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A Portable Signal Causing Faithful DNA
Methylation de Novo in Neurospora crassa

Eric U. SELKER, BRYAN C. JENSEN, GLADYS A. RICHARDSON

Methylation of cytosine residues in eukaryotic DNA is
common, but poorly understood. Typically several per-
cent of the cytosines are methylated; however, it is unclear
what governs which sequences eventually become modi-
fied. Neurospora crassa DNA containing the “zeta-eta”
({—n) region, which is a region of unusually heavy methyl-
ation, was tested for its ability to direct DNA methylation
de novo. DNA stripped of its methylation by propagation
in Escherichia coli was reintroduced into Newurospora crassa
by transformation. The {— region reproducibly became
“properly” methylated whether inserted at its native
chromosomal position or at ectopic sites. Adjacent Nex-
rospora and bacterial sequences in the transforming DNA
rarely became methylated. A model is presented that
accounts for position-independent faithful methylation as
observed in the {— region, as well as position-dependent
methylation, as occasionally observed, especially with
sequences not native to Neurospora.

N MANY AND POSSIBLY ALL ORGANISMS, DNA IS MODIFIED

after synthesis by methylation of cytosine or adenine residues.

Methylation alters physical properties of DNA, affects DNA-
protein interactions, and has important biological consequences. In
prokaryotes, DNA methylation is central to restriction-modification
systems (1), provides for discrimination between new and old
strands for DNA repair (2), and can be involved in gene regulation
(3). In eukaryotes, a number of observations suggest connections
between methylation and gene expression, but no clear causative
relationships have been determined (4). The primary role of DNA
methylation in eukaryotes remains to be established.

A serious gap in our understanding of DNA methylation in
eukaryotes concerns what determines which sequences are destined
to become methylated. In contrast to the situation in prokaryotes,
cukaryotic DNA methylation does not appear limited to particular
oligonucleotide sequences recognized by corresponding methyl-
transferases. Nevertheless, 5-methylcytosines are not randomly dis-
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tributed in the eukaryotic genome. In animal DNA, for example,
most of the cytosines located immediately preceding guanines
(5'CpG) are methylated, and methylated cytosines at other positions
are rare. This is thought to reflect a process that acts to perpetuate
methylation patterns by methylating cytosines in newly replicated
DNA at positions diagonally opposed to 5-methylcytosines (5):

(old) mCpG
(new) GpCm

Indeed, in several instances it has been found that when DNA that
was methylated at every cytosine of one strand is introduced into
animal cells and allowed to replicate, methylation was maintained,
but only at CpG sites (6). Unmethylated transfecting DNA only
infrequently became methylated (7). It has been suggested that de
novo methylation of cellular DNA is also rare (&8). Thus the
distribution of 5-methylcytosine in eukaryotic DNA has been
regarded as the sum of two, potentially independent, processes: de
novo and maintenance methylation. In the most extreme scenario,
the de novo methylase activity would make the “intelligent” decision
concerning which sequences should become methylated, but only
those sites recognized by the maintenance activity (possibly a subset
of those methylated de novo) would remain methylated. Although
this model is attractive, the distinction between de novo and
maintenance methylation may be artificial; there is evidence that a
purified eukaryotic methyltransferase can act on both unmethylated
and methylated substrates, albeit at different rates (9). Whether or
not most methylation found in eukaryotes is simply due to obedient
maintenance, methylation remains to be established. In either case, a
mechanism that depends on recognition must exist to set up the
observed methylation patterns. A major unanswered question is
what determines specificity of DNA methylation in eukaryotes.
We discovered a case of methylation in Neurospora crassa in which
methylation is not limited to CpG sites or other sites of obvious

