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ABSTRACT
In Neurospora crassa, DNA sequence duplications are detected and altered efficiently during the sexual
cycle by a process known as RIP (repeat-induced point mutation). Affected sequences are subjected to
multiple GC-to-AT mutations. To explore the pattern in which base changes are laid down by RIP we
examined two sets of strains. First, we examined the products of a presumptive spontaneous RIP event at
the mtr locus. Results of sequencing suggested that a single RIP event produces two distinct patterns of
change, descended from the two strands of an affected DNA duplex. Equivalent results were obtained
using an exceptional tetrad from a cross with a known duplication flanking the zeta-eta (z-h) locus. The
mtr sequence data were also used to further examine the basis for the differential severity of C-to-T
mutations on the coding and noncoding strands in genes. The known bias of RIP toward CpA/TpG sites
in conjunction with the sequence bias of Neurospora accounts for the differential effect. Finally, we used
a collection of tandem repeats (from 16 to 935 bp in length) within the mtr gene to examine the length
requirement for RIP. No evidence of RIP was found with duplications shorter than 400 bp while all longer
tandem duplications were frequently affected. A comparison of these results with vegetative reversion data
for the same duplications is consistent with the idea that reversion of long tandem duplications and RIP
share a common step.

D

UPLICATIONS of portions of the genome can be
beneficial in that they provide raw material for
evolution. The presence of a duplicate copy of a gene
should relax selective pressure allowing sequence divergence. In principle, one copy may acquire a novel function that could improve the fitness of the organism.
Duplications may also be hazardous, however. Duplicated regions dispersed throughout the genome can
lead to ectopic recombination resulting in deletions or
translocations. In addition, mutations can result from
duplication of a gene segment or from insertion of
duplicated DNA into a gene. To achieve a favorable
balance between the benefits and hazards associated
with duplications, organisms presumably have developed systems for defending their genetic integrity
(Selker 1997; Yoder et al. 1997).
In the filamentous fungus Neurospora crassa, duplications are efficiently detected and modified during the
sexual cycle in the time between fertilization and karyogamy (fusion of two nuclei of opposite mating type to
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form a true diploid) by a process known as RIP (repeat
induced point mutation; Selker et al. 1987; Selker and
Garrett 1988; Cambareri et al. 1989; Selker 1990).
RIP attacks the duplicated regions, heavily mutating
both the original and duplicate copy with multiple GCto-AT transitions. Sequences mutated by RIP are also
typically found to be methylated at most of the remaining cytosine residues (Selker et al. 1987, 1993a,b;
Cambareri et al. 1989). The mutations by RIP do not
occur randomly; C-to-T mutations occur principally
(z75%) at sites 59 of adenines, to a lesser extent at sites
59 of thymines or guanines, and rarely at sites 59 of
other cytosines (Cambareri et al. 1989; Grayburn and
Selker 1989; Selker 1990). RIP presumably reduces the
hazards of gene duplications by reducing the homology
between duplicated regions, thus reducing the likelihood of exchange between them that might lead to
rearrangements (Cambareri et al. 1991). In principle,
rapid divergence of duplicated sequences by RIP could
lead to evolution of new functions, but no evidence for
this is yet available.
The timing and effects of RIP are well established but
its mechanism is largely unknown. Restriction analyses
of sequences affected by RIP almost invariably revealed
evidence of identical changes between sister chromosomes in a given meiotic tetrad, indicating that RIP
occurred prior to, or during, premeiotic DNA synthesis
(Selker 1990). Occasional differences were seen, how-
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ever, consistent with the possibility that RIP operates
distinctly on both nucleotide chains of a single DNA
duplex (Selker et al. 1987). Sequences mutated by RIP
frequently show only C-to-T or G-to-A changes (not
both) on a given chain (Selker et al. 1993a,b; Singer
et al. 1995; Watters and Stadler 1995), suggesting
that RIP makes only one type of change (either C to T
or G to A). It is attractive to assume that RIP results from
methylation and deamination of cytosines in duplicated
sequences detected by a mechanism involving DNA:
DNA pairing (Selker 1990). We cannot rule out other
possible mechanisms, however, such as deamination of
unmethylated cytosines. Restriction analyses revealed
tetrads with different patterns of RIP among duplication-bearing spores (Selker et al. 1987). If this is due
to the action of RIP on both chains of the final duplex
prior to karyogamy, comparison of the DNA sequences
should reveal opposite changes among products of that
RIP event. However, if these differences are due to the
action of RIP on only a single chain, then only one new
RIP pattern should be detected among products of the
event (Figure 1).
Here we report an examination of these possibilities.
First, we characterized the presumptive products of a
tetrad that resulted from an apparent RIP event at the
mtr locus. The mtr strains were found in a study of spontaneous mutation in the sexual cycle and appear to have
resulted from the action of RIP on a proposed transient
spontaneous duplication (Watters and Stadler
1995). We then confirmed these results with a definite
tetrad in which restriction analysis had revealed spores
with different RIP patterns (Selker et al. 1987). We also
report analyses of the distribution of mutations by RIP
in mtr and am that shed additional light on observations
that RIP sometimes generates mostly silent mutations,
sometimes generates relatively more nonsense and missense mutations (Singer et al. 1995; Watters and
Stadler 1995), and occasionally generates functional
mutant alleles (Fincham 1990). Finally, we exploited a
collection of spontaneous duplications of various
lengths in the mtr gene to examine the relationship
between repeat length, frequency of RIP, and the rate
of vegetative reversion resulting from homologous recombination between the duplicate elements. This was
motivated by prior evidence that RIP, like recombination, involves direct pairing of repeated sequences: RIP
attacks sequences in pairs (Selker and Garrett 1988),
regardless of the number of repeats present (Fincham
et al. 1989), and is associated with a high rate of premeiotic loss of duplicated DNA (Selker et al. 1987).

