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ABSTRACT 
We have  used  the  PCR-based  randomly  amplified  polymorphic DNA ( W D )  method to efficiently 

identify  and  map DNA polymorphisms  in the ciliated  protozoan Tetrahymena thermophila. The  polymor- 
phisms  segregate  as  Mendelian  genetic  markers. A targeted  screen,  using DNA from pooled meiotic 
segregants,  yielded  the  polymorphisms most closely linked  to the mat locus. A total of  10 polymorphisms 
linked to the mat-Pmr segment of the left arm  of  micronuclear  chromosome 2 have been  identified. 
This  constitutes the largest  linkage  group  described  in T. thermophila. We also provide  here the first 
crude  estimate of the  frequency of meiotic  recombination in the mat region, 20 kb/cM. This  frequency 
is much higher  than  that  observed in most other eukaryotes. Special features of Tetrahymena  genetics 
enhanced  the power of the W D  method: the ability  to  obtain in a single step meiotic  segregants that 
are  whole-genome  homozygotes  and  the  availability of nullisomic  strains  permitting  quick  deletion 
mapping of polymorphisms to micronuclear  chromosomes or chromosome  segments.  The W D  method 
appears to provide a practical  and  relatively  inexpensive  approach to the construction of a high-resolution 
map of the  Tetrahymena  genome. 

S EVEN mating types, designated I-VII, are known in 
Tetrahymena thermophila, a microbial (unicellular) 

eukaryote belonging to the ciliated protozoa.  A cell of 
this species carries in its germline  (micronucleus)  the 
potential  for several (up to all seven) mating types but 
normally expresses only one. Which mating type the 
cell expresses is determined by a  heritable differentia- 
tion of the somatic nucleus (macronucleus). Mating 
type determination is developmentally programed: it is 
a  differentiation of the new macronucleus, which  oc- 
curs at  a postzygotic stage of conjugation. The spectrum 
of mating type potentialities is determined by a mi- 
cronuclear locus called rnat (NANNEY et al. 1955; NANNEY 
1959). Homozygotes for  the mat-1 or mat-3 alleles ex- 
press any mating type except IV or VII, while mat-2 
homozygotes express any mating type except I.  The mat 
locus is on chromosome 2L, linked by -30 cM to Pmr 
(BLEYMAN et al. 1992). Pmris a  mutation in the  segment 
of the ribosomal RNA gene  coding  for  the small subunit 
RNA, it confers resistance to paromomycin (BRUNS et al. 
1985; SPANGLER and BLACKBURN 1985).  The life  cycle, 
conjugation events, basic genetics and mating type de- 
termination of Tetrahymena have been reviewed (OR- 
IAS 1981, 1986; BRUNS 1986). 

We are interested in characterizing  the mat locus and 
its role in mating type determination.  The aim of the 
present work was to find DNA polymorphisms near  the 
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rnat locus that could aid its molecular cloning. Two 
recent advances facilitated the search for DNA polymor- 
phisms in  Tetrahymena:  the  development  of efficient 
methods  for identifying and cloning DNA polymor- 
phisms and  the  finding  that  certain  inbred strains of T. 
thermophila are  a rich source of DNA polymorphisms. 

RAPD (randomly amplified polymorphic DNA)  is a 
recently developed, efficient method  for  detecting DNA 
polymorphisms (WILLIAMS et al. 1990; TINGEY and DEL 

TUFO 1993). As described, 10-mers  of arbitrary sequence 
are used as primers for PCR amplification of random 
genomic DNA segments (see Figure 1). Up to about  a 
dozen discrete ethidium  bromide bands were  observed 
using single primers per PCR reaction. Remarkably, the 
average number of bands is independent of genomic 
size in the range from Escherichia  coli to corn (over 1000- 
fold).  The pattern is specific for each primer and is 
sensitive to single base changes in the  primer (WILLIAMS 
et al. 1990).  Thus when template DNA from two strains 
are used in parallel reactions, each band essentially  tests 
20 base pairs (10 at each end) for sequence polymor- 
phisms. The polymorphic DNA  is molecularly cloned 
by  PCR amplification in the very act of polymorphism 
detection, thus facilitating subsequent cloning in con- 
ventional vectors, and only minute  amounts of template 
DNA are  required (25 ng  per  reaction). 

Diverse inbred strains of T. thermophila were originally 
established based on  natural polymorphisms at  the mat- 
ing type and surface antigen  (serotype) loci (S. L. AL 
LEN, personal communication).  Inbred T. thermophila 
strains B and C3 carry a wealth of  DNA polymorphisms 
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Primer Sequence Primer  sequence  Primer sequence 

OPA-01 CAGGCCCTTC OPA-12 TCGGCGATAG OPB-12 CCTTCACGCA 
OPA-02 TGCCGAGCTG OPA-17 GACCGCTTGT OPB-17 AGGGAACGAG 
OPA-05 AGGGGTCTTG OPA-19 CAAACGTCGG OPB-20 GGACCCTTAC 
OPA-06 GGTCCCTGAC OPA-20 GTTGCGATCC OPC-05 GATGACCGCC 
OPA-09 GGGTAACGCC OPB-04 GGACTGGAGT OPC-06 GMCGGACTC 

FIGURE ].-List  of primers used in this work. Primers (10- 
mers),  primer names and sequences were obtained  from O p  
eron Technologies, Inc.  OP prefix and leading 0 has been 
omitted elsewhere in the text. 

(ALLEN et al. 1984; -ON et al. 1986; LUEHRSEN 1986; 
LUEHRSEN et al. 1987, 1988; ENGBERG and NIELSEN 
1990). The best characterized segments, the  nontran- 
scribed spacers of the B and C3 rDNAs,  show an average 
of one DNA sequence polymorphism per 180 bp. 

In this article we report  the identification of a linked 
group of B, C3 RAPD DNA polymorphisms surrounding 
the mat locus. These polymorphisms were efficiently 
identified by a  search specifically targeted to the mat- 
Pmr segment. We also provide the first crude estimates 
of the frequency of meiotic recombination as a  function 
of nucleotide distance in T. thermophila. 

MATERIALS  AND METHODS 

Strains and  routine  methods: The strains used are listed in 
Table 1. The history of inbred strains  B and C 3  is described 
in ALLEN et al. (1984). Nullisomic strains were a gift of Dr. 
PETER BRUNS, Cornel1 University. Meiotic segregant  panels 
were obtained as described below. 

Methods for long  term maintenance of Tetrahymena stocks 
frozen under liquid nitrogen (FLACKS 1979),  routine cell cul- 
ture  and crosses in Petri dishes (ORIAS and BRUNS 1975),  or 
96well plates (BLEYMAN et al. 1992), mating type testing (OR- 
IAS and BAUM 1984) and DNA minipreparations (LARSON et 
al. 1986) have been described. 

Construction of meiotic  segregant  panels: Three panels of 
Tetrahymena meiotic segregant clones were constructed to 
test for Mendelian  segregation and linkage, to  determine ge- 
netic distances, and to target the search of  RAPDs to  the 
neighborhood of the mat locus. Construction involved three 
main steps,  described below in more detail: (1) isolation of 
clones with independent segregant  micronuclei but with a 
macronucleus retained  from  the F1 parent, (2) determining 
the micronuclear  genotype of these segregants and  (3) gener- 
ating  segregants  expressing their micronuclear  genotype. 

