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ABSTRACT 
The process designated RIP (repeat-induced point mutation) alters duplicated DNA sequences in 

the sexual  cycle  of Neurospora  crassa. We tested whether non-Neurospora sequences are susceptible 
to  RIP, explored the basis for the observed immunity to this  process of a diverged tandem duplication 
that probably arose by a natural duplication followed by RIP (the Neurospora c-7 region), and 
investigated whether RIP extends at all into unique sequences bordering  a duplicated region. Bacterial 
sequences of the plasmid pUC8 and of a gene conferring resistance to hygromycin B were  sensitive 
to RIP in N .  crassa when repeated in the genome. When the  entire 1.6-kb c-7 region was duplicated, 
it was susceptible to  RIP,  but was affected by it to a lesser extent than other duplications. Only three 
of 62 progeny from crosses harboring unlinked duplications of the region showed  evidence of changes. 
We attribute  the low level  of alterations to depletion of mutable sites. The stability of the of the (-7 
region in strains having single  copies  of the region suggests that  the  14% divergence of the tandem 
elements is sufficient to prevent RIP. DNA sequence analysis  of unduplicated pUC8 sequences 
adjacent to  a duplication revealed that  RIP continued at least 180 bp beyond the boundary of the 
duplication. Three mutations occurred in the 200-bp segment of bordering sequences examined. 

I N Neurospora crassa, as  in  many  microorganisms, 
unique  sequences  make  up  the  bulk  of  the  genome. 

T h e  paucity of redundant DNA may be partially due 
to  a process  that  alters  duplicated  sequences  during 
the  sexual cycle of N.  crassa (SELKER et al. 1987; 
SELKER and GARRETT 1988; CAMBARERI et al., 1989). 
This process, referred to  as RIP (repeat-induced  point 
mutation),  produces  numerous G:C to  A:T  mutations 
in both  copies  of  duplicated  sequences  during  the 
period between  fertilization  and  karyogamy.  RIP was 
discovered by tracing  the  fate  of  transforming se- 
quences.  When  transformants  containing  linked or 
unlinked  duplications of DNA  segments  were passed 
through a cross,  restriction  sites  in the  duplicated 
sequences  changed  at  high  frequency. A linked  dupli- 
cation  never  survived a  cross  unaltered;  unlinked  du- 
plications  escaped RIP  a t  a frequency  of 250% 
(SELKER et al., 1987; E. B. CAMBARERI and E. U. 
SELKER, unpublished  data).  Sequences  altered by RIP 
were  frequently  found heavily  methylated  at  cyto- 
sines.  Crosses  of  strains  that  carried  single  copies  of 
the  tested  sequences  resulted  in  neither  sequence al- 
terations nor de novo methylation.  Equivalent  results 
were  obtained  whether  the  duplications  were  created 
directly by transformation or indirectly by crossing 
strains  having  homologous  sequences  at  unlinked 
chromosomal  locations (SELKER and GARRETT 1988; 
FINCHAM et al., 1989). 

