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ABSTRACT 
Previously we have shown that the nucleolus organizer  region (NOR) of Neurospora crassa changes 

size frequently during the  premeiotic portion of the sexual phase. Here, we have investigated  whether 
these  changes in size originate only in specific regions of the NOR, or are distributed  throughout the 
NOR. In two  special strains of Neurospora,  the NOR was divided  into  proximal  and  distal  segments. 
In the first, the NOR was divided by a translocation  breakpoint and, in the second,  the NOR was 
divided by a meiotic crossover  point. The two strains were  crossed  individually to normal sequence 
tester strains and the sizes of the  proximal  and  distal  segments were followed  by  pulsed-field  gel 
electrophoresis. The analysis of progeny from both crosses indicates that the events affecting NOR 
size are not  limited to a specific  region of the NOR.  Additionally, we have obtained  evidence that the 
rDNA of N. crassa can undergo  unequal sister chromatid exchange. 

T HE rDNA of Neurospora crassa is located at a 
single site in the  genome called the nucleolus 

organizer  region  (NOR), which forms  a  terminal seg- 
ment  on  the left arm of linkage group (LG)  V  (BARRY 
and  PERKINS  1969). The rDNA  at  the  NOR is ar- 
ranged as a  series  of 100  to 200 tandem  repeat units. 
The number of repeat units varies from  strain to strain 
(BUTLER and METZENBERG 1989  and  our unpublished 
observations). 

The rDNAs  of  various  laboratory  and wild-collected 
strains can be  distinguished by the presence  of  a 
restriction  fragment  length  polymorphism  (RFLP) lo- 
cated in t.he nontranscribed  spacer  region  of  the  re- 
peat  unit (RUSSELL et al. 1984).  Within the limits of 
detection, all the  repeat units are alike in a given 
strain  (FREE, RICE and METZENBERG 1979).  In a cross 
heterozygous for  the  RFLP in rDNA, a  segregant 
normally  inherits one  RFLP type or  the  other,  but 
not  both (RUSSELL, PETERSEN and  WAGNER  1988). 
Thus,  the  RFLP types segregate in a simple Mendelian 
fashion. 

In  contrast,  the size of the  NOR  (that is, the  number 
of rDNA  repeat  units)  does  not  segregate in a Men- 
delian  fashion (BUTLER and METZENBERG 1989). Se- 
gregants  of  a cross typically have NOR sizes that  are 
different  from  those  of  their  respective  parents. Thus, 
a segregant  that  inherits  a  rDNA  RFLP  type  from 
one  parent  does  not usually inherit  the  NOR size of 
that  parent  (nor  that of the  other). Most of the changes 
in the size of the  NOR  occur  during  the  premeiotic 
portion  of  the sexual phase, with some  additional 
changes  occurring  during meiosis. Unexpectedly,  de- 
creases in NOR size are recovered  more  frequently 
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than increases.  Although no  direct evidence was pre- 
sented, it was suggested that  intra-chromatid  recom- 
bination  occurs  frequently during  the  premeiotic  por- 
tion of the sexual phase. 

Physically, the NORs  of most eukaryotes are very 
large.  For  example, in Neurospora,  a  NOR of 150 
repeat  units consists of  approximately  1400  kbp of 
rDNA.  It is possible that some  of the functions asso- 
ciated with the  NOR (e.g., rRNA synthesis and recom- 
bination) are  not evenly distributed  over its entire 
length,  but  are localized to specific regions. There is 
evidence from work with Drosophila that  rDNA  re- 
peat  units harboring  an insertion  element in the  28s 
gene,  rendering  them  nonfunctional, may be clus- 
tered (LONG and DAWID 1979; RENKAWITZ-POHL, 
GLATZER and  KUNZ  198 1). One might  be tempted  to 
assume that  tandem  repetition is sufficient for  rDNA 
recombination.  However,  evidence is accumulating 
that, in yeast, transcription  initiating in or proceeding 
through a  region  of  rDNA called HOT1 stimulates 
recombination (KEIL and ROEDER 1984; VOELKEL- 
MEIMAN, KEIL and ROEDER 1987).  If actively tran- 
scribed repeat units are  not evenly distributed 
throughout a NOR,  then  recombination may similarly 
not  be evenly distributed  throughout  a  NOR. 

We wanted to know if the ability to  change  repeat 
unit number  during  the sexual  phase of Neurospora 
is a property of  a specific region  of the  NOR,  and 
whether  any  other  region is exempt  from changes in 
repeat  unit  number.  In  addition, if no region  of the 
NOR is exempt  from size changes, we wanted to know 
whether  more  than  one  region  of  a  NOR can change 
size during  any  one passage through  the sexual cycle. 
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Previously, using a strain called QNS-1, we had shown 
that a small block of about nine repeat units of rDNA 
called the interstitial NOR and located on LG I, 
changes size frequently  during  the sexual phase (BUT- 
LER and METZENBERG 1989). The data  from QNS-1 
indicated that  the ability to  change  the  number of 
repeat  units is probably not  restricted  to  any  particular 
part of the  NOR,  or is localized in at least two places 
within the NOR. However,  the interstitial NOR  rep- 
resents  a highly unusual case. The small number of 
repeat units and/or  their unusual location might  trig- 
ger atypical effects on  recombination in the interstitial 
NOR.  Therefore, a  question  remained as to  whether 
the same effect could be seen in strains with a more 
normal  NOR  structure. 

