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DNA reassociation was used to estimate GC content, size, and complexity of the nuclear genomes of
Colletotrichum from maize and sorghum. Melting-temperature analysis indicated that the GC content of the
maize pathotype DNA was 51% and that the GC content of the sorghum pathotype was 52%. DNA reassociation
kinetics employing S1 nuclease digestion and an appropriately modified second-order equation indicated that
the genome sizes of the maize and sorghum pathotypes were 4.8 3 107 bp and 5.0 3 107 bp, respectively.
Genomic reconstruction experiments based on Southern blot hybridization between a cloned single-copy gene,
PYR1 (orotate phosphoribosyl transferase), and maize-pathotype DNA confirmed the size of the nuclear
genome. The single-copy component of the genomes of both pathotypes was estimated at about 90%. For both
pathotypes, ca. 7% of the genome represented repetitive DNA, and 2 to 3% was foldback DNA.

The fungal genus Colletotrichum (teleomorph, Glomerella)
consists of numerous phytopathogenic species that cause dis-
eases in a wide range of dicotyledonous and monocotyledon-
ous hosts (19). Colletotrichum graminicola is a particularly com-
plex species consisting of isolates which can be distinguished
on the basis of host-species specificity. Most molecular-genetic
and biochemical studies of C. graminicola have focused on
differentiation of spores (11, 25), host responses to infection
(17), heterokaryosis (24) and the development of gene transfer
systems for transformation (10, 23), and sexual matings (21).
With the exception of recent work on electrophoretic karyo-
types (14), there has been little emphasis on genome structure,
size, and organization in this species.

To develop a better understanding of the genetic bases for
variability and speciation in Colletotrichum, a more detailed
characterization of the Colletotrichum genome is needed. Our
objective was to use melting-temperature analysis, reassocia-
tion kinetics, and genome reconstruction to characterize GC
content, size, and complexity of the genome of C. graminicola.

MATERIALS AND METHODS

Fungal strains, culture, and DNA isolation. C. graminicola maize isolate
M1.401 and sorghum isolate S16.001 were used in this study (13, 22). Cultures
were grown on Difco potato dextrose agar containing 100 mg of ampicillin per
liter under continuous light (50 microeinsteins/m2/s) at 25 to 30°C for 3 to 4
weeks. Conidia (108 to 109) from potato dextrose agar cultures were used as
inoculum for liquid suspension cultures prepared in modified Fries medium (14).
Suspension cultures were incubated at 30°C for 48 h, with shaking at 200 rpm.
DNA was isolated from suspension cultures as described by Panaccione et al.
(10). Nuclear and mitochondrial DNA (mtDNA) fractions were each enriched by
applying total DNA to two successive CsCl-bisbenzimide equilibrium density
gradients (2) and were subsequently stored at 4°C in buffer consisting of 10 mM
Tris-HCl–1 mM EDTA (pH 7.5 to 8.0). The purity of the nuclear DNA fraction
and the extent of mtDNA contamination was assessed by probing a Southern blot
with the nucleus-specific PYR1 gene cloned from C. graminicola (12), and the
mitochondrion-specific cytochrome oxidase gene (Cox1) from Neurospora crassa
(Fungal Genetics Stock Center, Kansas City, Kans.). The N. crassa strain used in
these studies was the standard wild-type A, 740R23-IV A, obtained from J.
Hamer, Purdue University. The Escherichia coli strain used in these studies was
DH5a.