To further  explore  the  mechanism  of  RIP, we 
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wished  to:  (1)  investigate if the process extends  at all 
into  unique  sequences  bordering a duplication, (2) 
determine  whether  the process is limited to  Neuro- 
spora  DNA,  and (3) explore the  apparent  immunity 
to RIP of the heavily methylated  zeta-eta ({q) region 
of Oak Ridge strains of N.  crassa (SELKER and STEVENS 
1985,  1987; SELKER et al. 1987). T h e  l-7 region 
consists of a diverged direct  tandem  duplication of a 
0.8-kb segment  including a 5s rRNA  gene.  Sequence 
comparisons of the { and 9 5s rRNA  regions with 
each  other  and with other 5s rRNA  regions  suggested 
that  the  approximately  14%  divergence  between  the 
{and 7 tandem  repeats  resulted  from exclusively C:G 
to  T:A  mutations. Analysis of a related  unduplicated, 
unmethylated  sequence  from N .  crassa Abbott 4  sup- 
ported this  idea, and  indicated  that  the l-7 region 
almost  certainly  reflects  RIP of a natural  duplication 
(GRAYBURN and SELKER 1989).  The  distribution  of 
mutated G:C base  pairs in the l-7 region  parallels  the 
distribution  that  resulted  from  RIP of an artificially 
generated  duplication. T h e  mutations  occurred pri- 
marily at  sites  with an  adenine 3’ of  the  changed 
cytosine, and rarely at  sites  with  a  cytosine at  this 
position (CAMBARERI et al. 1989; GRAYBURN and 
SELKER 89). Two  explanations  came  to  mind  for  the 
apparent  immunity of the {--a region  to  RIP: (1) the 
RIP  mechanism  could be blind to  the r-9 region 
because  of  the  extensive  sequence  divergence of the 
duplicate  elements, or (2) all of  the sensitive G:C pairs 
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could have already  mutated. To test these possibilities 
we asked whether  duplication of the  entire r-v region 
would render  the sequences sensitive to RIP. Our 
results demonstrate  that this was indeed  the case, but 
the  frequency of RIP was uncharacteristically low.  We 
conclude  that the immunity to RIP of the  region is a 
consequence of insufficient homology between  the 
diverged  repeats. The relative resistance to RIP of 
the reduplicated l-q region may be due  to depletion 
of the  preferred  substrates  for this process. 

MATERIALS AND METHODS 

Pertinent information on the primary strains used is listed 
in Table 1. Strains were grown on Vogel’s minimal medium 
(DAVIS and DESERRES 1970) with 2% sucrose and  other 
supplements required  to allow growth of auxotrophs. All 
strains tested for  RIP were homokaryotic. Crosses were 
performed on Westergaard’s medium following standard 
techniques (DAVIS and DESERRES 1970). D N A  was isolated 
from N .  crassa strains and analyzed by slot-blot and  Southern 
hybridizations as described previously (SELKER, JENSEN and 
RICHARDSON  1987;  SELKER et al. 1987). 

DNA sequencing was performed  on  double-stranded 
DNA following the protocol described by KRAFT et at. 
(1 988). Plasmid pEC26 was used as the template  to sequence 
the unique sequences of pUC8  (VIERA  and MESSING 1982) 
adjacent to the  duplicatedflank sequences of Neurospora 
transformant  T-ES174-1 (T-1)  that were altered by two 
passages through  the sexual cycle. This ~ 4 - k b  plasmid was 
derived from pEC24 (CAMBARERI et al. 1989) by circulari- 
zation of a Hind111 fragment including essentially  all of 
pUC8 and ~ 1 . 5  kb of the flank region. The sequences 
reported were determined independently  on  both  strands. 
To  sequence out from the flank region, we used a 17- 
nucleotide primer  (S’TGCTCCAGCACGATTCC) comple- 
mentary to nucleotides 52-68 (numbering  from the first 
nucleotide of the EcoRl site connecting  pUC8 andflank) of 
the publishedflank sequence (CAMBARERI et al. 1989). To 
sequence the other  strand, we used a 16-nucleotide primer 
(5’AACCGCCTCTCCCCGC) matching pUC8 sequences 
204-219 nucleotides from the EcoRI site. As a  control  for 
sequence alterations  not associated with crossing the trans- 
formant, we sequenced the corresponding  region isolated 
from the original transformant, T-1. For this we used 
pPG21 as the sequencing template. This -3.5-kb plasmid 
was derived from pEC25 (CAMBARERI et al. 1989) by circu- 
larization of a  fragment  extending from a Sac1 site -0.5 kb 
from the EcoRI site at  the  edge of theflank region to a Sac1 
site -0.2 kb beyond the  junction of pUC8 and  the am region 
(see Figure 5A). As an additional control, we sequenced a 
-0.2-kb segment of pUC8 sequences in pEC26 and pPG21 
that was most distal to  the flank duplication (segment a in 
Figure 5A). This was accomplished using a 20-nucleotide 
primer (5’GATTGTACTGAGAGTGCACC) matching se- 
quences -210-230 bp from  the Hind111 site of pUC8. 

