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ABSTRACT

The ascomycete Ascobolus immersus has been extensively used as a model system for the genetic study
of meiotic recombination. More recently, an epigenetic process, known as methylation induced premeiot-
ically (MIP), that acts on duplicated sequences has been discovered in A. immersus and has raised a new
interest in this fungus. To try and extend these studies, we have now cloned the A. immersus spore color
gene 62, a well characterized recombination hot-spot. Isolation of the whole gene was verified by physical
mapping of four large 42 alterations, followed by transformation and mutant rescue of a null 52 allele.
Transformation was also used to duplicate 52 and subject it to MIP. As a result, we were able for the
first time to observe gene silencing as early as just after meiosis and in single cells. Furthermore, we
have found evidence for a modulating effect of MIP on 52 expression, depending on the region of the

gene that is duplicated and hence subjected to MIP.

S is the case for many heterothallic ascomycetes,

the life cycle of Ascobolus immersus is characterized

by an extended haploid phase and by a sexual phase
that ultimately leads to the production of asci with eight
spores. The main advantage of using this fungus as a
model system for genetic studies of meiotic homologous
recombination lies in the existence of many mutations
in different genes that control the shape or color of
ascospores and in the straightforward visual analysis that
can be done of their segregation at meiosis (LEBLON
and ROsSIGNOL 1973; NicoLas et al. 1981). Among such
mutations, those affecting the spore color gene b2 show,
in general, an unusually high rate of meiotic recombina-
tion (N1cOLAS 1979). Genetic analysis of the 52 recombi-
nation hotspot has provided some of the most compel-
ling evidence that heteroduplex DNA (hDNA) is an
essential intermediate of meiotic recombination and
that recombination proceeds from preferred initiation
sites (reviewed in ROSSIGNOL ¢t al. 1988 and in NicoLas
and RossIGNOL 1989). Work with the molecularly more
tractable yeast Saccharomyces cerevisiae has since demon-
strated the physical existence of recombination initia-
tion sites at meiosis (N1ICOLAS et al. 1989; SUN et al. 1989;
CAO et al. 1990; DE MAssy and NicoLas 1993; NAG and
PETES 1993; FAN et al. 1995) and of heteroduplex DNA
(NAG et al. 1989; LICHTEN et al. 1990; HABER ¢f al. 1993;
NAG and PETES 1993). Despite this, comparison of the
genetic data obtained with A. immersus and S. cerevisiae
indicates several apparent differences in the recombina-
tion process between these two model organisms (dis-
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cussed in NicoLas and PETES 1994). For example, al-
though the formation of hDNA simultaneously on the
two interacting DNA duplexes (i.e., of syrmmetric hDNA)
has been extensively documented in A. immersus, evi-
dence remains elusive in S. cerevisiae (see ALANI et al.
1994). Similarly, evidence for the existence of two dis-
tinct mechanisms of biased gene conversion (concern-
ing frameshift mutants and large heterologies, respec-
tively) comes exclusively from studies in A. immersus
(HaMzZA et al. 1986). Thus, it is expected that molecular
studies based on b2 will provide new insights into the
mechanisms of meiotic recombination.

To make such studies possible, several DNA transfor-
mation procedures have been developed for A. immersus
(FAUGERON ¢t al. 1989; GOYON and FAUGERON 1989).
Initially, these were all based on the use of Met™ proto-
plasts and of the previously cloned met2 gene (encoding
homoserine O-transaceteylase) of A. immersus (GOYON
et al. 1988). Unexpectedly, it was found that many of the
Met" transformants would not transmit the transformed
phenotype through sexual reproduction. Investigation
of this observation revealed that inactivation was associ-
ated with extensive cytosine methylation of the
transgene and of the resident met2™ allele transmitted
by the transformants (FAUGERON et al. 1989; GOYON and
FAUGERON 1989). This led to the discovery of a process
known as methylation induced premeiotically (MIP) in
A. tmmersus, which raised a novel interest in this fungus
(RHOUNIM et al. 1992; reviewed in ROSSIGNOL and FAUG-
ERON 1994). MIP has also since been shown to operate
on two exogenous genes that were introduced into A.
immersus by DNA transformation, the amdS gene (encod-
ing acetamidase) of Aspergillus nidulans and a chimeric
construct containing the hph gene (encoding hygro-
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mycin B phosphotransferase) of Escherichia coli (FAUG-
ERON ¢t al. 1990; RHOUNIM et al. 1994).

Work with these three genes has amply demonstrated
that MIP acts only on sequences that are present in two
or more copies in the same haploid nucleus (indicating
that transformation per se does not trigger MIP), and
that it is exclusively established during the sexual phase
of the life cycle at some stage (as yet undefined) be-
tween fertilization and karyogamy. Furthermore, MIP
is an epimutation process only, since neither methyla-
tion nor silencing resulting from MIP are associated
with mutations (RHOUNIM e al. 1992). This distin-
guishes it from the related process of repeatinduced
point mutation (RIP) of Neurospora crassa, which also
detects repeats, but subjects them to multiple C to T
(and G to A) transitions and usually to methylation
(reviewed in SELKER 1990; SINGER and SELKER 1995).

Once established, both methylation and silencing by
MIP are stably transmitted vegetatively as well as sexually,
independent of any duplication being present (RHOU-
NIM et al. 1992). Although the mechanism of inactivation
by MIP remains elusive, as does the exact nature of
the original premeiotic imprint, results obtained to date
suggest a role for methylation in blocking transcript
elongation (BARRY et al. 1993). In this context, it should
be noted that unlike the methylation commonly found
in mammals and plants, methylation established by MIP
(and, for that matter, by RIP) is remarkably dense and
is not restricted to symmetrical sites, since it can concern
nearly every cytosine residue that is contained within the
repeats, as indicated by genomic sequencing (SELKER et
al. 1993; GOYON et al. 1994). Genomic sequencing has
also confirmed that methylation established by MIP is
roughly coextensive with the length of the repeat. This
latter result and the observation that both RIP and MIP
never affect one, but always two or all three, elements
of sequence triplications strongly suggest that both pro-
cesses involve direct DNA-DNA interactions (FINCHAM
et al. 1989; FAUGERON et al. 1990). This would imply
therefore the participation of some kind of homology
sensing machinery in RIP and MIP and raises the intri-
guing possibility that this machinery is the same as that
involved in meiotic pairing (Foss and SELKER 1991; Ros-
SIGNOL and FAUGERON 1994; WEINER and KLECKNER
1994).

Here, we report the cloning of the spore color gene
b2 using a genomic subtractive approach and the physi-
cal characterization of four mutant alleles correspond-
ing to large alterations of the gene. This analysis, com-
bined with transformation experiments, were used to
delineate the gene within an 18-kb DNA fragment. We
also present the results of detailed genetic and molecu-
lar analyses that demonstrate that 42 can be subjected
to MIP following its duplication by transformation and
that confirm previous results obtained with the endoge-
nous gene met2 and the two exogenous genes amdS and
hph. In addition, we show that gene silencing by MIP,

which can be visualized in single cells thanks to 52, takes
place at the latest after the first postmeiotic cell division,
and that it is frequently partial when associated with
methylation of only given parts of the gene.

Theoretical and practical implications of these and
other results are discussed.

MATERIALS AND METHODS

DNA isolation and manipulation: DNA manipulations were
performed according to standard techniques (SAMBROOK et
al. 1989).

