). This peak is more symmetrical
than DNA peaks of vertebrates of other classes. It has
been proposed that the single DNA component in fishes
with small genomes could be the ancestor of the main
DNA component of evolutionarily more recent vertre-
brates (Thiery et al. 1976).

In some cases, apart from the main component, the
satellite fraction also was found (Helleiner et al. 1974;
Thiery et al. 1976). According to reassociation kinetics
this DNA consists of repeating units about 4400 base
pairs long (Helleiner et al. 1974). On the whole, the
genome organization in fishes (the presence of several
repetitive fractions and unique sequences) is similar
to the DNA organization in other vertebrates (Vlady-
chenskaya et al. 1975; 1976; Kupriyanova 1976). Pro-
bably, a greater specialization of fish is attended by a
decrease in DNA content (Hinegardner and Rosen 1972)
and, possibly, by the growing repetitive fractions/unique
fractions ratio (Vladychenskaya et al. 1975). The changes
in genome size in diploid species are due mainly to dif-
ferences in the amount of intermediate repetitive DNA
(Schmidtke et al. 1979).

All these specific features of genome structure in
fishes do not contradict the possibility that chromatin
and chromosome organizations in fish are analogous to
those in amphibians.

b. Chromosome Banding Patterns and DNA in Reptiles
and Birds

Chromosomes of reptiles and birds stain as well as ma-
mmalian chromosomes. G-banding patterns have been
obtained on chromosomes of various reptiles: snakes,
turtles, lizards (Stock and Mengden 1975; Bickham and
Baker 1976; King and Rofe 1976; Bull 1978; Grapho-
datsky et al. 1979); in some cases banding patterns in
turtles were found to be similar to those in birds (Stock
and Mengden 1975). In all the specimen studied centro-
meres are C-staining; intercalary regions or telomeres are
also often stained as well as the sex W-chromosome (Bull
et al. 1974; Singh and Ray-Choudhuri 1975; Bickham
and Baker 1976; Bull 1978; Graphodatsky et al. 1979).
On chromosomes of birds G-bands are easily revealed
(Wang and Shoffner 1974; Stock et al. 1974; Stock and
Mengden 1975; Bulatova 1977); in addition centromeres
and the sex W-chromosome are C-positive (Steffos and
Arrighi 1971; Wang and Shoffner 1974; Stock et al.
1974).

DNA content in reptiles and birds approximates those
in mammals: 3.0-7.0,3.4-4.6 and 6.0-11.6 pg/N respec-

87

tively (Hinegardner 1976). On centrifugation in CsCl,
however, DNA of reptiles behaves differently to DNA of
mammals and birds (experiments on the hen and the gull
Larus argentatus) in which three major components have
been found in the same experiments (Thiery et al.
1976). DNA of reptiles studied is closer to DNA of am-
phibians: in DNA of the lizard Jguana iguana only two
major components have been found, p=1.702 and
1.706 G/cm3 (85 and 15% of genome), and in DNA of
the turtle Testudo graeca — two major components,
p=1.702 and 1.714 G/cm3 (64 and 27%), the minor and
satellite components (5% and 4% respectively). Accor-
ding to these data the general organization of reptilian
DNA seems to be intermediate between the DNA struc-
ture of amphibians and birds, but the results of reasso-
ciation experiments show that the genome structure of
reptiles differs from the genome structure of birds and
is similar to those of amphibians and mammals (Epplen
et al. 1979).

Specific satellite DNA has been localized in the W-
chromosome of snakes, which is the functional homol-
ogue of the Y-chromosome of mammals (Singh et al.
1976). Reptiles are the first vertrebrates in the phyloge-
netic row that have morphologically different sex chro-
mosomes. It is interesting that there is a considerable
homology between the satellite DNA of the W-chromo-
some of reptiles and birds (Singh et al. 1976). In birds,
however, satellite DNA is present, apart from the W-
chromosome, in microchromosomes (Stefos and Arrighi
1974). The nucleosome chromatin structure in reptiles
is identical to that in other vertebrates (Becak et al.
1977).

A characteristic feature of DNA of many birds is
that the relative content of unique fraction is higher
than in DNA of other vertebrates. In the chicken unique
DNA composes 80% of the genome (Stefos and Arrighi
1974; Jimenes et al. 1974; Arthur and Straus 1978),
but in the genomes of other birds unique DNA content
is lower, approximating that in mammals (60-70%)
(Shields and Straus 1975; Epplen et al. 1978). In the
chicken, 7-8% of the genome consist of fast-reassociating
foldback sequences, and 11% — of sequences repeating
about ten times per genome (Shields and Straus 1978);
probably, these fractions were revealed on centrifuation
in CsCl in the form of the satellite DNA. It is interesting
that many of the repetitive sequences of the chicken
genome are conserved as they were found in the genome
of such a distant species as the ostrich, although their
amount is considerably lower (Eden et al. 1978). On
the whole, in chicken DNA unique sequences are inter-
spersed with long repetitive sequences and the genome
organization is closer to that of Drosophila and some
other insects than to the Xenopus-type genome organi-
zation of most vertebrates (Shieids and Straus 1978;
Epplen et al. 1978; Ginatuiin et al. 1979).