To sequence the pUC8 DNA adjacent to the duplicated 
flank region of strains LG6;3:4,  LG6;3:6,  UG7;6:2 and 
UG7;6:4 (CAMBARERI, SINGER and SELKER  1991), we iso- 
lated the DNA region of interest after amplification using 
the polymerase chain reaction (PCR) with the flank and 
pUC8  primers described above. The PCR cocktails included 
0.5 Fg Neurospora DNA, 100 pMole of each primer, 200 
PM of each deoxynucleotidetriphosphate, 1 unit “Replinase” 
DNA polymerase (New England Nuclear), and  the  buffer 
supplied with the polymerase. Thirty cycles of l-min se- 
quential incubations at 94”,  52”  and 72“ were performed. 

FIGURE 1 .-Structure of pES174 (SELKER, JENSEN and RICHARD- 
SON 1987). This plasmid includes the glutamate dehydrogenase 
gene (am)  and adjacent sequences from N .  crassa (heavy dashed 
line), the {-T region (wide solid lines), a  diverged duplication of a 
794-bp  segment including a 5s rRNA gene (open boxes), about 6 
kb of adjacent sequences (/lank), and the bacterial sequences of 
pUC8 (wavy line).  One  degree equals 37.5 bp. 

The products were then  extracted with  ch1oroform:isoamyl 
alcohol (49: l),  precipitated with ethanol and ligated into  the 
SmaI site of pBluescript SK’ (Stratagene) using standard 
techniques. Ligation products were introduced  into Esche- 
richia coEi strain DH5cuF’” (BRL) by transformation. Plasmid 
DNA isolated from  transformants was analyzed first by 
restriction analysis and  then by sequencing using theflank 
primer. Two independent clones were sequenced for each 
Neurospora  strain. The  pUC8 sequences adjacent theflank 
sequences of U-GI (CAMBARERI et al. 1989), which had been 
previously cloned (CAMBARERI et at. 1989), were sequenced 
using the pUC8  primer described above. 

Southern hybridizations were performed as previously 
described (SELKER, JENSEN and RICHARDSON 1987). The 
following DNA segments were used as probes: pUC8, entire 
2.7-kb plasmid (VIERA and MESSING 1982) linearized with 
EcoRI; flank, 4.8-kb EcoRI-BamHI fragment from pES174 
(see Figure 5A); (-7 region, 0.8-kb BamHI-BamHI fragment 
from pES174 (see Figure 5A; detects entire 1.6-kb (-7 
region); am region, 2.7-kb BamHI-BamHI fragment  from 
pJR2 (KINSEY and RAMBOSEK 1984; this fragment covers 
2.4 kb of the EcoRI-Hind111 am region in pES174). 

RESULTS 

We used several previously characterized single- 
copy N. crassa transformants  obtained with the plas- 
mid pESl74 as  starting material for this study 
(SELKER, JENSEN and RICHARDSON 1987). This plas- 
mid,  illustrated in Figure 1, consists  of bacterial se- 
quences (pUCS), the glutamate  dehydrogenase  gene 
(am) of N. crassa, the (-7 region, and approximately 6 
kb of DNA adjacent to  the (-11 region (‘“ank). The 
transformation  host, N24, has a  deletion (aml32; KIN- 
SEY and HUNG 198 1) that removes all of the am region 
represented in  PES 174,  and in place of the {-v region 
has the  unique,  unmethylated  theta (e) region of a 
Mauriceville strain (SELKER, JENSEN and RICHARDSON 
1987; GRAYBURN and SELKER 1989). Thus the only 
region of pESl 74 with homology in the host genome 
is$ank. Previous Southern hybridization experiments 
suggested that this region,  alone, was altered in single 
copy transformants, such as T-ES174-1 (T-l), T- 
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ES 174-3 (T-3), T-ES  174-5  (T-5) and T-ES  174-9 (T- 
9) (SELKER et al.  1987) when they were crossed. For 
part of the present  study we built strains  harboring 
two copies of PES1 74  sequences by crossing pairs of 
these single-copy transformants. We then asked 
whether all four regions of the  integrated DNA were 
sensitive to RIP in the duplication strains. 

