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Abstract 

Base compositions and differential melting rate profiles o f genomic DNAs from twenty species of  North Ameri- 
can cyprinid fishes were generated via thermal denaturation. Base pair composition expressed as 070 GC values 
ranged among the twenty species from 36.1-41.3070. This range is considerably broader than that observed 
at comparable taxonomic levels in other vertebrate groups. Both the range and average difference in base pair 
composition between species in the diverse and rapidly evolving genus Notropis were considerably greater than 
those between species in other North American cyprinid genera. This may indicate that genomic changes at 
the level of base pair composition are frequent and possibly important events in cyprinid evolution. Composi- 
tional heterogeneity and asymmetry values among the twenty species were uniform and low, respectively, sug- 
gesting that most of  the species lacked DNA components in their genomes which differed substantially from 
their main-band DNAs in base pair composition. The melting rate profiles revealed a prominent and distinct 
heavy or GC-rich DNA component in the genomes of  three species belonging to the subgenus Cyprinella of  
Notropis. These and other data suggest that the heavy melting component may reflect a large, comparatively 
GC-rich family of  highly repeated or satellite DNA sequences common to all three genomes. 

Introduction 

Thermal denaturation analysis of genomic DNAs 
has long been used to study genomic change, 
differentiate taxa, and identify species relationships 
among microorganisms (Schildkraut et al., 1962). 
The approach provides data on DNA base pair com- 
position and heterogeneity within genomes, and in 
higher organisms can often reveal discrete DNA 
melting components which indicate the presence of  
repeated families of  DNA sequences (Pivec et al., 
1974; Guttman et al., 1977; Mayfield, 1977). Com- 
parative DNA thermal denaturation studies in 
higher organisms, however, are relatively rare. There 
is evidence which indicates that DNA base composi- 
tions and melting rate profiles often reveal specific 
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details of  differing DNA sequences within eukary- 
otes, and that such data are, in some cases, systemati- 
cally or taxonomically informative (Arrighi et al., 
1970; Huguet & Jouanin, 1972; Pivec et al., 1974; 
Mayfield, 1977; Guttman et al., 1977; Wada et al., 
1980; Olmo, 1981). A few of these studies have shown 
that DNA base compositions or melting rate profiles 
can differ substantially between closely related spe- 
cies (Guttman et al., 1977; Olmo, 1981). 

In this report, we present the data from thermal 
denaturation of  genomic DNAs from twenty species 
of  North American cyprinid fishes. Twelve of  the 
species examined were from the diverse cyprinid ge- 
nus Notropis which contains more than 100 living 
representatives. The remaining eight species exam- 
ined were from different genera among the 3 5 - 4 0  
cyprinid genera extant in North America. The ex- 
periments were carried out primarily to examine the 
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distribution of DNA base compositions and melting 
rate profiles among these fishes as part of a long 
term study on genome evolution and systematics in 
the North American Cyprinidae (Gold et al., 1978; 
Gold, 1980; Gold & Price, 1985). Of principle in- 
terest was the question of whether changes in whole 
genome composition might be associated with the 
rapid evolutionary divergence which characterizes 
these fishes. 

Material and methods 

Fishes were collected from natural populations in 
the southern United States. Specimens were trans- 
ported live to College Station, Texas, or were frozen 
im'inediately in liquid nitrogen. Genomic DNA was 
isolated following the differential centrifugation 
protocol of Zimmer et aL (1981). Whole adult speci- 
mens (usually two to three per assay) were 
homogenized in 10 mM Tris-HCl, 5 mM EDTA, and 
2 mM MgCl 2 (pH 7.2) on a Sorvall Omnimixer and 
a Brinkman Polytron. The nuclei were isolated by 
low speed centrifugation (400 × g) and were lysed in 
20 mM Tris-HCl, 5 mM EDTA, and 10% Sarcosyl. 
Cesium chloride (1.1 g/ml) and ethidium bromide 
(50 #g/ml) were added to the lysate, and the DNA 
separated from other cellular constituents by 
preparative ultracentrifugation for 48 hours at 
135000 x g. The DNA was withdrawn by side- 
puncture with a 20 gauge hypodermic needle and the 
ethidium bromide extracted via several washes with 
CsCl saturated isopropanol. The DNA was further 
purified by a series of ethanol/salt precipitations. 
Purity and concentration of the DNA samples were 
determined spectrophotometrically via readings at 
260, 280, and 320 nm wavelengths. 

