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ABSTRACT

RIP (repeat-induced point mutation) efficiently mutates repeated sequences in the sexual phase of the
Neurospora crassa life cycle. Nevertheless, an active LINE-like retrotransposon, Tad, was found in a N.
crassa strain from Adiopodoumé. The possibility was tested that Tad might be resistant to RIP, or that
the Adiopodoumé strain might be incompetent for RIP. Tad elements derived from the Adiopodoumé
strain were found to be susceptible to RIP. In addition, strains lacking active Tad elements, including
common laboratory strains and strains representing seven species of Neurospora, were found to have
sequences closely related to Tad but with numerous mutations of the type resulting from RIP (G:C to A:T).
Even the Adiopodoumé strain showed Tad-like elements with mutations characteristic of RIP. Results of
crossing of an Adiopodoumé transformant with progeny of Adiopodoumé suggest that the Adiopodoumé
strain is proficient at RIP. We conclude that Tad is an old transposable element that has been inactivated
by RIP in most strains. Finding relics of RIP in both heterothallic and homothallic species of Neurospora

implicates RIP across the genus.

NLIKE most eukaryotes, Neurospora crassa has
little redundant DNA (KRUMLAUF and MARZLUF
1980). With the exception of rRNA and tRNA genes, all
Neurospora genes that have been described appear to
be unique in the genome. This may reflect the operation
of repeat-induced point mutation (RIP), a mutagenic
process that occurs in the sexual stage of the N. crassa
life cycle (SELKER et al. 1987; SELKER 1990). RIP efficiently
detects duplications of genesized DNA segments,
whether linked or unlinked, and generates G:C to A:T
mutations in both copies of the duplicated DNA (SELKER
and GARRETT 1988; CAMBARERI et al. 1989). Sequences
altered by RIP are typically, although not invariably,
methylated. RIP occurs only in the ascogenous cells
formed by fertilization that contain haploid nuclei from
both parents (SELKER et al. 1987). Thus repeated se-
quences are safe from RIP so long as they do not go
through a cross. In a cross, unlinked duplications typi-
cally have a 50:50 chance of being missed by RIP; linked
duplications escape less frequently (SELKER et al. 1987);
J. IreLAN, A. HAGEMANN and E. SELKER, in preparation;
E. CamBarerI and E. SELKER, unpublished).
The characteristics of RIP, and the fact that N. crassa
is normally an outcrossing species, should make N.
crassa an inhospitable host for transposons. A transpo-
son that entered would be safe from RIP provided it did
not transpose by a duplicative process, but it would be
subjected to RIP mutation during the next sexual cycle
if more than one copy were present. Consistent with this
interpretation, no active transposons were detected in
standard laboratory strains using the am gene as a trans-
poson trap (J. Kinsey, unpublished); however, KINSEY
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and HELBER (1989) discovered an active LINE-like ele-
ment in a strain of N. c¢rassa collected from
Adiopodoumé, Ivory Coast, using the same system. The
Adiopodoumé strain harbors about 40 copies of this
transposon, named Tad. The existence of this func-
tional multicopy transposon suggested two possibilities:
(1) Tad is inherently resistant to RIP or (2) some strains
of N. crassa, such as the Adiopodoumé strain, are de-
ficient in RIP. We report here the results of testing these
hypotheses.

MATERIALS AND METHODS

DNA manipulations: Neurospora DNA was isolated by the
method of METZENBERG and co-workers (METZENBERG and
BaiscH 1981; SteveEns and METZENBERG 1982). Restriction di-
gests were carried out using buffers and conditions specified
by the manufacturer. Restriction digests were fractionated on
0.7 or 1.0% agarose gels and transferred to nylon membranes.
Two protocols were used for transfer and hybridization. In
protocol A, Zetabind (Cuno) membranes were used and hy-
bridizations were performed overnight at 60° in 5% dextran
sulfate/0.4% sodium dodecyl sulfate/0.45 M NaCl/0.045 M so-
dium citrate /60 mM sodium phosphate, pH 6.6/10 mM EDTA/
0.06% bovine serum albumin/0.06%  Ficoll/0.06%
polyvinylpyrrolidone/50 pg/ml denatured salmon sperm
DNA. After hybridization, membranes were washed at 50° in
50 mM NaCl/20 mM sodium phosphate, pH 6.8/1.0 mM
EDTA/0.1% sodium dodecyl sulfate. In protocol B, transfer
was to Genescreen Plus and hybridization was performed over-
night at 65° in 10% dextran sulfate/1.0% sodium dodecyl
sulfate/1.0 M NaCl/100 pg/ml denatured salmon sperm DNA.
After hybridization, membranes were washed at 65° in 300 mm
NaCl/ 30 mM sodium citrate/1.0% sodium dodecyl sulfate. Hy-
bridization probes were prepared by the random oligomer-
primer method of FEINBERG and VOGELSTEIN (1984).
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FIGURE 1.—Map of Tad3-2/am region showing relevant EcoRI (E) and Sau3Al (S) sites, and segments used for probing blots
such as that shown in Figure 2. The positions of the exons of am are indicated by heavy lines.

