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ABSTRACT

STORCK, ROGER (The University of Texas, Austin). Nucleotide composition of
nucleic acids from fungi. II. Deoxyribonucleic acids. J. Bacteriol. 91:227-230.
1966.—The nucleotide composition of the deoxyribonucleic acids (DNA) present
in extracts of 30 species of fungi was determined. The results were analyzed, to-
gether with those in the literature. It was found that the content, in moles per cent
of guanine plus cytosine (GC content), varied from 38 to 639, in a distribution
composed of 9 species of zygomycetes, 14 of ascomycetes, and 9 each of deutero-
mycetes and basidiomycetes. The GC content ranges were: 38 to 489, for the
zygomycetes, 38 to 54%, for the ascomycetes, 47 to 629, for the deuteromycetes,
and 44 to 63% for the basidiomycetes. The GC content ranged from 38 to 409,
for four Mucor species. The base composition of fungal DNA appears, therefore,
to have a taxonomic and phylogenetic significance.

Knowledge of the nucleotide composition of
deoxyribonucleic acid (DNA) has proven to be
useful for the taxonomy of microorganisms. This
is specially well demonstrated in the case of bac-
teria where several hundreds of species have al-
ready been analyzed (9).

In the instance of fungi, little information is
available. The only exploratory work of some
scope was performed by Uryson and Belozersky
(16) and by Vanyushin, Belozersky, and
Bogdanova (17). These authors analyzed two
species of myxomycetes, two phycomycetes, four
ascomycetes, two deuteromycetes, and four ba-
sidiomycetes, and found that the compositional
diversity of DNA, when expressed in moles per
cent of guanine plus cytosine (GC content), ex-
tended from 34 to 579%,. DNA with less than 509,
GC was found almost exclusively in myxomycetes
and phycomycetes. The GC content was very
close to 509, for the ascomycetes and significantly
higher than 509, for the basidiomycetes. These
few results led the Russian workers to the con-
clusion that the knowledge of DNA base composi-
tion could be used in studies on the systematics
and phylogeny of the fungi.

The small number of analyses performed in
other laboratories have confirmed the results ob-
tained by Belozersky’s group. Indeed, Venner (18)
found 57 and 589, GC, respectively, for Polyporus
versicolor and Amanita strobiliformis (basidio-
mycetes), and Minagawa, Wagner, and Strauss

(11) discovered that the DNA of Neurospora
crassa contained 549, GC. In Saccharomyces
cerevisiae, however, DNA has a low GC content
(36% GC), as shown many years ago by
Zamenhof and Chargaff (19). More recently,
Rost and Venner (12) obtained 41 and 429, GC,
respectively, for Saccharomyces fragilis and
Schizosaccharomyces pombe. From these results,
it would appear that perhaps the GC content of
the DNA from the Hemiascomycetidae is sig-
nificantly lower than that of the DNA from the
Euascomycetidae.

In the present work, 23 additional species be-
longing to four classes of Eumycotina have been
analyzed. The results are in agreement with those
cited above, and they clearly establish that the
base composition of DNA has a systematic and
phylogenetic significance for this group of
eucaryotic microorganisms. In addition, fungal
species having a significant difference between
the base compositions of their homologous DNA
and total ribonucleic acids (RNA) were found
which may be useful for studies in morphogenesis.

MATERIALS AND METHODS

Organisms. Organisms were selected so that there
would be about equal numbers of representatives of
each group of fungi, including yeast as well as fila-
mentous forms, and also species already analyzed by
others. In each group, from two to four species be-
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longing to the same genus were used to determine the
degree of similarity of their DNA composition.

Growth and harvest. All organisms were grown and
harvested as described previously (15), but the pellets
and mycelial mats were washed twice with 0.15 M
NaCland 0.1 M ethylenediaminetetraacetate (EDTA),
pH 8.0. The cells were ground with washed, 50-mesh
sand in a chilled mortar.

Preparation of DNA. DNA was routinely prepared
according to Marmur (7). Sometimes, however, the
procedure devised by Cheng and Sueoka (4) for the
extraction of crab muscle DNA was employed when
the preparation was to be analyzed only by CsCl
density gradient equilibrium centrifugation. In some
cases, DNA precipitates could not be spooled around
a glass rod and had to be collected by centrifugation.
It was found that the molecular weight of fungal DNA
varied greatly from one organism to another and from
preparation to preparation, probably as a result of
poor reproducibility of the grinding process. Estimates
of molecular weights by sedimentation analyses (5),
however, consistently yielded values higher than 106.

After the last purification step, the DNA was dis-
solved in 0.15 M NaCl plus 0.015 M trisodium citrate
(SSC), pH 7.0. For melting experiments, the DNA
preparations were always dialyzed against 1,000
volumes of SSC for 24 hr at 4 C; undialyzed and
dialyzed preparations were stored in the frozen state.