Base composition data and differential melting 
rate profiles were generated via thermal denatura- 
tion of  the DNAs (Mandel & Marmur, 1968). Isolat- 
ed DNAs (approximately 60 -  80 #g per assay) were 
dissolved and exhaustively dialyzed in 0.1 x SSC 
(standard saline citrate) and then melted and moni- 
tored on a Gilford Model 2600 spectrophotometer 
with attached thermal programmer. The tempera- 
ture was increased linearly at the rate of one degree 
C per minute and thermal denaturation readings 

were taken at 0.2 degree increments. Three replicates 
per species with Escherichia coli DNA (Type VIII, 
Sigma) as an external standard were generated. Data 
were transferred to a separate microprocessor and 
corrected for volume expansion prior to calculations 
of base composition values and plotting of melting 
rate profiles. 

Results 

Base compositions of the twenty North American 
cyprinid species examined are shown in Table 1 in the 
form of % GC (guanine-cytosine base pair) values, 
compositional heterogeneity values, and asymmetry 
values. Compositional heterogeneity values reflect 
the degree to which the GC and AT base pairs are 
interspersed within the genome and essentially de- 
fine the transition width of the melting curve (Man- 
del & Marmur, 1968). Asymmetry values reflect the 
skewness of the melting curve and show the differ- 
ence between the mean and modal values in o7o GC. 
Comparative data on compositional heterogeneity 
and asymmetry are available for some bacteria and 
protozoa (Gebers et al., 1985; Schildkraut et al., 
1962), but few corresponding values are available for 
vertebrates. 

The °70 GC values among the twenty species 
ranged from 36.1 to 41.3°70. This range is considera- 
bly broader than that observed at comparable taxo- 
nomic levels in other vertebrate groups (Sueoka, 
1961; Arrighi et al., 1970; Hudson et al., 1980; Olmo, 
1981). Compositional heterogeneity values were rela- 
tively uniform, suggesting that most of the genomes 
lack DNA components which differ substantially in 
base pair composition from main-band DNA. The 
low asymmetry values (Table 1) also appeared to in- 
dicate the absence of DNA components differing 
substantially in base pair composition, although the 
generally positive asymmetry values did suggest a 
greater degree of base pair heterogeneity within the 
GC-rich fractions in most species. The slightly 
higher asymmetry values of the non-Notropis spe- 
cies may indicate that these species are less 
homogeneous in base composition than the Notro- 
pis species. Asymmetry values for the three species 
in the subgenus Cyprinella (Notropis) were not cal- 
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Table 1. Base compositions of  genomic DNAs from twenty North American cyprinid species. % GC and CH (composkional heter- 

ogeneity) values were calculated according to Mandel & Marmur (1968). Asymmetry values represented the difference between mean 

and modal % GC values (Hudson et al., 1980). Taxonomic placements of Notropis species follow Lee et al., (1980). 