Genomic DNA used for making a library in the lambda
replacement vector DASH II (Stratagene) and for subtractive
hybridization was isolated as follows: fresh mycelium (4 g) was
frozen in liquid nitrogen and ground to a fine powder before
being transferred to a polypropylene tube containing 22.5 ml
of DNA extraction buffer without SDS (final concentration:
100 mM Tris-Cl pH 8.5, 50 mM EDTA, 100 mM Na(Cl, 10 mM
fB-mercaptoethanol, 0.1 mg/ml of freshly added proteinase
K). The powder was resuspended by gentle mixing before
adding 2.5 ml of a 20% SDS solution to lyse cells. The resulting
mixture was incubated at 42° for 1 hr with occasional swirling.
Cellular debris was eliminated by brief centrifugation, and the
supernatant was extracted once with 1 vol of a phenol:chloro-
form mix (50:50) previously equilibrated with the extraction
buffer (without proteinase K and without SDS). The aqueous
phase was transferred to a fresh tube, and DNA was precipi-
tated by adding 0.1 vol of 3 M sodium acetate pH 5.2 and 1
vol of 100% isopropanol. Precipitated DNA was spooled out,
rinsed with 70% ethanol, and gently resuspended in 4 ml of
10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.1 mg/ml RNase A
(buffer TE + RNase). The DNA solution was incubated 30
min at 37° then centrifuged (1800 rpm, 20 min, 4°) to pellet
polysaccharides. DNA was finally purified by CsCl ultracentrif-
ugation. Yields varied between 300 and 500 ug of DNA.

A scaled-down version of this protocol was used to isolate
all of the other genomic DNAs with few modifications: myce-
lium was lyophilized and kept at —20° before use; CsCl centrif-
ugation was replaced by a phenol:chloroform extraction and
DNA precipitation.

Genomic subtraction and cloning of DNA fragments from
the b2 region: Subtraction was achieved using The Phenol
Emulsion Reassociation Technique (PERT) of KOHNE ef al.
(1977), adapted by KUNKEL et al. (1985) for the construction
of genomic libraries enriched in DNA fragments present in
one individual but not in another. Driver DNA (70 ug) car-
rying the deletion mutation 62-AI1230 (see RESULTS) was
sheared by sonication to an average size of 600 bp and mixed
in 500 pl of water to 0.7 ug of wild-type DNA (tracer DNA)
that was previously restricted to completion with the four-base
cutter enzyme Tagl. The DNA mixture was heated at 100° for
5 min, cooled on ice, and added in an Eppendorf tube to
500 wl of 0.2 M Tris-Cl pH 8.5, 2.5 M NaClOy, 13% redistilled
phenol. The tube was fixed to a Vortex shaker, and renatu-
ration was allowed to proceed to high Gt values by intermit-
tently shaking the tube at room temperature over a period
of 85 hr in total. DNA was extracted once with chloroform,
precipitated by adding 0.1 vol of 3 M sodium acetate pH 5.2
and 1 vol of 100% isopropanol, rinsed with 70% ethanol and
finally resuspended in 30 ul TE.

PERT-reassociated DNA was cloned and submitted to a sec-
ond subtraction, as follows. Vector DNA (pUC19, 0.5 ug) was
linearized with the enzyme Acd that leaves Tagl-compatible
terminii, dephosphorylated, and mixed with 3 ul (~6 ug) of
PERT-DNA in a ligation reaction volume of 50 ul. Following
a 4-hr ligation at room temperature, DNA was precipitated,
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resuspended in 12 pl TE, and 8 ul were used to transform
competent bacteria (K803, New England Biolabs) by electro-
poration. About 2-5 X 10* colonies were recovered on one
large Petri dish (22 X 22 cm) and eluted en masse to isolate
plasmid DNA. (Analysis of plasmids of 17 individual colonies
indicated that 13 (>75%) carried an identifiable insert). In-
serts were released from vector DNA with the enzymes BamHI
and HindlIlI, which flank the Acd cloning site, and were puri-
fied on a gel as a single fraction (fraction 0-1.6 kb). Inserts
(1.5 ng) were submitted to a second round of subtractive
hybridization with 5 pg of 52-A 1230 driver DNA, correspond-
ing to an estimated 100-fold excess (assuming a maximal A.
immersus genome size of 10° kb and an average insert size of
300 bp). Half of the PERT-reassociated DNA was ligated to
plasmid pUC19 previously cut with the enzymes BamHI and
Hindlll and used to transform competent bacteria. Over a
thousand transformed colonies were obtained, and 384 were
picked and grown individually into microtiter plates.

The maximal rate of enrichment attainable by the sub-
tractive approach just described is fixed by the ratio of driver
DNA to tracer DNA. However, previous evidence (discussed
by STRAUS and AUSUBEL 1990; LISITSYN et al. 1993) suggests
that the enrichment actually obtained by subtractive hybrid-
ization is usually far below that of theoretical estimates. As-
suming a 10-fold instead of a 100-fold enrichment for each
reassociation step and a hypothetical size of =5 kb for the
b2-A 1230 deletion, we estimated that ~200 clones had to be
examined after the second subtractive hybridization to obtain
at least one clone containing sequences present in the wild
type but not in the $2-A 1230 deletion mutation. Calculation
was based on the formula given by WIELAND et al. (1990), Y
= ERC,/C,, where Y is the number of clones with insert from
target/number of clones examined, E is the rate of enrich-
ment, R is the number of copies of target per haploid tester,
C, is the complexity of target, and C, is the complexity of
haploid driver. In our case, we have ¥ = (100 X 1 X 5)/10%).

The rate of enrichment actually achieved was estimated a
posteriori, by hybridizing replica filters of the 384 colonies
picked in total with the cloned 8.5-kb Sad fragment that is
entirely missing in 42-A 1230 DNA (see Figure 3). Three colo-
nies (including the one originally identified) hybridized un-
ambiguously to the probe, which gives an estimated 90-fold
enrichment at best.

Plasmids used for transformation: The transformation
marker met2was cloned into the EcoRV site of plasmid pBlues-
cript I KS (Stratagene) and corresponds to the 3.7-kb HinclIl-
Smal fragment of the original 5.7-kb HindIIl -HindIIl met2
clone (GOYON et al. 1988). met2 is oriented with its 3’ end
pointing toward the 3’ end of amp. The 18-kb APA11 insert
was cloned as a Nofl fragment at the Nod site of the polylinker
to give plasmids pVMB2-1 and pVMB2-2. The 18kb APA1l
insert is orientated with its left end (see Figures 2a and 3a)
pointing toward the 5’ end of mes2 in plasmid pVMB2-1 and
is in the opposite orientation in plasmid pVMB2-2.

Strains of A. immersus, transformation procedure, genetic
analysis and media: Strains belonged to stock 28 (RIZET et al.
1969). The mutant allele 52-A 1230 was isolated as a spontane-
ous mutation that recombines with none of the other known
b2 mutations (A. N1coras and J.-L.. ROSSIGNOL unpublished
data). The 62A138, b2-A10 and b2-GO mutant alleles have
been described in ROSSIGNOL et al. (1988). The mutation
rndl.2, which gives round spores as opposed to long spores,
is unlinked to 42 and is used to help identify postmeiotic
segregation of spore color (PAQUETTE 1978). The null met2
allele was produced by replacement of the 5.7-kb HindIII
fragment that contains met2 (GOYON et al. 1988) by the aceta-
midase gene amdS of A. nidulans (met2A :: famdS) (C. BARRY
unpublished data). The hygromycin resistance marker that is

closely linked to 42 was obtained by random integration of a
plasmid-borne construct containing the hygromycine B phos-
photransferase gene hph of E. coli (RHOUNIM et al. 1994; S.
SaLamA, G. FAUGERON and J.-L. RossiGNOL, unpublished
data). Media and transformation procedures have been pre-
viously described (RHOUNIM et al. 1994).

Standard genetic procedures were used (RIZET et al. 1960).
Analysis of spore color segregation was performed under a
dissection microscope after collecting asci on agar lids. The
Met, Amd and Hyg phenotypes were tested as described in
RHOUNIM et al. (1994).

