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with 25 uM not far from the saturation level.
This fact could explain why frequencies of fluffy
clones induced above 25 wM are not proportion-
ally higher, and it also provides a good explana-
tion for the logarithmic relation between 5-AC
concentration and cell growth inhibition. It thus
appears that high-frequency production of fluffy
variants occurs when no more than 0.3 to 0.5%
of the total cytosine is replaced by 5-AC in A.
nidulans DNA.

Characterization of the fluffy phenotype.
Clones with the variant phenotype differ from
normal, wild-type fungi in several developmen-
tal features. First, as we mentioned before,
colonies of fluffy clones differentiate a develop-
mentally timed vegetative structure never seen
in wild-type colonies. This structure arises in
young colonies 12 to 15 h after germination of
conidia and appears as a profuse overgrowth of
undifferentiated aerial hyphae that tower from
the substrate mycelium to the point of frequently
hiding the underlying shorter, spore-bearing hy-
phae. These aerial hyphae differ considerably
from the regular short, straight, and uniformly
wide conidiophores and can be easily recognized
as a fluffy network of long, twisted, and highly
anastomosed hyphae of irregular widths (Fig. 1).
Second, from a developmental point of view, the
variant clones show a marked preference for
exuberant vegetative growth, as shown not only
by the proliferation of this fluffy network of
asporogenous hyphae but also by the fact that
the timing of asexual sporulation (conidiation) is
considerably delayed (see Fig. 1A and B) com-
pared with that of wild-type clones, as well as
somewhat diminished, particularly in A. nidu-
lans. Sexual differentiation, on the other hand, is
not hampered since heterokaryons of these phe-
notypic variants develop cleistothecia (struc-
tures that bear sexual spores [ascospores)) in a
proportion comparable to that of normal clones
(data not shown).

A curious property of this fluffy network is
that its production seems to escape the cellular
controls that regulate mycelial growth and dif-
ferentiation. For example, when mycelia from
fluffy clones previously grown in liquid medium
are induced to conidiate as described by Law
and Timberlake (14), the fluffy network readily
develops from the conidiating pad of mycelium,
whereas in wild-type clones, undifferentiated
growth ceases once mycelia are induced to coni-
diate (Fig. 1C).

The same phenomenon is observed when veg-
etative mycelia are induced to conidiate in liquid
cultures (Fig. 1D), where, in addition, develop-
mental timing for this uncontrolled fluffy out-
growth is demonstrated. Only mycelia that had
previously grown for 40 h were able to differenti-
ate the fluffy hyphae after vegetative growth had
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ceased and conidiation had occurred, whereas
young mycelia, less than 20 h old, were unable
to produce the fluffy network (Fig. 1D).

From these observations, a picture can be
drawn of the developmental route of the pheno-
typic variants. In Fig. 1E it is schematically
compared with the wild-type developmental pat-
tern.

In spite of all the substantial differences be-
tween fluffy and wild-type clones in surface
growth, the courses of their development in
batch cultures are indistinguishable (data not
shown). In addition, basic biochemical parame-
ters, such as rates of DNA, RNA, and protein
synthesis, are not significantly different between
mycelia of both fluffy and wild-type clones
growing in liquid media (data not shown). This
fact indicates that the only apparent develop-
mental alteration of the fluffy variants affects the
pattern of differentiation in surface growth of
aerial vegetative structures by the aberrant pro-
duction of this profuse hyphal network, never
observed in submerged cultures, with a concom-
itant retardation of the expression of the conidia-
tion program.

Genetic analysis of 5-AC-induced phenotypes.
Genetic analysis reveals that 5-AC-induced phe-
notypes are genetically stable and result from a
change in a nuclear, Mendelian gene. Initial
experiments showed that fluffy phenotypes were
mitotically stable, with a reversion frequency at
least below 107#, and a priori they might there-
fore be subject to genetic analysis. To this end,
six different fluffy variants, induced by 5-AC in
two different strains of A. nidulans (Table 1),
were randomly selected and crossed with the
appropriate wild-type clone to obtain hetero-
karyons and heterozygous diploids. In all cases,
the phenotype was stable for at least 10 subcul-
tures of mitotic propagation of the haploid
clones (actually, these clones have now been
propagated for more than 20 subcultures in our
laboratory, and they exhibit the same traits as
freshly isolated clones). All different heterokary-
ons manifested the fluffy phenotype, which was
also stably maintained in subsequent vegetative
subcultures. Heterozygous diploids, however,
had a wild-type phenotype, although occasional
fluffy sectors appeared at low frequency (below
5%) in old colonies or subsequent subcultures,
presumably resulting from nondisjunction or mi-
totic recombination, which are known to occur
rather easily in the somewhat unstable diploids
of A. nidulans (4). We interpret these results to
mean that the fluffy condition is mitotically
stable and depends, at least, on nuclear genes,
since although in heterokaryons (where nuclear
fusion does not take place) both fluffy and wild-
type nuclei exhibit phenotypic independence, in
diploids the wild-type phenotype dominates
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TABLE 3. Test for cytoplasmic inheritance of the fluffy phenotype in A. nidulans®