The transforming  sequences of T-3, T-5  and  T-9 
had each integrated at a  different position in the 
genome. Their chromosomal locations are unknown, 
except in T-5, where the sequences are linked to 
mating type A. The locations of the crossover events 
within the plasmids are roughly known. In both T-3 
and  T-5,  integration  occurred in the  flank region of 
the plasmid, whereas in T-9 integration  occurred very 
close to the am-9 junction (SELKER, JENSEN and RICH- 
ARDSON 1987). To obtain  strains of appropriate mat- 
ing types for our experiments,  Am+progeny of crosses 
of T-3 X N36 (amlj2) and  T-9 X N36  were selected. 
In  Southern hybridization experiments,  the  flank  re- 
gion showed alterations in two out of the  four progeny 
from each of these crosses which were analyzed, but 
the  other regions  of the plasmid remained  unaltered, 
as  expected  (data  not shown). The chosen strains, 
designated T-3‘  and  T-9’, respectively, did  not show 
alterations in theflank sequences. These strains were 
then each crossed with T-5 to build strains with a 
duplication of the  pUC8, am, and {-7 sequences, and 
a triplication offlank. DNA was extracted  from  ran- 
dom isolates with the Am+  phenotype,  digested with 
BamHI, and analyzed by Southern hybridization to 
identify those  containing the desired  duplication (Fig- 
ure 2). The  plasmid sequences of the  three transform- 
ants are associated with distinctive BamHI fragments, 
facilitating identification of the duplication  progeny. 
The duplication  strains D:3“ + 5’ and D:9” + 5’ 
were selected for subsequent  study. 
RIP is not limited to Neurospora sequences: 

Strains D:3” + 5’ and D:9” + 5’ were backcrossed 
to  N36  to  determine which sequences of PES 174  were 
susceptible to RIP.  Random  progeny that contained 
at least one copy of the  transforming DNA were 
identified by slot-blot hybridizations on cell  lysates 
(data  not shown). I t  was not  important to distinguish 
between strains  having single and  double copies of 
pES174 since both copies could have been  altered. 
DNA samples from  progeny  containing the plasmid 
sequences and  from both  parents were digested with 
Sau3A and MboI. These enzymes both recognize the 
sequence GATC,  but Sau3A is sensitive to cytosine 
methylation, whereas MboI  is not. Thus fragments 
that  appear in SauSA, but  not in  MboI digests are 
indicative of cytosine methylation, which is frequently 
associated with RIP. Novel MboI fragments  represent 
changes in the DNA sequence.  Southern blots were 
probed separately for all four regions of the plasmid 
and inspected for  differences in restriction  patterns 

1 2  3 4  

-T -9  

” T - 5  

FIGURE 2.-Identification of strains containing two copies of 
pESl74 sequences. Genomic DNA from T-5 (lane 1) and T-9’ (lane 
2). T-3’, and progeny of these strains (lanes 3 and 4) were digested 
with BamHI, fractionated and probed for the c-7 region. 

between parents  and  progeny indicative of RIP. 
Changes in the restriction  patterns of the progeny 

from D:9” + 5’ are evident in the  autoradiograms 
shown in Figure 3. All but  2 (lanes b and 1) of 13 
progeny showed alterations of pUC8. Analysis of the 
cross of D:3” + 5‘  produced similar results: 5 of 13 
progeny showed alterations of pUC8 sequences (data 
not shown). We conclude  that  pUC8 sequences are 
sensitive to  RIP when duplicated. Evidence of RIP 
was also seen in the am and  flank sequences (Figure 

