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Abstract : Changes in pathogenicity of old and successively-cultured isolates of Fusarium oxysporum f. sp.
niveum have been observed and the concept that such cultures will become attenuated is generally accepted.
However, the genetic basis for this phenomenon has not been studied. In an effort to identify a DNA marker
closely linked to variations, DNA methylation was investigated both before and after the successive transfers
of F. o. {. sp. niveum isolates on artificial media. A sector of mycelium in F. o. f. sp. niveum race 2 isolate (TX-
XID) which showed variation in pigmentation and colonial morphology occurred after 18 successive weekly
transfers on potato dextrose agar (PDA). The sector characteristics were stable and did not change after
more successive transfers. It was shown that DNA methylation preexists in ribosomal RNA gene (rDNA) of F.
o. f. sp. niveum and that additional changes in DNA methylation occurred during successive culturing.

Key words : DNA methylation, Fusarium wilt, isoschizomer, fDNA

Although there is a close relationship in Fusarium
oxysporum f. sp. niveum between vegetative compatibil-
ity groups (VCG) and pathological races (Larkin et al.,
1990), the genes that control VCG {vic gene) are as com-
plex as those controlling pathogenicity (Puhalla, 1984).
However, no vic gene or any other simply-inherited close-
ly-linked marker to a gene affecting pathogenicity has
been found in F. oxysporum. Variations in pathogeni-
city of old and successively-cultured isolates of Fusar-
ium oxysporum f. sp. niveum have been observed (R. D.
Martyn, personal communication). However, the genetic
basis for this phenomenon has not been studied. In an
effort to identify a DNA marker closely linked to patho-
genicity, DNA methylation was investigated both before
and after the successive transfers of F. o. f. sp. niveum
isolates on artificial media.

DNA methylation is involved in restriction-modifica-
tion systems, in strand discrimination during mismatch re-
pair. in the regulation of gene expression, and in the dif-
ferentiation of specialized tissue (Magill and Magill, 1989;
Razin and Cedar, 1991). Only four major bases (G, A,
T. C) are incorporated during DNA replication and meth-
ylated or other modified bases are formed enzymatically
on the DNA after replication. The known methylase uses
S-adenosylmethionine (SAM) as a methyl group donor
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and has specific sites for modification. In those fungi
and higher eukaryotes that have been tested, only 5-
methylcytosine (5 mC) has been found in the DNA
(Magill and Magill, 1989). Several studies have shown
that 5 mC is mostly located in the CG dinucleotide
{Antequera et dal., 1984; Wang et al., 1996) and that
most CG dinucleotides are in CCGG and CGCG se-
guences (Whittaker and Hardman, 1980; Zolan and
Pukkila, 1985). Specht et al. (1984) have shown that
methylated CCGG sequences are not randomly dis-
persed throughout the genome but often occur in re-
peated sequences such as the rRNA genes (tfDNA) of
Schizophyllum commune. Similar results were obtained
in Neurospora crassa (Russell et al., 1985). However,
no complete methylation of all methylatable sequences
has been found in eukaryotic DNA. In order to detect
DNA methylation, several methods have been empoly-
ed including paper chromatography (Evans and Evans,
1970), high pressure liquid chromatography (HPLC)
(Russell et al., 1985), bisulfite treatment followed by
sequencing (Frommer et al, 1992) and restriction en-
zyme analysis (McClelland, 1981). Restriction enzyme a-
nalysis of DNA methylation is now the most commonly
used procedure and requires isoschizomers which differ
in cleavage only by methylation of a base within the
cleavage site. Therefore, methylated DNA will show dif-
ferences in the isoschizomer-digested patterns which
would generally require an appropriate probe to be de-
tected.
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Many changes in the physiological state of a fungus
are known to be associated with the mitochondrial DNA
(mtDNA) genome or vice versa. These include the petite
mutation in yeast (Saccharomyces cerevisiae) (Dujon,
1981), the stopper mutation of N. crassa (Collins and
Lambowitz, 1981), and the ragged mutation of As-
pergillus amstelodami (Lazarus and Kuntzel, 1981). Like-
wise, the senescence phenomena in kalilo strains of N. in-
termedia (Bertrand et al., 1985) and Podospora an-
serina (Wright et al, 1982) are known to be caused by
the insertion of a nuclear plasmid into mtDNA and by
the excision of a DNA fragment from the mtDNA, re-
spectively.