Determination of melting temperature and GC content. DNA from E. coli and
nuclear DNA from Colletotrichum (each at 0.1 mg/ml) were sonicated to ca. 500
bp in 0.23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–1 mM
EDTA. The DNA was dispensed as 25-ml volumes into microfuge tubes and
covered with a drop of mineral oil. The samples were incubated at 50°C for 3 h
and individually heated to 1 of 25 different temperatures at 2°C intervals ranging
from 50 to 100°C. Each DNA sample was maintained for 5 min at the desired
temperature. Single-stranded DNA was digested by the addition of 50 U of S1
nuclease in 0.2 M NaCl–50 mM sodium acetate (pH 4.5)–1 mM ZnSO4 which
was prewarmed at 37°C for 30 min. The digestion was stopped by addition of 20
ml of stop buffer (1 M Tris [pH 9]–0.1 M EGTA). The remaining double-
stranded DNA was measured in a fluorometer by pipetting 50 ml of the reaction
mixture into 1 ml of buffer consisting of 10 mM Tris-Cl (pH 7.4)–1 mM EDTA–
0.1 M NaCl–0.1 mg of bisbenzimide per ml. Three samples were used at each
temperature point in five separate experiments for each class of DNA. The
melting temperature (Tm), defined as the temperature at which 50% of the DNA
was digested with S1 nuclease, was determined by linear regression in each of the
five experiments for each class of DNA, and the percent of single-stranded DNA
versus the respective temperatures was plotted. The GC content for each class of
DNA was determined according to the equation from Gillis et al. (3) as follows:
Tm 5 K 1 (16.6 3 log10 [Na1]) 1 0.41 (% GC). The value for K was determined
based on our measurement of Tm and the GC content (50%) for E. coli.

Kinetics of DNA reassociation. C0t analysis was performed essentially as de-
scribed by Mao and Tyler (7). DNA for C0t analysis was sheared by sonication to
ca. 500 bp and diluted to 0.5 mg/ml in 0.53 SSC–1 mM EDTA (condition 1) or
23 SSC–1 mM EDTA (condition 2). Aliquots of 25 ml in individual microfuge
tubes were covered with a drop of mineral oil and denatured by heating to 100°C.
The denatured samples were allowed to reassociate at 62°C for condition 1 and
72°C for condition 2. Under both conditions, reassociation continued to prede-
termined C0t values, at which time any remaining single-stranded DNA was
digested with S1 nuclease. The amount of double-stranded (reassociated) DNA
was determined by measuring the fluorescence in a fluorometer. Duplicate sam-
ples were prepared and assayed for each C0t value.

The reassociation kinetics of DNA assayed with S1 nuclease follow a modified
second-order equation, Css/C0 5 (1 1 KC0t)2n, in which Css is the concentration
of single-stranded DNA, C0 is the initial concentration of DNA, K is the second-
order rate constant, and the exponent n is the variable (16). The data obtained
from conditions 1 and 2 were fitted to this nonlinear function by least-squares
analysis from More et al. (8). This method is available as Minerr function in
Mathcad version 3.1 (1992) (Mathsoft, Inc., Cambridge, Mass.).

Both n and C0t1/2 values were estimated by least-squares procedure from the
individual data sets of conditions 1 and 2. The C0t1/2 value in conditions 1 and 2
for E. coli differed by a factor of 10 throughout (i.e., reassociation under condi-
tion 2 was 10 times faster than reassociation under condition 1). The reassocia-
tion data from the two conditions were then combined by multiplying condition
1 data by 10. The C0t1/2 values for n and K were determined from the combined
least-squares estimate and used to determine the size and repetitive DNA con-
tent of the genomes.