As a further test for  the effect of RIP on non- 
Neurospora sequences, we tested the bacterial hph 
gene, which confers resistance to hygromycin B. We 
transformed  strain  551  1 with the plasmid pDH25, 
which includes the hph gene  driven by the Aspergillus 
nidulans trpC promoter  (CULLEN et al.,  1987)  and is 
known to function in N .  crassa (STABEN et al. 1989). 
Hygromycin  resistant transformants were made homo- 
karyotic by repeated isolation of microscopic single 
conidial colonies after streaking conidia on selective 
medium. They were then crossed to a (hygromycin B 
sensitive) wild-type strain (74A-OR23-1VA). Progeny 
from  these crosses were screened  for  segregation of 
hygromycin B resistance. The cross of one transfor- 
mant, T-hyg-1 , showed apparently Mendelian segre- 
gation of hygromycin resistance; 16 of 40 progeny 
were resistant to  the  drug. In contrast, crosses  of 
transformants  T-hyg-4,  -2  and -3 showed poor trans- 
mission  of hygromycin resistance, transmitting  the 
trait in 0, 2 or 6  progeny of 40  tested, respectively. 
When the  four  transformants  were  examined at  the 
DNA level by Southern hybridization, using a  probe 
for  the hph gene,  the  strain  that  transmitted hygro- 
mycin resistance in a Mendelian way exhibited  a single 

3). 
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FIGURE 3.-Alterations  in pES174 sequences in progeny from cross of pES174-duplication strain D:9" + 5'. Genomic DNA (0.5 mg)  of 

the parental strains D:9" + 5' (PA) and N36 (P,), and their progeny (a-m), were cut with Sau3A or Mbol (left and right lanes, respectively, 
under each heading) and  probed for pUC8, am, the T-TJ region, or flank sequences, as indicated. Alterations in Mbol or Sau3A restriction 
patterns  of progeny DNA, relative to those of the parents, are indicative of changes in primary sequence or methylation, respectively. AI1 
regions of the plasmid except the f-v region show alterations in at least some of the progeny. The scale on the left shows  sizes in  kb. 

band of hybridization, whereas the  other strains  ex- 
hibited three or four  bands of hybridization (Table 
1). This is consistent with  loss of hph gene activity due 
to RIP in those strains with multiple copies of the 
gene. 

The f-11 region is resistant, but  not  immune to 
RIP: In  contrast to the  apparent immunity of the {q 
region to RIP in crosses of T-3,  T-5, T-9 and  other 

strains  harboring single copies of this diverged tandem 
duplication (SELKER et al. 1987),  alterations were ob- 
served in occasional progeny  from  strains having two 
copies of pESl74 sequences, and thus two  copies of 
the  entire {-q region. Three of 52 progeny from 
D:3"+5' or D:9"+5' (two of thirteen from D:3"+5', 
and  one of 49 from D:9"+5') showed changes in {--a 
sequences. An example is shown in Figure 4.  We  have 
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TABLE 1 