In the present study, DNA methylation of F. o. f. sp.
niveum isolates was examined both before and after suc-
cessive transfers on artificial media using methylation-
sensitive isoschizomers with cloned YDNA and mtDNA
probes.

Materials and Methods

Fungal isolates

The two most aggressive race 2 isolates [TX-XID and
IS-59] of F. o. f. sp. niveum were chosen for analysis.
Cultures of each isolate were single-spored, amplified
and stored in sterile soil tubes at room temperature until
used. The first active cultures {TO) were obtained by
plating a small aliquot of soil culture on potato dextrose
agar (PDA, Difco, USA) and incubating at 25°C for 1
week. A small agar plug from the actively growing hy-
phal region was cut from the agar and transferred to
fresh PDA to make "the first transfer isolate (T;)". Like-
wise, successive transfers of each isolate to the fresh
PDA were made at weekly intervals for 28 weeks (T
isolate). Every fourth-transfer isolate (Tg, Ta, Ts Ti2 Tie
Tao, T?, and T isolates) was amplified in potato dex-
trose broth (PDB, Difco, USA), filtered through Mira-
cloth (Calbiochem, San Diego, USA), and the fungal my-
celial mat was frozen in liquid nitrogen and stored at -
70°C until used for DNA extraction. In addition, bioas-
say was carried out at every fourth transfer to deter-
mine if any changes in pathogenicity occurred.

Bioassay

Inoculation of plants was conducted using the root
dip method {Martyn and Bruton, 1989). Fungal isola-
tes were incubated under continuous light in 50 ml of
fusarium liquid culture (FLC) for 3-4 days on a rotary
shaker (110 rpm) at room temperature (Martyn and Bru-
ton, 1989). Contents of the flasks were filtered through
eight layers of sterile cheese cloth, and the suspension
which was predominantly microconidia was calibrated to
1 X 10° microconidia/ml for use as inoculum. The water-

melon cultivar, Calhoun Gray which is resistant to race
0 and 1 but susceptible to race 2, was used to deter-
mine any changes in the pathogenicity of the suc-
cessively-transferred isolates. Individual seedlings (10 to
14 days old) were dipped into the inoculum for 30
seconds and immediately transplanted into soil in 15-
cm diameter pots. There were six replicated pots (five
seedlings per pot) for each inoculum. Each trial in-
cluded five treatments: H,0 control, 1S-59 Tn, TX-XID
Tn, IS-59 To. and TX-XID T,.

Restriction enzyme analysis of DNA methylation

DNA was extracted from every fourth-transfer iso-
late according to the minipreparation method as de-
scribed previously (Kim et al., 1991). Two pairs of isos-
chizomers, Mbol/Sau3Al and Mspl/Hpall (Promega. Ma-
dison and BRL, Gaithersburg, USA) were selected for
the analysis. The recognition sequences of the enzymes
and sensitivity to the methylation are described below:
Mbol cleaves DNA sequences of GATC or GATmC where
mC indicates methylation of cytosine on the 5C in the
pyrimidine ring (5-methylcytosine). Sau3Al recognizes
the same base sequence, GATC, but does not cleave
the phosphoester bonds when the terminal C is meth-
ylated as in GATmC. Mspl and Hpadll cleave CCGG.
however, Mspl and Hpall do not cleave mCCGG and
CmCGG, respectively.