DNA amplification by polymerase chain reaction (PCR):
Genomic DNA from a variety of Neurospora stains was sub-
jected to PCR amplification (SAIKI et al. 1985; MuLLs and
FaLoonA 1987). Primers used to amplify the 3’ junction
between Tad3-2 and the am gene were, primer 1, 5'-
CGGAATTCAGCTGTGGTGAAAAATCAAGCT, and primer
2, B'-GGGATCTACGGACGACACTA. Degenerate primers
used to amplify a fragment of Tad elements from a variety of
strains were: primer 1, 5’ AARAARARRRARRATATARYT and
primer 2, 5’ RAYYTYTAYYTTYRRRAAAA. PCR fragments were
either sequenced directly using Cycle sequencing with the BRL
kit, as per manufacturer’s specifications, or the PCR fragments
were cloned into plasmid vectors (pBS, Stratagene) and se-
quenced by the dideoxy method of SANGER and Courson
(1975).

Strains and culture conditions: The Adiopodoumé strain,
FGSC 430, and standard Oak Ridge strains, 74-OR23-1VA
(FGSC 2489) and ORSa (FGSC 2490), were obtained from the
Fungal Genetics Stock Center, Department of Microbiology,
University of Kansas Medical Center, Kansas City, Kansas.
Other strains were derived in these experiments, were from
the stock collection of JAK, or were obtained from Davip
Perkins. Standard Neurospora culture and crossing condi-
tions and media were used (Davis and DESERrREs 1970).
Adiopodoumé was transformed using standard procedures
for Neurospora (VOLMER and YANOFSKY 1986).

RESULTS

Early work with Tad demonstrated that this element
is sexually transmissible (KiNsey and HELBER 1989). In-
deed, the transposon was initially identified in progeny
from a cross of Adiopodoumé with a laboratory strain,
J852 (lys-1). Tad was discovered in two strains within
which independent transposition events had occurred
that affected expression of the am (glutamate dehydro-
genase) gene. One of the mutations was due to insertion
of Tad within the coding sequences which completely
inactivates the gene; however, the other mutation,
am::Tad3-2 (referred to hereafter as 3-2), was due to the
insertion of the Tad3-2 element into the am gene 5’
non-coding sequences (see Figure 1). This resulted in an
unstable Am*/~ phenotype, apparently due to intermit-
tent interference of am transcription by Tad (E. CaM-
BARERI and J. Kinsey, unpublished). Although most
sexual progeny harboring 3-2 continue to show the un-
stable Am*/~ phenotype, some are stably Am ™ and others
are stably Am~. It seemed possible that loss of the

unstable Am phenotype in sexual progeny resulted from
RIP.

Southern blot analysis reveals mutation and methyla-
tion in progeny of 3-2: As a first step to determine
whether Tad is sensitive to RIP, we examined the
Tad/amregion of several Am*/~, Am*, and Am™ progeny
by Southern hybridization. We used the isoschizomer
pair Sau3Al and Mbol, to look for hallmarks of RIP-
numerous mutations and de nove DNA methylation.
Sau3Al, but not Mbol, is sensitive to methylation of the
Cin GATCssites (NELsON and MCCLELLAND 1991). Figure
2 shows representative results. The predominant frag-
ments detected in the Adiopodoumé strain (lane pair
1), using an internal Tad probe, showed no indication
of DNA methylation; the Sau3Al and Mbol bands were
of equal intensity. As expected, these bands were not
evident in DNA from the standard laboratory strain
(Oak Ridge; lane pair 8). The significance of the higher
molecular weight bands seen in all lanes will be dis-
cussed below. The stable Am™and unstable Am*/~ strains
examined showed heavy hybridization to the expected
Sau3Al and Mbol fragments of Tad, indicating that
these strains harbor multiple unmethylated Tad ele-
ments (lane pairs 2, 3, 4, 7). In contrast, the two stable
Am™ strains examined (lane pairs 5 and 6) showed a
marked reduction of these Mbol bands and an apparent
absence of the corresponding Sau3Al bands. These re-
sults indicate that these stable Am* strains do not have
multiple normal copies of Tad. Southern hybridizations
using other enzymes demonstrated that Tad was still
present in the am upstream region (data not shown). A
probing of the Sau3Al/Mbol blot with an am probe in-
dicated that the Tad element at am (3-2) had become
methylated and showed evidence of mutation (Figure 2,
right panel). The ~700-bp Mbol fragment spanning the
Tad-am junction was replaced by a ~1.3-kb Mbol frag-
ment in strain J1702 (lane pair 6). Both stable Am*
strains showed an approximately Tad-sized Sau3Al frag-
ment (arrow in Figure 2) indicative of extensive methy-
lation. Reduced intensity of the 0.4-kb Sau3AI am band,
but not of the 1.0-kb Sau3AI am band indicated that the
methylation extended at least to the Sau3Al site 160 bp
into the third exon of am but not as far as the site 390

20z Iudy 60 Uo 1senB Aq 9v/Z109/.59/€/8€ L /aI0IE/SONRUSB/ W00 dno"dlWapeoe//:sdny Woly papeojumoq



RIP of the Transposon Tad 659

® 2 *
bé‘ 7

4 5 7 8
SM SM SM SM SM

'wllll!!l! "

b, 2 B
L .
T

il IR

1 2 3
SM SM SM

” )