The specificity of bird evolution has also been noted
at the structural gene ievel: the rate of evolution of some
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proteins studied is, probably, 2-4 times lower than in
other vertebrates (Prager et al. 1974). Besides, in birds
no correlation between genome and cell size has been
detected: large cells have been found in bird species of
large size (Szarski 1976).

The data cited makes it possible to conclude that as
regards genome size and structure, as well as chromo-
some structure, reptiles, birds and mammals are quite
close to each other.

The above presented properties common to fish and
amphibian genomes (viz. a great range of variety in nu-
clear DNA content and polyploidization and the simila-
rity between chromosome banding patterns) seem to
provide a good argument for grouping them together, as
distinct from more developed vertebrates — amniotes.
Amniotes, in their turn, are quite similar to each other
as regards DNA and chromosomal characteristics. An
additional argument for distinguishing fishes and ampbhi-
bians from amniotes with respect to DNA organization
(and, possibly, packing) is the difference in properties
between testis-specific histones.

If we accept that amphibian chromosomes have a
distinctive structure (in particular, high spiralization)
similar to that of fish chromosomes, then we may as-
sume that in some amphibians, which were the ancestors
of reptiles, radical changes in the chromatin packing
occurred, following changes in the organization of repe-
titive DNA sequences and a decrease in total DNA cont-
ent. Such changes are probably characteristic only of
amniotes, and they occured only in the phylogenetic
row of vertebrates. In plants and many insects, on the
other hand, as well as in amphibians and fishes, G-bands
have not been obtained so far, although C-banding pat-
terns in them may be rather complex (Greilhuber 1977),
which point to different chromatin packing, as com-
pared with that in amnioteis. Further investigations of
details of DNA structure and chromatin organization
will give insight into the mechanism of those changes.
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Note added in proof. After the review has been com-
pleted new data on the problems discussed above ap-
peared in the literature. The following facts are most
important: C-bands on the chromosomes of one of the
most primitive anurans, Ascaphus truei, 2n = 46, were
obtained (Green et al. 1980). After the Ba(OH),-pre-
treatment of chromosomes, the centromers of all chro-
mosomes and the telomers of many of them were
stained. Besides, interstitial bands on homologous
of three pairs (one band per arm) were seen. The C-
and Ag-AS-banding of Odontophrynus chromosomes
was made more precisely (Ruiz et al. 1981). In O.
americanus, 2n = 22 and 4n = 44, the C-bands appeared
in the same positions in the regions of the secondary
constrictions in the 4th and 11th chromosomes, Ag-AS-
bands in the same positions of the 4th chromosomes
(O. americanus, 2n = 22) or of the 11th chromosomes
(O. americanus, 4n = 44). In O. cultripes, 2n = 22, C-
bands appeared at the secondary constrictions of the
homologues of the 11th pair and in O. carvalhoi, 2n =
22, at the secondary constriction in one arm of the 8th
chromosomes (in the latter species there are constric-
tions in both arms of the 8th chromosomes). Ag-AS-
bands coincided with these C-bands. In O. americanus,
2n and 4n, and in O. cultripes, intercalar C-bands were
also seen on the 2nd, 3rd and 6th chromosomes; centro-
mers and telomers of almost all chromosomes were
stained. A slight inter- and intrapopulation polymor-
phism in the number and position of C- and Ag-AS-
bands was found. A conclusion similar to ours concern-
ing the particular character of G-banding process in the
case of anuran chromosomes was made after experi-
ments on G-staining of Rana pipiens chromosomes:
almost all the conventional methods of G-banding
resulted in “uniformly spaced light and dark regions
of a beadlike character” (Manago et al. 1980). As for
the anuran DNA structure, it was shown that in clusters
of repetitive DNA of R. beriandieri one class of repeti-
tive sequences is interspersed with others (Graham
and Schanke 1980). It was found that the satellite DNA
of Triturus cristatus carnifex, which is localized in C-
band positive regions of mitotic and meiotic chromo-
somes of the first pair, is transcribed in iampbrush
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chromosomes during oogenesis (Varley et al. 1980).
A stage-specific transcription from both strands of
a satellite DNA interspersed with histone genes was
found in Notophthalmus viridescens lampbrush chro-
mosome loops (Dias et al. 1981). It remains unknown
if these data are indicative of the specificity of transcrip-
tion in lampbrush chromosomes or of a certain func-
tional role of these DNA sequences. Many new experi-
ments on the density gradient centrifugation of fish
(33 species belonging to 12 Teleostei and one Chon-
drichthyes orders were investigated) and mammalian
(mouse, human) DNAs in CsCl supported the conclu-
sion that the DNA sequence organization of cold- and
warm-blooded (or, according to our assumption, of
anamniotes and amniotes) is different (Hudson et al.
1980: Cuny et al. 1981). The first group is characterized

by DNAs exhibiting a low degree of compositional
heterogeneity whereas the DNAs of the second one are
highly heterogeneous; they contain dG-dC-rich compo-
nents which are either absent or very scarce in the DNA
of cold-blooded vertebrates. There are new examples
of very good and informative G- and C-banding patterns
on the reptilian and bird chromosomes in the literature
(in contrast to the amphibian and fish ones), which let
the authors make conclusions on chromosomal evolution
in serpents (Mengden and Stock 1980) and birds (Rytt-
man and Tegelstrom 1981).
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