RESULTS

Cloning of DNA from the b2 region by genomic sub-
traction: The choice of this approach was prompted by
the lack of any precise information concerning the
product of 42 and by the fact that among the many
known b2 mutations, several were genetically defined as
deletions of part of 42 (ROSSIGNOL et al. 1988), and one,
the 52-A 1230 mutation, as a deletion of the entire gene
(A. Nicoras and J.-L. RossiGNOL, unpublished data).
Genomic subtraction of wild-type genomic DNA was ar-
bitrarily performed with that of 52-A1230 mutant
strains. To homogenize backgrounds, each of the two
DNAs was isolated from 20 strains chosen at random
from the progeny of a single 62" X b2-A 1230 cross. DNA
of the pooled 62" strains (tracer DNA) was restricted
to completion with the frequent cutter enzyme Tagl
and mixed with a 100-fold excess of sonicated DNA
of the pooled 62-A 1230 mutant strains (driver DNA).
DNA was melted and reannealed to high Cgt values,
using the Phenol Enhanced Reassociation Technique
(PERT). Reassociated 7Tagl fragments were cloned to
the compatible Acd site of plasmid pUCI19, released en
masse from the vector using flanking restriction sites
and submitted before recloning to a second round of
reassociation by PERT in the presence of a 100-fold
excess of driver DNA. Based on calculations detailed in
MATERIALS AND METHODS, examination of a maximum
of 200 new clones was deemed sufficient to isolate DNA
corresponding to the 62-A 1230 deletion. Inserts were
purified in pools of 12 and used to probe Southern blots
of restricted tracer and driver DNA. Hybridization with
the fifth pool of inserts produced one band specific to
the 2" genotype (Figure 1, left panel). Further analysis
of the pool confirmed this result and led to the identifi-
cation of a 180-bp Tagl insert that hybridized to 52"
DNA alone (Figure 1, right panel), and that was there-
fore likely to correspond to DNA from the 52 region.

Physical mapping of the b2 region: The 180-bp Tagl
insert obtained by genomic subtraction was used to iso-
late three overlapping lambda clones (APA1l, \PA12
and APA14) from a phage library made of wild-type geno-
mic DNA (Figure 2a). Probes were derived from the
phage inserts and used on Southern blots of restricted
DNA of the 52" and b2-A 1230 strains, and of three addi-
tional 2 mutants that have been genetically defined as
large alterations of the gene: the two deletions b2-A10



1302 V. Colot and J.-L.. Rossignol

N\ W\ N\ W\
¢y ey
»
X 0* l* ,
AN
»
R
o -5

- - -t

FIGURE 1.—Identification of DNA of the 52 region follow-
ing subtractive cloning. DNA corresponding to the 52" and
b2-A 1230 genotypes were digested with the enzymes HindlIll,
HindIIl + EcoRV and EcoRV (from left to right in the two
panels), transferred onto a nylon membrane and sequentially
hybridized with pools of inserts derived from the subtractive
cloning procedure. Left panel: results obtained with the fifth
pool of inserts and that reveal an ~1.6-kb EcoRV band unique

to the 52" genotype. Right panel: result of hybridization of

the same blot with the 180-bp purified insert of that pool.
The insert reveals also an ~300-bp HindIIl fragment unique
to the #2" genotype, not visible after the first hybridization
due to the weaker signals generated by the composite probe.
The >8-kb bands seen in the right panel are due to weak
cross-hybridization to the >100 copies of the tandemly ar-
ranged rRNA genes.

and 62-A 138 and the unstable insertion 42-G0. Typical

results are shown in Figure 2, b and ¢, indicating loss of

fragments and/or fragment size polymorphisms between
the five DNA analyzed. In marked contrast, no polymor-
phism was detected with probes derived from several
randomly cloned A. immersus DNA fragments (data not
shown). Taken together, these results confirmed that we
had cloned DNA of the 42 region and were used to
derive a physical map of that region for each of the five
genotypes that were analyzed (Figure 3a). According to
these maps, b2-A 1230 and b2-A 10 correspond to dele-
tions of ~13 and 5 kb, while 42-G0 represents an inser-
tion of ~400 bp with respect to wild type and 52-A 138,
a 5- to 6-kb deletion flanked on its right by a complex
rearrangement (see legend of Figure 3a). With the ex-
ception of the rearrangement exhibited by the mutant
allele b2-A 138, these data therefore confirm and extend

the genetic data, as does the physical mapping of the
four mutations relative to each other (see Figure 3b).

Digestions with the restriction enzyme Ndell and its
cytosine methylation-sensitive isoschizomer Sau3A and
analysis using APA11 and APA14 DNA probes did not
reveal any significant methylation of the 42 gene region
for any of the five genotypes tested (Figure 2c). Simi-
larly, no differences were detected between restrictions
digests performed using the Mspl and Hpall isoschizom-
ers, which exhibit different sensitivity to DNA methyla-
tion (data not shown). Taken together, these results
indicate that no detectable cytosine methylation is asso-
ciated with the b2 region or with any of the four mutant
genotypes, including the insertion mutant 42-G0 and
the complex rearrangement 62-A138.

Mutant rescue of b2 and inactivation by MIP: Physi-
cal mapping of the 42 region strongly suggested that 52
is entirely contained within the APAI1 (or APA12) 18-
kb insert, since this insert extends well outside the
breakpoints of the »2-A 1230 deletion. To verify this by
mutant rescue, DNA transformations were performed
with each of the two nonlinearized plasmids pVMB2-1
and pVMB2-2, which contain the APAT1 18-kb insert in
opposite orientations and the selectable marker met2 of
A. immmersus. These transformations were also used to
test whether MIP operates on 52.

Experimental approach: The recipient haploid strain
carries a resident 42" allele that is closely linked to the
hygromycin-resistance marker 7zph to facilitate subse-
quent analysis, and a deletion of the resident met2 gene
obtained by replacement with amdS (met2A ::amds).
The use of this strain allows MIP and mutant rescue of
b2 to be tested directly and simultaneously, simply by
crossing primary transformants with a 42 mutant strain.
Indeed, most transgenes are likely to segregate at meio-
sis independently of their resident counterparts since
transformation of A. immersus with circular plasmids
harboring sequences already present in the genome
mainly takes place by integration at sites unlinked to
the native sequences (GOYON et al. 1988). The tester
strains of opposite mating type used in crosses with the
primary transformants carries the resident 62-A 1230 al-
lele and lacks the Zph marker, so as to permit identifica-
tion of progeny strains that had inherited the resident
b2" allele and/or the transgene(s) solely on the basis
of the Met, Hyg and, when necessary, Amd phenotypes,
and thus independent of spore color. Lastly, given that
in A. immersus, transformation often results in integra-
tion of only part of the transforming DNA (GOYON et
al. 1988), a large number of transformants have to be
analyzed for mutant rescue to be tested adequately.

Transformation and test crosses: Three separate trans-
formation experiments were performed, two with plas-
mid pVMB2-1 and one with plasmid PVMB2-2. Trans-
formation efficiencies were similar to each other (5-
10 transformants/pg plasmid DNA). Among over 200
transformants obtained, 60 pYMB2-1 transformants and
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FIGURE 2.—Southern blot analysis of DNA corresponding to the 52" genotype and to four large alterations of 42. (a) EcoRI
map of the inserts of the three lJambda clones APA11, APA12 and APA14 isolated by probing an A. immersus genomic library with
the 180-bp fragment obtained by subtractive cloning (shown as a gray box). (b and ¢) Typical hybridization results produced
by probing blots of restricted DNA of five different 52 genotypes with a mixture of APA11 and APA14 DNA. For each genotype
in ¢, the Ndel and Sau3A digests correspond to the left and right lanes, respectively.