-
o LU EE B
Tad

A sw

® 2 ?
EILE

4
SM SM SM SM SM

1 2 3
SM SM SM

e - ——
- e =e-10
_— T =w - -e ~—0.7
- . & W «—0.4
am

FIGURE 2.—Examination of sexual progeny of Tad3-2 strains for evidence of RIP. Genomic DNA from Am™ (filled circles), Am"

(open circles) or unstable Am™/~

(hatched circles) strains were digested with an excess of Sau3Al (S) or Mbol (M), fractionated

by agarose gel electrophoresis and probed with the 2.1-kb EcoRI fragment of Tad (see Figure 1). The Southern blot was then
stripped and probed with the 2.6-kb am fragment. Relationships of the selected strains are shown above the lanes, and the size
(in kilobases) of the native am fragments are indicated to the right. The arrow points to bands resulting from methylation near
the Tad/am junction. Strain designations are Adiopodoumé (1), 86.2.9.23 (2), J1557 (3), J1577 (4), J1602 (5), J1607 (6), J1603

(7) and 74-OR8-1a (8).

bp further downstream. These results suggested that
Tad is sensitive to RIP.

The new Sau3Al fragment detected in the Am™ strains
was in a region of the gel where we detected many weak
bands using the Tad probe in both Sau3Al and Mbol
digests (Figure 2, left panel). Probings with other parts
of Tad produced equivalent results (data not shown).
These bands were present not only in the Am*/~, Am",
Am” and Adiopodoumé strains, but also in Oak Ridge
and other strains thought to be devoid of Tad. Further-
more, differences between the bands detected in
Sau3Al and Mbol digests were suggestive of DNA methy-
lation. Washing the blots at higher temperatures pref-
erentially reduced the intensity of these higher bands
relative to the expected Tad bands, implying that the
ubiquitous sequences were similar but not identical to
Tad (data not shown). These large, partially methylated
Mbol fragments, related to Tad, were reminiscent of
products of RIP observed in previous studies (SELKER et
al. 1987; CAMBARERI et al. 1991). These results suggested
that Tad is sensitive to RIP and that a variety of N. crassa

strains, ranging from normal laboratory strains to the
Adiopodoumé strain from which active Tad was isolated,
contain Tad or Tad-like elements that had been
modified by RIP.

The results from our analyses of the small set of Am*/",
Am™, and Am™ progeny, all carrying T'ad3-2 upstream of
am, suggested that Am™ progeny result from alterations
(probably by RIP) in the Tad/am region. We explored
this further by analyzing 45 additional progeny from a
cross of the original unstable Am*/" strain (J1518) with
an am deletion strain J1264 (am'’?) and 42 additional
progeny from a cross of the unstable Am*~ strain J1577
(derived from J1518 by two back-crosses to Oak Ridge
strains) with am'?%. Six of the progeny from each cross
were selected for am® function. Forty-nine of the 87
strains from the combined progeny sets had the 3-2
rather than the am'’ allele. Four of the 37 unselected
strains with the 3-2 allele were Am™. About half of the
others were clearly unstable Am™*/" strains, producing
Am’" conidia at frequencies ranging from ~10~* to =0.5.
The others were classified as Am™, but may have included
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CGCTCGGGGCTCGAATCCTGTTCCTATTATCCGTATTGTTCTAGTGTTGGGATGACGCAG  TAD 3-2

J1601

T**%*  J1602

A A ABFARASSA J1609

FEERRAREAT A TA T*T** J1610
bty St | A TA T*T** 41612

CGGTGGAAGAGACGAGATCGGTTCGCTGTGGCGGTGGGTGAGAACCGTCATAGCTGTAAG  TAD 3-2

1601

J1602

b} A ATA*SATHA A J1609
TA**A T J1610

TA**A T J1612

Ficure 3.—DNA sequence of a 120 bp segment of Tad3-2
from progeny of a cross of J1577 (am::Tad3-2) X J1264
(am'?). DNA from progeny was used as template for PCR
amplification (see MATERIALS AND METHODS). The region of the
PCR products between nucleotides 6637 and 6756 in 3-2 was
sequenced by Cycle sequencing. The sequences obtained are
compared with that from the cloned original Tad3-2 sequence,
which is shown on the top line (CaMBARER! e¢ al. 1994). Only
differences are indicated.

strains more revertible than standard em mutants.
Southern hybridizations using EcoRI, Sau3Al and Mbol
digests probed with am fragments revealed sequence al-
terations and DNA methylation in the Tad/am junction
region of most Am* strains (data not shown). Am™ and
Am™*/" strains occasionally, but less frequently, showed
alterations and methylation. Results from probing
Southern blots with Tad suggested that a subset of the
progeny of each class (Am*, Am™ and Am*/") no longer
carried an intact Tad element (data not shown).
DNA sequence analysis of Tad3-2 elements from Am*
progeny: To test directly the suggestion that 7Tad is sen-
sitive to RIP, we isolated and sequenced segments of
Tad3-2 from Am™ progeny isolated from a cross of J1577
(am::Tad3-2) X J1264 (am'?). DNA isolated from the
progeny was used as template to amplify a ~1-kb frag-
ment spanning the am-Tad3-2 junction. Segments of the
PCR products were directly sequenced. Figure 3 shows
the sequence of 120 bp of this region from four stable
Am™ progeny (J1602, J1609, J1610 and J1612) and one
Am*/~ progeny (J1601) compared with that of the origi-
nal Tad3-2. The region shown spans nucleotides 6637
6756 of the Tad sequence. All of the stable Am™* progeny
differ from Tad3-2 by changes of the type expected for
RIP (CAMBARERI ¢f al. 1989). More extensive sequencing
of these DNAs revealed additional mutations of only the
type expected from RIP (G:C to A:T mutations). The
sequence shown reveal no differences between two of
the Am™ progeny, J1610 and J1612; however additional
sequence analysis (not shown) indicated that they are
independent strains with differing patterns of RIP.
Tad elements showing evidence of RIP are present in
Adiopodoumé and laboratory strains of N. crassa: As
indicated above, Southern blot experiments with
Adiopodoumé and laboratory (Oak Ridge) strains of N.
crassa using Tad sequences as probes showed many
weak bands suggestive of relics of RIP operating on Tad
(see Figure 2, lane 8, Tad probe). We had not observed