DNA (1.5 pg) was completely digested and the restrict-
ion fragments were separated by 1.2% agarose gel elec-
trophoresis using 1 XTBE buffer with a potential gra-
dient of less than 5 V/cm/h. Restriction fragments were
visualized by ethidium bromide staining followed by UV
transillumination {Maniatis et al., 1982) and Southern
blotted onto nylon hybridization membrane. The clone
pRW614a containing the transcribed sequence (all cod-
ing regions of the repeat unit) of rfDNA from Neuros-
pora crassa was kindly provided by Peter J. Russel,
Biology Dept., Reed College, Portland, Oregon and
used along with the F. o. f. sp. niveum mtDNA-poly-
probe, pFON2a-pFON8b, described previously (Kim et
al., 1991). Each clone was labeled with [0t-3%P] dATP
using the randomly primed DNA labeling procedure of
Feinberg and Vogelstein (Feinberg and Vogelstein, 1983).
Southern hybridization was conducted at 65°C accord-
ing to the supplier's manual.

Results

Pathogenicity tests

After the 18th transfer, a sector of mycelium occurr-
ed in the TX-XID isolate which showed distinctive char-
acteristics of variable pigmentation within the sectored
area and an irregularity in the colony margin (Fig. 1).
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The sectored mycelium was selected from the parental
TX-XID isolate and successively transferred on PDA
weekly. The transfer numbers of sectored isolates match-

Wild type (To) of TX-XID.

Fig. 1. Isolate of F. o. f. sp. niveum (TX-XID) after the 28 th
transfer on PDA. Sectoring, as induced by different types of
pigmentation within a single colony and an irregular margin of
the colony are depicted.

Table 1. Pathogenicity of successively-transferred isolates of
F. o. f. sp. niveum race 2 to the watermelon cultivar Calhoun
Gray

weekly days after inoculation
transfers {Tn) isolates 12 16 18 24
T4 [S-59  (6:8% (18:25) (26:29) (29:29

) )
TX-XID (3:10)(23:26) (29:29) (29 :29)
T8 [S-59 (12:29)(20:29) (24 : 30} (29 :30)

TX-XID (9: 3) (13:6) (20:22) (27 : 30)
T12 1$-59  (0:29) (20:30) (30:30)

TX-XID (9: 6) (15:22) (24 :28)
T20 1S-59 (3:13)(13:14) (23:20) {25:23)
TX-Sec. (1: 7) (7:26) (14:27) (22:27)
TX-XID (12: 7) (19:26) (22:27) (26:27)
T24 15-59 (19:22) (27 :26) (27 : 30) (28 : 30)
TX-Sec. (15:13) (24 :21) (24 :22) (24 :23)
TX-XID (19:13) (27 : 21) (27 :22) (27 : 23)
T28 1S-59 (29 :28) (30 : 30)
TX-Sec. (26 :30) (27 : 30)

TX-XID (28 : 30) (30 : 30)

®Data represent the number of dead plants out of 30 plants by
T, inoculum.

*Data represent the number of dead plants out of 30 plants by
Ty inoculum as a control for comparison to transfer isolates.
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ed the numbering of the parental TX-XID isolate, i.e. Ty
through T, Morphology and other characteristics of the
sector were stable and consistantly appeared throughout
successive transfers of the sectored isolate.

All successively transferred isolates including the sec-
tored isolate were tested for pathogenicity up through
the 28th transfer and none of them showed significant
changes (Table 1) when compared with the soil-culture
inoculum of T, from both isolates. However, pathogeni-
city of the sectored isolate caused a delay in symptom
expression of disease and was possibly less aggressive,
although ultimately there was no significant change in
pathogenicity from Tj.

Restriction enzyme analysis of methylation with
rDNA and random probe

Ethidium bromide-stained gel containing Mbol-digest-
ed DNA from Tg, Tg Tsp and Ty, isolates showed sev-
eral discrete bands along with a large smeared band
(Fig. 2). The largest discrete band (6.0 kb) from TX-
XID (T,) was excised from the gel, cloned into pUC19
vector, named as pDK-m1 and *?P-labeled for further
Southern analysis.