MATERIALS AND METHODS
Strains and media: mtr mutant strains pA24.1, pA24.2, and
pA24.3 were recovered in a survey of spontaneous mutation
in the sexual cycle of N. crassa. A full account of the origins
of these strains has been described (Watters and Stadler

1995) and all mtr duplication strains used in this study have
been described previously (Stadler et al. 1991; Dillon and
Stadler 1994; Watters and Stadler 1995). Strains C46-1
and C46-2, which contain a linked duplication modified by
RIP, were also previously described (Selker et al. 1987).
Vegetative propagation and crosses were carried out on
standard growth media (Davis and Deserres 1970) supplemented as described in Stadler et al. (1991).
Molecular analysis: Neurospora DNA was prepared by the
methods of Zolan and Pukkila (1986) or Oakley et al.
(1987). Restriction enzymes were used according to manufacturers’ instructions. Various portions of the mtr gene were
amplified by PCR using a variety of 20-mer oligonucleotides.
Fragments of z-h flank sequences were amplified from genomic DNA by PCR using the following primers: 59 TTCACACAG
GAAACAG 39 (primer 1) and 59 CGGGATCCGTCGACGACC
TTYATRCGG 39 (primer 2). Two ambiguities were added to
primer 2 at the most RIP-mutable dinucleotides (CpA/TpG)
so as to be able to amplify sequences that had been modified
by RIP. Sequencing of pA24 and SR22 RIP mutants was accomplished using either Sequenase (USB) or fmol DNA sequencing (Promega, Madison, WI).
Reversion analysis: High-frequency reversion rates were
monitored by a fluctuation test, using the method of the median (Vonborstel 1978). Each mtr duplication strain was
grown in a series of parallel tube cultures. Reversion was monitored by streaking a drop of conidial suspension containing
about 30,000 cells on selective medium. Larger aliquots were
used to measure low-frequency reversion. The mutation rates
graphed in Figure 4 are means from 3 to 14 trials.
RIP analysis: All mtr duplication strains were crossed to mtr1
strains. Progeny bearing the duplication are Mtr2, whether
or not they have experienced RIP. Changes in reversion frequencies provide evidence of RIP, however. Unaffected progeny revert at a high rate like their parents, while those that
have been mutated by RIP are not revertible, presumably
because of the base changes by RIP. This change in reversion
frequencies was used to score the progeny of these crosses
for RIP.