AAGAAGAGGGAGGATATAGCTGGAGTCTTATGGACACGGAGAAGGTGAAGGAGGCGTCGG  Tad 1-1

waenny CHoA A1
"“'"'T“.‘M‘T‘TAt"Btt*lA.ﬁ'llA.TA.TA‘ 1VA 2
THwERARRTATY TA* 1VA3

FERBEARBRSDIUEERANRSTEAASAST SRR SN STRTASSASKARRARSR SR AASSRRAS T 4
SERRRQ BB RASERRESERSASE ST ORANAASTETRASR SRR RRRAIRTASTAY  TYA §

AR T THRRNLRETHTA TA* 1VA 6
“."‘ T A M‘T‘TA..A“‘.‘A‘..'.““.TA. Adiomdou"‘é 1
5 Tepssp AANTATARSRSSASSAR SRR 0004044%  Adionodoumé 2

A ARHA! AAPTHTAS# S04 AS AR AR RS LR aen Adiopodoumé 3

AGAAACGGATATCGGTCCCAGAAAGGATCGACACAGTGGAGGACCTTGAGCTCGCCTTTC  Tad 1-1

T Ll R Y A A1
FACRRTACRRRATAARTHTHA TA*T*T*esp TESASAT#*aTeeT VA 2
TA**TTT TASTHTHARA*S S SUSTESARAT S 04T 404e  |\/A 3

‘A“‘.TAA““.M“.T*."*"-‘TA*T*T'A'A—".“T"A'AT.TATT"“ 1VA 4
“lt‘TM*"‘TM!‘TT#A!"Atl'TAﬁTQT.‘.A..‘.“T‘lA‘AT‘TA.Tg.‘T 1VA 5
TA**TTY TARTAT**4; TT*a%**T T VA6

HARESTASEESTARCRATRASKSAASKTARTHTHASAASASCRTREASET RS £ RS RS Adiopodoumé 1
WRERATAASSERTASCETT RS KA ERERRLRATITEAPAASPRORTHEARAT S H0RT R SST Adiopodoumé 2
FEERATAASESETAPESTTRRRSRRRANKERTATRANAANS B ERTORARA S SRS ET S ST Adiopodoumé 3

Ficure 4.—DNA sequence of a segment of Tad-related se-
quences from Adiopodoumé and a laboratory strain of N.
crassa. Genomic DNA from either the laboratory wild-type 74-
OR23-1VA (FGSC 2489; IVA) or Adiopodoumé (FGSC 430)
was used with degenerate primers (see MATERIALS AND METHODS)
to amplify segments of Tad elements, whether or not they had
been mutated by RIP. Fragments of the expected size (550 bp)
were obtained with both amplifications, and representatives
from each strain were cloned and sequenced. Sequence dif-
ferences relative to an active Tad element, Tadl-1 (CAMBARERI
et al. 1994) in a segment between nucleotides 2461 and 2581
are indicated. Polarized transition mutations of the type gen-
erated by RIP are indicated in upper case letters and trans-
versions are shown in lower case letters. Transitions in the
opposite direction from that expected by RIP operating on
Tadl-1 are indicated in bold.

these bands in previous studies, when more stringent
hybridization and washing conditions were employed
(Kinsey 1989). We confirmed that the putative Tad-
related elements are detectable using the less stringent
protocol (A; MATERIALS AND METHODS), but not with the
more stringent protocol (B; MATERIALS AND METHODS) . To
investigate the possibility that the weakly hybridizing se-
quences of Adiopodoumé and laboratory strains of N.
crassa are relics of RIP, we designed primers with de-
generacies to amplify segments of Tad elements,
whether or not they had been mutated by RIP. PCR
products of the expected size (550 bp) were obtained
with DNA either from the standard Oak Ridge strain
1VA or from the Adiopodoumé strain as template (data
not shown). We cloned and sequenced several products
from each reaction to determine whether the amplified
segments were indeed closely related to Tad. Figure 4
shows sequence data for six clones obtained using 1VA
DNA and three clones obtained using Adiopodoumé
DNA, compared to the sequence found in both active
elements, Tad3-2 and Tadl-1. The region shown cor-
responds to nucleotides 2461-2581 of the Tad sequence
(CAMBARERI et al. 1994). These data demonstrate that
both strains contain elements unmistakably related to
Tad but with numerous mutations. Three additional
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AAGAAGAGGGAGGATATAGCTGGAGTCTTATGGACACGGAGAAGGTGAAGGAGGCGTCGG
AR RS R RERRS SRR R ASEA R RARR I TRTAALATSAAPAS PSR ST A 00k
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TA*sTTT TASTHTHARARSAARTTR*ASAS S enbuans
TAA*T*T*A TA*T*T*A*A A*AT
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l‘l“Tﬂ