The hybridization pattern of Mbol and Sau3Al-digest-
ed DNA to the rDNA probe is shown in Fig. 3. There
were differences in the 0.9 kb fragment between Mbol
and Sau3Al digestions. In the Sau3Al digest, a 0.9 kb

GY ®)
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L |

Fig. 2. Ethidium-bromide stained gel containing DNNA digested
with Mbol (panel A) and Sau3Al (panel B). The numbers at
the top of each bar represent the number of transfers. The ord-
er of the isolates in the lanes is IS-59 and TX-XID for Ty and
Tg. Beginning with Ty, the order is 1S-59, TX-XID, and TX-
XID (sectored). Numbers on the left refer to fragment sizes (kb).
The A lane contains Hindlll-digested A DNA.
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Fig. 3. Hybridization pattern of Mbol and Sau3Al-digested
DNA to rDNA probe. Mbol as well as Sau3Al hybridization
patterns are represented at panel A and B, respectively, and
original isolates are shown at the top. The numbers on the bar
represent the number of transfers and numbers on the right ref-
er to fragment sizes (kb).

band was present in all strains whereas this fragment
was missing in the Mbol digestion. There was a re-
striction fragment length polymorphism between TX-XID
and 1S-59 isolates in that Sau3Al-digested TX-XID and
the sectored strain had a hybridizing band at 2.0 kb
whereas the 1S-59 transfers did not. Again, neither the
2.0 kb nor 0.9 kb hybridizing bands were detected in
Mbol-digested DNA which indicated DNA methylation
preexisted in rDNA. In the Mbol digestion, there were no
differences in the hybridization pattern among the trans-
fer-strains. :

DNA from T, and Ty isolates were digested with
Mspl and Hpadll followed by hybridization to the rDNA
probe. The hybridization pattern is shown in Fig. 4. The
Mspl hybridization pattern showed differences in the
upper bands of 1.5 kb and 1.2 kb fragments between T,
and Ty isolates. The 1.5 kb fragments appeared in T,
but disappeared in Ty transfer of all isolates which sug-
gested DNA methylation in rDNA was induced during
successive transfer. In addition, the 1.2 kb fragment dis-
appeared from T TX-XID as well as TX-XID {sectored)
isolates whereas 1S-59 isolate in T, transfer showed the
discernible, but faint, band at 1.2 kb. Those of 1.2 kb
hybridization patterns among isolates indicated that meth-
ylation sites at rDNA were multiple and methylation
capability differed among isolates, which were in con-
cert with the fact that the capability of phenotypic vari-
ations depends on isolates used. These 1.5 kb and 1.2
kb bands were not present in the Hpall digestion, which,
with the result of Mbol and Sau3Al analysis, confirmed

GY) 8)

Fig. 4. Hybridization pattern of Mspl and Hpall-digested DNA
probed with YfDNA. Mspl and Hpdll hybridization patterns are
represented at panel A and B, respectively. The numbers at the
top of each bar represent the number of transfers. The order of
the isolates in the lanes is 1S-59 and TX-XID for T, and be-
ginning with Ts, the order is 1S-59, TX-XID, and TX-XID
{sectored). Numbers on the left refer to fragment sizes (kb).

8.0

Fig. 5. Hybridization pattern of Mspl and Hpall - digested
DNA to the 6.0 kb probe. Mspl as well as Hpall hybridization
patterns are represented at panel A and B, respectively, and
the original isolates are shown at the top. The numbers on the
bar represent the number of transfer and numbers on left and
right refer to fragment sizes (kb).

DNA methylation existed in rtDNA of F. o. {. sp. niveum.
Similarly, there were no differences in the hybridization
pattern in any of the transfer isolates and no- differences
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Fig. 6. Hybridization pattern of Mspl and Hpall-digested DNA
to mtDNA polyprobe. Mspl as well as Hpdll hybridization pat-
terns are represented at panel A and B, respectively, and the
original isolates are shown at the top. The numbers on the bar
represent the number of transfers and numbers on the left as
well as right refer to fragment sizes (kb).

were seen between the 1S-59, TX-XID, and the TX-XID
sectored isolates. Since Mspl and Hpall digestions re-
vealed the changes in DNA methylation during the suc-
cessive transfer, Mspl and Hpall digestions of DNA from
successive transfers were further analyzed with the anon-
ymous 6.0 kb probe and the hybridization pattern is
shown in Fig. 5. Different restriction fragment patterns
were detected in 7.0 kb fragment between 15-59 and
TX-XID transfer and the sectored isolate. However, there
were no differences in the hybridization pattern between
Mspl and Hpall digestions. No differences among the
transfers of each isolate were detected either.