Rationale: The rationale for each  step is described below, 
and  the genetic  consequences of  key steps are illustrated in 
Figure 2, A and B. 

1. We started with B X C3 F1 progeny, heterozygous for 
numerous DNA sequence polymorphisms. They were induced 
to  undergo meiosis in  the  context of a  genomic exclusion 
cross (ALLEN 1967), by crossing them to strain A*. Conjugat- 
ing pairs (round I of genomic  exclusion) were isolated. Dur- 
ing this meiosis the desired allele segregation and meiotic 
crossing over occurred.  The micronucleus  in  each of the 
round I clones isolated is expected to be homozygous for  the 
entire  genome  contained in  a single haploid meiotic product 
nucleus. Micronuclei in different pairs are derived  from  inde- 
pendent meiotic events (Figure 2A). The  round I  clones are 
heterokaryons, however, as their macronuclei are  retained 
from  the B/C3 F1 parent. 

2. The genotypes of round I clones were determined by 
appropriate test crosses. To determine mat genotypes, a test 
cross based on  detecting mating types diagnostic of the mat- 
2 allele (mating type IV or VII) or  the mat-3 allele (mating 
type I) was used. Nulli-2L,4L strain was used for  the test cross. 
Since mat is located  in  micronuclear  chromosome 2L (BLEY- 
MAN et al. 1992), test cross progeny  can only express  mating 
types determined by the allele present  in  the  round I  clone. 

3. To  obtain panels of meiotic segregant clones that express 
the micronuclear  germline  genotype  in their macronucleus, 
round I  clones  described above were individually crossed to 
A* in mass and allowed to  undergo two rounds of genomic 
exclusion (see Figure 2B). Whenever possible, true  round I1 
progeny were selected in mass using drug resistance markers; 
otherwise, round I1 cultures derived from single pairs were 
screened  on  the basis of sexual immaturity. These  round I1 
cultures served as the source DNA minipreps for use in RAPD 
PCR reactions. Mass-selected round I1 cultures may contain 
up  to  hundreds  or thousands of caryonidal clones (i.e.,  clones 
with independently differentiated  macronuclei) that started 
out with identical  genotype.  This was considered  preferable 
a @on for reasons given in DISCUSSION. 

Construction details: B/C3 heterozygous F1 clones SB990, 
SB983 and SB1804 (Table 1) were previously described (BLEY- 
MAN et al. 1992). They were obtained by crossing a genetically 
marked inbred strain  B derivative and C3-3685 (wild-type 
inbred strain C3). Phenotypically, the F1 clones are heterokar- 
yons for two drug-resistance mutations, Chx and Pmr, which 
eventually allowed the mass selection of round I1 pairs. These 
F1 clones were crossed to strain A* to  induce genomic exclu- 
sion. Round I pairs were isolated, and  the exconjugant  de- 
rived from  the F1 parent was saved to avoid the micronuclear 

TABLE 1 

Strains used 

Inbred 
Clone  strain Genotype 

A* A 
C3-3685 c 3  
cu374 B 
SB983 B/C3 

SB990 B/C3 
SB1804 B/C3 

Defective 
mat-3/ mat-3 
nulli-ZL, 4L, ChxAZ/ ChxAZ 
rnat-2/ mat-3,  ChxA2/ Chx+ 

Same as  SB983 
Same as  SB983 

B-Pmrl I /  C3-Pmr+ 

Mating 
Phenotype type Source 

Wild type I11 WEINDRUCH and DOERDER (1975) 
Wild type V ORUS and BRUNS (1975) 

cycl-S, PmS I BLEYMAN et al. (1992) 

Same as SB983 VI1 BLEYMAN et al. (1992) 
Same as  SB983 Iv BLEYMAN et al. (1992) 

cycl-s nr BLEYMAN et al. (1992) 

Only relevant genotypes and phenotypes are shown here. Mutant alleles at  the Pmr and ChxA loci (see BRUNS and CASSIDY- 
HANLEY (1993)  confer dominant resistance to paromomycin (pm)  and cycloheximide (cycl), respectively. Wild-type alleles confer 
sensitivity.  Most strains shown here  are heterokaryons  (BRUNS and BRUSSARD 1974); they have unlike micro- and macronuclear 
genotypes. 
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FIGURE 2.-Main nuclear events and genetic  consequences of genomic exclusion crosses used in this work. Small circles, 
micronucleus; dot, A* micronucleus;  large circles, macronucleus; starred, A* macronucleus. Shading represents  genotype for 
one  marker (e.g., Chx): solid, homozygous Chx/Chx; blank, Chx+/ Chx+; cross hatched, Chx/ +. Roman  numerals  indicate  mating 
type. SF, genetic  equivalent of self-fertilization; XF, genetic  equivalent to cross-fertilization. (A) Round I of genomic exclusion, 
e.g., as used to obtain round I progenitors of meiotic segregant panel members. Stages are as  follows. 1, paired B/C3 heterozygote 
(left  cell) and A* cell (right cell) ready to initiate  nuclear events. 2, meiosis of the micronucleus has generated  four haploid 
nuclei  in the  normal cell. Only the  anterior meiotic product survives; the  three  others  are destroyed. No meiotic product is 
formed  in  the A* cell. This is the meiosis where  Mendelian  segregation and crossing over, crucial to  the linkage analysis, occur. 
3, unidirectional fertilization has occurred.  To reach this stage, the surviving meiotic product divided mitotically to  generate 
two gamete nuclei, one of which was transferred to the A* cell. Both zygotic nuclei diploidized. 4, the exconjugants have 
separated. They retained  their original  macronucleus, therefore  retaining  their original  phenotypes and mating types, and 
remain sexually mature. They are ready to resume vegetative multiplication or mate  again, depending  on nutritional  conditions. 
Note the following consequences. (1) The two exconjugants are whole-genome homozygotes and have identical genotypes in 
their micronucleus, however, they still express  parental  phenotypes. (2) For a given heterozygous locus, the two homozygous 
genotypes  segregate in 1:l ratio in  the micronucleus of round I progeny. (3) Meiotic events in  different pairs are  independent. 
(B) Two complete  rounds of genomic exclusion, as used to generate meiotic segregant  panel  members or  for certain testcrosses 
mentioned  in  the text. Stages are as  follows: 1, round I exconjugant, obtained as in A, has paired with an A* cell and is ready 
to undergo  round I of genomic exclusion. 2, exconjugants have separated  (equivalent to stage 4, A). 3, round I exconjugants 
have paired  again and will undergo  round I1 of genomic  exclusion.  This  second round involves normal conjugation events in 
both conjugants, including  normal meiosis, reciprocal  fertilization, and differentiation of  new micro- and macronuclei. 4, round 
I1 products.  Progeny have developed  a new macronucleus,  derived from a  mitotic sister of the new micronucleus. Please note 
that since the original normal  parent  in this cross was a whole genome homozygote, the products of every round I1 pair are 
whole-genome homozygotes, genetically identical to  one  another  and expressing their own micronuclear  genotype  in their 
macronucleus. ( C )  A three-way cross used to obtain  progeny from two normal clones of identical mating type, as described by 
BRUNS et al. (1983). Stages are as  follows: 1, mixture of two homozygous normal  (nonstar) clones and A* clone in 1:1:2 
stoichiometry, respectively. Cells pair in  the two possible combinations shown. 2, cells of different  mating type, after  completing 
round I of genomic exclusion. 3, round I exconjugants have paired again in the  four possible combinations shown and  are 
ready to  undergo  round I1  of genomic exclusion (i.e.,  normal  conjugation). 4, round I1 products. SF, self-fertilization product; 
XF, cross-fertilization product. Note that  the two middle final products are  the full genetic  equivalent of normal  conjugation of 
the two original normal cells to  one  another,  amd  the  outer final products are  the genetic  equivalent of self-fertilization of the 
corresponding original normal cells. If one of the  parental  normal cells is nullisomic (e.g., strain CU374, used to determine mat 
genotypes),  then  the  corresponding self-fertilization progeny immediately die. 