RESULTS

Operation of RIP on both strands of a duplex: We
examined two sets of strains to gain insight into whether
RIP can cause different mutations on two strands of a
duplex. First, we sequenced all of the recovered descendants of an apparently simple RIP event collected as
part of a survey of spontaneous mutation during the
sexual cycle of Neurospora (Watters and Stadler
1995). In that study, only 52 spontaneous mutant events
were detected in a total of 1500 cross-plates. This low
rate provided confidence that all mutant spores recovered from a given plate originated from a single mutational event. Mutants in this survey were collected by
plating all recoverable spores from a cross in order to
maximize the recovery of sibling mutants (descendants
of a single mutational event). The efficiency of recovering other mutants in the study indicated that recovery
of siblings was very efficient. Ascospores recovered in
groups of two, three, or four were consistent with origination from single asci, as judged by examination of
independent markers in the cross (Watters and
Stadler 1995). The strain that showed mutations char-
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Figure 1.—Potential patterns of mutation by RIP immediately before karyogamy. Each
horizontal line represents a single polynucleotide chain of
DNA. Open circles represent
centromeres. Solid circles represent mutations caused by
RIP. Complete octads of spores
are indicated on the right.
Spores containing DNA unaltered by RIP are shown as open
ovals. Spores containing DNA
altered by RIP are shown as
marked ovals. Two cross-hatching patterns are shown to indicate the two possible types of
changes (C-to-T or G-to-A) on
a given strand. Meiosis and the
postmeiotic division are not detailed. (A) The single-strand
model. Under this model, the
RIP machinery damages only
one strand and generates heteroduplex DNA. Model A
would result in one RIP pattern
found in two of the eight spores
of an ascus. (B) The two-strand
model. In the basic two-strand
model, the RIP mechanism affects both strands of a duplex.
RIP is assumed to result in only
one type of primary mutation
(either C-to-T or G-to-A). Thus,
the two strands of the duplex
must show different RIP patterns. Model B would result in
two RIP patterns represented
by two spores each. These two
patterns would show opposite
types of mutations on a given
chain. (C) Replication-dependent two strand model. In this
derivative of the basic twostrand model, RIP occurs with
replication, producing two heteroduplexes with mutations in
the newly synthesized chains.
As with model B, opposite RIP
patterns would be produced,
but unlike model B, they would
be found in separate asci.

acteristic of RIP, pA24, was collected in a cluster of
three mutant spores. These three spores most likely
descended from a single mutational event occurring
just prior to meiosis and were shot from a single ascus.
Sequencing of one of the three isolates revealed 60 GCto-AT transitions, providing evidence that the mutant
had resulted from RIP. In this isolate, all 60 base substitutions were C to T on the sense strand, suggesting that
pA24 might have been subjected to only a single round
of RIP. Models proposed previously (Watters and
Stadler 1995) make different predictions with regard
to mutational events occurring just prior to meiosis.

Under model A (Figure 1A), a single strand of the
duplex is affected during one cell cycle. The resulting
heteroduplex is then resolved either by replication or
repair. If the heteroduplex were resolved by replication
just prior to entering meiosis, it would produce an ascus
in which only one of the meiotic products (two spores
in the octad) contained mutations. If the heteroduplex
were acted upon by a repair mechanism before replication, it would produce an ascus in which two meiotic
products (four spores) contained identical mutations
(not shown).
Model B (Figure 1B) proposes that the RIP machinery
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Figure 2.—Sequence of mtr gene
from pA24 sibling mutants. The sequence of the wild-type mtr gene
(mtr) is shown, as well as that of the
pA24 mutants (1, 2, 3). The sequence
of pA24.1 reported by Watters and
Stadler (1995) was incomplete and
contained several errors that are corrected here. Mutations are indicated
and positions of identity between a
mutated gene and the wild-type gene
are indicated with dots.

affects both strands of a duplex during one cell cycle.
In this model, a single DNA duplex is modified on both
strands, resulting in heteroduplex DNA. This heteroduplex, if resolved by repair prior to meiosis (not
shown), would yield four spores bearing identical RIP
patterns (including both C-to-T and G-to-A changes) on
a given strand. The observance of single-type (only C
to T on one strand) RIP patterns indicates that this does
not always occur. If the heteroduplex goes unrepaired
and is resolved instead by replication, the modified sequence would enter into meiosis producing two pairs
of mutant spores with opposite alterations in a single
ascus, i.e., one pair with C-to-T and one pair with
G-to-A mutations on a given strand.
Under model C (Figure 1C), mutations occur on the
new strands during replication. This produces two heteroduplexes. If they were to enter immediately into meiosis (not shown), an ascus containing two mutant spores
(with different mutations) would result. If the heteroduplexes were repaired (toward the mutations) before
entering into meiosis, this would produce an ascus containing two pairs of spores with different mutations, as
with model B. If the heteroduplexes are resolved by
replication before entering into meiosis, two asci, each