*c t TTTGA! CTARTOT*A*A** O *Ta*aA A *+#3T*(*T
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N. crassa Adiopodoumé (Tad1-1)
N. intermedia

N. tetrasperma

N. discreta 1

N. discreta 2

N. sitophila 1

N. sitophila 2

N. galapagosensis

N. dodgei

N. crassa Adiopodoumé (Tad1-1)
N. intermedia

N. tetrasperma

N. discreta 1

N. discreta 2

N. sitophila 1

N. sitophila 2

N. galapagosensis

N. dodgei

661

Ficure 5.—DNA sequence of a segment of
Tad-related sequences from strains represent-
ing a variety of Neurospora species. The region
examined was the same as for the N. crassa
strains (Figure 4). Two examples from both N.
discreta and N. sitophila are shown. Transition
mutations are indicated in upper case letters
and transversions are shown in lower case let-
ters. Transitions in the opposite direction from
that expected by RIP operating on Tadl-1 are
indicated in bold.

clones were obtained and sequenced from the
Adiopodoumé strain, but they showed no differences in
sequence from that of Tad3-2. The sequence divergence
of the Tadrelated elements relative to Tad ranged from
7 to 32% (23.4% average) in the segment examined.
Almost all (98%) of the sequence differences were of the
type expected from RIP (G:C to A:T) operating on Tad.
We conclude that both Adiopodoumé and laboratory
strains of N. crassa have Tad elements that had been
inactivated by RIP. Interestingly, the sequences of the
Tadrelated elements obtained are all distinct, consis-
tent with the Southern data that suggested that the copy
number of inactivated Tad elements in Adiopodoumé
and laboratory strains of N. crassa is rather high.

Tad elements inactivated by RIP are present in most
or all species of Neurospora: Southern blots at reduced
stringency had revealed the presence of Tad-related el-
ements in a variety of strains representing different spe-
cies of Neurospora (data not shown). We therefore used
the degenerate primers described above to test whether
Tad elements inactivated by RIP are widespread in the
genus Neurospora. Fragments of the expected size were
amplified from a variety of strains, representing most of
the species of Neurospora, including both heterothallic
species like N. crassa and the homothallic species Neu-
rospora africana, Neurospora galapagosensis and Neu-
rospora tericola (Table 1). We cloned and sequenced
PCR products from representatives of most of the spe-
cies. In each case, we found evidence of Tad elements
that had been extensively mutated by RIP. Sample data
are shown in Figure 5. The vast majority (98%) of the
differences observed relative to an active Tad element
are transitions and most (93%) of these are in the di-
rection expected. The sequences of the various Tad-
related sequences determined are all different. These
results suggest that all species of Neurospora, or a com-
mon ancestor, have hosted Tad and that RIP has
inactivated almost all copies of this transposon.

Is Adiopodoumé defective in RIP?: Since an active
Tad element survived in the Adiopodoumé strain, we

wished to determine whether this strain is defective in
RIP. The observation of Tadrelated relics of RIP in
Adiopodoumé suggested that this strain was, at least at
one time, competent for RIP. Similarly, we identified
another repeated sequence (AdRS-2) present in the
Adiopodoumé strain and found evidence that it too had
been altered by RIP (J. KINsEY, unpublished). In order
to test whether Adiopodoumé is still proficient for RIP
we needed to look for RIP in crosses in which both par-
ents were of the Adiopodoumé genetic background.
This could not be done directly since N. crassa is a het-
erothallic species and the only strain known with active
Tad elements is Adiopodoumé (KINsEy 1989). Conse-
quently, we used crosses involving progeny of
Adiopodoumé to test for RIP.

First, we transformed the Adiopodoumé strain with
the plasmid pES201, which contains the bacterial kph
(hygromycin phosphotransferase) gene driven by the
Aspergillus nidulans trpC promoter and the N. crassa
am gene driven by it own promoter. Transformants were
selected for resistance to hygromycin and then screened
for copy number by Southern blot hybridization. One
transformant, T430-ES201-2 (referred to hereafter as
T-2), was identified as having a single copy of the trans-
forming DNA integrated at a site unlinked to the am
gene. This transformant, which contains two copies of
the am™ gene and is Am™, was crossed to a series of other
am” strains to test genetically for RIP. In the first set of
crosses (Table 2 crosses 14 and 15) T-2 was crossed to
strains with the standard Oak Ridge background, ORSa
and inl (37401)a (FGSC 4075). New am mutants were
detected in these crosses at frequencies of 0.01 and 0.04,
respectively. This indicated that RIP can occur in crosses
in which the Adiopodoumé strain is one of the parents.
Thus if Adiopodoumé were defective for RIP, this trait
must be recessive.