We used two special strains to  address these issues. 
In  the  first, a  translocation  strain called T(I;V)OY32 1, 
proximal and distal segments of the  NOR were  de- 
fined by a  translocation  breakpoint. The translocation 
event moved the distal two-thirds of the  NOR  to LC 
I and left the proximal third of the  NOR  at LG V. In 
the second strain, which contained  two  different  types 
of rDNA  repeat  units because of a rare meiotic cross- 
over, proximal and distal segments  of the  NOR were 
defined by the transition from  one kind of repeat unit 
to  the  other (this  strain will be  referred  to  as a  hybrid 
NOR  strain). Both strains  were individually crossed 
to normal  sequence  tester  strains in order  to follow 
the inheritance of the sizes of the proximal and distal 
segments.  In  both  parental and  progeny strains, the 
segments  were apparent as very large  restriction  frag- 
ments  that  hybridized  to  rDNA. The sizes of these 
rDNA restriction  fragments  were determined with 
the pulsed-field gel electrophoresis system called 
CHEF (contour-clamped  homogeneous  electric  field) 
(CHU, VOLLRATH and DAVIS 1986). Data from these 
crosses indicated that  the proximal and distal segments 
are both capable of  changing size during  the sexual 
phase.  Additionally, the  data  from  the hybrid NOR 
strain  indicate that a NOR is subject to multiple sites 
of size change  during a sexual cycle. In  one  progeny 
of the hybrid NOR  strain,  the  pattern of rDNA  re- 
striction  fragments is most easily explained by an 
unequal sister chromatid  exchange. 

MATERIALS AND METHODS 

Strains,  genetic  methods  and  plasmids: The strains used 
in this study are listed in Table 1. DB 102 was constructed 
in the following  manner. A wild-collected  strain  (Houma- 
In)  with type 111 rDNA (one  HindIII  and  oneBclI  restriction 
site  per  repeat  unit) was crossed to a multiply  marked  Oak 
Ridge  derived  strain with type I1 rDNA  (two  Hind111  and 
no BclI restriction  sites  per  repeat unit). Progeny  with  type 
I11 rDNA  were  backcrossed to the Oak  Ridge  parent until 
they  were  heterokaryon-compatible  with  strains  of the Oak 
Ridge  genetic  background. The dgr-1 allele was introduced 
into a type 111 rDNA, Oak  Ridge  cornpatible  strain by 
recombination in a cross to BE52 (dgr-1,a). The his-2  allele 

TABLE 1 

Strains used in this study 

rDNA Mating Other 
Strain type  type markers FGSC# 

T(I;V)OY321" I1 A 3669 
NS-1' 1 a 945 
NS-2b I A 
T(I;V)AR190' I1 a nic-2 
DB  102 1 1 1  A his-2, dgr-1 
Houma-ln I 1 1  A 2220 
BE52 I 1  a dgr-I 4325 
RMOl I 1  A his-2 
Agd 11-111 a nic-2 
D3' 11-111 a 

a PERKINS, RAJU and BARRY ( 1  984). 
Also known as sat-. 
PERKINS and BARRY (1 977). 
Hybrid N O R  in AR19O-like translocation sequence. 
Hybrid N O R  in normal sequence. 

was introduced by recombination in a cross  to RMO 1. All 
crosses  were  made  on  synthetic  crossing  medium (WESTER- 
GAARD and MITCHELL 1947)  at 25" .  The dgr-1 allele was 
selected  and  scored  at 25" on solid  medium  of the following 
composition: 1 X Vogel's N salts (VOGEL 1956), 0.3% 2- 
deoxyglucose,  and 1 % fructose (ALLEN et al.  1989). The 
plasmids,  pRW528  and  pKD018,  and  molecular  weight 
standards used in this  study  were  described in BUTLER and 
METZENBERC (1989). 

DNA preparations  and  restriction  digestions: Prepara- 
tions  of  intact  Neurospora  and  Saccharomyces  cerevisiae chro- 
mosomes and  concatamers of  phage  lambda  were  as de- 
scribed in BUTLER and METZENBERG (1989). Restriction 
digestions  of  intact  chromosomes  were  carried  out  as pre- 
viously described (BUTLER and METZENBERG 1989). The 
restriction  enzymes HindIII, BclI and Not1 were  purchased 
from the Promega  Corporation. 