Vegetative segregation of phenotypes of conidial offspring”

Heterokaryons
(phenotypes of parental strains) Total fw £ w fy v
colonies v
G112 x G1059 (f* w x f* y) (control) 1,669 0 1,157 (69.3) 0 512 (30.7)
G112A1 x G1059 (fw x ™ y) 231 158 (68.4) 0 0 73 (31.6)
G112A2 x G1059 (fw X " y) 523 339 (69.8) 0 0 184 (30.2)
G112A3 x G1059 (fw x f* y) 272 176 (64.7) 0 0 96 (35.3)

“ Heterokaryons between fluffy and wild-type strains were constructed and allowed to conidiate. Conidia from
the different heterokaryons were plated on ACM plates, and phenotypes (color of spores and fluffy growth) of the
resultant colonies were recorded. f. Fluffy; f*, wild type: w. white conidia: y. yellow conidia.

? Values in parentheses represent the percentage of the total. The 2:1 ratio of w to y clones (and thus of
f w to f* y) presumably indicates that in this family of heterokaryons about two-thirds of the nuclei are from
strain G112 (and derivatives) and one-third are from strain G1059.

over the variant once nuclear fusion has oc-
curred.

To further substantiate the nuclear location of
the genetic determinants involved in the fluffy
condition, a test for cytoplasmic inheritance of
the variant phenotype was performed in differ-
ent heterokaryons from fluffy-wild-type crosses
by monitoring the vegetative segregation of the
fluffy trait and other parental nuclear markers in
uninucleated conidia from heterokaryotic myce-
lia. The fluffy phenotype always cosegregated
with other nuclear mutations (spore color) of the
parental strain in all heterokaryons (Table 3),
indicating that no cytoplasmic determinants are
responsible, by themselves, for the variant phe-
notype and providing additional evidence for the
nuclear location of the genes involved in the new
developmental pattern.

The next step obviously was to determine
whether the fluffy condition resulted from com-
plex genetic modifications or, on the other hand,
whether it could be ascribed to a change in a
single gene. To this end, cleistothecium analyses
were carried out to examine the segregation
pattern of this phenotype upon sexual sporula-
tion of the different heterokaryons resulting
from crosses between variants and appropriate
wild-type strains. The results of this set of
experiments are summarized in Table 4. In all
crosses, a 1:1 ratio of fluffy to wild-type pheno-
type was observed in the meiotic products,
with no fluffy colonies appearing in descendants
from wild-type crosses and only fluffy colonies
being detected in close to 2.000 colonies scored
from the progeny of crosses between variant
strains. These results indicated that the fluffy

TABLE 4. Segregation of the fluffy phenotype in meiotic products (ascospores) from cleistothecia of A.
nidulans (cleistothecium analysis)¢

Phenotype of ascospore offspring”

Cross "
Totql £ % f Segrega(tlon
colonies ratio
G112 x G1059 (control) 694 0 694 0
G112A1 x G1059 1,217 601 616 49.4 1:1
G112A2 x G1059 497 228 269 459 1:1
G112A3 x G1059 1.482 731 751 49.3 1:1
G112 x G1059A1 1,034 460 574 44.5 1:1*
G112 x G1059A2 2,049 909 1.140 44.4 1:1%
G112 x G1059A3 1,732 869 863 50.2 1:1
G112A1 x G1059A1 1,705 1.705 0 100

“ Heterokaryons resulting from the different crosses were induced to sporulate sexually as previously
described (4). Mature cleistothecia were isolated. and the ascospores were released as previously described (3).
gscospores were plated on ACM medium. and the phenotypes of the resulting colonies were recorded. f. Fluffy:

, wild type.