Taxon Mean .07,0 GC ± SE CH _+ SE Asymmetry 

Genus Notropis 

Subgenus Notropis 
N. amabilis 36.1 _+ 0.1 14.6 = 0.4 2.4 

N. shumardi 37.1 _+0.1 11.9=0.5 0.5 

Subgenus AIburnops 
N. girard± 37.7 + 0.1 11.8 ± 0.5 2.5 

N. texanus 38.2_+0.1 13.4_+0.3 2.1 

N. sabinae 38.5 + 0.1 12.8 +_ 0.4 2.4 

N: stramineus 38.5 _+ 0.1 11.2 ± 0.6 2.4 

Subgenus Lythrurus 

N. bellus 37,.5+_0.1 15.2_+0.8 1.7 

N. roseipinnis 39.0 + O. 1 13.0 + 0.4 1.7 

N. ardens 39.3 +_ 0.1 11.8 +_ 0.3 2.9 

Subgenus Cyprinetla 
N. venustus 40.0 +_ 0.1 12.1 _+ 0.1 - 

N. httrensis 41. I +_ 0.2 14.3 _+ 0.3 - 

N. lepidus 41.3 _+ 0.3 11.9 +- 0.6 - 
Other genera 

Pimephales rig±lax 37.1 = 0.2 14.3 + 0.4 - 0.5 

Hybognathus p[a¢itus 37.4 _+ 0.2 12.1 +_ 0.6 2.3 

Hybopsis aestivalis 37.9 = 0.1 12.9 _+ 0.2 4.0 

Phenacobius mirabilis 38.2 = 0.1 12.1 _+ 0.7 3.9 

Phoxinus erythrogaster 38.2 _+ 0.1 12.0 +_ 0.4 3.0 

Campostoma anomalum 38.3 ± 0.1 14.4 _+ 0.4 3.0 

Rkinichthys atratulus 38.3 _+ 0.1 15.1 = 0.5 2.6 

Dionda episcopa 38.7 + 0.1 11.4 = 0.1 3.7 

culated since the DNA melting rate profiles of all 
three were distinctly bimodal and asymmetry values 
are valid only for unimodal distributions (Hudson 
et al., 1980). 

Of particular interest was the over three-fold 
greater range in % GC values found among the 
Notropis species as compared to that among the 

species of the other eight cyprinid genera (Table 1). 
To examine this further, we calculated the average 
percent difference in % GC values between any two 
Notropis species and any two non-Notropis species 
by summing the percent differences in all pair-wise 
comparisons of species and dividing by the number 
of pair-wise comparisons made. The results (Ta- 

Table 2. Ranges and average % differences between species pairs of % GC values for all Notropis and non-Notropis species examined. 

Average ~0 difference is the mean °;"o difference between any' two species based upon all possible pair-wise comparisons. 

Comparison Range Average % Number of 

(in % GC) difference pair-wise 

between spccics comparisons 

(± SE) 

Among Notropis species 36.1 - 41.3 (5.2) 1.83 _+ 0.15 66 

Among non-Notropis species 37.1 - 38.7 (1.6) 0.60± 0.08 28 
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ble 2) indicated that on the average any two Notropis 
species will differ considerably more ( >  threefold) 
in % GC value than any two species drawn at ran- 
dom from different North American cyprinid 
genera. 

Melting rate profiles of  genomic DNAs from the 
twenty species are shown in Figures 1 and 2. As ex- 

pected based on the calculated asymmetry values 
(Table 1), almost all of  the profiles were asymmetri- 
cal. However, most showed little evidence of  discrete 
DNA melting components (i.e., broad shoulders or 
discrete peaks), again suggesting the absence of  
major DNA components with base compositions 
differing significantly from main-band DNA. A 
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Fig. 1. Differential melting rate profiles. Abscissa: denaturation 
temperature; ordinate: increase in absorbance for each step in- 
crease (0.2°C) in temperature. The species shown are: A, 
Pimephates vigitax; B, Hybognathus ptacitus; C, Hybopsis aes- 
tivalis; D, Phenacobius mirabilis; E, Phoxinus erythrogaster, ~; 
Campostoma anomalum; G, Rhinichthys atratult~% H, Dionda 
episcopa; 1, Notropis amabilis; J, IV. shurnardi. 
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Fig. 2. Differential melting rate profiles. Abscissa: denaturation 
temperature; ordinate: increase in absorbance for each step in- 
crease (0.2 °C) in temperature. The species shown are: A, Notropis 
texanus; 13, N. girardi; C, N. sabinae;, D, N. stramineus; E, N. bel- 
lug,, F, N. roseipinni~,, G, IV. ardens; H, N. ~renustu~,, I, IV. lutrensis; 
J, N. lepidus.  