30 PVMB2-2 transformants were crossed with a b2-
A 1230, met2A :: famds tester strain of the opposite mat-
ing type. While 21 out of the 60 pVMB2-1 transformants
produced fertile crosses, a proportion that is within the
norm for met2" transformants (FAUGERON et al. 1989;
G. FAUGERON and J.-L. RoOsSIGNOL, unpublished re-
sults), test-crosses with the 30 pVMB2-2 transformants
were all sterile, being in this respect undistinguishable
from crosses between A. immersus met2  strains. This
suggests that the expression of the met2 gene provided
by plasmid pVMB2-2, although phenotypically undistin-
guishable before fertilization from that provided by
plasmid pVMB2-1, is insufficient to allow sexual repro-
duction to proceed normally. Although this was not
investigated further, this is in keeping with the fact that
six of the 30 transformants obtained with pVMB2-2 were
found to be fertile in crosses with a 62-A 1230 tester
strain that carried a resident met2" allele.

Visual inspection of progeny: As indicated in Table 1,
progeny produced by the 27 fertile transformants fell

into five distinct categories. Progeny of categories 1 and
2 contained asci with six or eight brown spores all truly
wild type in color and thus demonstrated rescue of the
mutant phenotype associated with the 62-A 1230 allele.
In addition, progeny of categories 1 and 2 were pro-
duced by transformants obtained with plasmids pVMB2-1
and pVMB2-2 and hence were not dependent on the
orientation of the APA11 18-kb insert relative to the
flanking plasmid sequences. This indicates therefore
that the APA11 18-kb insert contains all the information
necessary for the proper expression of 52 in spores.
Progeny of categories 1 and 2 also contained asci with
eight white spores, in proportions ranging from 50 to
90% of all asci. This suggests that 0B:8W asci originated
from inactivation by MIP of both the 52 resident allele
and the functional transgene(s) transmitted by the
transformants. Likewise, many 0B:8W asci were present
in the progeny of categories 3 and 4, in proportions
ranging from 10 to 90% of all asci. However, progeny
of these two categories contained no asci indicative of
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FIGURE 3.—Physical and genetical maps of the b2 region and of four mutant 52 alleles. (a) Physical maps. Question mark
over a restriction site indicates that the presence of this site could not be determined unambiguously. For each enzyme, the
leftmost and rightmost sites that are indicated were identified by hybridization of Southern blots of genomic DNA with \PA14
and APAl1 DNA, respectively, and do not therefore exclude the possible presence of further sites beyond these boundaries.
The rightmost Xbal site is ~6 kb away from the rightmost EcoRI site. The four mutations 52-G0, b2-A 1230, b2-Ai38 and b2-A 10
correspond respectively to an insertion (M) and three deletions ([1). The mutation 52-A 138 also contains a rearrangement of
sequences to the right of the deletion (---). (b) Genetic maps. The leftmost and rightmost 52 markers belong to the intragenic
suppression groups F and A, respectively, and are ~4.5 ¢cM apart (LEBLON and PAQUETTE 1978; ROSSIGNOL ef al. 1988). The
complete deletion 52-A1230 and the two partial deletions 52-A 138 and b2-A 10 were genetically defined on the basis of their
nonrecombination with either all or some of the other known 52 mutant alleles. The extent of the three deletions could not
be determined genetically outside of 42 since no known gene marker flanks 42. The mutation 52-G0 was genetically defined as

a transposon insertion on the basis of its instability and of the nature of the revertants generated (NICOLAS et al. 1987).

mutant rescue. This therefore suggests that they were
produced by transformants harboring defective 52
transgenes that are nevertheless capable of inactivating
the resident 42 allele by MIP.

In marked contrast to progeny of categories 1 and 3,
those of categories 2 and 4 also contained asci with
pale brown-reddish spores (described hereafter as pink
spores) and thus showed partial inactivation in addition
to complete inactivation of 52. Moreover, progeny of
categories 2 and 4 were unique in exhibiting postmei-
otic segregations of spore color (white/pink, brown/

pink and, more rarely, brown/white) and hence in
showing that spores produced from a given meiotic
product could display different levels of 52 activity. Pink
spores varied in number from one to four per ascus in
progeny of category 4 and reflected the partial inactiva-
tion of the resident 42" allele. As for the pink spores
present in progeny of category 2, they occasionnally
varied in number from five to eight per ascus, indicating
in these rare instances partial inactivation of the resi-
dent and transgenic b2 alleles, but mostly varied in num-
ber from one to four, and were then always associated

TABLE 1

Categories of progeny produced in crosses of primary transformants with 52-A 1230 tester strains

Transformants Asci

Category obtained with plasmids

number pVMB2-1 + pVMB2-2 4B:4W 0B:8W 6B:2W 8B:0W Others
1 1+1 + + + + —
2 1+1 + + + + +¢
3 11 +1 + + — — —
4 1+0 + + — _ +4
5 7+3 + — — — —

“ Mostly asci with one to four pink spores.

» Asci with pink spores together with at least four white spores.
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TABLE 2

Progeny produced in backcrosses of selected transformants® with 52-A 1230 tester strains

Name of primary

transformant’ Asci® (500 scored per progeny)
(and category of

progeny produced) 4B:4W =4B/P:=4W 6B:2W =6B/P:=2W 8B:0W =8B/P:=0W 0B:8W
25 101 30 344

T1 (category 1) (5.0) — (20.2) — (6.0) — (68.8)
T9 (cat 9) 41 16 19 108 2 20 294

(category (8.2) (3.2) (3.8) (21.6) (0.4) (4) (58.8)
9 37 4 450

T3 (category 1) (1.8) _ (7.4) — (0.8) — (90.0)
146 354

T4 (category 3) (29.2) — — — — — (70.8)
85 181 234

T5 (category 4) (17.0) (36.2) — — — — (46.8)
219 281

T6 (category 3) (43.8) — — — — — (56.2)

“From two to five independent backcrosses were performed in total for each of the six primary transformants T1-T6. Results
are shown for just one backcross in each case. Values in parentheses are percentages.
®Primary transformants T1, T4 and T5 were obtained with plasmid pVMB2.1, the other three transformants T2, T3 and T6

with plasmid pVMB2.2,

¢ =4B/P:=4W: asci with four or less colored spores (brown or pink), other than 4B:4W asci. =6B/P:=2W: asci with six or
five colored spores (brown or pink), other than 6B:2W asci. =8B/P:=0W: asci with eight or seven colored spores (brown or

pink), other than 8B:0W asci.

with four brown spores. Genetic analysis of one such
progeny (that produced by transformant T2, see below)
indicates that in the latter case, pink spores originated
exclusively from partially inactivated transgenic copies,
independent of any inactivation of the resident 52" al-
lele (this result is discussed below).

Finally, progeny of category 5 were exclusively com-
posed of 4B:4W asci and did not differ in that respect
from that of untransformed 52", met2* controls. Thus,
none of the transgenes harbored by the transformants
that produced such progeny were able to inactivate the
resident 52" allele to any noticeable degree nor to res-
cue the #2-A 1230 mutation. Although this was not inves-
tigated further, this result therefore suggests that none
of these transgenes contain extensive parts of 52in addi-
tion to the transformation marker mez2.