Restriction enzyme analysis of methylation with F.
o. {. sp. niveum mtDNA probe

The hybridization patterns of transferred isolates were
also examined with the F. o. {. sp. niveum-mtDINA probe.
Hybridization patterns of Mspl and Hpall digestions
and Mbol and Sau3Al digestions are shown in Fig. 6
and Fig. 7, respectively. Again, different restriction frag-
ment patterns were detected between the transfer
strains that originated from 1S-59 and TX-XID: howev-
er, there were no differences in the hybridization pat-
tern between digestions by either pair of isoschizomers
or among the transfers, which suggested that neither in-
duced methylation nor DNA methylaltion occurred in
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Fig. 7. Hybridization pattern of Mbol and Sau3Al digested-
DNA to the mtDNA polyprobe. Mbol as well as Sau3Al hy-
bridization patterns are represented at panel A and B, respec-
tively, and the original isolates are shown at the top. The
numbers on the bar represent the number of transfers and
numbers on the left refer to fragment sizes (kb).

mtDNA.
Discussion

A decrease in the pathogenicity of fungi caused by
successive culturing and long term storage has been ob-
served with many fungi. However, the mechanism by
which the decrease in pathogenicity occurs has not been
elucidated. Although no changes in pathogenicity were
detected in this experiment, it does not necessarily mean
that a decrease in pathogenicity can not occur. It is pos-
sible that a change in DNA methylation during suc-
cessive transfers may result in one of many possible
changes of functions involved in the control of fitness or
aggressiveness of the original isolate. However, proof of
this hypothesis will require more accurate quantitative
assays for pathogenicity and a longer period of suc-
cessive transfers as well as many other assays of fungal
physiclogy.

Numerous species of fungi show variability in their
morphological or physiological characters; some of
these changes have been attributed to mutation or to
heterokaryosis. Some of the reported variability has
peculiarities suggesting that a nuclear phenomenon is
not responsible, but rather, is of cytoplasmic origin. This
is particularly the case in the sudden sectoring phenom-
ena of fungi in culture (Daboussi-Bareyre and Parisot,
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1986). Nectria haematococca, the sexual stage of F. so-
lani, has been shown to sector in culture and it was re-
ported to be the result of nucleocytoplasmic interac-
tions, ie., both nuclear and cytoplasmic inheritance
were involved (Daboussi-Bareyre and Parisot, 1986).
Based on the fact that the sectoring characteristics of F.
o. f. sp. niveum were passed to the next generation, it
was considered important to examine the mtDNA by
methylation-sensitive isoschizomers. However, no differ-
ences between sectored isolates and nonsectored strains
of TX-XID were detected. Therefore, the sectoring phe-
nomenon did not directly involve rDINA or any gene se-
quence probes used in this study.

The hybridization pattern of Sau3Al digested-DNA
to the rtDNA probe differed from that of Mbol-digested
DNA. Similarly, differences in the hybridization pattern
of T, and Ty transfers of IS-59 and TX-XID to rDNA
were detected in Mspl and Hpall digestions. Therefore,
DNA methylation at specific sites in the rDNA gene
families of F. o. f. sp. niveum occurs naturally and are
induced due to successive culturing as well.

Restriction enzyme analysis of DNA methylation is a
good tool to examine the regulation of a specific gene:
however, it is hard to determine the overall methylation
pattern. In this study, three different kinds of probes
were used and only the rDNA probe detected DNA
methylation and subsequent individual changes during
successive transfers. Although there were no changes
detected in pathogenicity among the transfers or in
DNA methylation between a sectored strain and its o-
riginal isolate, the fact that changes in DNA methyl-
ation occurred is still significant and considered as a
phenomenon for further research.
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