In a second set of crosses, we used F, progeny from a
cross of ORSa X Adiopodoumé to test with the
Adiopodoumé transformant. A total of 10 progeny of
the a mating type were crossed to T-2 and the progeny
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TABLE 1

J. A. Kinsey et al.

Strains used to amplify putative Tad-related sequences using
degenerate primers

TABLE 2

Frequency of RIP at the am locus in crosses of transformant
T430-ES201-2 with various strains

Species Designation FGSC no.

N. africana africana N200 1740
N. crassa 74-OR23-1VA 2489
N. crassa Adiopodoumé 430

N. discreta Bandipur 6789
N. discreta Gouana 6794
N. discreta 2 Homestead-1k 3268
N. discreta 1° Kirbyville-6 3228
N. dodgei® PR300 1692
N. galapagosensis G349 1739
N. galapagosensis var. dominicana® D301 4628
N. intermedia“ Bambaroo 3996
N. intermedia Mareeba 5105
N. intermedia Big Emma 5908
N. intermedia Harbin 3983
N. sitophila 1¢ Arlington 1843
N. sitophila 2 Kinkala-1 6559
N. sitophila Pobina 6802
N. terricola WFS5000 1889
N. tetrasperma” Liberia 965

N. tetrasperma Bernard 6576

“PCR products from these strains were cloned and sequenced
(Figure 5).

were screened for am mutants (Table 1). All crosses pro-
duced numerous am mutants; Am~ strains were pro-
duced at frequencies ranging from 0.02 to 0.13. Assum-
ing the sought RIP defect were due to a single gene not
linked to mating type, these crosses rule out the possi-
bility that Adiopodoumé is defective in RIP, with greater
than 99% confidence levels. As a further test, we made
use of strains that resulted from six successive back-
crosses to Adiopodoumé (Table 2). Using formulae pro-
vided by LEsLIE (1981), these progeny were calculated to
have an allogenic tract centered around the mating type
locus of average length 24 cM. Because a recombination
block extends for approximately 30 cM around the eas
mutation that was present in these crosses (D. PERKINS,
personal communication), a similar allogenic block of
approximately 42 cM was present at the right end of
LGII. Aside from these two blocks, the average alloge-
nicity of these progeny will consist of a single block of
about 15 cM located at random. The likelihood that
three such progeny would share the same 15-cM block
is approximately 3 X 10°°.

Three such am™ strains, which resulted from six back-
crosses to Adiopodoumé, were crossed to T-2 and the
progeny screened for inactivation of am by RIP. Numer-
ous am mutants were generated in all three crosses
(Table 2, crosses 11-13). To be certain that the mutants
were the result of RIP, random am progeny from these
crosses and from a control cross (Table 2, cross 14) were
analyzed in the am region by Southern hybridization
using Sau3Al and Mbol digests as described above
(Figure 6). Progeny with the ectopic copy of am will have
an additional band at 0.65 kb in addition to the normal
am bands of approximately 1.0, 0.7 and 0.4 kb. Bands of

Cross Total Am’~ Frequency of
no. Strain spores  spores  Am spores

1 F, (92-69-04)“ 400 6 0.02

2 F, (92-69-09) “ 350 12 0.03

3 F| (92-69-10)“ 400 6 0.03

4 F, (92-69-11)“ 331 14 0.04

5 F| (92-69-12)“ 400 11 0.03

6 F, (9269-14)¢ 400 21 0.05

7 F, (92-69-18)“ 300 8 0.03

8 F, (92-69-19)“ 300 11 0.04

9 F, (92-69-21)° 268 8 0.03

10 F| (92-69-22) “ 155 21 0.13

11 6XBC (14}" 100 31 0.31

12 6XBC (1)” 100 10 0.10

13 6XBC (8)" 100 21 0.21

14 FGSC 4075 (inl) 101 4 0.04

15 FGSC2490 (ORSa) 470 3 0.01

“ Strains that were F| progeny of a cross of Adiopodoumé to ORSa.

Strains from D. D. PERKINS that resulted from six successive back-

crosses of progeny from a cross of eas (UCLA191) a X Adiopodoumé
to the Adiopodoumé parent strain.

ADIO CROSS 11 CROSS 12 CROSS 13 CROSS 14
1 2 1 2 1 2 1 2

MS MS MS MS MS MS

LS i T B

FicURE 6.—Evidence of RIP in progeny of Adiopodoumé.
Genomic DNA of am progeny from crosses 11, 12, 13 and 14
(Table 2) were digested with either Mbol (M) or Sau3Al (S),
fractionated by agarose gel electrophoresis and probed with
the BamHI-EcoRI fragment of the am gene (Figure 1). Two
progeny from each cross are shown. The T-2 parent (not
shown) gives the same restriction pattern as that shown by
progeny 2 from cross 11. Progeny may or may not have the
0.65-kb band depending upon segregation and RIP of the ec-
topic copy of am. The prominent bands seen in Mbol and
Sau3Al digests of Adiopodoumé are approximately 1.0, 0.7
and 0.4 kb (Figure 1).

other sizes are due to methylation (Sau3Al digests only)
or mutation (both digests). Most of the mutants showed
higher molecular weight Sau3Al fragments indicative of
methylation and several (cross 11 progeny 1; cross 12,
progeny 1 and 2; cross 14, progeny 1) showed alterations
of Mbol fragments indicative of nucleotide sequence
changes. Thus the hallmarks of RIP are seen in crosses
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of the Adiopodoumé transformant with each of the
three progeny from the serial backcrosses to
Adiopodoumé. Since these progeny should be almost
equivalent to the original Adiopodoumé strain (but of
opposite mating type), it is extremely unlikely that the
occurrence of active Tad elements in Adiopodoumé is
due to a defect in RIP.