Genetic analysis of transformants: Six transformants
(called hereafter T1-T6) corresponding to the four
categories of mixed progeny (Table 1, categories 1-4)
observed in crosses with 52-A 1230 tester strains were
chosen for further analysis. As primary transformants
often contain a mixture of transformed and untrans-
formed nuclei, this can lead to the production of un-
transformed progeny and hence to an overrepresenta-
tion of 4B:4W asci in crosses with 62-A1230 tester
strains. To permit the proper analysis of spore color
segregation and to test whether the primary trans-
formants contained one or several transgenic loci,
transgenic strains harboring the active resident 52" al-
lele (i.e. strains that were Met", Amd* and Hyg") were
isolated from the progeny of these primary trans-
formants and back-crossed with 52-A 1230 strains. All of

the transgenic strains tested in this manner produced
the same types of asci as those produced by the primary
transformants from which they derived. Notably, deriva-
tives of T2 and T5 produced pink spores and exhibited
again postmeiotic segregations of spore color. Taken
together, these results confirmed the original distinc-
tion of four categories of mixed progeny in addition to
that composed exclusively of 4B:4W asci in crosses with
b2-A 1230 strains (Table 2, and Figure 4 for examples
of the four categories of mixed progeny). Furthermore,
the relative frequency of asci of the different types did
not differ significantly in the progeny of transgenic
strains derived from the same primary transformant
(data not shown). Analysis of back-crosses also indicated
a ratio of 4B:4W, 6B:2W and 8B:0W asci close to 1:4:1
in the progeny of the derivatives of transformants T1
and T3, indicating that they contain a single functional
b2 transgenic locus, unlinked to the resident 52" allele
(Table 2 and data not shown). The same conclusion
was reached for T2 and its derivatives, although in this
case the analysis of the ratio of the different types of
colored asci was complicated by the frequent postmei-
otic segregation of spore color and the frequent inacti-
vation of the 42 transgene independent of the resident
52" allele (see section on partial inactivation). In turn,
segregation analysis of the Hyg, Met and, when neces-
sary, Amd phenotypes in the progeny of these three
transformants and of their derivatives was indicative in
each case of the presence of a single met2 transgenic
locus, linked to the 52 transgene (data not shown). A
similar analysis revealed that transformants T4, T5 and
T6 each contained and transmitted a single met2
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FIGURE 4.—Examples of the four categories of mixed progeny observed in test-crosses of selected transformants with 62-A 1230
strains. Transformants contained the resident 52" allele in addition to one transgenic locus. To help detect postmeiotic segrega-
tions of spore color, the spore shape marker rndl.2 was also used in these crosses (see MATERIALS AND METHODS). (a) Control
progeny composed exclusively of 4B:4W asci and produced in a cross between an untransformed wild-type strain and a b2-A 1230
strain. (b) Mixed progeny composed of a majority of 0B:8W asci together with 4B:4W, 6B:2W and 8B:0W asci (category 1). (c)
Mixed progeny composed of 0B:8W and 4B:4W asci only (category 3). (d) Mixed progeny composed of asci with pink spores
in addition to 0B:8W, 4B:4W, 6B:2W and (not shown) 8B:0W asci (category 2). (e) Mixed progeny composed of asci with pink
spores and at least four white spores in addition to 0B:8W and 4B:4W asci (category 4). Note in d and e that many asci show

postmeiotic segregation of spore color (see enlarged examples).

transgenic locus, which cosegregated with the capacity
to inactivate the resident »2" allele in crosses and which
was unlinked to that allele (data not shown).
Molecular characterization of transgenic loci: As de-
scribed, genetic analysis of the six transformants T1—
T6 indicated that each harbored and transmitted to its
progeny a single transgenic locus. To determine the
content of these six loci (designated hereafter t1—16)
with respect to the 18-kb APA11 insert used for transfor-
mation, Southern blots of restricted DNA of trans-

formed progeny strains also harboring the 52-A1230
resident allele were probed successively with the entire
18-kb APA11 insert and with various subfragments. Ex-
amples of this analysis are shown in Figures 5a and 6,
b and c. Results indicate that the 2 locus contains the
entire APA11 insert together with a duplication of be-
tween 4 and 5 kb of its right end (Figures 5 and 6a)
and that the ¢I and (6 loci carry respectively, one and
at least three copies of a left end truncated version of
that insert. The remaining three transgenic loci (3-
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t5) possess a complex structure, characterized by the
presence of two or three distinct deletions of parts of
the 18kb APAll insert. Although no attempts were
made to define further the internal organization of any
of the transgenic sequences derived from the 18-kb
APAI1 insert nor to identify flanking sequences, it can
be concluded that none of the six transformants ana-
lyzed had integrated a single intact copy of the insert.
Furthermore, comparison of the nonfunctional trans-
genic loci t4 and 5 to the two deletion mutants b2-
A 138 and b2-A 10 indicates that these two trangenic
loci contain only part of 52 (Figures 5b and 6a). On
the other hand, comparison of transgenic loci ¢3 and
16 suggests that the nonfunctionality of the latter is not
caused by a truncation of 42 (Figures 5b and 6a, and
see below).

Methylation analysis: To ascertain whether MIP was
responsible for the inactivation of 42 seen in the prog-
eny of transformants chosen for analysis, DNA was iso-
lated from strains derived from two asci per trans-
formant: one 0B:8W ascus, indicating inactivation of
the resident 2" allele and of the transgenic locus, if
functional; and one control ascus, i.e., showing no visi-
ble sign of inactivation for either of these. In each case,
the two asci were taken from the same progeny (either
that of the original cross or that of a back-cross). To
facilitate the methylation analysis, asci were also chosen
so that the resident 52" allele and the transgenic locus
had segregated. Two strains were therefore considered
for each ascus, one carrying the resident 42" allele alone
(lanes a and c in Figure 6), the other carrying the
transgenic locus together with the resident 52-A 1230
allele (lanes b and d in Figure 6).

Methylation of DNA was assessed primarily by using
the restriction enzyme Ndell and its methylation-sensi-
tive isoschizomer Sau3A. After transfer, digests were hy-
bridized to the 13-kb Xbal fragment of clone APA14,
which corresponds almost exactly to the region absent
in the »2-A 1230 mutant. Although this probe excluded
from analysis five kilobases of sequence that was poten-
tially duplicated between the resident 42" allele and the
different transgenic loci, it ensured that no hybridiza-
tion could take place with the resident 52-A 1230 allele
present in the transgenic strains (data not shown).
Methylation analysis was further facilitated by only con-
sidering the 16 larger Ndel restriction fragments of the
b2" resident allele that hybridize to the 13-kb probe
and their exact transgenic counterparts (Figure 6a).
Due to the interspersion of nine of the 16 larger frag-
ments with smaller ones (indicated in Figure 6a as small
vertical bars), this analysis therefore concerned 23
Ndell/ Sau3A sites in total.

Hybridization results obtained with the 13-kb probe
are shown in Figure 6, b and ¢ for the 24 progeny strains
that were originally tested. For five progeny strains (see
lanes a and b that relate to the progeny of the 52",t1
and b2",t3 transformants, and lane a that relate to the
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FIGURE 5.—Molecular characterization of six transgenic
loci. (a) Examples of the Southern blot analysis of transgenes
t1-t6 (lanes 1-6) in the 52-A 1230 mutant background. Re-
sults were obtained after hybridization with the entire 18-kb
APA1l insert. (b) Extent of sequences derived from the 18-
kb APA11 insert that are present in the six transgenes t/—16.
HindlIll sites (O) and EcoRV sites (V) are only indicated for
the APAIl insert. Regions that are duplicated within
transgenic loci are designated by a gray line above the corre-
sponding map. The left end of the duplication present in (2
was not determined precisely (dashed grey line).

progeny of the 52" ,(2 transformant), no noticeable dif-
ference can be seen in the hybridization pattern gener-
ated after digestion with either of the enzymes Ndell
and Sau3A, indicating that none of the probed Ndell/
Sau3A sites are methylated in these strains. In marked