E. U. Selker is an assistant professor in the Institute of Molecular Biology and
Department of Biology, University of Oregon, Eugene, OR 97403. B. C. Jensen is a
student in the Department of Biology, University of Oregon, Eugene, and G. A.
Richardson is now a student at the Washington University School of Medicine, St.
Louis, Missouri 63130.
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symmetry that might be substrates for a maintenance methylation
activity (10). The case involves the “zeta-eta” ({—7) chromosomal
region cloned from an Oak Ridge (OR) laboratory striin of
Neurospora (11). This region consists of an imperfect direct tandem
duplication of a 0.8-kilobase-pair (kb) segment including one 58
RNA gene. Generally, Neurospora 5§ RNA genes are unmethylated
and dispersed in the genome (12), and only about 2 percent of
cvtosines in the Neurospora genome are methylated overall (13). In
contrast, most cytosines in the { and m 55§ RNA genes and in the rest
of the duplicated DNA appear subject to methylation (10). The
approximate 15 percent divergence between the { and m “duplicate”
segments can be completely explained as a result of CG to TA
mutations caused by deamination of 5-methylcytosines. Some
strains of Neurospora have one instead of two copies of the DNA
homologous to the {-m region, and in these the single copy is
unmethylated. A genetic cross, in which one parent had duplicated
methylated DNA at the {—m locus and the other had unduplicated
unmethylated DNA at the corresponding position, produced proge-
ny that had either duplicated methylated DNA or unduplicated
unmethylated DNA, like the parental strains (14). This suggested
that the {—m region originally cloned from an Oak Ridge strain
includes a signal causing methylation, or lacks a signal preventing
methylation. We have now tested this possibility by transforming N.
crassa with unmethylated duplicated DNA from the {~v region. We
have found that the DNA becomes faithfully methylated in vegeta-
tive cells, and proper methylation appears to be independent of
chromosomal position. Thus, the {— region contains a portable
signal for DNA methylation.

Transformation of Neurospora with DNA from the {—) region.
To determine whether the {— region contains a signal for de novo
methylation, we introduced unmethylated DNA into N. crassa and
then checked for methylation of the transforming sequences. In N.
crassa, DNA-mediated transformation is generally associated with
integration of the transforming DNA by nonhomologous recombi-

de

Fig. 1. Structure of pES174. Restriction sites for Eco RI (E), Bam HI (B),
and Hind III (H) are indicated on the primary map; Hpa II-Msp I (H-M)
and Sau 3A-Mbo I (S-M) sites are given for a critical region. The plasmid
was constructed by ligation of an Eco RI fragment from pJR1 (31) having
the N. crassa am gene region (heavy dashed line) and pUCS sequences (wavy
line) with an Eco RI fragment from pJS33 (10) containing thre zeta-eta ({-—m)
region (wide lines) and flanking sequences (narrow solid line). The position
of the { and v 55 RNA regions are shown as empty bars and the homologous
800-bp clements of which they are part are indicated by half- or full-tone
lines, respectively. One degree equals 37.5 bp.
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nation (15). Nevertheless, integration of transforming DNA by
homologous recombination is also observed. We took advantage of
this situation to test for de novo methylation of the {—m region both
at its native chromosomal location and at other chromosomal
positions. To facilitate analysis of transformants, we used an N.
crassa strain having unmethylated, unduplicated DNA at the {—
“locus” as the host for the transformation experiments. The chosen
recipient strain (N24) also has a deletion removing the entire am
(glutamate dehydrogenase) gene (16), thus allowing the use of this
gene as a selectable marker in the Neurospora transformations. We
tested for methylation by petforming Southern hybridizations with
restriction enzymes that fail to cut if particular nucleotides in their
recognition sequences are methylated.

To introduce unmethylated {—m sequences into strain N24, we
constructed a plasmid (pES174) containing the N. crassa am gerte,
pUCS sequences, and the complete {— region along with about 6
kb of adjacent sequences (flank) which are normally unmiethylated in
the N. crassa genome (Fig. 1). We transformed strain N24 with
pES174 and characterized ten transformants (17). All but two of the
ten transformants analyzed had single copies of the plasmid integrat-
ed in the genome (18). The other two contained several copies of
pES174. Six of the single-copy integrants appear to have the entire
plasmid integrated while in the remaining two, portions of the
plasmid DNA had been deleted or rearranged.