DISCUSSION

A priori, one might assume that active transposons
like Tad should not exist in N. crassa. Repeated se-
quences are heavily mutated by RIP in the period be-
tween fertilization and karyogamy and are typically also
left methylated (for a review see SELXER 1990) Thus, any
transposon that enters the sexual cycle with more than
one copy in the genome risks destruction. The presence
of Tad, an active LINE-like element, in the
Adiopodoumé strain of N. crassa (KINsEY 1989) sug-
gested either that this strain was defective in RIP, that
Tad was a new transposon, or that Tad was immune to
RIP. One of the original am mutations caused by inser-
tion of Tad in the 5 noncoding sequences
(am::Tad3-2) resulted in an unstable Am*/~ phenotype;
however, this strain could give rise to progeny that were
either stably Am* or stably Am ~. We considered that this
might be due to RIP. The results indicate that in those
progeny that are stably Am*, the Tad3-2 element had
indeed been extensively mutated by RIP. We interpret
these results to suggest that mutations in Tad can, either
directly or indirectly, prevent it from interfering with am
expression. Likewise, the stable Am™ strains might have
resulted from the “spillage” of RIP mutations into the am
coding sequences (Foss et al. 1991). Evidence of mu-
tations by RIP and associated cytosine methylation in
Tad elements was also found in many of the other prog-
eny, regardless of the phenotype expressed by the am
allele. Thus it is clear that the Tad elements that came
from the Adiopodoumé strain are not inherently resis-
tant to RIP. In fact, in some of the progeny, all of the Tad
elements were apparently so extensively mutated that
little or no hybridization was observed when their DNA
was probed with Tad under stringent conditions
(data not shown).

The presence of bands that weakly hybridized toa Tad
probe in a variety of strains not believed to harbor Tad,
suggested that these strains might contain Tad elements
that had been subjected to RIP. Using PCR with degen-
erate probes, we were able to amplify and sequence frag-
ments of Tad-related elements from Adiopodoumé, as
well as from the standard N. crassa laboratory strain
74-OR-231VA and representatives of almost all species of
Neurospora. In each case we found Tad elements that
had been extensively mutated by RIP; approximately
50% of the G-C pairs had been changed to A-T pairs and
very few other kinds of mutations were evident. The Tad-
related elements from N. sitophila showed several tran-

sition differences polarized in the opposite direction of
that expected (i.e., G:C pairs at positions with A:T pairs
in Tadl-1 and Tad3-2) suggesting that an element an-
cestral to Tadl-1 and Tad3-2 may have survived limited
mutagenesis by RIP. Altogether, our findings suggest
that Tad is an old transposable element that spread
throughout the genus Neurospora but then became
completely inactivated in almost all strains. These results
also imply that RIP is, or was, not limited to N. crassa.
Even homothallic species showed evidence of RIP. This
suggests that either a species that was ancesteral to the
homothallic species was competent for RIP or that RIP
was not limited to the heterothallic species.

The only known strain in which Tad has escaped com-
plete inactivation by RIP is Adiopodoumé. In the small
sample of elements from Adiopodoumé represented by
our PCR clones, half of the elements (3/6) showed clear
signs of RIP. The direct tests for RIP proficiency indi-
cated that if Adiopodoumé is deficient in RIP, the gene
responsible must be recessive and located within ap-
proximately 12 cM to the right or left of mating type.
Taken together these data suggest that Adiopodoumé is
proficient in RIP. This poses the question of how Tad
survived in the Adiopodoumé strain.

One can imagine a number of possible explanations
for the occurrence of active Tad elements in
Adiopodoumé. Duplications escape RIP at appreciable
frequencies (typically 50% per sexual cycle), so it is con-
ceivable that the active elements in Adiopodoumé sur-
vived simply by chance. It is possible that something
about the behavior of Tad in this particular strain gives
it an advantage over similar elements in other strains.
For example, the mechanism of transposition in this
strain may be timed to insure that copies of Tad would
always be in the cDNA or other cytoplasmic stage during
the time when RIP occurs (Kinsey 1990, 1993). This
would allow the elements to repopulate both nuclei after
RIP had completed its action. Conceivably, Tad might
stay ahead of RIP by virtue of an exceptionally high
transposition activity in this strain.

Another possible explanation for active Tad elements
in Adiopodoumé is that one or more copies of Tad in
this strain are immune to RIP because they are in a hy-
pothetical protected chromosomal location. There is
some evidence that the tandemly repeated rDNA genes
of Neurospora are protected because of their location
in the nucleolar organizing region (K Haack and
E. SELKER, unpublished). It is also possible the presence
of active Tad elements in Adiopodoumé reflects a new
horizontal transfer of Tad from some other organism.
Each of these scenarios make specific and different pre-
dictions for the behavior of Tad in crosses. Experiments
are currently under way to determine if any of these
predictions are fulfilled.
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the manuscript and ANN HAGEMANN for comments on the manuscript.