Genome size estimation by reconstruction. The genome size of Colletotrichum
from maize was examined by genomic reconstruction. PYR1, a cloned single-copy
gene (12), was used to probe increasing concentrations of genomic DNA and
PYR1 plasmid DNA in a slot blot hybridization experiment. Slot blot filters were
prepared in a 24-well manifold. A series of twofold serial dilutions of genomic
DNA of the C. graminicola pathotype from maize was prepared with l DNA as
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carrier, so that fungal and carrier DNA equaled 1 mg in 200 ml. The samples were
mixed with 20 ml of 1 M NaOH and incubated at 60°C for 60 min to denature the
DNA. An equal volume of 63 SSC was added to neutralize the DNA solution.
Nylon hybridization membrane was equilibrated in 63 SSC prior to transfer of
the DNA solution. Duplicate samples of each dilution of genomic DNA and
cloned PYR1 DNA were applied to the membrane. The filters were dried in a
vacuum at 80°C. Radiolabeled probes were prepared from the PYR1 plasmid by
nick translation. The blots were prehybridized in Denhardt’s solution and hy-
bridized with probe at 5 3 105 cpm/ml at 65°C for 18 to 24 h. After hybridization,
the filters were washed twice with 33 SSC for 10 min, followed by a wash at 0.13
SSC for 2 h at 65°C. Slot blots were then analyzed by autoradiography, and the
genome size was determined by comparing the relative hybridization strengths of
the single-copy PYR1 DNA and the genomic DNA.

RESULTS

Characterization of C. graminicola nuclear DNA fractions.
Southern hybridization with PYR1 (Fig. 1A) and COX1 (Fig.
1B) was used to evaluate the purity of the nuclear DNA frac-
tion. The results show that the nuclear DNA fraction con-
tained very little (less than 5%) contaminating mtDNA, indi-
cating that the DNA isolation procedure yielded nuclear DNA
of a purity that was suitable for studying reassociation kinetics.

Melting temperature and GC analysis. The thermal dena-
turation profiles of E. coli and the two strains of C. graminicola
are presented in Fig. 2. Our estimates of Tm were 81.8°C for E.

coli, 82.3°C for M1.401, and 82.6°C for S16.001. E. coli DNA
(GC content 5 50%) was used as a standard to calculate K 5
84.5 for our conditions, resulting in estimated GC contents of
51% for M1.401 and 52% for S16.001.

Reassociation kinetics. Figure 3 shows typical C0t curves
obtained from analysis of DNA from E. coli and the two C.
graminicola strains. As expected, reassociation kinetics of E.
coli showed a one-component genome, with no repetitive
DNA. In contrast, typical results from C0t analysis of each of
the C. graminicola strains showed two components (Table 1).
In each case, one component reassociated rapidly (repetitive

FIG. 1. Southern blots containing nuclear and mtDNA. (A and B) Lanes 1
and 2, N. crassa mtDNA; lanes 3 and 4, N. crassa nuclear DNA; lanes 5 and 6,
mitochondrial DNA of the Colletotrichum sorghum strain; lanes 7 and 8, nuclear
DNA of the Colletotrichum sorghum strain; lanes 9 and 10, mitochondrial DNA
of the Colletotrichum maize strain; lanes 11 and 12, nuclear DNA of the Colle-
totrichum maize strain. Blot A was probed with the PYR1 gene cloned from the
nuclear genome of the Colletotrichum maize strain. Blot B was probed with the
Cox1 gene cloned from the N. crassa mitochondrial genome.

FIG. 2. Melting curves for Colletotrichum and E. coli DNA. E, nuclear DNA
from the Colletotrichum maize strain; ƒ, nuclear DNA from the Colletotrichum
sorghum strain; 1, E. coli DNA.

FIG. 3. C0t curves for genomic DNA. E, nuclear DNA from the Colletotri-
chum maize strain; ƒ, nuclear DNA from the Colletotrichum sorghum strain; 1,
E. coli DNA.
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fraction), and the second reassociated more slowly (single-copy
fraction). Strain M1.401 contained 7% repetitive DNA and
91% single-copy DNA, and S16.001 contained ca. 8% repeti-
tive DNA and 89% single-copy DNA (Table 1). In both anal-
yses, 2 to 3% of the genome was foldback DNA.