CHEF gel  electrophoresis: The apparatus used was de- 
scribed by CHU, VOLLRATH and DAVIS (1986). Pulsed-field 
CHEF  gel electrophoresis was performed  for 24 hr in 0.5 X 
TBE at 10-1 1 ', with 1% agarose  gels  cast in 0.5 X TBE 
(CHU, VOLLRATH and DAVIS 1986) unless  otherwise  stated 
in the  figure  legend. The pulse  times  and  voltages  were 
varied  from  experiment  to  experiment  to  optimize  resolu- 
tion  of pertinent  fragments (VOLLRATH and DAVIS 1987) 
and are given in the  appropriate  figure  legends. 

RESULTS 

Proximal  and  distal  segments of the NOR are 
capable of changing size during  the sexual phase; 
evidence from T(I;V)OY321: The sexual phase  of 
Neurospora  crassa begins when cells of opposite  mating 
type fuse. A  dikaryotic tissue is formed in which the 
haploid  nuclei undergo seven to  ten mitotic divisions. 
This is the  premeiotic  portion of the sexual phase. 
Following the mitotic divisions, nuclei of opposite 
mating  type  fuse,  forming the only true diploid in the 
life cycle, and  the diploid  nucleus  immediately enters 
meiosis. The  products of meiosis undergo  one mitotic 
division before  spores are delineated [see PERKINS and 
BARRY (1977)  for details]. 

We  had shown that  NORs  frequently  change size 
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FIGURE 1 .-Schematic representation of (A) normal sequence 
I S  I and LG V  and (B) T(I;V)OY321.  The filled circles represent 
centromeres,  the  open rectangular boxesrepresent  the NOR. Other 
markers: leu, leucine  auxotrophy; his, histidine auxotrophy; nic, 
nicotinic acid auxotrophy; mt,  mating type. The vertical arrows 
below each linkage group in (A) indicate the approximate positions 
of the translocation breakpoints in T(I;V)OY321. 

during  the premeiotic  portion of the sexual phase 
(BUTLER and METZENBERG 1989). Using a  strain 
called QNS- 1, we also had shown that  an interstitial 
NOR  on LG I ,  made  up of rDNA  repeat units origi- 
nally residing within the normal NOR, changes size 
frequently. We wanted to know if the changes in 
rDNA  repeat  unit  number are limited to specific 
regions of the  NOR or, alternatively, if they are 
distributed  throughout  the  NOR. The observation 
that  the interstitial NOR changes size indicates that 
changes in rDNA  repeat  unit  number are probably 
not localized within the  NOR. However, there  are 
scenarios that can explain this observation and still 
allow the  NOR to  be  inhomogeneous with respect to 
the ability to change  repeat  unit  number. T o  approach 
this question we needed  a way to follow the  inherit- 
ance in crosses of strains  containing  sub-NOR size 
blocks of rDNA.  Two special strains allowed us to  do 
this. 

In  the first strain, called T(I;V)OY321,  the  NOR is 
split into two segments by a  reciprocal  translocation 
(PERKINS, RAJU and  BARRY  1984).  Figure  1 is a sche- 
matic representation of the two chromosomes in- 
volved in the translocation. The centromere-distal 
two-thirds of the NOR is interchanged with a  long 
stretch of the left arm of LG I .  This segment of rDNA 
is now  in close linkage with the  mating type locus on 
LG I. The remaining  rDNA  segment is in its normal 
location with respect to LG V  markers,  but is  now 
interstitial  (Figure 1). Each of the  rDNA segments 
organizes  a nucleolus. We will refer  to  the  rDNA 

linked to  the mating  type locus on LG I  as the distal 
segment and  the interstitial  rDNA on LG V as the 
proximal  segment. QNS strains are derived  from  a 
cross of two T(I;V)OY321  strains  (PERKINS et al. 
1986). The T(I;V)OY321 breakpoint on LG I  defines 
the proximal and distal borders of the interstitial  NOR 
of QNS-1. Thus  the proximal  segment of 
T(I;V)OY321 contains some of the  repeat  units  that 
formed  the  interstitial NOR of QNS-1, plus the  repeat 
units  extending to  the normal  proximal border of the 
NOR. Likewise, the distal segment of T(I;V)OY321 
contains  some  of the  repeat units that  formed  the 
interstitial  NOR of QNS-1, plus the  repeat  units  ex- 
tending  to  the  normal distal border of the  NOR. 

All of the  rDNA  repeat units of T(I;V)OY321 have 
two HindIII restriction sites in the  nontranscribed 
spacer region and  are  referred  to as type I1 rDNA 
repeat units (RUSSELL et al. 1984  and  data  not shown). 
These  are distinct from type I rDNA  repeat  units, in 
which there is only one  HindIII restriction site in the 
nontranscribed  spacer  region (RUSSELL et al. 1984). 

Translocation  strain  T(I;V)OY321 A,  containing 
type I1 rDNA, was crossed to a  normal  sequence  strain 
of mating type a called NS-1 (type  I  rDNA).  Progeny 
that were A at  the mating type locus and  had only 
type I1 rDNA  were  expected to have inherited  both 
the proximal and distal segments of the translocation 
strain.  In any progeny  inheriting  both  segments,  the 
chromosomes  carrying  these  segments will have 
passed through  the premeiotic  portion of the sexual 
phase in the same nucleus. Progeny that  inherited A 
and type I1 rDNA were kept for  further analysis. 