Table 3. Guanine-cytosine content values of mainband DNA 
and the heavy DNA component of the thrce Cyprinella (Notro- 
pis) species. % GC values were calculated according to Mandel 
&. Marmur (1968). 

Taxon % GC + SE 

Ivlainband Heavy DNA 
DNA Component 

N. venustus 38.1 _+ 0.6 47.6 + 0.5 
N. futrensis 39.0 _+ 0.4 47.9 + 0.4 
N. lepidus 39.5 + 0.0 48.7 _+ 0.5 

prominent and distinct heavy or GC-rich DNA com- 
ponent was found in the genomes of  the three species 

from the subgenus cyprinella (Notropis) 
(Fig. 2 h - j ) .  The % GC values of  the heavy DNA 
component  in all three species were nearly identical 
and differed considerably from the °7o GC values of  
the main-band DNAs in each of  the three species 
(Table 3). 

D i s c u s s i o n  

The initial purpose of  these experiments was to con- 
tinue our search for genetic or genomic changes 
whose evolutionary rate or degree corresponds to the 
relatively rapid rate o f speciation exhibited by North 
American cyprinid fishes. Briefly, the cyprinids en- 
demic to North America comprise a diverse, essen- 
tially monophyletic assemblage of  more than 200 ex- 
tant species currently placed in some 3 5 - 4 0  genera 
(Miller, 1959; Lee et al., 1980). All but one endemic 
species are placed in a single subfamily which is 
thought to have originated from one or a few ances- 
tors that migrated to North America from Eurasia 
not prior to the Miocene (Hubbs, 1955; Miller, 1959). 
The majority of  cyprinid fossils found in North 
America, however, are from Pliocene or Pleistocene 

deposits (Miller, 1965; Smith, 1981), suggesting that 
much of the group may be of  relatively recent origin. 
Gold et al. (1978) estimated the rate of  speciation 
within living North American cyprinid genera to be 
approximately 0.7 new species per lineage (genus) 
per million years. This rate is considerably higher 
than speciation rates estimated for many lower ver- 
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tebrate taxa (Bush et al., 1977). The apparent trend 
in North American Cyprinidae towards evolving a 
multitude of small, morphologically similar forms 
over short periods of  time is best exemplified by the 
large genus Notropis  which contains well over 100 

living species (Miller, 1959, 1965). 
Thus tar, most of  the evolutionary genetics work 

on North American cyprinids has focused either on 
structural gene (allozyme) divergence within and be- 
tween species or on the variation between species in 

gross chromosomal karyot:yqaes (Avise et al., 1975; 
Arise, 1977; Gold et al., 1978; Gold, 1980). In sum, 
these studies have demonstrated that despite the 
relatively rapid speciation and morphological  evolu- 
tion exhibited by North American cyprinids, struc- 
tural gene and gross chromosomal  evolution appear, 

if anything, to be decelerated (Avise, 1977; Gold, 
1980). This is particularly well emphasized in the ge- 

nus Nolropis.  
The salient finding of  this survey was the broad 

range in °7o GC values among the twelve species of  
the genus Notropis where the extremes (36.1070 in N. 
amabilis vs. 41.3070 in N. lepidus) represent a differ- 
ence of 14°70. Large-scale surveys of  base composi-  
tions of  vertebrates are not extensive, but to date, the 

range in °7o GC values among the Notropis  species 
appears to have no vertebrate analogue at a com- 
parable taxonomic level, and in fact  is comparable 

to or exceeds the range found in some vertebrate ord- 
ers (Arrighi et al., 1970; Hudson et al., 1980; Olmo, 
1981). This would appear to suggest Erst, that rather 
extensive genomic change has occurred during the 
evolution of North American Cyprinidae; and sec- 
ondb ,  that the most dramatic changes have taken 
place within the genus Notropis.  The latter is exem- 
plified by the over three-fold difference in °70 GC val- 
ue observed between the average Ncrtropis species 
and the average species sampled independently from 
other North American cyprinid genera. 