» The hybrid nature of cleistothecia was assessed by monitoring the segregation of the following additional
markers: (i) pyridoxine requirements (G112-derived strains). which segregated with a 1:1 ratio: (ii) color of
conidia. The w (white) allele is epistatic to y (yellow) and y* (3); hence. hybrid zygotes of the wy™/uw "y genotype
(G112 x G1059) must yield the following ascospores types: wy (white conidia). wy™ (white conidia). w ™y (yellow
conidia), and w*y* (green conidia) in equal proportions. In our case. a 2 (white):1 (yellow):1 (green) pattern of
segregation of spore color was always observed.

< Conformity of our experimental results with the theoretical results. predicted for a 1:1 segregation. was
assessed by the x° test. Asterisks indicate cases in which the results are slightly out of the 95% confidence limits.
and thus. the 1:1 segregation ratio might still be questionable.

1sanb Aq 020z ‘Sz 18g0120 uo /B0 wse qow//:dny wods papeojumod


http://mcb.asm.org/

2294 TAMAME ET AL.

developmental phenotype in each clone is also
meiotically stable and depends on a single, Men-
delian gene.

To assess whether or not the gene affected in
each fluffy isolate was the same, a complementa-
tion test was performed by crossing pairs of
appropriate variants to examine the phenotype
of the resultant diploids. Strain G1059-derived
fluffy clones failed to complement any of the
strain G112-derived fluffy cones, suggesting that
all six variants are affected in the same gene.

Preliminary haploidization studies with dip-
loids between the master strain E of McCully
and Forbes (15) (Table 1; strain G94) and two of
the fluffy clones (strains G1059A1 and G1059A3)
permit us to tentatively locate this gene on
chromosome VIII of A. nidulans. In 28 and 17
haploid segregants with the fluffy phenotype
from G94 x G1059A1 and G94 x G1059A3
diploids, respectively, the fluffy trait exhibited
free recombination with markers located on
chromosomes I to VII, but none of these haploid
fluffy segregants bore the ribo2 mutation located
on chromosome VIII of the master strain (15).
Conversely, none of the 15 and 18 haploids
(segregants from the G94 X G1059A1 and G94 X
G1059A3 diploids, respectively) requiring ribo-
flavin exhibited the fluffy condition. These data
further support the theory that the same gene is
in fact involved in the variant phenotype of
different fluffy clones and suggest that the gene
belongs to linkage group VIII of A. nidulans.

Altogether, these results would indicate that
5-AC induces some type of genomic alteration
that affects a single nuclear gene subject to
differential expression during Aspergillus devel-
opment, resulting in high-frequency induction of
the phenotypic variants.

DNA methylation in wild-type and 5-AC-treat-
ed mycelia. DN A methylation in wild-type and 5-
AC-treated mycelia of both A. niger and A.
nidulans is negligible. As we mentioned previ-
ously in the text, there are several solid reports
where 5-AC-induced heritable modifications
have been reliably correlated with the induction
of hypomethylation of specific, affected genes
(5, 9, 17, 21). In addition, the induction of
different developmental programs in mammalian
cells by the nucleoside analog could be clearly
associated with extensive hypomethylation of
cellular DNA (12) resulting from a specific inhi-
bition of DNA methyltransferases (6).

As a first approach to investigate whether or
not 5-AC-induced fluffy phenotypes in fungal
species could be correlated with some heritable
change in the state of DNA methylation, an
effort was made to compare the methylation
status of the genomes of wild-type mycelia, 5-
AC-treated cells, and fluffy clones both in A.
niger and A. nidulans.
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No methylcytosine, however, was reliably
detected in isotopically labeled DNAs from
these fungi after TLC of perchloric acid hydroly-
sates. From this result, we estimate that if DNA
methylation really exists in Aspergillus species,
the maximum content of 5-meCy in these spe-
cies must be lower than 0.2% of the total cyto-
sine. In addition, identical restriction patterns
were obtained in DNAs from control and 5-AC-
treated mycelia after digestion with methylation-
sensitive enzymes (Fig. 3) with no differences,
even in untreated mycelia, in the patterns of