One transformant, T-ES174-1, resulted from integration of the
entire plasmid by homologous recombination in sequences adjacent
to the {— locus. That it had integrated in this region was indicated
by the disruption of restriction fragments of the recipient strain.
This can only be observed with restriction enzymes lacking sites in
the region of homology between the plasmid and the host gertorme
(Fig. 2A). Results from an analysis of T-ES174-1 with Eco RV,
which lacks sites in the region of pES174 homologous to host
sequences, indicate that integration of the plasmid disrupted the
homologous chromosomal sequences (Fig. 2B). Enzymes having
sites in the region of pES174 homologous to sequences in the host
strain generated fragments that appeared to be the simple sum of
fragments of pES174 and the host strain, as expected for integration

|

Fig. 2. Integration of pES174 into the N. crassa genome at
the {—n locus. (A) Fate of host restriction fragments associat-
ed with homologous integration of a hypothetical plasmid
having homology (heavy lines) to host genome (horizontal
lines). Analysis of host (H) or transformant (T) DNA with
hypothetical restriction enzyme having a site (or sites) in 1
homologous sequences (left) would show conservation of _
host restriction fragments in a Southern blot (below) probed .
for the homologous sequences. The novel band produced

would be the size of the plasmid. A similar analysis with an

enzyme lacking sites in the homologous sequences (right)

would show disruption of host restriction fragments. (B)

Disruption of host restriction fragment by integration of

pES174 in the region of homology. Southern hybridization

(32) of DNA (33) from transformation host, N24 (lane 1), or transformant
T-ES174-1 (lane 2), was digested with Eco RV (which has two sites in
pES174, but both in sequences not homologous to the host genome) and
probed with the 4.8 kb Eco RI-Bam HI fragment from the flank region of
pES174 (Fig. 1).
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by homologous recombination (19). Digests of the transformant
DNA with cither of two enzymes that cut pES174 at single sites in
the flanking region (Kpn I or Mlu 1) vielded a plasmid size band
(13.5 kb), a result that is consistent with our conclusion that the
plasmid integrated in a homologous manner (Fig. 2A).

De novo methylation of the {— region at its native chromo-
somal position. The methylation status of transforming DNA was
determined with the use of the festriction enzymes Sau 3A, Mbo I,
Hpa II, and Msp I. Both Sau 3A and Mbo I recognize and cleave the
sequence GATC when it is unmethylated, but Sau 3A will not cleave
if the cvtosine is methylated. Mbo 1 is insensitive to cytosine
methvlatlon but will not cleave if the adenine residue is methylated
(20). Adenine methylation has not been observed in N. crassa.

Analysis of the plasmld sequences in T-ES174-1, the transformant
that has one copyv of pES174 integrated at the {—m locus, indicated
that cytosines in the {—m region became faithfully methylated, de
novo (Fig. 3). Plasmid DNA grown in E. coli was completely
digested by Sau 3A (Fig. 3A, lane 1) demonstrating that plasmid
sequences were not methylated prior to transformation of Neurospo-
ra. DNA samples from the wild-tvpe strains ORS (lanes 2 and 5)
and Mauriceville-1 (lanes 3 and 6) were included as controls. Oak
Ridge strains (for example, ORS) have duplicated methylated DNA
at the {—m locus, whereas the Mauriceville strain has unmethylated
unduplicated DNA at this position (14). The transformation recipi-
ent (N24) has the unmethylated unduplicated allele derived from
Mauriceville. The Mbo I digest of T-ES174-1 DNA, when probed
with {—m, revealed just the bands expected from complete digestion
of the {—n region of pES174 and the recipient strain (compare lanes

A A28 08 60T

ar—' -
bt-' @B .=
ad- @ -4
df-
bd -
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Fig. 3. Mcthylation of pES174 DNA integrated
in the Neurospora genome by homologous recom-
bination. DNA samples of pES174 (lane 1), wild-

tvpe N. crassa strains ORS a (FGSC 2490; lanes 2 -
and 5), and Mauriceville-lc A (FGSC 2225; lanes - W -

3 and 6), or transformant T-ES174-1 (lancs 4 and

7) were digested with Sau 3A (part A, lanes 1 to 2©- o o -
4), Mbo I (part A, lanes 5 to 7), Hpa II (part B, =~ @ .
lanes 1 to 4), or Msp I (part B, lanes 5 to 7)., _ .. -
Digests of Neurospora (0.5 ug) or plasmid (0.2

ng) DNA were fractionated on agarosc gels, ' - -
transferred to membranes, and probed for the _j_ 2

regions indicated below the autoradiograph (32). o -

Key fragments detected in the transformant DNA
(asterisks, lanc 4) arc identified (left) by their
position in the plasmid (Fig. 1). The sizes indicat-
ed are in kilobase pairs. zeta-eta