deterioration  that occurs  in the  A*derived exconjugant 
(WEINDRUCH and DOERDER 1975). The micronucleus of each 
round I exconjugant  clone  should be homozygous for  one of 
the  four possible combinations of the two alleles at  the mat 
and Pmr loci. These  round I clones are heterokaryons,  since 
their micro- and macronucleus are genetically different. An 
"H" suffix was appended  to  their  name  to distinguish them 
from  the  round I1 progeny  derived from  them  (see below). 

To  determine  the micronuclear  genotype of each round I 
clone  at  the Chx, Pmr, and mat loci, they were testcrossed in 
microtiter plates. To determine  their Chx and Pmr genotype, 
the clones were crossed to A* and allowed to undergo two 
rounds of genomic exclusion in mass culture (see Figure 2B). 

The progeny were separately tested for survival in growth 
medium  containing cycloheximide (cycl) and paromomycin 
(PM)  medium by replication. The drug-resistant round I1 
progeny generated by this cross were saved as panel  members. 

To  determine  the mat genotype of round I clones, they 
were testcrossed in  microtiter plates to nulli-2L,4L strain 
CU374 (Table 1).  Progeny, which necessarily had  to carry the 
ZL micronuclear chromosome  (and mat locus) derived from 
the  round I clone, were selected for cycloheximide resistance 
(derived from CU374) by addition of cyclcontaining medium 
to the refed  conjugating  mixture and were replicated once 
to the same medium. Survivors, estimated to have undergone 
anywhere between 18-28 fissions, were used to initiate 16 
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TABLE 2 

Source of strains and mat-Pmr segregations in the meiotic  segregant  panels 

Segregationsb 
Recombination 

Panel Clone name" F1 source mat-2 mat-3 Pmr Pmr+ fraction 

1 SB1841-1843 SB983 63:35 43:55 26/98 
SB1844-1846 SB990 
SB1847-1849 SB 1804 

2 SB2301-2368 SB983 76:73 9963 23/145 
SB2369-2439 SB990 
SB2440-2482 SB1804 

3 SB2600-2933 SB990 166: 168 444:424 71/334 

Total 305:276 586:542 120/577 

a Individual round I1 strains in panel 2 bear  the suffixes C, P or A, depending  on  their  mode of selection 

* Segregation ratios and  recombinant fractions are based on all the  round I pairs tested for particular alleles 
(see MATERIALS AND METHODS section). 

or allele combinations. 

single-cell lines from each round I clone. The cell lines were 
serially replicated  until they had  undergone  at least 100 fis- 
sions, subcloned and tested for mating type. The  appearance 
of  test-cross progeny  expressing diagnostic mating types (I us. 
IV or VII) was used to determine  the genotype of each clone 
(mat-3/mat-3 or mat-2/mat-2). Round I clones derived from 
SB1804 could not be directly testcrossed with CU374 because 
both express the same mating type. Instead we did a three- 
way cross (round I clone + CU374 + A*) and allowed two 
rounds of mating to occur  (see Figure 2C); the rest of the 
procedure was identical to  that  just described. 

Drug  selection greatly reduces the  amount of labor involved 
in isolating round I1 progeny. Since the Chx locus is in mi- 
cronuclear  chromosome IR, it segregates independently of 
mat. Pmr, on  the  other  hand, is linked (-30 cM) to mat. 
Unlike selection for PM-R, isolation of a  panel using cycl-R 
selection does  not bias segregation ratios and distances in 
the mat-Pmr region, and thus  introduces no complication. To 
counteract any bias in the  panel  due  to clones selected on 
the basis of  PM resistance, round I1 segregants  from round I 
clones not known to be Chx/Chx or Pmr/Pmr were obtained 
by a modified procedure.  The  round I clones were crossed 
to A*. Six pairs (new round I) were isolated in  separate drops 
of 2% bacterized peptone (ROBERTS and ORUS 1973) and 
incubated at 30". Two  days later pairing (round 11) was ob- 
served. Forty-eight pairs (eight  from each drop) were isolated 
(see Figure 2B for genetic consequences). Samples of the 
progeny were tested for sexual maturity by mixing with mating 
type testers as soon as practicable (within 20-30 fissions). 
Sexually mature progeny with parental mating types were dis- 
carded, since they had almost certainly retained the parental 
macronucleus and  thus  had  not completed the second round 
of genomic exclusion. 

Composition of the panels: Details on  the composition and 
method of selection of the panels are given below. The F1 
source of individual panel  members and segregation data for 
Pmr and mat loci in  each  panel are shown in Tables 2 and 3, 
respectively. 

Meiotic segregant  panel 1 consists of 25 round I1 strains 
(Table 2),  all generated by cycloheximide selection. Panel 1 
are  the mat-Pmr recombinants among  the progeny of cross 2, 
described  in BLEYMAN et al. (1992), used to determine  the 
mat-Pmr distance.  These selected strains are expected to have 
undergone  an  odd  number of genetic crossovers between the 
mat and Pmr loci. Pools of DNA from  panel 1 members were 
used to initiate the targeted  search. RAPDs located exactly 

half way between the two loci could have been missed in the 
targeted  search. Markers unlinked to mat, Pmr and Chx are 
expected to segregate 1:l in this panel. 

Meiotic segregant  panel 2 consists of 79 round I1 strains 
(Table 2) .  They were isolated after cycloheximide selection 
(30 clones, "C" suffix), paromomycin selection (36 clones, 
"P" suffix) or by the nonselective procedure described above 
(13 clones, "A" suffix). (The different suffixes quickly indi- 
cate how to regenerate  the  round I1 population from the 
round I parent if necessary. The suffixes also serve as a re- 
minder of the  method of selection of panel members, which, 
if overlooked, can bias distance  measurements  in the neigh- 
borhood of the selective markers.) Unlike cycloheximide- and 
paromomycin-selected panel  members,  each A strain was de- 
rived from a single pair.  This  panel was obtained after isolat- 
ing 192 round I pairs, of which 182 were typed for mat and 
Pmr genotype. Any marker  should show 1:l segregation  in the 
entire set of 182 fertile round I clones. 