[ ——

FIG. 3. Restriction analysis of methylation in geno-
mic DNAs from untreated and 5-AC-treated mycelia
of A. nidulans and A. niger. DNAs (1 to 4 pg) from
control or 5-AC-treated mycelia were digested with
different restriction endonucleases, and the fragments
were electrophoresed in 0.7% horizontal agarose gels
which were then stained with ethidium bromide. (A)
DNAs from A. niger (left gel) or A. nidulans (right gel)
mycelia either untreated (odd-numbered lanes) or
treated with 750 uM (A. niger) or 100 uM (A. nidulans)
5-AC (even-numbered lanes) and digested with BamHI
(lanes 1, 2, 7, and 8), Sall (lanes 3, 4, 9, and 10), or
Xhol (lanes §, 6, 11, and 12). (B) DNASs from A. niger
(left gel) and A. nidulans (right gel) treated with Hpall
(odd-numbered lanes) and Mspl (even-numbered
lanes). Control DNAs, lanes 1 and 2 and 5 and 6.
DNAs from 5-AC-treated mycelia, lanes 3 and 4 and 7
and 8. M, Molecular weight markers (HindIII digest of
N DNA); kbp, kilobase pairs. The white dots in (A)
indicate restriction fragments from phage A DNA that
was included in the reactions as an internal control to
assess the limits of digestion.
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Mspl and Hpall digestions (Fig. 3B), isoschi-
zomers widely used to monitor for cytosine
methylation in CpG doublets (for a review, see
reference 1). As Fig. 3B shows, both enzymes
degraded fungal DNASs to yield identical normal
distributions of restriction fragments with an
average length of 0.7 kilobases, irrespective of
whether or not the mycelia had been exposed to
5-AC. Similar results were obtained for Mbol
and Saw3A digestions, indicating negligible
methylation of adenine in GATC sequences
(data not shown). Other 5-meCy- or N®-methyla-
denine-sensitive enzymes such as BamHI
(GGAT*CC), Sall (GT*CGAC), or Xhol
(CT*CG*AGQG) yielded identical restriction pat-
terns in the DNAs of both untreated and 5-AC-
treated mycelia (Fig. 3A). Analogous results
were obtained for DN As from fluffy clones (data
not shown).

More sensitive methods to detect minor meth-
ylation of cytosine or adenine residues gave also
negative results. For instance, in vivo labeling of
the DNAs with [methyl-'*C]methionine (a pre-
cursor of S-adenosylmethionine. the methyl do-
nor in the DNA transferase reaction [10]), fol-
lowed by TLC analysis of DNA hydrolysates.
failed to reveal any methvl-'*C-labeled 5-meCy
or N°-methyladenine. Two-dimensional restric-
tion analysis. a highly resolutive technique to
analyze the methylation pattern of complex ge-
nomes (19), did not show any difference between
the various DNAs either.

All these results indicate that DNA methyl-
ation in A. niger and A. nidulans is negligible. if
it exists at all, with a maximum level of methyl-
ated bases that is close to the detection limit of
sensitive methods (0.1% 5-meCy, or one methyl-
ated site per 10 kilobases).

We are now trying the most sensitive proce-
dures (high-pressure liquid chromatography.
mass spectrometry) to finally ascertain whether
or not modified bases can be detected in these
fungal DNAs, and initial analysis with low-
resolution mass spectrometry has again failed to
detect methylated bases in both genomes.

Altogether, these results demonstrate that
DNA methylation is virtually absent in these
fungi, and yet 5-AC is capable of inducing high-
frequency conversion to a variant heritable de-
velopmental phenotype, a phenomenon widely
reported for several animal cell types.

DISCUSSION

In this paper we have shown that transient
exposure of A. niger and A. nidulans to micro-
molar concentrations of 5-AC, a nucleoside ana-
log commonly used as an efficient inhibitor of
eucaryotic DNA methylation (6, 12). leads to the
conversion of more than 209% of the cell popula-
tion in both fungi to a variant developmental
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phenotype when only marginal amounts of cyto-
sine (0.3 to 0.5%) are substituted for by 5-AC in
A. nidulans DNA.