1308 V. Colot and J.-L.. Rossignol

a) b) b2+ 13 b2+ 16

_ — 3
85 3 13 10 10' 6 4 149

2t wqpn'-—-l-llq kb
b2- 4.0-
AI230 3.0-
b2-
AI38 e — . 20 ww-l-vwww

_ 1.6- 99 -2-veww
Al) EEEEEEE EEEEEE e -i-wve
t1 I R 10-ww-i-swyww »w wBPfue®

{2 R

13 || {11ty ! I Il 1] :
l.—6- -
SRR P A m-' 8

(4 04-" -\9, -4

‘5 - EEEEE EEE 03 \;‘3{5-0-00 - -oeﬁo >
16 TTT I 1 11 11 N7 . .
1kb .
=
C) b2+, 11 b2t 2 b2%, 14 b2+, 15

a b ¢ d T2 TS5 T6

':u'z' ::8!3! '::.!a'.' . :l- :;ot.,

~@9e=9[V eee eie:cc- so" i-tes-: 3;3:;'

g\ ’ -. -

1 Lo, S MR LR |||
}%% "....! ..'.?: eo*® © - '. e .'.
12 : . BN
14

FIGURE 6.—Methylation analysis of the 52" resident allele and of the six transgenic loci t1-t6 in the progeny of test crosses
with 62-A 1230 strains. (a) Ndell/Sau3A restriction maps of the 52" resident allele, of the the two mutants b2-A 138 and b2-A 10
and of the six transgenic loci t/-t6. These maps are limited to the ~13-kb region that is completely absent in the mutant b2-
A1230. Only the Ndell/Sau3A fragments that are apparently nontruncated with respect to the wild type are considered in the
other maps. The lines at the top of the figure indicate the extent of the eight different probes used for mapping and for
subsequent methylation analysis. Ndell/ Sau3A fragments of < ~250 bp are indicated as vertical bars, and only for the 42" allele.
The 16 larger fragments are numbered by order of decreasing size (see b). Doublets are indicated as fragments 10 and 10" and
fragments 13 and 13’ (and as bands 10* and 13* in b). Regions that are duplicated in ¢2 and 6 are indicated by gray lines, as
in Figure 5. (b and ¢) Examples of the methylation analysis performed on progeny strains of transformants containing the
resident 42" allele and one or the other of the six transgenic loci t/-16, as well as on the primary transformants T2, T5 and T6.
Hybridization was with the ~13-kb fragment that extends from the Xbal site of the APA14 insert to the Xbal site present in the
polylinker of the lambda DASH II vector. For each pair of lanes a, b, ¢ and d, the Nddl digest is on the left and the Sau3A
digest on the right. Lanes a and c relate to active resident 42" alleles and to inactivated alleles, respectively, and lanes b and d
to the transgenic loci that segregated from these resident 2% alleles. Methylation of Ndel/Sau3A sites is indicated by the
replacement of one or several of the 16 Ndell fragments by fragments of higher molecular weight in the Sau3A restriction digests.
A faint hybridizing band of 3 kb is always detected in the Sau3A digests. Analysis of cloned DNA indicates that it results
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contrast, clear signs of partial or complete methylation
of many or all of the probed Ndell/Sau3A sites are visi-
ble for the remaining 19 progeny strains tested (see
legend of Figure 6).

Smaller probes were then used to determine precisely
the methylation profile of the resident 52" allele or of
the transgenic locus carried by the 19 progeny strains
that showed signs of methylation. Results are summa-
rized in Figure 7. Perusal of profiles reveals that methyl-
ation is restricted to sites corresponding to DNA frag-
ments that are repeated between the resident 2" allele
and the different transgenic loci or else to DNA frag-
ments repeated within a given transgenic locus (see also
legend of Figure 7). Furthermore, methylation never
involved only one copy of the repeated sequences [in
the case of profiles 2b, 6b and 6d, this is documented
by the strong methylation (>50%) of the internally
duplicated fragments, which rules out that only one
copy of these fragments is methylated in each case] and
was either undetectable or at most very limited in the
three primary transformants that were analyzed along-
side their progeny (Figure 6c, lanes T2, TH and T6).
Our data also show that in most cases methylation pro-
files are similar if not identical between the resident
b2* allele and the transgenic locus when both are de-
rived from the same ascus. Where this is not the case
(see Figure 7, profiles 2a and 2b, 6a and 6b, and 6¢c
and 6d), the transgenic loci (t2and #6) contain internal
repeats (see Figures ba and 6a), and the patterns ob-
served correspond to the extensive methylation of these
repeats, independent of any equivalent methylation of
the resident 2" allele. The three cases of dissimilar
methylation profiles between resident and transgenic
copies derived from the same ascus can therefore be
interpreted as resulting from the preferential methyla-
tion of repeats that are tightly linked over that of repeats
that are dispersed in the genome. Hence, they do not
constitute exceptions to the observation that methyla-
tion profiles are similar or identical between the two
members of a duplication when both are derived from
the same ascus.

Taken together, these results demonstrate unambigu-
ously that MIP is responsible for the methylation de-
tected in the progeny of the different crosses, since it
is established at the earliest after fertilization, concerns
exclusively sequences that were repeated in the trans-
formed parent, and results from their interaction be-
fore premeiotic DNA synthesis. However, contrary to all
previous results (reviewed in ROsSIGNOL and FAUGERON
1995), the methylation that we observed did not always
extend along the entire length of the region that was
repeated between a given transgenic locus and the resi-

dent 2% allele (see, for example, profiles 3c and 3d,
and 4a and 4b of Figure 7). To confirm this, the two
DNA samples corresponding to profiles 3c and 3d were
digested with another methylation-sensitive restriction
enzyme, Hhal, that cuts frequently within the 42 region
of wild-type DNA (data not shown), and that cleaves
the CpG-containing sequence 5'GCGC3’ only when
both C’s are nonmethylated. Methylation profiles de-
rived from the Hhal digests were in keeping with those
obtained with the enzyme Sau3A (data not shown).
Since methylation by MIP is best maintained at CpG
dinucleotides (GOYON et al. 1994), this latter result
strongly suggests that part of the repeat length is indeed
devoid of any methylation in the two DNA samples cor-
responding to profiles 3c and 3d. Furthermore, the ob-
servation that profiles 3c and 3d, like most other pro-
files, are similar if not identical between the resident
b2 allele and the transgenic locus when both derive
from the same ascus, indicates that lack of methylation
probably results from the nonestablishement of methyl-
ation during MIP rather than from defects in methyla-
tion maintenance. Similar results were obtained for an
additional pair of strains that was isolated from the same
progeny. Indeed, the two additional profiles 3e and
3f show a methylation gap as profiles 3c and 3d, and
apparently only differ from these two profiles by the
length of the gap (Figure 7).

As would be expected if MIP were solely responsible
for the inactivation of the b2 copy(ies) transmitted to
the progeny of test crosses, the resident 52" alleles and
functional transgenes that were examined after inactiva-
tion (i.e., that derived from white spores) are all methyl-
ated and suffer no apparent DNA rearrangement (see
Figures 6 and 7). However, our data also indicate that
methylation is not always associated with the inactivation
of the resident 2" allele or of the functional transgenes
(see profiles 2b, 4a, ba, 5e and 6a of Figure 7). Examina-
tion of profiles 2b and 6a suggests, for example, that
methylation starting from the Nddl/Sau3A site located
between fragments 4 and 13’ (site 4/13’) and extending
only to its right is not associated with any visible inactiva-
tion. Likewise, examination of profile 4a suggests that
methylation starting at site 7/10" and extending only to
its left is not associated with any visible inactivation. This
indicates that 52 must be contained, at least in part,
within the interval defined by sites 7/10" and 4/1%’, in
agreement with the physical map of the three deletions
b2-A 1230, b2-A 138 and b2-A 10. This last result suggests
in turn that the transgenic locus t6 contains in fact sev-
eral functional copies of 2. This is also in agreement
with the fact that, apart from its repeated nature, t6
apparently differs little in structure from the functional