Meiotic segregant panel 3 (Table 2) was obtained entirely 
by cycloheximide selection of progeny  in  a cross between 
round I progeny and  the nulli-ZL,4L strain, CU374. It consists 
of 334 strains with known mat, Pmr, Chx and Mprgenotypes, 
out of 960 round I clones isolated. The first 105 members 
have so far been tested for RAPD genotypes. Only markers 
on chromosomes 2L. or 4L are expected to segregate 1:l in 
this panel. 

RAPD PCR methods: Reagents, concentrations and tem- 
perature cycling conditions used for RAPD  PCR amplification 
were exactly according to WIILIAMS et al. (1990). Each 25-pl 
reaction was prepared by mixing 2.5 pl of lox PCR buffer, 
2.5 pl of 10 mM  MgC12, 4 pl of dNTPs at 1.25 mM each, 5 pl 
of template DNA at 5 ng/pl, 1.25 p1 of each of two primers 
at 4 pM and 0.125 pl of AmpliTaq DNA polymerase (Perkin- 
Elmer-Cetus) at 5 units/pl.  Temperature cycling conditions 
wereas follows: 5 min at 94", followed by 45 cycles of 1  min 
at 94", 1 min at 36", and 2 min  at 72", followed by a  terminal 
extension  period of 8 min  at 72". The primers  (10-mers) are 
listed in Figure 1 and were purchased  from Operon Technolo- 
gies, Inc. The  primer kits (20 primers each) were systemati- 
cally tested in painvise combinations  in the following succes- 
sion: A X A, B X B, A X B, C X C, A X C, and B X C. For 
targeting the search to  the mat locus, reactions using primers 
up to A13,B20 were screened using meiotic segregant pools. 
Reactions using the rest of the  primer combinations, begin- 
ning with A14,B1, were screened in the search  targeted to 
chromosomes 2L and 4L. DNA from inbred strain B us. DNA 
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from a mono-2L,4L culture were  used as templates, as  ex- 
plained in RESULTS. PCR products were  analyzed  in 1.5% aga- 
rose gels stained with ethidium bromide. Repeatable polymor- 
phisms  were named according to the following nomenclature: 
a number to indicate the laboratory where the polymorphism 
was identified (number 1 for ours), the initials of the person 
that discovered the polymorphism, and a serial number for 
that person (e.g., 1KN3). 

Cloning  polymorphic DNA in a  plasmid vector: Desired 
RAPD products were cloned in a plasmid  vector as  follows. 
RAPD  PCR products were  size-fractionated by electrophoresis 
in a 1.5% agarose gel. Polymorphic bands were  excised and 
the DNA  was eluted from the gel  slices by centrifugation 
through Whatman 3MM paper (WEICHENHAN 1991). The 
DNA  was reamplified using the same PCR conditions and 
primer combination initially used to detect  the polymor- 
phism. Amplified fragments were cloned into pBluescript 
(Stratagene) that had been digested with EcoRV (New  En- 
gland Biolabs) and T-tailed as described by MARCHUK et al. 
(1990). Ligation and transformation were done as described 
in SAMBROOK et al. (1989). Isolation of the  correct insert was 
confirmed by dot blots of RAPD  PCR products. 

Determining RAPD phenotypes  using dot blot analysis: 
PCR reaction products were tested for the presence of a poly- 
morphic band DNA  by dot blots, using the following proce- 
dure. One-fifth of each PCR reaction was diluted in 6X  SSC, 
boiled, and loaded onto a Minifold dot blot manifold 
(Schleicher & Schuell) according to manufacturer's instruc- 
tions. Excised insert DNA from the clone of interest was  la- 
beled with 32P4ATP by a random priming reaction (FEINBERG 
and VOGELSTEIN 1983). Filters  were hybridized in 6X  SSC, 
5X Denhardts, 20 mM Tris, 0.1% SDS, 2 mM  EDTA,  25 pg/ 
ml salmon sperm DNA, and lo6 cpm/ml  probe for 16 hr at 
65". The filters were  washed  twice for 15 min in 3X  SSC, 0.1% 
SDS, 5 mM  EDTA at 55", and once  for 15  min in 0.3X  SSC, 
0.1% SDS, 5 mM  EDTA at 55". The filters were autoradio- 
graphed under X-OMAT AR X-ray  film (Kodak) . 

Constructing  a  linkage  map: After determining  the geno- 
type  of meiotic segregants for each of the RAPD loci, the 
segregation data were used to  test for genetic linkage and to 
make a genetic map using the MAPMAKER program (LANDER 
et al. 1987). This computer software  uses the LANDER and 
GREEN (1987) algorithm to make simultaneous maximum 
likelihood estimates of genetic distance. Distances  were  ex- 
pressed in cM and were corrected  for  undetected multiple 
crossovers using the  Haldane  equation, 

RF' = -1/2 ln(1 - ZRF), 

where RF' and m a r e  the corrected and observed recombina- 
tion fractions, respectively. We also  used the MAPMAKER 
program to calculate the log likelihood (log odds or LOD) 
difference between the best (maximum likelihood) map or- 
der  and all other possible map orders of the linkage group. 
A LOD  value  of 3.0 (1OOO:l odds) was used throughout as 
the threshold of statistical significance, i e . ,  for linkage detec- 
tion and for determining map order. 

RESULTS 

Identification of DNA polymorphisms in Tetrahymena 
wing the RAPD method To test whether the RAPD 
method would  work  in Tetrahymena, we ran PCR reac- 
tions with different primers, either alone or in various 
combinations. As template, we used  whole  cell DNA 
preparations from inbred strains B and C3. The results 

are shown  in  Figure 3A.  We concluded the following: 
(1) an adequate number of PCR bands were generated, 
regardless  of whether 1, 2 or 3 primers were used; (2) 
the band pattern was specific for each primer combina- 
tion; and (3) B and C3 DNA generated a fundamentally 
similar pattern when  tested  with the same primer combi- 
nation, with  some differences that represent potential 
polymorphisms (Figure 3A, lanes B A1/A3 and C3 Al/ 
A3). We adopted  the use of two primers per reaction, 
since the same collection  of  synthetic primers allows the 
testing  of  many more bands than if a single primer per 
reaction is used, as was originally done by WILLIAMS et 
al. (1990). The use  of three primers per reaction did 
not seem to give bands in the useful  size range not repre- 
sented already  in one of the  tweprimer combinations. 

We have  now identified and mapped some 30  RAPD 
polymorphisms. Some of these, listed in Table 3,  were 
obtained using a search targeted to the mat locus, de- 
scribed below. The rest were obtained in an unbiased 
search and will be described in detail (J. H. BRICKNER, 
T. J. LYNCH, D. ZEILINCER and E. ORIAS, unpublished 
results). As shown  in that  paper,  the polymorphisms 
are scattered over the five micronuclear chromosomes, 
so they appear  to be useful general markers for genetic 
mapping in Tetrahymena. 