containing a pair of mutated spores, will result. For RIP
events occurring earlier than those depicted in Figure
1, all models predict the production of asci containing
four identical mutant spores.
Mutant pA24 and its associated siblings offered an
opportunity to examine all products of a simple putative
RIP event. The mtr gene of each of the three mutants
was sequenced (Figure 2). Mutants pA24.1 and pA24.3
displayed identical patterns of C-to-T changes on the
sense strand. The RIP pattern of pA24.2, however, consisted exclusively of G-to-A transitions on that strand.
The observation of two opposing patterns, generated by
a single presumed RIP event, is consistent with Models B
and C in Figure 1.
In an attempt to verify the results with a bona fide
tetrad from a definite (clearly repeat-associated) RIP
event, we examined a tetrad obtained previously from
a cross of a strain with a linked duplication of a 6-kb
fragment of Neurospora DNA flanking the z-h locus.
The particular tetrad, C46, was unusual in that restriction analysis of the duplicated DNA (referred to as
“flank”) revealed different RIP patterns between pairs
of meiotic products (Selker et al. 1987). It seemed likely
that this tetrad resulted from the operation of RIP imme-

Observations on RIP

709

Figure 2.—(Continued)

diately before, or during, the final round of premeiotic
DNA synthesis. To examine this possibility, we sequenced a section of the flank region from the two
meiotic products showing different restriction fragment
polymorphisms, C46-1 and C46-2. Both common and
spore-specific mutations were found. In a 564-bp segment there were 26 mutations present in both of the
progeny (Figure 3). These included both C-to-T and
G-to-A changes on the chain shown and presumably
occurred before the last premeiotic mitotic division. An
additional 23 mutations were present in only one of the
two mutated progeny. Eleven of these were only in strain
C46-1 and were all G-to-A changes on the chain shown.
The other 12 mutations were only in strain C46-2 and
were all C-to-T changes on the same chain. These data
confirm the finding with the pA24 mutants that both
chains of the DNA duplex can be modified by RIP.
However, the observation of two opposing RIP patterns
recovered from a single ascus is consistent with Model
B only. This does not eliminate the possibility that other
cases of RIP could result from pathways similar to Models A or C.
Additional informative tetrads were sought using an

mtr duplication mutant. Mutant allele SR22, containing
a 446-bp tandem duplication in the mtr gene, was
crossed to mtr1. Among tetrads examined, none showed
differences between spore pairs. Some showed singletype mutation patterns (C-to-T or G-to-A) that may reflect single rounds of RIP before the penultimate premeiotic round of DNA synthesis. If we examine the
distribution of mutations in the two elements of the
duplication (data not shown), we find significantly different distributions of RIP sites (x2 5 40.2, P , 0.1%).
This is chiefly due to significantly lower levels of RIP
near the outer borders of the duplication, as found
previously (e.g., Grayburn and Selker 1989).
Specificity of RIP: One striking difference between
pA24 (with C-to-T mutations on the coding strand) and
pA24.2 (with G-to-A mutations on the coding strand)
was that the damage in pA24, but not pA24.2, was mostly
in the third position of codons. All possible third-position C-to-T changes are silent, having no effect on protein sequence. Singer et al. (1995) previously noted
that most C-to-T mutations on the coding strand in a
set of amRIP alleles were silent, whereas most G-to-A
mutations on the coding strand were missense, and
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Figure 3.—Sequence from the
flank tetrad. The sequences of strains
C46-1 and C46-2 are shown. These
strains originated from a single tetrad
as described previously (Selker et al.
1987). Wild-type and mutant sequences are shown in a manner similar to Figure 2. Mutations common to
both progeny are indicated in black
text. Mutations unique to only one
of the progeny are indicated by white
text on a black background.