N. crassa strains used 

Copy number of 

Strain M T  Description pUC8 f-7 flank hY g Source 

74A-OR23-1V 
~~~ ~ 

A 
~~ 

wild-type 

am 
am,32 parent 

0 1 1 0 Fungal Genetics Stock 

1 1 0 SIDDIG et al.  (1980) 
0 1 0 SELKER,JENSENand 

0 1 0 SELKER,JENSENand 

1  2 0 SELKER, JENSEN and 

1 2 0 SELKER, JENSEN and 

I 2 0 SELKER, JENSEN and 

1 2 0 SELKER, JENSEN and 

Center  #2489 

RICHARDSON (1 987) 

RICHARDSON (1 987) 

RICHARDSON (1 987) 

RICHARDSON (1987) 

RICHARDSON (1987) 

RICHARDSON (1 987) 

(1 987) 

(1 987) 

1 2 0 T-3a in SELKER et 01. 

1 2 0 T-9a in SELKER et al. 

2  3 0 This study 
2  3 0 This study 
1 1 1 This study 
1 1 3 This study 
1 1 3 This study 
1 1 4 This study 

351 1 
N24 

0 
0 

a 
A 

N36 0 a amljz  parent 

N24/pES174 

N24/pES174 

N24/p&174 

N24/pES174 

FI Of T-3 X N36 

T- 1 A 1 

T-3 A 1 

T-5 A 1 

T-9 A 1 

T-3’ 1 a 

T-9’ FI of T-9 X N36 1 a 

D:3” + 5’ 
D:9” + 5’ 
T-hyg-1 
T-hyg-2 
T-hyg-3 
T-hyg-4 

FI  Of T-3’ X T-5 
FI of T-9’ X T-5 
551  l/pDH25 
551  l/pDH25 
J5 1 l/pDH25 
551 l/pDH25 

no explanation for the  apparent difference in sensitiv- 
ity of the reduplicated c-7 region in crosses of the 
different strains. I t  is clear,  however, that  the r--0 
region is sensitive to RIP when represented in the 
genome  as two identical copies. In  addition,  as ex- 
pected for  a  sequence  already severely altered by RIP, 
it appears less sensitive to the process than virgin 
duplicated  sequences (ie., pUC8, am, andJank). 

RIP can extend into unique  sequences  bordering 
a duplicated  sequence: In order to gain insight into 
the mechanism and consequences of RIP, we wished 
to determine  whether or not  RIP ever extends beyond 
the  border  of a  duplication. The fact that  no evidence 
of sequence  alterations in unique DNA adjacent to 
duplicated  sequences has been observed by Southern 
hybridization analyses suggested  that little, if any, 
mutation  occurs  outside of the duplicated segments. 
To explore  the  range of RIP in more  detail, we 
sequenced x200  bp of unique  sequences  adjacent to 
a linked duplication of flank in transformant  T-1 
(Figure  5A), and in the same  region after  the dupli- 
cation had  been passed through two generations of 
RIP. The sequence  of the DNA rescued  from the 
original transformant exactly matched the sequence 
of the original plasmid. In  contrast,  three  mutations 
were found in the DNA rescued  from the LC*; 1:2 
(CAMBARERI,  SINGER  and  SELKER  1991),  the second 
generation  derivative of T-1  (Figure 5B). All three 
were polarized transitions  characteristic of RIP,  and 

1 2 3 4  

’ d *  
f 

FIGURE 4.-RIP of r-7 sequences. An alteration of the {-9 region, 
detected using Sau3A (lanes 1 and 3) and Mbol (lanes 2  and 4)  in 
an isolate (I anes 3 and 4) from a cross of D: 3” + 5’ (lanes 1 and 
2) and N36 is illustrated. The alteration is apparent from the 
disappearance of the band in lane 2, indicated by the  arrow,  and 
the concomitant appearance in lane 4 of the band indicated by the 
asterisk. 

all three  occurred in  5’CpA dinucleotides  (5’TpG on 
the opposite  chain), the site most susceptible to  RIP 
(CAMBARERI et al. 1989;  GRAYBURN  and SELKER 
1989). The mutations, which occurred  about 20, 50 
and  180  bp  from  the  edge of the duplication all 
resulted in C to T changes on  the chain shown. We 
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GAATTCGTAATCATGGTCAT AGCTGTTTCCTGiGTGAa4T TGTTATCCGCTCACRRTTCC ACACAACATACCALCCGGAA GCATARRGTGTARRGCCTGG 
"""""""".T" ..~"..~~...~~".~~~ -"""""T"""" ~...~~...~~...~..... ......~~...~...~.... 

120 
GGTGCCTAATGAGTGAGCTA ACTCACATTMTTGCGTTGC GCTCACTGCCCGCTTTCCAG TCGGWCCTGTCGTGCCA GCTGCATTAATGRATCGG 
..............~.".~ "..."~~~".~~".~~ _.~....~....~....~~. """""""""T. ~..."...~...~.". 