5O

1, 6, and 7). This is evidence that the {— allele was not rearranged
in this transformant and confirms lack of adenine methylation at
these sites. In contrast to the results with Mbo I, incomplete digestion
of the {—m region of the transformant was observed with Sau 3A.
Most hybridization was to fragments spanning one or more Sau 3A
sites (fragments af, bf, ad, df, bd). Relatively little hybridization was
observed at positions corresponding to fragmcnts resulting from
complete digestion; indeed, most of the observed hybridization to
fragment ab is from the unmethylated unduplicated allele of the host
(21). Other sequences in the same samples were completely digest-
ed. Thus, cytosines in the {— region became methylated de novo.
What is particularly striking is that the pattern of methvlation in
the {-m region introduced in pES174 is indistinguishable from that
observed in the homologous DNA in the wild-type strain ORS. In
both cases, the most prominent Sau 3A band came from the 1329-
bp fragment a-d and the second strongest band resulted from the
fragment extending from Sau 3A site a to the first site downstream
of the {—m region (22). Fragment b-d also produced a strong band in
Sau 3A digests of both ORS and T-ES174-1 DNA. In contrast,
some other possible Sau 3A fragments were not represented. For
example, the 624-bp a-c fragment, the 702-bp c-d fragment, and the
1704-bp c-f fragment did not appear, presumably as a result of
complete blockage of Sau 3A site ¢, since the corresponding
fragments extending to site b (530-bp fragment a-b, 794-bp frag-
ment b-d, and 1796-bp fragment b-f) or site d (1329-bp fragment
a-d and 1002-bp fragment d-f) were observed. Similarly, absence of
the 1421-bp fragment a-¢ and the 886-bp fragment b-e reflects total
methylation of Sau 3A site e. We conclude that in both the native

17203 4-858767 L Sl B a - T BT R E e T
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{—m region of strain ORS and the structurally homologous intro-
duced copy in the transformant, cytosines at Sau 3A sites ¢ and e (see
Fig. 1) are methylated in essentially every cell, sites a and f are
completely unmethylated, and sites b and d are methylated in an
intermediate fraction of the cells.

A parallel situation was observed at Hpa II-Msp I sites (Fig. 3B).
Hpa II and Msp I both recognize the sequence CCGG and cleave at
this sequence if the interior or exterior cytosines are unmethylated,
respectively. Hpa II sites b and ¢ (Fig. 1) in the {—m region, which
are methylated in Oak Ridge wild-type strains, were specifically
methvlated in the transforming DNA. Site a was completely sensi-
tive to Hpa II digestion, as was site d, in the adjacent am region.
Consequently, Hpa II fragment a-d was the predominant fragment
detected with the {—m probe (Fig. 3B, lane 4). Also notable are
fragments a-c and b-d, which are indicative of methylation of Hpa II
sites b and ¢, respectively.

Additional evidence that the methylation observed in the {—m
region was not due to nonspecific methylation of transtorming
DNA came from reprobing the blots sequentially with other regions
of pES174. In wild-type strains (for example, Mauriceville and
ORS), sequences adjacent to the {—n locus (flank) are normally
unmethylated (Fig. 3, A and B, flank, lanes 2, 3, 5, and 6). In
transformant T-ES174-1 this region stayed largely, although not
completely, unmethylated (lanes 4 and 7). The flanking regions of
ORS and Mauriceville include restriction fragment length polymor-
phisms that allow us to verify that both copies of the flanking region
are represented in transformant T-ES174-1. This is most evident in
Hpa II or Msp I digests (Fig. 3B, flank).

Sequences on the opposite side of the {—m region, that is, in and
around the am gene, remained completely unmethylated. The faint
bands in Sau 3A and Hpa II digests of T-ES174-1 DNA (lane 4),
not seen in corresponding digests of the plasmid (lane 1), represent
fragments spanning the am-m junction and are due to methylation of
sites in the {—m region. In addition to the {—m region, the bacterial-
derived sequences (pUCS region) also showed significant methyl-
ation in T-ES174-1. Although the bacterial sequences became
methylated de novo in this transformant, this is not the general case.