T o  determine  the sizes  of the proximal and distal 
segments we took advantage of the fact that type I1 
rDNA  repeat  units do not have a  recognition site for 
the restriction  enzyme BclI (BUTLER and METZENBERG 
1989).  Intact  chromosomal DNA was prepared  from 
T(I;V)OY321  and  from  the A, type I1 rDNA  progeny, 
digested with  BclI, fractionated by CHEF gel electro- 
phoresis, blotted,  and  probed with radiolabeled  rDNA 
(Figure 2). 

As shown in Figure 2, there  are two bands in each 
lane. Based on  the following evidence, we believe the 
larger  band  represents  the distal segment and  the 
smaller band  the  proximal  segment.  Progeny  that are 
a at  the  mating type locus, and contain type I1 rDNA, 
should have only the proximal  segment. In such iso- 
lates, only one  band is seen and it is  always closest in 
size to the lower molecular weight band of 
T(I;V)OY321  (data  not shown). However, the most 
important  feature  of  the  data  presented in Figure  2 is 
that  both  the proximal and distal segments are fre- 
quently of nonparental size. In  the  parent 
T(I;V)OY321,  the distal segment is approximately 
1050 kbp. The size of the distal segment among  the 
progeny  ranges  from  approximately 830  to  1200  kbp 
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FIGURE 2.-The panels show autoradiograms of Bcll-digested 
DNA from T(I;V)OY321 and from progeny (OYI-OY1 1) that 
inherited both the distal and proximal NOR segments. The CHEF 
gel electrophoresis conditions were 100-sec pulse time at 150 V for 
both gels. Intact yeast chromosomes were used  as  size standards. 
The positions of yeast chronlosonles VII, XV (first mark from the 
top), XIV (middle mark) and IX (bottom  mark)  along with their 
estimated mo1ecul;w nlxses in kbp are indicated at the left of the 
autoradiogram. 

(Table 2). The foregoing values are based on  compar- 
ison to intact yeast chromosomes and  are,  therefore, 
only approximations (see BUTLER and METZENBERG 
1989  for discussion). Even though it is clear  from 
Figure  2  that the proximal segments are also changing 
size, another gel was used to optimize the resolution 
of  the proximal segments  (data  not shown). From this 
gel, the size  of the proximal segment of T(I;V)OY321 
can  be  estimated as 475 kbp. Among  the  progeny,  the 
size  of the proximal segment  ranges  from 300  to 600 
kbp. These values are based on comparison to a 
lambda ladder  and can be considered highly accurate. 
Table 2  presents the sizes of the proximal and distal 
segments of the  parent  T(I;V)OY321  and of the prog- 
eny of the cross. 

Evidence from a hybrid NOR strain: The results 
of  the  T(I;V)OY321 cross support  the view that 
there is not  just  one site within the  NOR  at which 
changes of size originate.  However,  translocation 
T(I;V)OY32 1  represents  a significant alteration in 
genome  structure,  and this  alteration  could cause 
unanticipated effects on  rDNA  recombination. 
Therefore, we decided to try to  construct  a  strain, by 
meiotic recombination, in  which two blocks of detect- 
ably different  rDNA  repeat  units  existed within the 
same NOR. Meiotic recombination  between  rDNA 
located on homologous  chromosomes has not been 
observed in Neurospora (RUSSELL, PETERSEN and 
WAGNER  1988), but it seemed possible that a selective 
system would allow enrichment  for crossovers in this 
region and  thus limit the  number of progeny that 
needed to be  screened in order  to find  a  recombinant 
NOR. We therefore  made a cross in  which the ho- 
mologous NORs are flanked by selectable markers 
(Figure  3). 

In  translocation  strain T(I;V)AR190, most of  the 

TABLE 2 

Sizes of the proximal segment, distal segment and total rDNA 
content of T(I;V)OY321 and its translocation bearing progeny 

Total rDNA 
Strain  Proximal" Distalb content' 

T(I;V)OY321 (parent) 475 I050 1525 
OY-1 500 880 1380 
OY-2 600 820 1420 
OY-3 440 1050 1490 
OY-4 525 955 1480 
OY-5 300 1200 1500 
OY-6 450 1100 1550 
OY-7 525 975 1500 
OY-8 540 835 1375 
OY-9 450 940 1390 
OY-10 375 1050 1425 
OY- 1 1 375 975 I350 

Sizes  in kilobase pairs. 
* Sizes estimated by comparison to a lambda ladder. 
* Sizes estimated by comparison to intact Saccharomyces cerevisiae 

' rDNA content equal to size of the proximal segment plus the 
chromosomes. 

size of the distal segment. 

right  arm of LG I is moved to the  tip of the NOR 
(PERKINS  and  BARRY  1977),  and  one or a few rDNA 
repeat  units  from  the  tip of the  NOR  are moved to 
the  truncated  right  arm of LG I (D. K. BUTLER, 
unpublished observations). The main body of the 
NOR is now interstitial. The wild-type allele of his-2, 
on  the translocated  segment of LG I, is  now distal to 
and tightly linked with the  NOR. A recessive mutant 
allele of nic-2, conferring nicotinic acid auxotrophy, 
is distal to both his-2 and  the  NOR  (Figure 3). 