Determination of GC content. The method of
Meselson, Stahl, and Vinograd (10) was used for the
determination of the buoyant density of the DNA sam-
ple, which was converted into GC content by employ-
ing the equation of Schildkraut, Marmur, and Doty
(13). The following buoyant density values (in grams,
per cubic centimeter) were used as references: 1.710
(Escherichia coli), 1.743 (SP 8 bacteriophage), 1.721
(Pseudomonas fluorescens), and 1.690 (Spirillum li-
num). The density of DNA solutions prior to cen-
trifugation was adjusted as described by Baldwin and
Shooter (1). Melting curves were obtained with a
Gilford model 2000 multiple sample absorbance
recorder. The temperature (7m) corresponding to the
midpoint of transition from double helix to random
coil was determined according to Marmur and Doty
(8), and their equation was used for the conversion
of T, values into GC content.

RESULTS

The results of our determinations, together
with those of other investigators, are shown in
Table 1. As can be seen, in most cases the GC con-
tent was determined from both buoyant-density
and melting-temperature measurements, and the
values were in good agreement. The greatest dis-
crepancy was equal to 59, GC in the case of
Zygorhynchus moelleri. Otherwise, the average
difference between the two types of values was
close to 1%. In several instances, the same orga-

* C = chemical determination.

t Numbers in parentheses following Mucor
species refer to Northern Regional Research
Laboratory (Peoria, Ill.).

STORCK

J. BACTERIOL.

TABLE 1. Guanine plus cytosine (GC) content of
DNA from fungi

GC content
(moles per cent)
. Refer-
Organism ence
Buoy-
ant Tm | C*
density

Zygomycetes
Absidia glauca . . .. .. .. .. ... 44 | 48
Lichtheimia sp. (Absidia). .. 39| 17
Mucor racemosus (1608)1...| 38
M. rouxianus (4855)........ 38 | 41
M. rouxianus (8097)........ 39
M. rouxii (1894)........... 39
M. subtilissimus (1743) . . ... 39 |39
M. subtilissimus (1909) . ....| 39 | 40
Phycomyces blakesleeanus

(=)o 43 | 4

39| 16
P. blakesleeanus (+)....... 39| 16
Zygorhynchus moelleri. . . ... 35 | 40
Syncephalastrum  racemo-

SUML. ... 48 | 47

Deuteromycetes
Aspergillus niger........ ... 52 | 52
Penicillium chrysogenum....| 52 | 52
P. notatum. ........... .. .. 53 51
Candida pulcherrima. . .. ... 46 | 48
Cryptococcus albidus . . .. . .. 55 |55
Rhodotorula mucilaginosa...| 61 | 63
Torulopsis stellata . . .. ... .. 50 |48
Trichothecium roseum . . . . .. 50| 17
Botrytis cinerea............ 50| 17

Ascomycetes
Dipodascus uninucleatus. ...| 43
Endomyces reesii........... 39 | 41
Debaryomyces kloeckeri....| 40 | 40
Pichia membranefaciens....| 46 | 44
Saccharomyces cerevisiae...| 40 | 41

36 | 19
39 13
38 12
S. fragilis.................. 42 | 42
Schizosaccharomyces octo-

SPOTUS . ..o, 40 | 42
S.pombe.................. 42 12
Neurospora crassa. . ... ..... 52 | 55

54 13
54 11
Gelasinospora calospora....| 55 | 53
Claviceps purpurea. ... .. ... 53 17
Sporormia sp.............. 51 51
Helvella esculenta. . . .. ... .. 50| 17
Sclerotinia libertiana. . .. ... 46 | 16

Basidiomycetes
Sporobolomyces roseus. ....| 50 | 50
S. salmonicolor. ... .. ... ... 63 | 63
Schizophyllum commune . ...| 58 | 58

57| 17
Polyporus versicolor. . ... ... 57| 18
Amanita strobiliformis. . .. .. 58| 18
A. muscaria........... .. ... 57| 17
Agaricus bisporus. ... .. .. ... 4 | 16
Psalliota campestris. . .. ... 44 3
Bovista sp................. 51 17
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TABLE 2. Distribution of GC content of
DNA among fungi*

No. of
Taxonomic group species Range Avg
analyzed
All classes......... 41 38-63 (25) | 48.3
Zygomycetes. . ....... 9 38-48 (10) | 40.9
Ascomycetes......... 14 38-54 (16) | 45.3
Basidiomycetes. ... . .. 9 44-63 (19) | 54.6
Deuteromycetes. . . . .. 9 47-62 (15) | 52.2
Mucor............... 4 38-40 (2) 39.1
Hemiascomycetidae...| 8 39-45 (6) 40.9
Euascomycetidae. . ... 6 46-54 (8) 49.7