The {— methylation signal is portable. The {—m region became
faithfully methylated, de novo, when it was inserted at its native
chromosomal position. Most likely, some feature of the {—m region
triggers its methylation. However, because the observed methyl-
ation may have been dependent on some local feature of the
integration site, we analyzed transformants that resulted from
nonhomologous integration of the plasmid at various sites. Hybrid-
izations of transformant DNA digested with restriction enzvmes
having 6-bp recognition specificities suggested that each of the
transformants resulted from distinct integrations of the transform-
ing DNA. An example of a diagnostic Southern hvbridization on
the six transformants with single copies of the entire plasmid
integrated is shown (Fig. 4). Samples of each DNA were digested
with the enzymes Hpa I or Bam HI. The plasmid pES174 lacks
Hpa I sites, and in strain N24 the sequences homologous to the
probe (flank) are in an approximately 30-kb Hpa I fragment.
Restriction digests with Hpa I were performed to determine the
number of integration sites of the plasmid in each transformant.
T-ES174-5, -8, -9, and -10 each show one band in addition to the host
band (Hp), reflecting one site of integration in each of these
transformants (23). The absence of new bands in Hpa I digests of
T-ES174-1 and -3 suggests that the plasmid integrated into large Hpa
I fragments (the ~30-kb fragment at the {—m locus in the case of
T-ES174-1). Southern hybridization analyses with probes represent-
ing all parts of the plasmid, and with a variety of enzymes,
established that all of the transformants except T- ES174-1 resulted
from integration of pES174 by nonhomologous recombination.
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Results with Bam HI provide an example of this analysis (Fig. 4). In
each case, one plasmid-derived band (B;) was replaced by two new
bands representing novel junction fragments. Host strain restriction
fragments from the {—m and flanking regions were conserved,
consistent with the conclusion that, in these transformants, the
plasmid had integrated at various ectopic sites. Further analysis
allowed us to conclude that in three of five transformants resulting
from integration of entire pES174 at ectopic sites (T-ES174-3, -5,
and -8) integration disrupted the flank region, one (T-ES174-9)
disrupted the 220-bp Bam HI-Eco RI fragment at the junction
between {—n and am, and one (T-ES174-10) disrupted the am
region (24).

All of the transformants that we analyzed, including several not
illustrated, showed faithful methylation of the {—m region (Fig. 5).
In sharp contrast, neither the am region nor the sequences upstream
of the {—m region (flank) became methylated (25). The pES174
sequences derived from pUC8 remained unmethylated in most, but
not all cases (Fig. 5). To determine whether absence of methylation
in the am region was due to the selection for function of this region,
we isolated and analyzed another set of pES174 transformants
obtained without selection for am. These were obtained by cotrans-
formation, selecting only for a marker (Bml) on the cotransformed
plasmid, pBT6 (26). None of three cotransformants analyzed
showed methylation in the am region, whereas methylation in the
{—m region was normal (27).

What triggers DNA methylation? Although there is consider-
able information on the distribution of DNA methylation in
eukaryotes, essentially nothing is known about what governs which
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Fig. 4. Integration of pES174 in six smglc copy transformants. DNA
samples of the transformants (T-ES174-1, -3, -5, -8, -9, and -10) were
digested with Bam HI (labeled B) or Hpa I (H), fractionated on a 0.7
percent agarose gel and probed with the 4.8-kb Eco RI-Bam HI fragment
from the flank region of pES174 (Fig. 1). Positions of Bam HI and Hpa I
fragments from the host strain (B, and Hy, respectively), and the Bam HI
fragment from the plasmid (B,,) detected with the flank probe, are indicated
on the right; sizes (kilobases) ot markers are given on the left. The very large
fragments (for example, the ~30-kb Hpa I fragment) appear faint (Fig. 2A)
because their sizes are similar to that of undigested Neurospora DNA.
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sequences that are to become methylated. If it is true that most of
DNA methylation in eukaryotes is due to an undiscerning “mainte-
nance” methylation activity, this would be expected to complicate
identification of primary signals earmarking particular sequences for
methylation. Nevertheless, as shown by our results, at least in the
case of N. crassa, it is possible to identify segments of chromosomal
DNA containing sequences that reproducibly act as specific cues for
DNA methylation. In particular, we have demonstrated that the {—
region includes a portable signal resulting in faithful methylation de
novo and that the signal is active in vegetative (haploid) cells. This
rules out methylation models in which recognition of the methyl-
ation signal depends on comparison between homologous chromo-
somes. Whether the signal is a discrete nucleotide sequence or a
global feature of the region is not vet clear. The methylation might
be directed by the DNA sequence itself or else by a higher order
structure, as discussed below.