The high copy number of the 21-kb macronuclear 
rDNA molecule ( lo4 molecules per cell) gave  us some 
a@'& concern  that it might template a significant pro- 
portion of the observed bands. To test this possibility, 
a Southern blot of a gel containing a total of 86 bands, 
obtained from nine reactions involving different primer 
combinations, was probed with labeled rDNA. Only 
four bands showed a hybridization signal (data  not 
shown); the signal was  weak and probably resulted from 
nonspecific hybridization. Thus  the fraction of  rDNA- 
templated bands is negligible. Subsequent work has 
failed to uncover a single rDNA-templated  polymor- 
phism, in spite of very favorable conditions, described 
below, for  detecting polymorphisms linked to the Pmr 
(rDNA) locus. 

Based on  an early  analysis  of 80 different primer com- 
binations, we found  an average of 0.73 repeatable 
B+,C3- W D s  per  primer combination. These  are 
polymorphisms in  which a band is generated by B but 
not C3 DNA.  We also found a smaller but less  well 
characterized number for the reciprocal type of  poly- 
morphism (C3+,B- RAPDs).  Based on  the same analy- 
sis, we determined  that -60% of putative polymor- 
phisms were observed repeatedly. This was reassuring, 
considering that many RAPD bands may well originate 
from slightly mismatched binding of primers to tem- 
plate DNA (WILLIAMS et al. 1990), and their final level 
of amplification must be strongly affected by stochastic 
"founder" effects, 

Targeted  search for RAPDs linked  to  the  mating  type 
locus: Conceptually, finding mat-linked RAF'Ds re- 
quires identifying B us. C3 RAF'Ds and  then testing them 
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combinations r~setl i ~ r e  intlic;ltctl above C ; ~ I  hnc. I;tnc \I, size miwkrrs ( R K I .  I-kt) l;~dtlcl.: l o p  I x ~ n t l  is 2 kh: lo\\*c.st visihlc hand 
is 1.54 hp.) Primrr srqwncrs arc shown in Figure 1.  Thr :~rrow shows a 1)ownti;tl polynorphic h n d .  proclucctl wirh (3 I)%\ 
hut not with R DNA, using the  AI/A3  primrrs  (third  and fourth Iancs). ( I ) )  'k~rgrtrd Kr\PII screening, using poolrrl DNA liom 
meiotic scgrcg;\nts, w i t h  various pinvisc. primcr com1)inations. Pool I (consisting o f '  :I misrrlrc of  four mn/-3 panel I members) 
was used as tc*mplatr in otltl-nu,1~I,crc.tl 1;lnc-s ;nld pool I I  (mixture of scvcn wr/-2 p;\ncI 1 mrmhcrs) in evcn-nurnbrrcd IiI11cs. 
Primer A.5 was usctl in every lane. DSA pools ;tnd sccontl primers used arc intlicatcd ;~hovr  racll  lane. I m w  14. RRI. I -kh latlder 
(top visible band is 4 kh sizr markt-r). ,\rrow points IO rhc IEOI Kr\PI), Lv.. the upper mcmhcr of  a "tlorlhlrr" seen i n  lane 3 
(r\&I) but not in lane 4 ( / \ M I )  a t  - 1.3 kt). 

for genetic  linkage using  meiotic  segregants. Rased on Instcad  ofdirectly  comparing  thc  parent;~l  inbred  strain 
a genome size o f  -2.2 X 10'' base  pairs  (see KARRER R and < 3  DNA, we compared nvo DNA pools: one was 
19X6), a collcction of2200 RAPDs should give polymor- tlcriwtl  from five homozygous 11w/-3 panel 1 clones 
phisms with an a\vrage spacing of 1 0 0  kh. Assuming an (pool I )  and t h e  other from five homozygous mnl-2 
average of about  one R+,CS- or <:3+,R- polynor- clones  from the samc panel (pool 11). Most K.WDs un- 
phism per  primcr  combination, we should  thus  screen  linked to rnn/will scgrcgate randomly and wil l  he scram- 
at least 2200 primer  combinations. bled among the  t w o  pools: t hw they will give a band 

To speed up thc  search for rntAinkctl polynor- in b o t h  lanes and the! will thus  cscapc tletcction (and 
phisms, we used the following shortcut  that bypasses ;tdditional  work). RAMh that arc closcly linkcd to mn/ 
the  detection  and  mapping o f  most unlinked RAPDs. ; w t I  :I minority o f  unlinked R A W S ,  i . ~ . ,  thosc  that by 

TABLE 3 

Allelic ratios of mat-hdinked RAPDs among cycloheximide-selected meiotic segregants in panels 2 and 3 

Loci: lAS2 ICHI I K O I  lKO3 IJR3 I J l 3 l O  I.lRl I IKF!! I K S J  Inn/ 1 P W  h r  
Primers: )\I2 Xti 12.5 x 1 I) I\ I A 2 A2 A!! x2  131 7 

( 3  1312 Ati I34 r\9 I\!) X20 ( xi x 1  i K!O 
Size: 1.0 1 .s 1 .3 0.4 1 .o 1.2 0.4.5 0 . t i  0.3 0.5 

Search: 21. mat mat 21. UR UII u II 21, m ; 1 1  I l l i l l  

hand+ 64 71 ($5 12 17 34 5!) ti4 69 ($3 63 io 
hand - t i  1 .i4 (i3 1 3 13 28 59 ti4 (i 1 67 ti4 t i0  
Total 12.5 125 I28 2.5 30 ( 2  118 I28 1 30 130 I27 130 

Abbreviations  in RrWD names: A S ,  I\nita Surh;~rczuk: CH, <:hristi;ln l-l(-id: I<(). Etluartlo 0rias:JR.Jason Rricknrl.: KF, Kenneth 
Ferguson; ICU, KathyJ.  Nakano; I", Punam Mathur. Primer srqtwnccs arc listctl i n  Figure 1. R;tntl I)NX sizes arc rsprc*ssrd in 
kh. Searches: milt and 21, were targeted t o  the mer/ locus antl  cllromosomr 2 1.. rcsprctivdy, a s  tlcscrilxtl in thr text; CR, rlnhiasctl 
search (BKI(:K%K P/ nl., unprhlislletl results). Alleles are tlesignatcd according t o  p;~r(-nt;d inbred  strain rhat contril)rlkd it. In 
c\.er)t CBSC the R allele is l);nltl+. None of rhc  allclic ratios tlvvi;ltc*s significantly from t h c  cspcctc~tl I:l  ratios  (prolxlhilitics o f  
x? > 0.05). 
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s~n~rccs)  I3 ;~nd ( 3 .  p;Ircntal in1)rcd strains. 0 1 h v r  I;IIIC*S arc 
individl~~d p ; 1 1 1 c 1  2 wgwg;Inrs. !’me1 m c w l l ) c m  SR’LJO4, 
SIW{ I .5. slv!:~3!), sR”:wo. slv!:564, SIYLJ!)!) i l l l t l  SR”-lOL‘ ;1rc 
rnrrr-2 holllo/yg”les; Ill<.  rcw : I l l ’  n m / -  i horllo~golcs. (.I‘ll<. SR 
prdix  Ilils l x v w  onlirlcd fro111 c;~cll t l m w  in IIw ligurc..) SI, 

prinwrs: :\.5 ; I I I ~  :\ti. Arrow indicates K ; \ P I )  I E O I ,  t h v  11p1)c-r 
r ~ l c ~ ~ ~ l ) c * r  o l ’  t l w  tloul~lct nligr;Iting ;II - I 3  kl). \‘ariabiIity in 
o ~ l l c * r  h l d s  is d t w  1 0  marginally rc*pc;~t ;~ l ) lr  t l i l i i -rc~~~cc.~ o r  lo 
o111c.r sc~gwgating ltWl)s.  ‘ I ‘ l l c w  m t l  other I W S  ( n o r  shown) 
sl~o\wtl t h a t  sis 0 1 1 1  o I  20:1 pxncl nlcwlwrs ~c.strtl \vc*rc* n u / / -  