202 Idy 60 U0 1sanb Aq 9v/Z109/259/€/8€E L/2101HE/SONEUSB/W0"dNo"olWBapEDE//:SARY WOI) PapeojuMoq



664 J. A. Kinsey et al.

Work in the laboratory of J.A.K. was supported by National Science
Foundation grant DMB9020718. Work in the laboratory of E.U.S. was
supported by National Institutes of Health grant GM 35690 and Na-
tional Science Foundation grant DCB 8718163 and was done during
the tenure of an Established Investigatorship of the American Heart
Association.

LITERATURE CITED

CamBarerl, E. B, B. C. JenseN, E. ScHaTacH and E. U. SELKER,
1989 Repeat-induced G-C to A-T mutations in Neurospora. Sci-
ence 244: 1571-1575.

CamBareRy, E. B., M. J. SINGER and E. U. SELKER, 1991 Recurrence of
repeatinduced point mutation (RIP) in Neurospora crassa.
Genetics 127: 699-710.

Camearery, E. B, J. H. HELBER and J. A. KINSEY, 1994 Tad 1-1, an active
LINE-like element of N. crassa. Mol. Gen. Genet. 242: 658665

Davis, R. H., and F. ]. DEsERRES, 1970  Genetic and microbial research
techniques for Neurospora crassa. Methods Enzymol. 17A:
47-143.

FEINBERG, A., and B. VOGELSTEIN, 1984 A technique for radio-labeling
DNA restriction fragments to high specific activity. Anal. Bio-
chem. 137: 266-267.

Foss, E. J., P. W. GARRETT, J. A. Kinsey and E. U. SELKER, 1991  Speci-
ficity of repeat-induced point mutation (RIP) in Neurospora: sen-
sitivity of non-Neurospora sequences, a natural diveged tandem
duplication, and unique DNA adjacent to a duplicated region.
Genetics 127: 711-717.

KINSEY, . A., 1989  Restricted distribution of the Tad transposon in
strains of Neurospora. Curr. Genet. 15: 271-275.

KINSEY, ]. A., 1990 Tad, a LINE-like transposable element of Neuro-
spora, can transpose between nuclei in heterokaryons. Genetics
126: 317-323.

KiNsEY, J. A, 1993 Transnuclear retrotransposition of the Tad ele-
ment of Neurospora. Proc. Natl. Acad. Sci. USA 90: 93849387,

KiNnsEy, J. A., and J. HELBER, 1989  Isolation of a transposable element
from Neurospore crassa. Proc. Natl. Acad. Sci. USA 86:
1929-1933.

KrumLAUF, R., and G. A. MArzLUF, 1980 Genome organization and
characterization of the repetitive and inverted repeat DNA se-
quences of Neurospora crassa. J. Biol. Chem. 255: 1138-1145.

Lesuig, J. F., 1981 Inbreeding for isogeneity by backcrossing to a fixed
parent in haploid and diploid eukaryotes. Genet. Res. 37:
239-252.

METZENBERG, R. L., and T. R. BaiscH, 1981 An easy method for pre-
paring Neurospora DNA. Neurospora Newsl. 28: 20-21.

MuLuss, K B., and F. A. FALOONaA, 1987  Specific synthesis of DNA in
vitro via a polymerase-catalyzed chain reaction. Methods Enzy-
mol. 155: 335-350.

NELsoN, M., and M. McCLELLAND, 1991  Site-specific methylation: ef-
fect on DNA modification methyltransferases and restriction en-
donucleases. Nucleic Acids Res. 19: 2045-2071.

Saiki, R. K., S. ScHARF, F. FaLooNa, K. B. MuLuis, G. T. HORN et al.,
1985 Enzymatic amplification of B-globin genomic sequences
and restriction site analysis for diagnosis of sickle cell anemia.
Science 230: 1350-1354.

SANGER, F., and A. R. CouLsoN, 1975 A rapid method for determining
sequences in DNA by primed synthesis with DNA polymerase.
J. Mol. Biol. 94: 441-446.

Serker, E. U, 1990 Premeiotic instability of repeated sequences in
Neurospora crassa. Annu. Rev. Genet. 24: 579-613.

SELKER, E. U., and P. W. GARRETT, 1988 DNA sequence duplications
trigger gene inactivation in Neurospora crassa. Proc. Natl. Acad.
Sci. USA 85: 6870-6874.

SELKER, E., E. CaMBARER], B. JENsEN and K. HaAck, 1987 Rearrange-
ment of duplicated DNA in specialized cells of Neurospora. Cell
51: 741-752.

STEVENS, J. N., and R. L. METZENBERG, 1982 Preparing Neurospora
DNA: some improvements. Neurospora Newsl. 29: 27-28.

VOLMER, S. J., and C. YANOFsKy, 1986 Efficient cloning of genes of
Neurospora crassa. Proc. Natl. Acad. Sci. USA 83: 4869-4873.

Communicating editor: R. H. Davis

20z Iudy 60 Uo 1senB Aq 9v/Z109/.59/€/8€ L /aI0IE/SONRUSB/ W00 dno"dlWapeoe//:sdny Woly papeojumoq