The {—m methylation signal could act either positively or negative-
ly. That is, the region may include a feature causing methylation, or
it may lack a feature preventing methylation. As an example of the
latter, one could imagine that absence of transcription could lead to
methylation, although this particular possibility is unlikely since we
know of transcriptionally inactive regions that are not methylated
(28). We cannot vet distinguish between these possibilities; never-
theless, a positive-acting signal seems more likely, since transform-
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Fig. 5. Methylation of pES174 DNA integrated in the Neurospora genome
by illegitimate recombination. DNA samples from wild-type N. crasa
(ORS), the transformation host (N24), or pES174 transformants T-ES174-
3,-5,-8,-9, and -10 (T-3, T-5, T-8, T-9, and T-10) were digested with Sau
3A (lane 1), Mbo I (lane 2), Hpa II (lane 3), or Msp I (lane 4) and
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ing DNA from sources other than Neurospora (for example, pUC8
sequences) do not consistently become methylated.

A critical distinction between DNA methvlation in prokaryotes
and eukaryotes is that, in the former, any given site is normally
either methylated in every cell or else unmethylated, whereas in the
latter it is not uncommon to find methylation in some percentage of
the cells examined. In animals and other complex organisms, an
intermediate level of methylation may simply reflect a mixture of cell
types in a heterogeneous tissue. However, in Neurospora we have
observed intermediate levels of methylation in germinating conidia,
a “tissue” which would normally be regarded as homogeneous. It is
unlikely that the observed heterogeneity reflects minor physiological
differences among the cells since apparently identical methylation
“spectra” are found in cultures younger than those used in these
studies (27). That sites in the {—m region are rarely, if ever,
methylated in all cells was a clue to the existence of a “discriminat-
ing” de novo methylase activity in Neurospora (14).

The numerous methylated sites in the {—m region each exhibit a
characteristic level of methylation. An important observation from
our experiments is that the characteristic pattern of methylation in
the {-—m region occurs regardless of position of the region in the
genome. This pattern may simply reflect substrate preferences of a
limiting methyltransferase, or it may be due to more subtle regula-
tion. In any case, the observed heterogeneity with respect to
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fractionated by agarose gel electrophoresis. The DNA was blotted to
membrane and probed sequentially (32) for the tour regions of pES174: (-
region (A), sequences flanking &—m (B), pUCS sequences (€), and the am
region (D). Sizes of selected fragments are given in kilobase pairs.
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methylation may provide a clue to the role of DNA methylation in
eukaryotes (10). In particular, it seems unlikely that methylation of
any individual site would be critical. Findings suggesting that 5-
methylcytosines are hot spots for mutation in eukaryotes lends
support to this idea since any phenomenon dependent on a single 5-
methylcytosine should be doomed.

Operationally, we have observed two types of de novo DNA
methylation in Neurospora transformation experiments. In the case
of the {—m region, consistent position-independent methylation was
observed, indicative of a portable methylation signal. In the case of
the pUC8 sequences, position-dependent methylation was ob-
served, as evidenced by occasional and inconsistent methylation of
these sequences. We and others have found that position-dependent
methylation of transforming DNA is not uncommon in Newurospora
(29). We propose that position-independent and position-depen-
dent methylation are manifestations of a common mechanism that
has the effect of methylating a class of rearranged sequences.
Neurospora chromosomes may be arranged in domains defined by
hypothetical elements occurring periodically along the DNA such as
origins of DNA replication or scaffold attachment sites (30). If the
spacing of these elements were radically perturbed by an insertion or
other rearrangement, the distorted region would become methylat-
ed. According to this model, inserted DNA lacking the hypothetical
clement (possibly pUCS8 sequences, for example) would likely
trigger methylation, depending on the size and position of the
insertion. In contrast, inserted DNA including a copy of the
hypothetical element (possibly the am region, for example) would
rarely if ever become methylated. Finally, sequences containing
abnormal or inappropriately spaced elements would function as
portable signals for DNA methylation, as exemplified by the {—n
region.
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