Relatively uniform DNA composit ional heter- 
ogeneity and asymmetry values were found for all 
but three of  the twenty cyprinid species examined. 
This indicates that the dispersion of  DNA sequences 
in cyprinid genomes is generally homogeneous and 
that major  DNA components  differing substantially 
in base pair composit ion from main-band DNA are 
either absent, or present in low frequency. The 
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predominantly positive asymmetry values suggest 
either a greater degree of  heterogeneity among GC- 
rich fractions in most genomes or the presence of 
minor DNA components comparatively rich in GC 
base pairs. The generalized absence of distinct heavy 
or GC-rich DNA components in cyprinid DNAs ap- 
pears to typify cold-blooded vertebrate genomes as 
opposed to warm-blooded ones (Hudson et al., 
1980), although reptiles may prove to be a notable 
exception (Olmo, 1981). 

The discrete, heavy DNA component found in the 
genomes of  the three Notropis species belonging to 
the subgenus Cyprinella had nearly the same 070 GC 
value in all three species and differed considerably 
from the 070 GC values of  the respective main-band 
DNAs. The displacement from the main-band DNA 
and the identity of  070 GC values suggest that the 
heavy melting components reflect a large, compara- 
tively GC-rich family of  highly repeated or satellite 
DNA sequences common in the genomes of  all three 
species. The presence of satellite DNAs in IV. lutren- 
sis and N. venustus had been inferred previously 
based on the large amounts of  C-band positive 
material on the chromosomes of  both species (Gold 
et aL, 1986). More recently, we have obtained direct 
evidence of  a discrete family of  satellite DNA se- 
quences in the N. lutrensis genome which conforms 
to expectations based on the N. lutrensis DNA melt- 
ing rate profile. This family, referred to as the MboI 
satellite, minimally comprises about 807o of  the N. 
lutrensis genome, is organized into tandem arrays of  
a 174 base pair repeat unit, and contains approxi- 
mately 47070 GC base pairs:as estimated by nucleo- 
tide sequencing of  one of  the repeat units (Moyer, 
1986). Experiments are now underway to determine 
if the MboI satellite is the heavy melting component 
in all three genomes. One other point to note is that 
the heavy DNA component found in these three spe- 
cies may also provide a systematically useful charac- 
ter. Thus far, the presence of  the heavy DNA compo- 
nent in detectable frequency is unique to the three 
Cyprinella species, and on the basis of  the commo- 
nality principle (Watrous & Wheeler, 1981) may rep- 
resent a synapomorphic character state (sensu Hen- 
nig, 1966). If true, this would unite these three 
Cyprinella species into a derived, monophyletic spe- 
cies group or clade within the genus Notropis, and 
perhaps within the subgenus Cyprinella. 

The finding of  substantial differences in % GC 
values among the twelve Notropis species examined 
is strong suggestive evidence that genomic changes 
at the level of DNA base pair composition are fre- 
quent, possibly important events in cyprinid evolu- 
tion. Gold (1980) estimated that the net speciation 
rate in Notropis was nearly twice that of  other con- 
sub familial genera. This means that if base composi- 
tional change is associated with speciation events, 
the mean difference in base composition among 
Notropis species should be considerably greater than 
the mean difference among species in other cyprinid 
genera. The theoretical basis for this expectation is 
outlined in Avise & Ayala (1975) and Avise (1977). 
Exactly how changes in base composition might 
precipitate a speciation episode or a morphological 
alteration is unknown and would be difficult to de- 
tect. Moreover, since the evidence is correlative, it 
would be impossible at present to determine whether 
the relationship observed between the degree of  base 
pair change and rapid evolution is one of  cause and 
effect or simply one of association. What is clear is 
that separate levels of genome organization in North 
American cyprinids (i.e., protein coding genes, chro- 
mosomes, and DNA base composition) appear to be 
following different evolutionary paths. A more ex- 
tensive survey of  base pair compositions and melting 
rate profiles among North American Cyprinidae is 
now in progress to determine whether these observa- 
tions hold over a broader sampling range. 
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