Each C0t analysis yields a value for the reassociation rate
constant which can be used to calculate genome size. In addi-
tion to the data presented in Table 1, 14 independent analyses
were done for the genome of M1.401, bringing the total num-
ber of analyses to 15. From these data, we calculated values for
genome size ranging from 4.6 3 107 to 5.0 3 107 bp [mean 6
standard deviation, (4.8 3 107) 6 (0.1 3 107) bp] for M1.401.
For S16.001, we performed 11 independent analyses and cal-
culated genome sizes ranging from 4.7 3 107 to 5.3 3 107 bp
[(5.0 3 107) 6 (0.2 3 107) bp].

Genome reconstruction. The PYR1 gene probe (pJR70)
yielded hybridization signals of comparable strength from sam-
ples containing 2,400 ng of Colletotrichum genomic DNA and
samples containing 0.32 pg of pJR70 DNA. One picogram of
pJR70 DNA contains ca. 8 3 104 copies of the PYR1 gene.
Thus, 2,400 ng of genomic DNA corresponds to ca. 2.5 3 104

genome equivalents. This indicates that one genome is ca.
4.4 3 107 bp, very close to the estimate obtained by reassocia-
tion kinetics.

DISCUSSION

Our characterization of the nuclear DNA of C. graminicola
strains isolated from maize and sorghum is an important step
toward a better understanding of their genomes. These strains
are considered to be closely related, but there does not appear
to be any natural means of gene transfer between the groups
(21, 22, 24), and many of the genomic sequences cloned from
maize strains cross-hybridize weakly with genomic DNA from
sorghum strains (13). Thus, it is apparent that strains from
maize and sorghum are genetically isolated.

Our results from melting temperature analysis have shown
that the GC contents of C. graminicola nuclear DNA for the
maize and sorghum strains are 51 and 52%, respectively. These
estimates are not significantly different and fall within the
expected range of 34 to 63% reported for other fungi (18).

Analysis of the kinetics of DNA reassociation indicated that
the haploid genome size of strain M1.401 is ca. 4.8 3 107 bp
and that the haploid genome size of strain S16.001 is ca. 5.0 3
107 bp. We performed additional C0t analyses on one other
strain from maize (M3.001) and one from sorghum (S17.001)
and obtained comparable results. Our estimates are within the
size range of over 30 fungal genomes that have been charac-

terized by reassociation kinetics. Most fungal genome sizes
range from 2.4 3 107 bp to 8 3 107 bp (1, 4–6).

Estimates of genome size depend on which type of analysis
is used to interpret the reassociation kinetics data. Two-com-
ponent analysis seemed appropriate because the amount of
repetitive DNA in the genome was small (i.e., less than 10%).
However, it is important to use other methods to confirm the
C0t analysis results. Methods such as quantitative fluorescence
microscopy of 49,6-diamidino-2-phenylindole (DAPI)-stained
nuclei with Aspergillus nidulans nuclei as a standard (15), con-
tour-clamped homogeneous electric field electrophoresis stud-
ies (9), and genomic reconstruction are the most common. We
performed genomic reconstruction experiments, using a single-
copy gene, PYR1, cloned from a C. graminicola maize strain.
The estimated genome size of the C. graminicola maize strain
M1.401 was 4.4 3 107 bp and agreed (i.e., 90%) with the
estimate of 4.8 3 107 bp obtained for that strain by C0t analysis.

Analysis of the renaturation kinetics data provided informa-
tion about relative amounts of single-copy and repetitive DNA
in the C. graminicola genome. The single-copy and repetitive
components are in the range determined for other ascomyce-
tous filamentous fungi (5, 20).

C0t analysis and melting-temperature analysis showed that
genome size, GC content, and amount of repetitive DNA for
the two C. graminicola strains are nearly identical. Significant
differences between the genomes of these two strains cannot be
explained at this level of analysis. While additional strains of
maize and sorghum could be compared by C0t and melting-
temperature analyses, it seems clear that DNA-DNA hybrid-
ization and nucleotide sequencing are the tools of choice to
assess genome divergence in C. graminicola and to identify
regions of the genome responsible for phenotypic differences
such as host specificity and cross-fertility.
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