pointed out that this is attributable to codon usage (e.g.,
G is common in the first codon position in Neurospora,
while C is common in the third). In the mtr data set of
42 mutational sites in the open reading frame (ORF),
6 were in the first position, 1 was in the second position,
and 33 were in the third position of codons. The first
base change to cause loss of function is a stop codon
introduced at position 1255, as determined by deletion
mapping (data not shown). In an attempt to fully account for the lack of mutational impact in this example,
we carried out a statistical analysis.
First we examined the distribution of bases in the
mtr gene by comparing the distribution of mutated C
residues in pA24 to the distribution of all C’s in the mtr
ORF (Table 1). The difference between these distributions is significant as determined by x2 (P 5 0.1%). We

then expanded the scope of the examination to account
for the known context bias of RIP. RIP strongly favors
59 CpA 39 sites (59 TpG 39 sites on the complementary
strand). We determined the distribution of CpN sites
at each codon position in the mtr ORF (Table 2). Dividing the number of mutated CpA sites in pA24 (33) by
the total number of CpA sites in the mtr ORF (110)
gives the expected probability that any given CpA site
in this mutant would be altered (30%). This is based
on the assumption that the probability of a particular
C residue mutating via RIP depends solely on its 39
neighboring base. By carrying out similar calculations
for the remaining CpN combinations and positions and
then applying these probabilities to the chart of CpN
sites at various codon positions (Table 2) we derived
the predicted distribution of mutations for this mutant
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TABLE 1

TABLE 3

Codon position bias of RIP in pA24:
Distribution of cytosines
Positiona
1st
2nd
3rd
Total

Codon position bias of RIP in pA24: Expected and
observed distribution of RIP at cytosines

Cb

RIPc

84
104
239
427

6
1
35
42

a

Codon position of the cytosine.
Number of cytosines in the wild-type sequence.
c
Number of cytosines modified by RIP.

Positiona

CpA

1st
2nd
3rd
Total

a. Expected distribution
5.7
2
0.1
1.5
2
0.1
25.8
3.1
0.7
33
7.1
0.9

1st
2nd
3rd
Total

3
0
30
33

b

(Table 3a). The expected distribution predicts both the
strong bias of mutations in third positions of codons
and an apparent shift in CpN bias between first, second,
and third codon positions. A comparison of the expected distribution with the observed distribution (Table 3b) revealed no significant difference. A similar
analysis (not shown) of the expected distribution of
G-to-A mutations by RIP at mtr matches the observations
for mutant pA24.2 and predicts the observed high frequency of first position changes. This in turn predicts
the high frequency of missense mutations caused by
G-to-A mutations on the sense strand. Thus the observed
difference in mutational impact on the two strands is
attributable to the specificity of RIP within the confines
of codon usage in this gene.
We carried out an equivalent analysis on mutations
in the progeny of the mtr duplication mutant SR22 (not
shown). Comparison of the observed and expected distributions indicated that they are different at a probability of 3.9%. The significance of this difference is weak
and is based primarily on a paucity of RIP at second
position CpA sites. The second position CpA sites in
the target sequence are all in the extreme 59 region of
the duplicated segment, a region that was only lightly
mutated in all mutants analyzed.
Length requirements for RIP and mitotic recombination: The dependence of RIP on duplications led to
the suggestion that pairing of duplicate sequences is
TABLE 2
Codon position bias of RIP in pA24:
Distribution of CpNs in mtr
CpA

CpT

CpG

CpC

1st
2nd
3rd
Total
RIPb
% RIP

19
5
86
110
33
30

35
35
56
126
7
5.6

9
11
61
81
1
1.2

21
53
36
110
1
0.9

b

Codon position of cytosine.
Number of cytosines modified by RIP.

CpG

b. Observed distribution
3
0
1
0
3
1
7
1

CpC

Total

0.2
0.5
0.3
1

8
4.1
29.9
42

0
0
1
1

6
1
35
42

Codon position of the cytosine.

normally required for RIP to occur. Pairing of duplications is also believed to be required for reversion of
tandem duplications via mitotic recombination. Indeed,
the linked duplication that led to the discovery of RIP
was subject to an unusually high frequency of premeiotic
recombination, resulting in elimination of the duplication (Selker et al. 1987). A subsequent study using different constructs strengthened the correlation between
RIP and recombination (Irelan et al. 1994). In the
present study, we examined the possible connection
between RIP and mitotic recombination using a collection of spontaneous tandem duplications within the mtr
gene, ranging from 16 to 935 bp long. In particular, we
used this set of strains to determine whether vegetative
reversion and RIP would show similar dependencies on
length of the duplications. The results of the tests on
vegetative reversion are presented in Figure 4. For the
short duplications, the relationship between length and
reversion rate appears exponential. As shown in Figure
4, this relationship extends to z400–450 bp. Repeats
between 446 and 935 bp long all showed similar reversion rates (z1024). Tests for RIP revealed that the 446to 935-bp duplications showed similar sensitivities to
RIP, 70–100% of spores containing duplications being
affected. No evidence of RIP was detected for duplications shorter than 380 bp long.
DISCUSSION