Strain DB102 is normal  sequence  (Figure 3). It has 
a  mutation  conferring resistance to 2-deoxyglucose 
(dgr-1) approximately 10 cM from  the proximal bor- 
der of the  NOR  (ALLEN et aZ. 1989; D. K. BUTLER, 
unpublished  data). The rDNA  repeat units of this 
strain  originated  from the  Houma-ln  strain,  and they 
each have one BcZI restriction site. They will be re- 
ferred to as type I11 rDNA  repeat units. DB102 also 
carries  a recessive mutant allele of his-2, conferring 
histidine auxotrophy,  and a wild-type allele of nic-2 
on  a LG I  of  normal  sequence  (Figure 3). 

T(1;V)ARISO (nic-2; type I1 rDNA,  no BcZI sites) 
and DB102 (his-2; dgr-1, type I11 rDNA,  one BcZI site 
per  repeat unit)  were crossed and those  progeny that 
were resistant to 2-deoxyglucose, histidine proto- 
trophs  and nicotinic acid auxotrophs (i .e. ,  were the 
result of an  odd  number of meiotic crossovers between 
the markers  flanking the  NOR), were screened for a 
mixture of type I1 and type I11 rDNA.  Among 100 
recombinant  progeny,  one  segregant, called A9, was 
found to have both type I1 and type 111 rDNA. Based 
on two criteria, we concluded that  the type I1 and 
type I11 rDNA  repeat units of this  exceptional segre- 
gant were within the same  NOR. First, in progeny of 
a cross of A9 to NS-2 (type  I  rDNA), the type I1 and 
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FIGURE 3."Schernatic representation depicting the construction of the original hybrid NOR strain A9. T(1;V)ARlSO is shown  in a cross 
to DB102. Meiotic recombination occurs at  the four strand stage, although only two strands are shown here. The NORs are not drawn to 
scale. The recombinant segregant, A9, contains a hybrid NOR in the ARISO-like translocation configuration. This strain was outcrossed 
tht-ee times to yield a homokaryotic normal sequence euploid strain as  shown in the figure and described in the text. The open rectangular 
box represents a NOR composed of type I 1  rDNA repeat units (T(I;V)AR190). The diagonally striped rectangular box represents a NOR 
composed of type 111 rDNA repeat units (DB102). Markers: dgr-Z, 2-deoxyglucose resistance; dgr-Zs, 2-deoxyglucose sensitivity. All other 
syntbola are as i n  Figure 1 except that those with a (+) superscript are  the wild-type allele and those without are the  mutant allele. The lines 
under the hybrid NOR in D3 represent the portion of the N O R  liberated as a single large fragment by BclI and NotI digestion, respectively. 

type I11 rDNA  markers  were completely linked (data 
not shown). The second  criterion  requires some ex- 
planation. Both type 11 and type I11 rDNA  repeat 
units are devoid of recognition sites for  the  restriction 
enzyme Notl. For  a  NOR composed of only type 11 
rDNA  repeat  units,  the Notl rDNA  fragment is  less 
than 50 kbp  larger  than  the  corresponding BcZI rDNA 
fragment  (BUTLER  and METZENBERG 1989). More- 
over,  the physical relationship of the NotI restriction 
sites to the BcZl restriction sites flanking the  NOR has 
not  been  observed to change  after passage  of this 
region through  the sexual phase (BUTLER and METZ- 
ENBERG 1989). As expected, when the BclI and NotI 
rDNA restriction  fragments of T(I;V)AR190  are 
compared, they differ in  size by approximately 50 kbp 
(Figure 4). However, when the BcZI and NotI rDNA 
fragments of A9 are compared,  they  differ in  size  by 
a  much  larger amount,  perhaps as much  as 1000  kbp 
(Figure 4). The NotI rDNA  fragment of A9 migrates 
well above the largest yeast chromosome, while the 
BcZl rDNA  fragment of A9 migrates at approximately 

the same position as the second largest yeast chromo- 
some (Figure 4). The difference in  size  of the two 
largest yeast chromosomes has been  estimated  to  be 
about  800  kbp (MORTIMER and SCHILD 1985; VOLL- 
RATH and DAVIS 1987). 