/k,.O/ rc.eonll)in;lnts. 
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chancc* scgrcg;~tc*tl among  the p o o l  mcmhc-rs l i k r  t h c -  
m a /  IOCIIS, w i l l  rc*st~lt i n  ;I( Ic.ast o11c lxlntl+ sc*grcy;~nt 
i n  pool I ;mcl five lx1nd- sc.grc.g;\nts  in pool 11, o r  v i w  
VWW: tI1c.y w i l l  thus sho\v a 1,;111tl with OM’ pool ; I n d  not 
the  other, ;Incl thtls w i l l  !x- r l c t c ~ t c d  (scc Figure 3R).  
B y  rcvmstrrrction  expcrimcwts ( d a t a  not  shown), wc 
confirmed  that  thv  ahscncc o f  a  band nlwns t h a t  none 
of thc five clones  has the Ixlntl+ phcnotypc. 

Polymorphic b;lnds dctc*ctctl by the ;lbo\.c screen 
wcrc first tested for wpcat;Ibility. To tlistinguisll closcly 
linked from unlinkcd polylnorphislrIs, rcpcatahlc 
RZPDs wcro then tc*stcd with 2.5 intlivitlual mciotic sc’g- 
rcSgants. as illustratctl i n  Figure I. KAPlh showing link- 
>\gc t o  mtr/ w ~ ~ r c  then tcstctl with up to 203 members of 
the mciotic scgrc’gant panels. Two of  the polymorphic 
bands (]Rl 1 iI11tl KN3) were also cloned  and  screened 
by c l o t  blots. as rlcscribctl in M A T E K I A I S  ANI) 54IETI.IODS, 
hcca~~sc~  thc bands w r c  occasionally faintly stained bv 
EtRr and showed somc variahilitv i n  gels. 

M’c havc also succcssfdly t;1rgc.t<*tl the polymorphism 
scarch t o  the  cntirc left arm o f ‘  micronuclear  chromo- 
some 2, by c.xploiting thc ability o f  monosomic  strains 
t o  uncover rcvxssivc allclcs. such ;IS t h c  absence of a 

tain cllrolnosolllc.-tlc.sigll;~tccl tcmpcraturc scmsitivc mu- 
tations i n  ’/: T I I E K \ K W I I I I . A  (i\1~1.S(:IIt~I.I.K and R K ~ ~ S S  
I W I ) ] .  I n  this screw, wc rc*pl;~cc*tl the ma/-3 pool DNA 
with DSX from  monosomic  progcny  dcrivcd  from 
( X 3 i 4 .  Thew* progeny ;trc hcmizygous for  (:Iklcrivcd 
DNA in micronr1clc;lr chrornosomcs 21. and 41,. and 
hctcrozygous R / C 3  clscwhcrc. Only R*IPI)s located on 
21. (i1ntl 41.) sho~~l t l  givc ;I l w n d  with  ma/-2 DNA pool 
and n o t  w i t h  the 1110110-21..¶. DSA. Rvpc-atahlc poly- 
morphic  bands wcrc t c ~ c d  w i t h  >t monosomic  panel t o  

RAPD h;lntl.  [An ;lnillogolls ;lppr<);1ch \\w I I W ~  10 ob- 

distinguish 21. from 41. RAPDs, and with the meiotic 
s c y p p n t  panels t o  test for  linkage and measure gcsnctic 
distancc as above. 

Using thc above approaches, we detected I O  RtIPDs 
linked t o  eithcr ma/ o r  Pmr. As shown in Tahlc 3, ;\I1 
markers segregatcd among meiotic  segregants with ra- 
tios not significantly difl’ercnt statistically from the cx- 
pected 1 : l  Mendelian ratios. The results o f  tests with 
individual meiotic  segregants  wcre used t o  make the 
linkage map shown i n  Figure .i with the aid o f  thc MAP- 
MAKER computer  program  (see MATIXIAI-S ASD \ W ~ I  I- 

ons). [ A  preliminary version o f  this  map was cornmuni- 
cared t o  RKI’SS and  (:.~sII)\”HAsI.EY (l993)]. The 
likelihood of obtaining  the ohsenwl segregation 
among 203 members o f ’  the meiotic  segregant  panels 
based on t h c  map in Figurc .i has a 1.01) 01‘3.4; i . ~ . ,  i t  
is 3.4 log units  higher (2400:l odds) than  that based 
on  the second Iwst map, in which the  order of 1PM8 
and mer/ is reversed. The statistical reliability of our  map 
was improved by considering  meiotic  segregants  from 
all thrcc panels. For the distance  calculation  for  Figure 
5,  however, only panel 2 and 3 members were used. 
Inclusion o f  data from the 25 panel 1 members would 
have slightly inflated  certain  distance  measurements, as 
these  clones  had  originallv  been  chosen  for  being ma/- 
Pmr recombinants. The  expected location  of mat-tar- 
geted, maklinked RAPDs on  the left arm of mi- 
cronuclear  chromosome  2was  confirmed by nullisomic 
mapping (J. H. RRICKNER, T. J .  Lwc1-1, D. ZE:Il.IS<XR 
and E. ORINS, unpublished  results). 

The RAPD data we obtained also yielded a record of 
the cross-overs that  occurred in the meiotic division 
that  generated  the  genotype of every panel  member 
tested (not shown). The observed  distribution of cross- 
overs is shown in Table 4. No significant cross-over intcr- 
ference was detected: the ohserved  distribution is not 
significantly different  from  the  distribution  expected if 
cross-overs are statistically independent of one  another 
(probabilitv o f  chi  square > 0.10). This  justifies the 
correction of raw recombination  frequencies,  using  the 
Haldilne equation  (see M.(hTEKlhlS ANI) METIIOI~S),  t o  

obtain  the cM values given in the  map in Figure .i. 
Frequency of meiotic recombination in the mat-Pmr 

neighborhood: The small fraction o f ’  Tetrahymena gc- 
nctic 111;lrkers that show linkage  has led t o  the view that 
the  freqwncv of meiotic  recombination  per  unit of 
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TABLE 4 

Distribution of crossovers among 178 meiotic 
segregants in panels 2 and 3 

Incidence 

No.  of  xo  Observed  Expected 

0 113  104 
1 43  56 
2 15  15 
3 6 3 
4 0 0 
5 1 0 

Total  178  178 

Numbers  expected  are  based  on  Poisson  distribution 
(mean  number of crossovers  per  segregant  is  0.54), Le., assum- 
ing  that  crossovers  are  statistically independent of one  an- 
other. Classes  2-5  were  pooled  for  purposes of the  chi  square 
test. Chi square sum, 4.61;  d.f., 2; probability > 0.10. The 25 
panel 1 members  were  excluded  because  they  were  selected 
for having  an  odd  number of crossovers  between mat and Pmr 
and  would distort  the above distribution.  The  actual mean 
number of  crossover  per  segregants is likely  to  be higher, 
since a smaller  number of segregants  have  been  tested for 
the RAPDs farthest away  from the mat locus, 1E03 and 1JB3. 