1 4 0  16C 180 

FIGURE 5.-Extension of RIP into unique sequences adjacent to a linked duplication. The  pUC8 segment immediately adjacent to a 
duplicated copy of the anonymous chromosomal region referred to as "Junk" (b in  panel A), and a similar length segment located >2 kb 
from the duplication (a in panel A) were examined before and after crossing the strain. A map of the duplication region (from transformant 
T-ES174-1; SELKER, JENSEN and RICHARDSON 1987) showing key EcoRI (E), Hind111 (H), BamHI (B) and BglII (Bg) sites is shown in  panel A. 
The extent of the key  plasmids used is indicated (pEC24; see MATERIALS AND METHODS). No differences were found in segment a before and 
after crossing, but three G:C to A:T mutations were found in segment b, as indicated in  panel B under the sequence of the segment isolated 
from the original transformant. The sequence is numbered from the EcoRI site between the duplicatedflank region and the unique pUC8 
sequences. 

also examined  a  segment of pUC8 DNA that was most 
distant  from the duplicated  region  (segment  a in Fig- 
ure 5A). The sequence of this  region in the original 
transformant was identical to  that in the second gen- 
eration  derivative,  both  matching the known sequence 
of pUC8  (data  not shown). 

Strain LG2;1:2 was chosen to check for extension 
of RIP  into  unique sequences because the linked du- 
plicated sequences in this  strain  were known to  be 
extensively mutated  (CAMBARERI et al. 1989). We also 
checked the same region in two other closely related 
strains (LG6;3:4 and LG6;3:6) which stemmed  from 
the same first  generation cross of T-1  that led to 
LG,; 1  :2.  Examination of the  140 nucleotides imme- 
diately adjacent  to  the duplicated  sequence in each 
strain  revealed one  mutation, common to  both strains: 
a  G to A  change  at position 99 in the sequence 
presented in Figure 5B. Like the  three mutations 
detected in strain LG,; 1:2,  this  change  occurred in 
the dinucleotide  sequence most susceptible to  RIP. 
T o  look into  the question of whether  unique se- 
quences  adjacent  to  unlinked  duplications  might also 
be subject to spillage of RIP, we isolated and se- 
quenced  the same region  from  one or  more  progeny 
of pES174  transformants T-9, T-8 and  T-3.  Strain U- 
GI,  the first  generation  derivative of T-9 (CAMBARERI 
st  ul. 1989), showed no  mutations in the  170  nucleo- 
tides immediately adjacent  to  the duplicated  sequence. 
Two seventh  generation  progeny of T-8, UG7;6:2 and 
UG7;6:4  (CAMBARERI,  SINGER and SELKER 199 l), each 
showed a  C to T mutation  at position 6 in the sequence 
presented in Figure  5B, which is the last nucleotide in 
the EcoRI site  connecting  the duplicated and  unique 
sequences,  but  neither  exhibited  mutations in the 
adjacent  125 nucleotides of unique  sequences. In con- 
trast,  strain UG7;1:6, the seventh  generation  deriva- 
tive of T-3 (CAMBARERI,  SINGER  and  SELKER  1991), 
showed a  C to T mutation  at position 52 in the 

sequence  presented in Figure  5B,  one of the CpA sites 
that was also found  changed in one of the linked 
duplication  strains (LG2; 1 :2). We conclude that  exten- 
sion of RIP into  unique  sequences  adjacent  to dupli- 
cated  sequences is not  uncommon,  and is not limited 
to linked duplications. 

DISCUSSION 

The RIP process of Neurospora  detects  and  mutates 
duplicated  sequences in the  period between fertiliza- 
tion and karyogamy. This process was discovered by 
following changes in restriction  patterns of a  6-kb 
region of Neurospora DNA ("Junk") that is adjacent 
to a  naturally  occurring  diverged  duplication, the {-q 
region (SELKER et al. 1987). Analysis of the  fate of the 
Neurospora am gene, when duplicated and passed 