A9 has the largest NOR  that we have ever seen in 
any Neurospora  strain  (unpublished observations). It 
seems likely that, in creating  the hybrid NOR,  the 
rDNAs of T(1;V)ARlSO and DBlO2 were unequally 
paired at  the time of the meiotic crossover. One 
segregant of the  A9 X NS-2 cross mentioned  above, 
called B18,  had  a  hybrid  NOR  that was smaller than 
2000 kbp  (data  not shown). This size is more typical 
of Neurospora  NORs, so we decided to work with 
B18. Like A9, B18 was in the AR19O-like transloca- 
tion  configuration  (Figure 3; data  not shown). B18 
was outcrossed to a  prototrophic  normal  sequence 
strain. By requiring  that  the progeny of this cross 
grow on 2-deoxyglucose-minimal medium (Le . ,  with- 
out nicotinic acid), we selected hybrid  NOR  strains 
that were diploid for  the  right  arm of LG 1 ( i e . ,  partial 
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FIGURE 4.-Comparison of separate Bcll and Not1 digestions of 
DNA from T(I:V)ARI90  and A9. The positions of bands for the 
two largest  intact  yeast chromosonles are indicated at the left  of 
cach autoratliogrmn. The nlolecular weights  shown are for veast 
chron1oson~es X / /  (first nlark from the  top) and IV (second mark). 
The left  panel  shows an autoradiogram of T(1:V)ARISO digested 
separately with BclI and N o f l .  The CHEF gel electrophoresis con- 
ditions were 165-sec pulse time at  150 V. The middle panel  shows 
an  autoradiogram of A9 DNA digested with Bcl l .  The CHEF gel 
electrophoresis conditions were 1.50 second pulse time at 150 V. 
The right panel  shows an autoradiogranl of A 9  DNA digested with 
Notl .  The CHEF gel electrophoresis conditions were 30-min pulse 
time at 46 V, with migration through ;I 0.7% agarose gel for 100 
Ill-. 

diploids). Partial diploids prepared  from  transloca- 
tions are unstable during vegetative growth,  and  spon- 
taneously lose one of the duplicated  segments to be- 
come  euploid (see PERKINS and  BARRY 1977).  In 
partial diploids derived  from  T(I;V)AR190,  the ec- 
topically located DNA is almost exclusively lost in the 
conversion to euploidy. Thus, a  normal  sequence ge- 
nome is generated with the  NOR in its terminal 
position on LG V  (PERKINS and BARRY  1977). As 
expected  from  these  properties, the hybrid NOR par- 
tial diploid became  euploid during vegetative growth. 
This euploid  derivative was crossed once  more  to 
obtain  hybrid  NOR  strains that were unquestionably 
homokaryotic and in a  normal  sequence  configura- 
tion. One strain, called D3, was used as the hybrid 
NOR  parent in the experimental cross discussed be- 
low. 

In the hybrid NOR,  the proximal and distal seg- 
ments of the  NOR are defined by the  repeat unit in 
which the meiotic crossover had  occurred. The prox- 
imal segment is composed of type I11 repeat  units  and 
the distal segment is composed of  type I1 repeat units 
(Figure 3). The distal segment is observed  as  a  large 
BclI rDNA  restriction  fragment and its size can be 
determined directly. The proximal  segment of the 
NOR is reduced  to  monomeric  rDNA  repeat  units 
(9.3-kbp fragments) by BcZI digestion. There is no 
known restriction  enzyme  that  cuts within type I1 
repeat units but  does  not  cut within type I11 repeat 
units (D. K. BUTLER, unpublished  observation). 
Therefore,  the size of the proximal  segment of the 

TABLE 3 

Sizes of the  proximal  segment,  distal  segment  and intact NOR 
of the parental hybrid NOR  bearing  strain D3 and  its  progeny 

Strain Proximal Distal Intact NOR 

D3 (parent) 500 950 1450 
El 500 800 1 300 
E2 600 850 1450 
E3 500 800 1 300 
E4 720 750.280" 1750 
E5 350 1000 1350 
E6 450 825 1275 
E7 450 850 1 300 
E8 380 895 I275 

Sizes, in kilobase pairs. were based on comparison to intact 

"Two rDNA bands were apparent in this strain. See text for 
Sarrharomyces cermisiae chromosomes. 

details. 

NOR  had  to  be  determined indirectly. Since digestion 
with  NotI liberates the  entire  NOR intact, the size of 
the proximal segment of the  NOR can  be  deduced by 
subtracting  the size of the distal segment  from the size 
of the  entire  NOR  (Table 3). 

D3 was crossed to a  normal  sequence  tester. DNA 
of progeny with both  type I1 and type I11 rDNA were 
examined  on pulsed-field gels. Figure 5A  shows DNA 
of  the  parent D3 and of a series of randomly collected 
hybrid NOR progeny  digested with  BclI. The large 
rDNA  restriction  fragment of each strain  represents, 
therefore,  the distal segment of the  NOR.  It is clear 
that  the distal segment  changes size frequently during 
the sexual phase. The parent D3 has a distal segment 
that is about  950 kbp. Most progeny  inherited  a distal 
segment that was different in  size from  that of of the 
parental  segment in  D3. Among  the progeny, the 
distal segment  ranges in  size from about 800 to 1000 
kbp  (Table 3). The  origin of the  faint, low molecular 
weight band of invariant size  in each lane is unknown; 
monomeric rDNA  repeat  units are  too small to be 
seen on this gel. Hybrid NOR progeny E4 is an 
interesting case and is discussed more fully  below. 