physical length is high (see BRUNS 1986). Our RAPD 
mapping allows  us to make a rough estimate of the 
number of kilobase pairs per centiMorgan (kb/cM) , at 
least for the matPmr region. We found 10 W D s  in a 
187cM segment  (95 cM in the linkage group shown in 
Figure 5, plus at least 46 corrected cM on either side 
of it, where any RAF'D would  have  shown linkage, i.e., 
<30% recombinants, to the end RAF'Ds). The average 
genetic spacing between RAPDs is 187 cM/11 spacings 
or 17 cM.  We estimate that we screened 645 B+,C3- 
RAF'Ds (884 primer combinations X 0.73 B+,C3- 
RAF'Ds per  primer  combination). If RAF'Ds have con- 
stant probability of occurrence  per physical unit  length 
(kb),  then the average  physical spacing expected be- 
tween RAPDs is 2.2 x lo5 kb/645 or 341 kb per RAF'D. 
The average kb/cM then is  341 kb/17 cM or 20 kb/ 
cM. The quality of this estimate is discussed  below. 

DISCUSSION 

rn&Anl.linked DNA polymorphisms: The RAPD 
method, first used in plant molecular genetics (WIL 
LIAMS et al. 1990), provides an efficient, general, rela- 
tively inexpensive and safe method to identify and  map 
DNA polymorphisms in any organism. The Tetrahy- 
mena RAPDs we have identified and mapped in this 
work behave as bonaJide nuclear genetic markers. Their 
1:l meiotic segregations (Table 3), matlinkage (Figure 
5)  and ZL  location (J. H. BRICKNER, T. J. LYNCH, D. 
ZEILINGER and E. ORIAS, unpublished results) lead us 
to rule out the possibility that  the polymorphic bands 
of interest resulted from the amplification of contami- 
nating DNA or other PCR artifacts. 

With the aid of our targeted search, the RAPD a p  
proach has  yielded 10 RAPDs detectably linked to the 
mat and Pmrloci (Figure 5). This density of genetic mark- 
ers far surpasses  any  ever described in T. thermophila. 
Outside of the many  tightly linked DNA polymorphisms 
known  within the ribosomal RNA gene (see LARSON et al. 
1986; ENGBERG and NIELSEN 1990), no other published 
Tetrahymena linkage group has included more than 
three markers. The present advance can be attributed 
to having screened the equivalent of close to 1000 DNA 
polymorphisms. The map on Figure 5 gives hints of 
RAPD clustering around mat relative to Pmr, even though 
our targeted search treated mat and Pmr symmetrically. 
However, it still may be too early to reach any  statistically 
meaningful conclusion on this point. 

The initial  motivation for the search for mat-linked 
polymorphisms was to provide neighboring starting 
points for a chromosome walk to the mat locus. The 
RAF'Ds that flank the mat locus should be very useful for 
this purpose, as they could be -80-130  kb away, based 
on  our rough estimate  of  meiotic recombination fre- 
quency (discussed further below). Those RAPDs also 
place boundaries on the segment to be  covered by the 
walk. 

Frequency of meiotic  recombination  in  Tetrahymena: 
We have estimated the average frequency of meiotic 
recombination for the mat-Pmr neighborhood to be 20 
kb/cM. This estimate must be viewed  as  only  very pre- 
liminary and could easily be wrong by a factor of  two 
for  the following reasons: (1) The genetic spacing esti- 
mate is based on 10 linked W D s ;  it is therefore subject 
to some sampling error. (2) The genetic spacing esti- 
mate assumes that we found all the  repeatable DNA 
polymorphisms potentially demonstrable with the prim- 
ers used. Based on an untargeted search that used a 
subset of the primers, we believe that  the fraction we 
missed  is  small, probably much less than I/*. In  the 
kb/cM calculation (RESULTS), missed polymorphisms 
would shorten proportionally the average RAF'D ge- 
netic spacing in the  numerator. On the  other  hand, 
since most  missed markers would be interstitial, their 
insertion would extend less than proportionally the to- 
tal cM, and  thus  the genetic spacing between RAF'Ds, 
in the  denominator. On balance, their absence leads to 
some underestimation of the kb/cM. (3) The physical 
spacing estimate assumes that B,C3 RAF'Ds are ran- 
domly distributed, i.e., have constant probability of inci- 
dence  per  unit of  physical chromosome length.  The 
extent  and scale  of  any  possible clustering, if it exists, 
is still unknown. 

Although rough, this is the first  estimate of the fre- 
quency of meiotic recombination in Tetrahymena. Our 
estimate of 20 kb/cM is consistent with the view that the 
frequency of  meiotic recombination per physical unit 
length of DNA is high in T. thamophila and accounts for 
the previous  difficulty  in finding linked genetic markers 
in  this  species.  For example, according to our estimate, 
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the probability that two particular, randomly selected 
markers will fall  within the same 40cM interval, and thus 
show detectable linkage, would be -0.4%. 

Assuming that  the meiotic recombination frequency 
in the mat-Pmrneighborhood is representative, the total 
genome  length would be 2.2 X lo5 kb/20 kb/cM, or 
11,000 cM. However,  local recombination frequencies 
can vary  by as much as  10-fold compared  to  the genomic 
average (e.g., tomato) (SEGAL et al. 1992). Our estimate 
is larger  than  the previous minimum estimate of  1500 
cM (McCoy 1977), based on  the linkage groups and 
the  number of markers linked to no others known in 
1977. Direct estimates of the frequency of meiotic re- 
combination and its  variability  in Tetrahymena will re- 
quire physical mapping of  DNA polymorphisms. 

RAPD markers and Tetrahymena  genetics: RAPD 
polymorphisms are a new  class  of Tetrahymena genetic 
markers. All the advantages of the RAPD method listed 
in the  Introduction have proven to be enormous time 
savers in this  work. When compared to conventional 
genetic markers, i.e., those that result in biological phe- 
notypic differences, additional  general advantages are 
noted as  follows:  universality  of the  method of pheno- 
type detection, ability to test all the RAPD markers for 
linkage to one  another by using a single panel of  mei- 
otic recombinants, absence of intrinsic differential 
growth or lethality conferred by either allele, and  no 
loss  of genotypic information due to interactions at  the 
level  of gene expression (e.&, epistasis). 

Our successful  use of two-primer combinations in 
Tetrahymena  appears to be an improvement over the 
use of single primers in the original method.  In our 
preliminary work,  two-primer reactions generally were 
richer in bands  than, and showed few or no bands in 
common with, single-primer reactions. All our RAPDs 
so far mapped  require two different primers, even 
though we screened all the  corresponding single- 
primer reactions. The combinatorial use of primers 
greatly lowered the  primer cost of our RAPD screen. 
This cost feature is particularly important for detecting 
linkage in T. themophila, where the high frequency of 
meiotic recombination requires a higher physical den- 
sity  of markers than in many multicellular eukaryotes. 