Since the analog causes a transient partial
inhibition of hyphal growth in A. nidulans. a
priori it was not inconceivable that high-frequen-
cy production of fluffy clones could result from
selection of preexisting variants for their better
capability to grow in 5-AC-containing medium,
so that after long treatment with the analog. the
population would be enriched in cells with a
fluffy phenotype. Several features. however,
can possibly show that this is not a plausible
mechanism to explain high-frequency produc-
tion of fluffy clones upon 5-AC treatment. First.
in A. niger. in which this phenomenon is also
observed, the analog had no inhibitory effect on
cell growth under our experimental conditions.
Second. when germinating conidia of A. nidu-
lans were pulsed with 5-AC for only 5 h (the first
two mitotic divisions) and then grown at normal
rates in drug-free medium. the yield of fluffy
variants was not grossly different from that
attained after long periods of treatment. Finally,
the growth of both fluffy and wild-type mycelia
of A. nidulans is equally affected in liquid medi-
um by 5-AC (data not shown). It thus appears
that massive phenotypic change results from a
specific action of the nucleoside analog upon
incorporation into fungal DNA and not from
mere selection of spontaneous variants.

As we mentioned before. these phenotypes
are mitotically stable. which clearly indicates
the absence of a correction mechanism after 5-
AC is diluted out by vegetative propagation of
the variant clones and suggests that the drug
must operate through a clonally inheritable ge-
nomic change. In fact, conventional genetic
analysis with different random fluffy isolates
revealed that this trait is also meiotically stable
and appears to depend on a single nuclear gene
that can be tentatively ascribed to chromosome
VIIIL.

The variant phenotype is defined by a distinc-
tive preference for vegetative growth and. con-
sequently. a considerable delay in conidiation.
This developmental pattern results from a
change in a differentially expressed function,
precisely timed during development. leading to
the production in young mycelia (12 to 15 h after
spore germination) of a peculiar fluffy over-
growth of asporogenous hyphae that do not
respond to regular controls of vegetative myceli-
al growth. The requirement for a period of about
24 h from the start of surface development for
the mycelia to acquire competence to differenti-
ate this structure is rather noteworthy. since
competence for other developmental features,
such as the ability to produce the conidial appa-
ratus, is also acquired about that time (2). It
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appears, then, that there is a critical time in
fungal development (around 24 h from the start)
where the potential for subsequent differentia-
tion steps is acquired through some kind of
event or sequence of events. This event(s) must
be somehow distorted in the fluffy variants, thus
affecting the expression of the conidiation pro-
gram in favor of an abnormal overgrowth of
undifferentiated aerial hyphae.

This 5-AC-induced developmental phenotype
shares common properties with other Aspergil-
lus variants described as fluffy mutants in the
literature (for a review, see reference 4), such as
the preference for vegetative undifferentiated
growth and the concomitant conidiation delay or
diminution or both. 5-AC-produced fluffy vari-
ants are in fact particularly similar to some fluffy
mutants studied by Dorn (8) which, like our
variants, were shown to depend on recessive
nuclear mutations leading to massive undifferen-
tiated growth and conidiation delay but not
impairing sexual sporulation. Interestingly,
some of these mutations also mapped within
chromosome VIII. Further genetic experiments
are now under way to ascertain whether or not
the variants we have described here correspond
to any of these fluffy mutants.

The question which obviously arises from
these results concerns the molecular mechanism
by which 5-AC affects this developmentally reg-
ulated gene. Initially, an epigenetic mechanism,
such as a heritable change in the pattern of DNA
methylation, would account for the striking
characteristics of 5-AC action, particularly the
high rate of phenotypic conversion, but, as we
have shown here, these fungi are virtually de-
void of genomic methylation. This fact makes us
seriously doubt that the analog operates by
causing DNA hypomethylation, although we
cannot rule out the unlikely possibility that a
specific sequence might be methylated, thus
offering a target site for 5-AC-induced under-
methylation.

If DNA methylation is not involved in 5-AC
action, what other mechanism could then ex-
plain such a high rate of phenotypic conversion?
Since 5-AC exhibits some mutagenic potential, it
could be likely that the analog causes some type
of organizational or mutational change in a hot-
spot sequence with a strong tendency to mutate
or rearrange. In this regard, it is opportune to
recall that some fluffy mutations appear sponta-
neously with a remarkably high frequency (4),
suggesting that some degree of genomic instabil-
ity is in fact an attribute of certain fluffy loci. It is
conceivable, then, that high-frequency induction
of variant phenotypes by 5-AC in these fungi is
the result of an as yet unknown change in hot-
spot sequences that is totally unrelated to DNA
methylation. Molecular cloning of the affected
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gene would presumably help to elucidate the
mechanism of 5-AC action in these organisms,
as well as to reveal some of the genetic controls
of fungal development.
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