from site 2/1 being partially resistant to digestion, independent of any methylation. Completeness of digestion was verified by
hybridizing the Southern blots with the 2.3-kb fragment that extends from the left end of the APA14 insert to the first Xhol site
of that insert. This was also used to verify that methylation never extended outside of the region duplicated in the various
transformants. The origin of the extra bands in the Sau3A digests of T5 and T6 DNA was not investigated.
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FIGURE 7.—Methylation profiles of the 62° resident allele and of the six transgenic loci (/-6 in the progeny of test crosses
with 52-A 1230 strains. The color of the spores from which they derive is indicated on the left of each profile (filled ovals, brown
spores; open ovals, white spores). Three levels of methylation are distinguished. Each pair of profiles relates to a resident 62°
allele (top) and a transgenic locus (bottom) derived from a single ascus. Profiles a—d refer to the identically marked lanes of
Figure 6. Note that methylation of fragments that are solely present on the resident 52" allele (fragments 3 of 3¢, 3e, 5a, 5c¢, e,
5g and 6¢; fragment 1 of 4c; fragment 4 of 5a, 5¢ and 5g) most certainly results from the presence of part of these fragments
(not indicated on the profiles) in the relevant transgenic loci, and hence from their partial duplication and MIP. Probing of
Southern blots with the entire 18-kb APA11 insert indicated that methylation always extends left of fragment 8 when it is itself
methylated, never otherwise. Similarly, methylation to the right of fragment 9 was always observed when this fragment was

methylated, never otherwise.

locus (3, and raises the possibility that the nonfunctional-
ity of transgenic locus (6 resides in its systematic methyla-
tion and inactivation by MIP.

Finally, it should be noted that among the 24 methyl-
ation profiles that were originally established, profiles
H5a and 5c¢ gave paradoxical results with respect to b2
inactivation, since although identical, they relate to an
active and an inactivated resident 62" allele, respec-
tively. This prompted us to analyze another two pairs
of strains, one pair derived from a 4B:4W ascus and
another pair derived from a 0B:8W ascus. Results (pro-
files 5e to 5h of Figure 7) indicated a less extended
methylation of the active allele (profile 5¢) compared
to the inactivated resident 52" allele (profile 5g). Inci-
dentally, this latter allele showed a profile identical to
profiles 5a (b2 active) and 5c¢ (b2 inactive) (Figure 7).
Thus, while apparent methylation differences can exist
between active and inactivated resident 42 alleles sub-
jected to MIP as a consequence of the duplication gen-
erated by the transgenic locus (5, this is not always the
case (see next section).

Partial inactivation of b2 by MIP as a result of partial
duplications: As described previously, the mixed prog-

eny obtained in the original test-crosses with 17 trans-
formants always contained 0B:8W asci. Furthermore, in
three cases the mixed progeny also contained asci with
atleast one pink spore and either brown or white spores
(see Table 1). In light of the results presented above,
the appearance of pink spores in the mixed progeny
of only some transformants indicates therefore that du-
plications capable of inactivating 42 by MIP are of two
types, one of which leads to complete inactivation only,
while the other leads to both partial and complete inac-
tivation, often in the same ascus.

Comparison of the structures of the transgenic loci
t1, 13, 14 and 16, which lead to complete inactivation
only, to those of transgenic loci 2 and (5, which can
also give rise to partial inactivation, shows that these
two transgenes are unique in creating partial duplica-
tions of b2 that are limited to sequences right of frag-
ment 2 (see Figures 5b and 6a) (even though transgenic
locus (2 also contains a functional copy of 42). There-
fore, it is highly likely that these partial duplications are
the cause of both complete and partial inactivation. In
keeping with this, genetic analysis of asci with pink
spores that were produced in test-crosses of strains car-
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rying the resident 52" allele and (2 indicates that in
the majority of these asci, inactivation (either partial or
complete) affects ¢2 alone, and thus that it occurs
through an interaction that necessarily involves the par-
tial copy of 42 carried by the transgenic locus (Table
2 and data not shown). Remarkably, this latter result,
coupled to the fact that MIP affects 100% of premeioses
in the case of tightly linked duplications (RHOUNIM ef
al. 1992; our results), strongly suggests that partially
inactivated copies and active copies of 42 carried by the
transgenic locus ¢2 will all exhibit very similar methyla-
tion profiles. Indeed, both types of copies are expected
to be systematically and exclusively methylated along
the internal duplication present at this locus and thus
independent of the resident 52" allele. (Applying the
same reasoning, it is also expected that fully inactivated
transgenic copies of b2 derived from asci with four ac-
tive copies of the resident 2" allele will be systemati-
cally and exclusively methylated along the internal du-
plication carried by t2 and would therefore show
methylation profiles similar to that of active or partially
inactivated copies of t2). As described earlier, direct
evidence of similar profiles being associated with differ-
ences of gene activity is provided by the comparison of
profiles ba, 5c and bg, that relate to one active and two
fully inactivated resident »2° alleles issued from the
progeny of ¢5 transformants (Figure 7). Finally, the ob-
servation of frequent meiotic and postmeiotic segrega-
tion of spore color (reflecting differences of 42 activity
in sister spores) in the progeny of both ¢2 and t5 trans-
formants also indicates that probably few if any visible
differences in methylation are associated with active,
fully inactivated or partially inactivated copies of 42 that
are only methylated to the right of the Nddl/Sau3A site
1/6. Possible implications of these results are discussed
below. However, it can be stated that the appearance of
pink spores in addition to white spores provides direct
evidence at the single cell level of a possible modulating
effect of MIP on b2 expression, as opposed to a simple
all or none effect.

Effects of the three deletions b2-A 1230, b2-A 138 and
b2-A 10 on transgene expression following MIP: As in-
dicated by their structure (see Figures 5b and 6a), these
three deletions provide a unique opportunity to rein-
force the observations concerning the consequences on
the expression of 42 of subjecting different parts of the
gene to the MIP process. To this effect, strains carrying
the structurally simple and functional transgenic locus
t1 were first crossed with 52-A 138 and 52-A 10 mutant
strains, just as had previously been done with 52-A 1230
mutant strains. In this manner, progeny strains could
be isolated that harbored an active 42 transgene in one
or the other of the three 42 deletion backgrounds. Sev-
eral self-crosses were then performed for each back-
ground between transgenic strains of opposite mating
type. Results of the self-crosses were consistent with
each other for a given background but differed mark-

edly between the three mutant backgrounds (see Figure
8 for typical results obtained for each mutant back-
ground as well as for the control wild-type background).
Namely, no inactivation of the b2 transgene was ever
observed in the progeny of crosses involving the 52-
A 1230 mutant background, as expected from the ge-
netic analysis of this mutation, which suggests that it
corresponds to a null allele, and from the methylation
analysis described earlier, which indicates that methyla-
tion of the region that is duplicated between 52-A 1230
and tI has no effect on 52 expression. In marked con-
trast, self-crosses involving the 42-A 138 mutant back-
ground produced frequent and complete inactivation
of the b2 copy harbored by ¢1, in full agreement with
results obtained earlier with 52*, t4 transformants,
which generate a duplication similar to that found be-
tween tI and mutant 52-A 138. Finally, both partial and
complete inactivation were observed in the progeny of
crosses involving the $2-A10 mutant background. In
this case, this is almost certainly as a result of the dupli-
cation of the fragments that extend rightward from
fragment 1, since duplication and methylation of frag-
ments extending only leftward from fragment 7 has no
effect on b2activity (see above). This therefore confirms
results obtained previously with 527,¢2 and 527,¢5 trans-
formants, which also generate duplications that are lim-
ited to the right of fragment 1.

DISCUSSION

We have used the PERT technique to clone by geno-
mic subtraction DNA of the 62 region. A detailed physi-
cal map of that region was obtained, and four geneti-
cally defined large alterations of 42 were molecularly
characterized. This opens up the prospect of molecular
studies on genetic recombination based on 42, notably
on the precise nature of the difference of recombina-
tion properties exhibited by different 52 mutations.