Positiona

a

a

CpT

Mechanism of RIP: Any chromosomal duplication
above a threshold size appears susceptible to RIP. The
frequency and severity of damage by RIP varies, however, and depends only partly on obvious variables such
as length and position of the duplicate elements. By
chance, a duplication may (1) slip through a cross unscathed, (2) be lightly mutated, perhaps by one cycle
of RIP, or (3) be heavily mutated and show evidence
of more than one round of RIP. Furthermore, products
of RIP are sometimes methylated and sometimes not.
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Figure 4.—Vegetative instability and RIP vs. length of duplications in mtr. The curve shown for the shorter duplications
was determined by regression analysis. The line for the larger
duplications represents the mean rate of reversion for these
duplications. Several shorter (16, 18, 63, and 68 bp) duplications that were not tested are assumed to be not vulnerable
to RIP.

Nevertheless, within a single meiotic tetrad, DNA subjected to RIP typically shows the same alterations, indicating that RIP occurs before, or during, premeiotic
DNA synthesis (Selker et al. 1987). In a fraction of
tetrads (4/25 in the study of Selker et al. 1987), two
distinct patterns of RIP are seen, consistent with the
operation of RIP on individual strands of the duplex
entering into meiosis. A less likely possibility is that
RIP occasionally operates in meiosis. The fact that RIP
commonly leaves just C-to-T but not G-to-A changes, or
vice versa, on a given strand strongly suggests that RIP
initially causes a single type of mutation (Singer et al.
1995; Watters and Stadler 1995). We took advantage
of this to address the question of whether RIP can attack
both strands of a duplex. A single episode of RIP on
both strands of the duplex in the final premeiotic cell
(assuming the mutations are not repaired) should give
rise to one pair of spores with C-to-T changes on a given
strand and another pair with G-to-A changes on the
equivalent strand. In contrast, if only one strand were
affected in a single episode of RIP, only one pair of
spores would show changes (Figure 1).
Here we report two observations consistent with the
operation of RIP on both strands of a duplex (Figure
1B). The first evidence came from the discovery of opposite changes (C-to-T vs. G-to-A) in the mtr gene of a
presumptive tetrad that appeared to have resulted from
a single episode of RIP. Supporting evidence came from
a definite tetrad showing restriction fragment polymorphisms in the duplicated “flank” region (Selker et al.
1987). Sequence analysis of flank DNA from this exam-