* The range and average values are expressed
in moles per cent GC.

nism was analyzed in two or more different labo-
ratories by various methods. Again, an inspection
of Table 1 (especially the case of Saccharomyces
cerevisiae and Neurospora crassa) indicates a
good agreement between these independent val-
ues. By both methods used in the present work, it
was found that the GC content for a given DNA
sample did not vary by more than 29, from one
determination to another. In most instances, the
distribution of the DNA molecules was unimodal
at equilibrium in the CsCl gradients. However, in
several instances, a satellite banding was found
at a position corresponding to an average of
1.675 4+ 0.002 g/cm™3. It was demonstrated with
Mucor subtilissimus that this material corre-
sponded to a nucleic acid—polysaccharide com-
plex which could be dissociated only by gel filtra-
tion and methylated albumin kieselguhr chroma-
tography (Moyer and Storck, in preparation). It
was also shown, however, that the presence of
this satellite did not interfere with the position of
the main DNA in the CsCl gradients at equilib-
rium, or with the T, determinations.

For each organism listed in Table 1, the two or
more values indicated were averaged and grouped
in Table 2 according to taxonomic position. In the
case of Mucor species, six strains belonging to
four species were analyzed (Table 1). In total, 41
different species of fungi are included in this
survey.

DiscussioN

The GC content of fungal DNA ranges from
38 to 639,. This range is larger than it is for each
class. The compositional diversity also decreases
from classes and subclasses to genera and species.
For example, in the Mucorales, the overall range
of 89, (46 to 389%,) decreases to 29, for the four
Mucor species analyzed. However, with Sporo-
bolomyces, a difference of 139, GC is found be-
tween two species. The 63 and 629, GC contents
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of DNA, respectively, from Sporobolomyces
salmonicolor and Rhodotorula mucilaginosa are the
highest ever reported for fungi. It is interesting to
note that Lodder, Slooff, and Kreger-Van Rij
(6) suggested that Rhodotorula species might
originate from Sporobolomyces species having
lost the ability to produce ballistospores. This
case constitutes a good example of the possible
use of the GC content of DNA to solve taxonomic
problems, but more species need to be analyzed,
especially since the DNA of Sporobolomyces ros-
eus contains only 509, GC.

As shown in Table 2, the distributions of GC
content for the taxonomic groups overlap, often
by a single value, and, therefore, more are re-
quired to determine with confidence the range
characteristic for each of these groups. In the
meantime, however, it is possible to note the
dominant features emerging from the present sur-
vey. On the average, the lowest GC contents are
found in the zygomycetes and the highest ones in
the basidiomycetes. Among the ascomycetes, GC
contents lower than 509, are found (with the ex-
ception of Sclerotinia libertiana) exclusively for
Hemiascomycetidae, for which the range in GC
content is similar to that for the zygomycetes. In
contradistinction, the GC content for the Euasco-
mycetidae ranges from 46 to 549, and, if S.
libertiana is excluded, the range now extends from
50 to 549,. This situation suggests not only a
sharp division of the ascomycetes, but also a
possible link between zygomycetes and ascomy-
cetes. It is interesting in this respect to note that
Dipodascus uninucleatus, which is considered by
many mycologists to be an intermediate between
these two taxonomic groups, has 439, GC. The
ranges for the deuteromycetes and the basidio-
mycetes are almost the same. However, if Rhodo-
torula mucilaginosa is ignored, the range for the
deuteromycetes extends only from 47 to 55%, and
is similar to that for the Euascomycetidae, to
which most of the deuteromycetes are thought to
be related. In conclusion, it appears that a thor-
ough and critical analysis of the base composi-
tion of DNA will have a taxonomic and phylo-
genetic value for the fungi.

Belozersky and Spirin (2) found a weak posi-
tive linear correlation between the GC contents
of homologous RNA and DNA, which was due,
as shown by Spiegelman (14), to informational or
messenger RNA present in small amounts in total
RNA. It therefore became of interest to determine
whether such a correlation also existed in fungi,
especially since some of the phylogenetic and sys-
tematic relationships indicated here were already
suggested by the analysis of the base composition
of fungal RNA (15). Our calculations reveal that
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such an overall correlation does not exist. How-
ever, for the 20 values of DNA with GC content
below 509, we found a positive linear correla-
tion coefficient with a probability due to chance
between 0.005 and 0.001. For the 15 values of
GC higher than 509, a negative linear correla-
tion coefficient was found with a probability be-
tween 0.02 and 0.01.
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