We have also shown by transformation of A. immersus
that all of the sequences necessary and sufficient for
the proper expression of 42 are contained within at
most 18 kb and that like met2, b2 can be subjected to
MIP. This further suggests that any A. immersus se-
quence that is present as a single copy in the genome
will become a target for MIP after its duplication via
DNA transformation and therefore that MIP can be
used as a tool to inactivate and study genes of unknown
function.

Punctuated methylation by MIP: To date, the 18-kb
b2 region is the largest sequence to have been artificially
duplicated in A. immersus and subjected to MIP. Our
results indicate that methylation can be established and
maintained over the whole 52 region, just as it is with
shorter regions, and that the frequency of methylation
at a given site, which reflects the efficiency of methyla-
tion maintenance, is neither reduced nor increased no-
ticeably for methylated regions that are about three
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d)

FIGURE 8.—Recapitulation of the effects of duplicating various parts of 42 on gene inactivation by MIP. Self-crosses were
performed with strains containing the functional 42 transgenic locus ¢1, and one or the other of four distinct resident 52 alleles.
(a) t1, b2": the two asci at the bottom indicate that inactivation of both ¢! and 52" took place after MIP in one parent only
(6B:2W ascus) or in both parents (0B:8W ascus). The 8B:0W ascus indicates either absence of MIP in both parents, or MIP in
one parent and segregation of the active resident and transgenic 52 loci transmitted by the other parent. No other types of asci
were observed in the progeny of this cross. (b) ¢, b2-A1230: only 8B:0W asci were observed in this cross, indicating the absence
of any detectable inactivation of ¢1. (c) t1, b2-A138: inactivation of tI after MIP in one parent only (4B:4W asci) or in both
parents (0B:8W ascus). 8B:0W asci were also observed in the progeny of this cross (not shown). (d) ¢1, b2-AI0: full and partial
inactivation of t1 (4B:3P:1W ascus, 4B:2P:2W ascus and 4B:1P:3W ascus). As spore color most often segregates postmeiotically
in this and related crosses, in the case of asci with four to six brown spores, it cannot be determined visually whether MIP took
place in one or both parents. 8B:0W asci and asci with fewer than four brown spores were also observed in the progeny of this

cross (not shown).

times larger than those previously tested. Furthermore,
no apparent methylation was found outside the re-
peated regions studied, indicating that the boundaries
of methylation coincide with the boundaries of the re-
peated regions, irrespective of the total length of the
methylated sequence (i.e., there is no apparent spread
of methylation into flanking DNA when the repeated
regions exceed a particular size). Finally, the almost
systematic identical methylation profiles observed be-
tween the resident 52" allele and the transgene when
both are derived from the same ascus, but not when
they are derived from different asci, provide new evi-
dence that MIP involves a direct DNA-DNA recognition
step.

In addition, we have documented for the first time
several cases of apparent absence of methylation for
part of a repeat unit (including two cases where this
lack of methylation is centrally located, see profiles 3c
to 3f of Figure 7) and have shown evidence that indi-
cates that this apparent absence is probably a result of
escape from MIP rather than of defects in methylation
maintenance. No escape of this sort has been observed
for RIP (E. SELKER, personal communication), and thus
more data are needed concerning large duplications
before any conclusion can be drawn as to its cause.
Indeed, they could simply reflect some unusual struc-
tural features of certain large repeats that might locally
hamper methylation. Alternatively, they could indicate
that MIP acts in a processive manner, from one or both
extremities of the repeat unit toward the center, or that
it is discontinuous in the case of large repeat units.

Developmental timing of gene inactivation by MIP:

So far, gene inactivation by MIP could only be detected
at the earliest after the first filamentous protrusions that
form around germinating spores, at a stage estimated to
represent a minimum of six cell divisions after meiosis
(D. ZICKLER, personal communication). Our new data,
based on the spore color phenotype provided by b2,
indicate that gene inactivation must occur at the latest
after the first postmeiotic cell division after MIP. This
result would suggest that the initial premeiotic imprint
produced by MIP, be it methylation or some other form
of DNA or chromatin modification that is later trans-
lated into methylation, leads immediately, or after only
a few cell divisions, to gene inactivation.

Variegated gene expression as a result of MIP: As
mentioned above, b2 is unique among the four markers
now available for the study of MIP in allowing observa-
tions to be made in spores, that is directly after meiosis.
As a result, we have documented for the first time par-
tial as well as complete inactivation of gene expression
by MIP, in single cells, in the form of pink spores in
addition to white spores. This demonstrates that the
effect of MIP on gene expression can vary in intensity,
and thus that it is not always an all or none phenome-
non. Also, given that the initial imprint of MIP is pre-
meiotic, the frequent postmeiotic segregation of spore
color observed in progeny containing pink spores must
reflect differences in gene expression that are estab-
lished after the initial imprint. Furthermore, given that
none of the 27 transformants that were analyzed pro-
duced pink spores without also producing white spores,
it is likely that the occurrence of pink spores reflects
the existence of metastable levels of 52 expression after
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MIP. This, however, is not an obligatory consequence
of MIP but must arise from particular situations, since
pink spores were only observed in three of the original
17 progenies that showed gene inactivation. Indeed, we
have shown that among nine duplications that were
analyzed, the three that led to the modulation of 42
expression by MIP (including that associated with the
52-A 10 allele) were unique in being restricted to the
right part of the gene.

Preliminary sequence analysis (V. CoLoT and O. LEs-
PINET, unpublished results) indicates that the 52 gene
encompasses the entire 2-kb Ndell/Sau3A fragment 1
(which includes the site of the insertion mutation 52-
GO see Figure 2c, 3 and 6), and that it is transcribed in
the Fto A direction (where Fand A refer to the intra-
genic suppression groups of b2 that are the closest to
the two extremities of the gene, see Figure 3). On this
basis, it can therefore be concluded that modulation of
b2 expression by MIP is associated with an imprint over
its 3’ part. Furthermore, it has previously been shown
that strains harboring a met2 allele methylated over its
3" part produce only truncated met2 transcripts, whose
size suggests that truncation results from a blocking
effect of methylation (or of some other underlying im-
print) on transcript elongation (BARRY ef al. 1993). It
is therefore reasonable to predict that a similar blocking
mechanism might be responsible for the inactivation
of b2 after duplication and MIP of its 3’ part only. The
variable intensity of gene inactivation observed in such
circumstances would then result from stochastic and
fine variations in the blocking of transcript elongation
around a phenotypically detectable threshold. Given
that the maintenance methylase of Ascobolus immersus
does not exactly reproduce at each round of DNA repli-
cation the methylation status of every cytosine within
sequences initially subjected to MIP (GOYON et al
1994), the variegated expression of 52 seen when only
the 3’ region of the gene is affected by MIP may also
be partly due to slight imprinting differences between
sister 52 copies of the same ascus.

In many organisms, DNA methylation has been asso-
ciated with a variety of processes that relate to the epige-
netic control of gene expression (for a recent review
see MARTIENSSEN and RICHARDS 1995). The importance
of DNA methylation in the normal programming of
gene expression is particularly well exemplified in mam-
mals, as indicated by the lethality observed in mice em-
bryos homozygous for a DNA methyltransferase muta-
tion (LI et al. 1992), or else by the association of several
human cancers with alterations of genomic imprinting
and abnormal methylation (see, for example, MouL-
TON et al. 1994; STEENMAN et al. 1994; and for reviews,
LAIRD and JAENISCH 1994; RAINIER and FEINBERG 1994).
In this respect, the observation that gene inactivation
by MIP can lead to marked and unprogrammed pheno-
typic differences between daughter cells submitted to
a common parental imprint could be of great signifi-

cance in other organisms exhibiting genomic im-
printing. Indeed, were they to occur for imprinted
genes that play a central role in regulatory pathways
(i.e., master genes), such differences might have dra-
matic consequences for the organism.
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