through a cross demonstrated  that  the  duplication, 
per se, renders sequences susceptible to RIP (SELKER 
and GARRETT  1988). We show here  that this  process 
is not  limited to  Neurospora DNA. Duplications of 
sequences  foreign to  Neurospora led to  gene inacti- 
vation, and extensive  alterations in restriction patterns 
in crosses. Many progeny  exhibited new bands in 
common.  Presumably  each new band is due  to destruc- 
tion of a  restriction  site, or creation of a new site, by 
a single G:C to A:T mutation.  Inspection of the am 
gene  sequence  (KINNAIRD and FINCHAM 1983) reveals, 
for  example,  that  the new 0.78-kb MboI fragment 
detected in this region can be  attributed  to  destruction 
of a single site. As expected,  alterations of pUC8 
sequences by RIP is frequently  accompanied by cyto- 
sine methylation (SELKER et al. 1987;  SELKER and 
GARRETT 1988; FINCHAM et al. 1989). 

The c-7 region is almost certainly the result of 
tandem  duplication of a 794  bp segment  including  a 
5s rRNA  gene, followed by RIP (SELKER and STEVENS 
1985,  1987;  GRAYBURN  and SELKER  1989).  Sequence 
comparison of the C-TJ region and its presumptive 
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unduplicated ancestor suggested that the tandem du- 
plication  lost ~ 7 5 %  of the G:C base  pairs at sites that 
are most  susceptible to RIP (GRAYBURN and SELKER 
1989). The [-v region appears “immune” (or very 
resistant) to RIP except when reduplicated. This sug- 
gests that the approximately 14% divergence between 
the tandem elements is sufficient to prevent recogni- 
tion  of the duplication by the  RIP machine.  Curiously, 
after two generations of RIP, the closely linkedflank 
sequences  of T-ES174-1 appear more than 20% di- 
vergent (CAMBARERI et al. 1989; CAMBARERI, SINGER 
and SELKER 1991). Thus, it seems  possible that the 
short length and/or  the direct juxtaposition, of the 
duplicated elements of the [-v region limited RIP. 

Although sensitive to RIP when it was reduplicated, 
the (-11 region was still relatively  resistant to the proc- 
ess. Only one out of 49 random progeny from D:9” 
+ 5’ X N36 and two  of 13 isolates  of D:3” + 5 X 
N36 showed  signs  of RIP. It seems  likely that the 
reason for this is that most  of the readily mutable sites 
had already been changed. 

We  show for  the first time in this paper that  RIP 
can extend into unique sequences adjacent to  a dupli- 
cated region. Three mutations occurred in a 200 bp 
segment immediately adjacent to a x 6  kb  linked du- 
plication that had gone through two  crosses. This 
level  of mutation is considerably  below that in the 
duplication. Nineteen mutations occurred in the first 
200 bp  of the duplication, and 41 occurred in the 
next 200 bp (CAMBARERI et al., 1989). The observa- 
tions that  RIP can extend beyond the edge of a 
duplication and  that G to A or C to T mutations on 
the two strands of  some affected sequences are non- 
randomly distributed (CAMBARERI et al. 1989; M. 
SINGER, R. EYRE and E. SELKER, unpublished obser- 
vations) are consistent  with the idea that its mechanism 
operates in a processive manner. RIP may operate by 
deamination of  cytosine or 5-methylcytosine  residues. 
According to this interpretation,  the  three mutations 
detected outside of the duplication all occurred on 
the same strand. Curiously, the closest mutations in 
the adjacent duplicated region would  have occurred 
on the opposite strand.  These mutations presumably 
occurred in a separate round of RIP. It will be inter- 
esting to learn what  is responsible for  the gradual 
reduction in the frequency of mutations by RIP, as  its 
machinery approaches and then passes the boundary 
of a duplication. 
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