Figure  5B shows the same samples after digestion 
with NotI, which liberates the  entire hybrid NOR 
intact. Based on size estimates of the  entire NORs, six 
of  the  eight progeny  have proximal segments that  are 
different in  size from  that of the  parent D3. The size 
of the  D3 proximal  segment is about 500 kbp, and in 
the progeny it ranges  from  350 to 720 kbp  (Table 3). 

The presence of two large BclI rDNA  fragments in 
the hybrid  NOR  progeny E4 is most easily explained 
by an  unequal sister chromatid  exchange within the 
rDNA  either  during  the sexual phase or immediately 
prior to fertilization. The repeat  unit in  which the 
original meiotic recombination  occurred to give the 
hybrid  NOR can serve as a  marker within the  rDNA 
array.  If,  after DNA replication, the markers are 
displaced by unequal  pairing  of the  rDNA  on sister 
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FIGURE 5 . 4 4 )  Autoradiogram of DNA from the parent D3 and eight hybrid NOR progeny (El-ES) digested with Ecl l .  The CHEF gel 
electrophoresis conditions were 120-sec pulse time at 145 V. Intact yeast chromosomes were used as size standards. The positions of yeast 
chromosomes VII, XV (first mark from the top) and V ,  VIII (second mark)  along with their estimated molecular masses  in kbp are indicated 
at  the left of the autoradiogram. (B) Autoradiogram of DNA from the parent D3 and eight hybrid NOR progeny (El-ES) digested with 
N o f l .  The CHEF gel electrophoresis conditions were 180-sec pulse time at 140 V. The positions of intact yeast chromosomes IV (first mark 
from the top) and VII, XV (second mark) along with their estimated molecular masses  in kbp are indicated at  the left of the autoradiogram. 
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FIGURE 6.-Diagram showing how an unequal sister chromatid 
exchange in a hybrid NOR can generate a NOR that yields two  
EclI rDNA fragments but only one Not I rDNA fragment. Only the 
relevant product of the unequal sister chromatid  exchange is shown. 
Symbols: the open rectangular box is the block of type I I  rDNA 
repeat units (no EclI sites, no Not1 sites); the diagonally striped 
rectangular box is the block of type 111 rDNA repeat units (one 
Bcll site per repeat unit, no Not1 sites). The "marker" referred  to 
in the text is the junction of type I1 and type 111 repeat units. The 
lines under  the NOR of the  product  represent the rDNA restriction 
fragments liberated by Ecll  and Not1 digestion, respectively. 

chromatids  and a crossover occurs  between the dis- 
placed markers,  then one  of  the  product  NORs of this 
event will contain not only the usual distal block of 
type I1 repeat units, but also a block of type I1 repeat 
units flanked by blocks of type I11 repeat  units  (Figure 
6). Two alternative  explanations for  the origin of the 
two BcZI rDNA  fragments  should  be  mentioned. The 
first is that a block of  type I1 repeat  units was moved 
to a  different site in the genome. The second  requires 

mitotic recombination in the  rDNA following spore 
formation,  generating  a  heterokaryotic  culture with 
more  than  one  form  of  the  NOR [see BUTLER and 
METZENBERG 1989  for  an example of such an  event). 
Both of these  explanations are contradicted by the 
results of NotI digestion of E4 (Figure 5B). Either 
explanation would require  that  there be two NotI 
rDNA  fragments in E4, but only one NotI fragment 
is detected.  Only  an  unequal sister chromatid  ex- 
change  during  the sexual phase or immediately prior 
to fertilization,  as  diagrammed in Figure 6, would 
lead to two BcZI fragments  but only one NotI fragment. 

DISCUSSION 

These  experiments  represent  an  attempt  to  map  a 
function within the  NOR.  It is clear  from  both crosses 
that changes in rDNA  repeat  unit  number  originate 
in both  the proximal and distal segments  of the  NOR. 
Neither  segment of the  NOR is a locus of pure in- 
crease or pure decrease in repeat  unit  number.  We 
have  excluded the possibility that size changes  occur 
only in one  part of the  NOR  and, taking into consid- 
eration  the  previous  results with an  interstitial  NOR 
of QNS-1 (BUTLER and METZENBERC 1989),  there is 
no reason to suspect that any part is exempt. 

We have no  direct  evidence for a specific rDNA 
recombination mechanism operating  during  the sex- 
ual phase. In a previous paper, based on indirect 
evidence, we concluded that intra-chromatid recom- 
bination  can  occur in the interstitial NOR  during  the 
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sexual phase (BUTLER and METZENBERG 1989). Segre- 
gant E4 provides  the first evidence that unequal sister 
chromatid  exchange  can  occur at  the locus of the 
normal  NOR  (Figure  5A). Though it is not impossible, 
it seems unlikely that the unequal sister chromatid 
exchange  occurred prior  to fertilization since the pa- 
rental  culture  appears  to  be  homogeneous with re- 
spect to NOR size (see D3 in Figure 5 ,  A and B); 
moreover,  a previous study showed that  exchanges 
during vegetative growth are  rare (BUTLER and METZ- 
ENBERG 1989). Thus, it seems more likely that  the 
unequal sister chromatid  exchange  occurred when 
NOR size changes occur;  that is, during  the sexual 
cycle. 