ple showed opposite changes (C-to-T vs. G-to-A) between pairs of affected spores superimposed on a mixed
background of common mutations reflecting somewhat
earlier RIP events. Thus evidence from both a probable
RIP event in the mtr gene and a definite RIP event in
the flank DNA strongly suggests that both strands of a
DNA duplex can be modified by RIP during one cell
cycle. It remains possible, of course, that RIP does not
always affect both strands, i.e., more than one model
may be correct. Our data are inconsistent, however, with
models in which the mutations must be limited to one
strand. It is worth noting that Model B is consistent with
several molecular models. One possibility is that a RIP
“machine” proceeds down the target sequence, affecting
both strands of both copies in one pass. An alternative
is that the machine affects only one strand at a time
so that multiple passes and/or multiple machines are
required to affect both strands. Finally, it is possible that
RIP results from a nonprocessive process in which a
sequence is first tagged (e.g., by pairing of the duplicate
sequences) and then this region is subjected to multiple
independent mutagenic events.
Sequence bias of RIP: It is not rare for RIP to result
in only C-to-T changes on a given strand. Singer et al.
(1995) noted that because of codon bias in Neurospora,
C-to-T changes on the coding strand should have less
impact than G-to-A changes. We have expanded and
clarified this observation. We demonstrate that the distribution of RIP sites among codon positions can be
predicted by the CpN bias of RIP in combination with
the sequence of the gene. Calculations (not shown)
related to those described above for the am and mtr
genes, but based on the general codon bias of N. crassa
(Gurr et al. 1987), suggest that this conclusion is generalizable. Most (56%) of the highly vulnerable CpA dinucleotides are expected to place the mutable C in the
third position of codons, where mutations by RIP are
always silent. For the less vulnerable CpT and CpG dinucleotides, the third codon position is also expected to
be the most affected. Only for the rarely affected CpC
dinucleotides is the third position not the most common
location of the first C. Thus C-to-T mutations due to
RIP should be concentrated in the third position of
codons where they do not affect the protein sequence.
These estimates are based on the assumption that the
juxtaposition of codons is random.
Similar calculations (not shown) using the codon bias
based on available Neurospora sequences can be used
to predict probable protein changes resulting from RIP.
Approximately 82% of C-to-T mutations on the coding
strand should result in either silent or conservative
changes (75 and 7%, respectively). The rest are divided
between nonconservative missense and nonsense mutations. About 62% of G-to-A changes on the coding
strand should be silent or conservative (23 and 39%,
respectively). Approximately 5% of the sites should be
nonsense mutations with the rest being nonconservative
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missense mutations. This is similar to the distribution
of mutational types observed following RIP at am
(Singer et al. 1995).
In spite of general trends, the consequences of RIP
acting on any given sequence will depend on its set and
juxtaposition of codons. The location of vulnerable sites
relative to regions coding for active sites or sensitive
protein domains, for example, will strongly influence a
gene’s sensitivity to RIP. If changes are largely confined
to silent or conservative mutations, protein function
may not be abolished. Indeed, RIP does not always result
in null alleles (Fincham 1990). In addition, recombination of null alleles can lead to functional alleles that
still retain large tracts of RIP mutations (M. K. Watters
and D. R. Stadler, unpublished observations).
Minimal sequence length for RIP and recombination:
There are several suggestions that RIP and recombination share common elements. First, both involve pairwise interactions. Second, several correlations between
RIP and recombination have been observed (Selker et
al. 1987; Butler and Metzenberg 1989; Selker 1990;
Cambareri et al. 1991; Foss and Selker 1991; Irelan
et al. 1994). The association between RIP and recombination remains unclear, however. We took advantage
of a set of tandem duplications to examine the length
dependence of RIP in relation to the mitotic reversion
rates of these repeats. Reversion of tandem duplications
is thought to occur by two basic mechanisms: (1) slippage (Streisinger et al. 1966; Kunkel 1990; Ripley
1990), in which the repeats mispair during replication,
resulting in loss of one copy of the repeat, and (2)
recombination, in which the repeats pair and recombine, removing the intervening DNA. Slippage is seen
commonly as a source of spontaneous mutation in Neurospora at runs of bases and short tandem repeat sequences (Dillon and Stadler 1994; Watters and
Stadler 1995). Recombinational mechanisms are constrained by the length of DNA required to pair effectively, leading to a minimum length of repeat required
for efficient recombination (Jinks-Robertson et al.
1993).
Examination of the dependence of vegetative reversion on length of duplication shows a clear breakpoint
at z400–450 bp. Duplications shorter than this show an
exponential relationship between length and vegetative
reversion rates. Longer duplications show a roughly constant rate of reversion (z1024). This breakpoint is coincident with the minimum length of repeat that is required for vulnerability to RIP in the sexual cycle and
may reflect a shift in the nature of the reversion mechanism at this point (i.e., a shift from slippage to a recombinational mechanism). The coincidence between the
minimum lengths for RIP and efficient reversion is consistent with the possibility that reversion of long tandem
duplications and RIP share a length-dependent step.
This step may be DNA pairing, which is presumed to
be required for both RIP and long-repeat reversion.
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Although the strains with tandem duplications showing high reversion frequencies were also those subject
to RIP, the 380-bp duplication appeared possibly exceptional. This duplication reverts at frequencies similar to
those of the longer duplications but does not appear
to be subject to RIP. The reason for this is unclear.
The length of the duplication may be just below the
minimum length required for RIP. It remains possible,
however, that lack of RIP in this mutant is due to some
undetermined context effect. Examination of a larger
sample of duplications in the critical 300–600-bp range
would help resolve this question.
In conclusion, we have demonstrated that RIP can
affect both strands of a duplex in a single cell cycle.
This is a new clue to the mechanism of the RIP process.
We have also demonstrated that the sequence bias of
Neurospora in combination with the context bias of RIP
can predict the distribution of RIP sites relative to codon
position. This accounts for the potentially low impact
of C-to-T mutations on the coding strand of genes and
raises the possibility that some genes or portions of
genes could be protected from RIP by virtue of their
choice of codons and codon combinations. Finally, we
compared the frequencies of reversion and RIP for tandem duplications of various sizes and showed that these
processes show similar dependencies on length of the
duplications.
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