Two questions concerning  unequal sister chromatid 
exchange immediately arise: when in the sexual phase 
does it occur,  and how frequently?  Considering that 
most NOR size changes occur premeiotically (BUTLER 
and METZENBERG 1989), it is  likely that unequal sister 
chromatid  exchanges also occur at this time. However, 
we cannot  rule out  the possibility that  unequal sister 
chromatid  exchanges  occur during meiosis, perhaps 
exclusively so (PETES 1980). Clearly, it is premature 
to try  to  estimate  their  frequency.  More  segregants 
must be examined  (including  those  from the same 
tetrad), in order  to  determine accurately when and 
how frequently  unequal sister chromatid  exchanges 
occur in the sexual phase. 

The sizes  of the two blocks of type I1 repeat  units 
in the hybrid NOR of E4 can be used to estimate the 
minimum extent of unequal  pairing for this  event. 
The blocks are  about 750 kbp  and 280 kbp. If we 
assume that  the smaller block of type I1 repeat units 
was located on the  centromere  proximal side of the 
crossover and  that this block  of repeat  units  suffered 
no  other changes  after the crossover, then  the  extent 
of displacement of the  marker ( i e . ,  the  extent of 
unequal  pairing) must have been at least 280 kbp, or 
30 repeat units. If  it is the  larger block that is cen- 
tromere proximal to  the crossover, then  the  extent of 
displacement of the markers must have  been at least 
750  kbp, or 80 repeat units. Interestingly,  a prelimi- 
nary hybridization experiment with an oligonucleo- 
tide  probe based on the Neurospora  telomere 
(SCHECHTMAN 1989) indicated that  the smaller BclI 
fragment  corresponds to  the terminal block of rDNA 
repeat  units in E4 (D. K. BUTLER, unpublished  obser- 
vations). In the course of generating  the  hybrid  NOR 
of D3, we found  one  other  hybrid  NOR  strain con- 
taining two BclI rDNA  fragments  (data  not shown). 
The two fragments were about 1100 and 150 kbp, 
respectively, so unequal  pairing, when it occurs, may 
be extensive. In  contrast, SZOSTAK and WU (1980) 
observed that,  during mitotic rDNA recombination 
in yeast, the  extent of unequal  pairing varied from 
one  to eight  repeat units. However,  their technology 

probably did not  permit  detection of displacements 
larger  than  ten  repeat units. 

In the analysis of progeny  from  a cross between 
QNS-1 and NS-1, we observed  that increases and 
decreases in NOR size are not equally frequent:  de- 
creases are recovered more frequently (BUTLER and 
METZENBERG 1989). This bias is apparent in both 
crosses reported  here. The size of the hybrid NOR is 
defined by Not1 digestion. Compared  to  parental hy- 
brid  NOR of D3, six out of eight  progeny  had  a 
smaller NOR  (Figure 5B). The total  rDNA  content 
of T(I;V)OY321 is simply the size of the proximal 
segment plus the size of the distal segment.  In  eight, 
and possibly ten,  out of 11 progeny the total  rDNA 
content was  less than  that of T(I;V)OY32 1 (Table 2). 
Interestingly,  among the progeny  of T(I;V)OY321, 
the frequencies of increases and decreases in the size 
of the proximal  segment were roughly  equal  (Figure 
2 and  Table 2). This may indicate that, even though 
the  net  result of premeiotic  events is a  decrease in 
NOR size, events that  add  repeat units to  the  NOR 
do occur  frequently.  For  example, it is possible that 
unequal sister chromatid  exchanges,  resulting in equal 
gains and losses, occur in  local regions of the  NOR, 
but any gains are usually offset by intra-chromatid 
recombination in other regions,  resulting in net  de- 
creases in NOR size. The observation that, in prog- 
eny,  both  segments of the hybrid  NOR can be  differ- 
ent in  size from those of the  parent,  supports  the view 
that a  normal  NOR passing through  the sexual phase 
is subject to size change at multiple sites (see Figure 
5 ,  A and B). 

The observation that, in Neurospora (RUSSELL et 
al. 1984) and many other organisms,  rDNA  repeat 
units are very similar or identical in any one  strain, 
but dissimilar between strains, implies the existence 
of mechanisms that preserve the homogeneity of re- 
peat  units  (for reviews see ARNHEIM 1983; DOVER 
1982). The hybrid  NOR  strains  described here could 
be used to test hypotheses on how fast and in what 
tissues such a  homogenizing mechanism acts. Some 
anecdotal  evidence  relates to this issue. In the course 
of this  work, the original  hybrid  NOR has been passed 
through several successive  crosses. After  each cross, a 
few hybrid NOR strains  were surveyed and in no case 
was complete  homogenization  observed,  although OC- 

casionally the proximal segment  suffered  a substantial 
deletion of repeat  units  (data  not shown). 
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