The nuclear dimorphism of Tetrahymena creates 
special opportunities for the application of the RAPD 
method, as  well  as generating special challenges. We 
discuss  below  how we have addressed them. 

Use of whole  cell DNA: Our mapping goal requires  that 
the RAPD markers reside in the  germline (micro- 
nuclear) DNA. However, an  important time and labor 
saver has been  the successful use of  whole  cell (rather 
than purified micronuclear) DNA preparations as  tem- 
plate for PCR reactions. In exponentially growing cells 
the average micronucleus is essentially 4C and  the aver- 
age macronucleus is  -6OC. Thus, -90% of the DNA 
in such preps is macronuclear DNA and only -7% is 
micronuclear DNA. Macronuclear rDNA (21 kb) and 

mitochondrial DNA (-40 kb) are high copy number 
species that  together  account  for <2% of the total cell 
DNA amount  and <0.03% of the total genomic com- 
plexity. The Mendelian segregations attest to  the ge- 
netic specification of the RAPDs in the micronucleus. 
Given the  preponderance of macronuclear DNA in our 
PCR reactions, however, it is likely that most (if not 
all) of our polymorphic RAPD bands physically used 
macronuclear DNA as the starting template. 

We took two precautions in preparing DNA from 
members of the panels of meiotic segregants: we pre- 
pared DNA from a mixture of descendants from many 
conjugant pairs and after the minimum vegetative  mul- 
tiplication practicable. These precautions addressed 
several  known or suspected phenomena: (1) the occur- 
rence of programmed alternative DNA rearrangements 
(and  other possible developmental accidents) in inde- 
pendently differentiated new macronuclei (YAO 1989), 
(2) the  occurrence of macronuclear mutations, includ- 
ing deletions, after prolonged vegetative multiplication 
(ALLEN et al. 1985) and  (3)  the likely occurrence of 
RAPD polymorphisms in mitochondrial DNA from in- 
bred strains B and C3. Whether due to our precautions 
or not, we have encountered  no examples of any  of the 
above problems so far. 

Polymorphic  strains: The educated choice of strains B 
and C3 was  very rewarding. We found  an average  of 
about  one B,C3 RAPD polymorphism per  primer com- 
bination; 0.73  of these were  of the B+,C3- type. It is 
too early to attribute meaning to this curious bias. 

We can estimate the average frequency of  B,C3 DNA 
sequence differences based on  the frequency of one 
B,C3 RAPD per  primer combination. An early  analysis 
based on 14 different two-primer combinations yielded 
an average  of 7.7 bands per RAPD  PCR reaction (i.e., 
per  primer  combination). Since the  band  pattern is 
sensitive to single base pair substitution (WILLIAMS et 
al. 1990) and  the two 10-mers that  prime each band 
test for  the identity of  20 nucleotides, we estimate that 
154 bp  are tested by each primer  combination. We esti- 
mate therefore a frequency of one B,C3  DNA sequence 
polymorphism per 154 bp. This estimate is in good 
agreement with the average frequency of one DNA  se- 
quence polymorphisms per 180 bp observed in the  non- 
transcribed spacers of the B and C3 rDNA (see Table 
I1 in ENGBERG and NIELSEN 1990). At first sight this 
agreement is surprising. For reasons related to commer- 
cial  availability and cost, we used primers that  are GC 
rich (60 or 70% G or C residues). Yet, the average GC 
content of the T. thermqbhila genome is only 30%,  and 
the bulk of the  noncoding regions (including  the rDNA 
nontranscribed  spacers), which might have been ex- 
pected to be  more polymorphic, are only  -10% GC 
(KARRER 1986). We have no further insights into this 
apparent paradox. 

Use of genomic  exclusion to generate  meiotic  segregant pan- 
els:  We used panels of meiotic segregants to target our 
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polymorphism search to the mat-Pmrneighborhood (dis- 
cussed  below) and to map the RAPDs based on the 
frequency of  meiotic recombination. The meiotic  segre- 
gant panels were extremely usehl for mapping, because 
the mapping work increases as a linear, rather  than 
square, function of the number of RAPDs and additional 
information is obtained from the complete pattern of 
cross-overs in every  interval for every panel member. 

The usefulness of our meiotic segregant panels was 
enhanced by exploiting genomic exclusion (ALLEN 
1967)  in their construction. This phenomenon allowed 
us to isolate  meiotic segregants as “instant” whole-ge- 
nome homozygotes,  derived from the diploidization of 
single, independent, haploid meiotic products gener- 
ated from a multiply  heterozygous B/C3 F1. Such ex- 
treme homozygosity  of segregant progeny is not readily 
attainable in other genetic model organisms with diploid 
germ lines.  Homozygosity of the meiotic  segregants  re- 
sulted in  several  advantages for our analysis: (1) it cir- 
cumvented the  “dominance” of the  band+ RAPD phe- 
notype (WILLIAMS et al. 1990), (2) it resulted in clearer 
bands in the gel, due to the all-or-none nature of the 
band-generating DNA sequence, and (3) it prevented a 
potential source of confusion, special to Tetrahymena, 
namely the genetic homogenization of initially  heterozy- 
gous macronuclei that results from random distribution 
of  allelic copies during vegetative macro-nuclear division 
(phenotypic assortment) (see BRUNS 1986). 

The retention of the  parental macronucleus, which 
occurs in round  I of genomic exclusion, allowed  us 
to recover cells  with a  recombinant micronucleus as 
heterokaryons, covered by parental genetically compa- 
rable macronuclei (Figure 2A). This avoided  segrega- 
tion distortions caused by differential growth of recom- 
binant progeny resulting from possible deleterious 
markers linked to a particular polymorphism. In addi- 
tion,  the  round I heterokaryons were stored under liq- 
uid nitrogen, allowing  us to regenerate  the  round I1 
panels at will. 

Targeting  the  polymorphism search The use of mei- 
otic segregant pools was our most direct  approach to 
target our polymorphism search to the mat locus. It 
proved very  successful; it yielded the closest RAPDs to 
the mat locus and saved  us an estimated >90% of the 
work required to identify the linked polymorphisms if 
the primary screen had used the  parental B and C3 
strains instead. 

The idea of a segregant pooling strategy for a tar- 
geted RAPD screening was independently developed 
by MICHELMORE et al. (1991), who  discuss additional 
applications. Use  of pools much larger than five clones, 
as done by MICHELMORE et al., perhaps would  have  in- 
creased the probability of obtaining  additional  more 
distantly linked RAPDs. It also  likely  would  have sup- 
pressed the  detection of rare  unlinked polymorphisms 
that by chance segregated as if linked to mat-Pmr in the 
pools, although this was only a  minor  burden. 

We used a Z,4L monosomic strain as a second suc- 
cessful method of targeting our search to the mat-locus. 
As expected we obtained RAPDs not only in mi- 
cronuclear chromosome 2 L ,  but also  in 4L (J. H. BRICK- 
NER, T. J. LYNCH, D. ZEILINGER and E. OW, unpub- 
lished results). The use  of  monosornics in a RAPD 
screen targeted to a particular chromosome or arm 
should be useful  in a  genome  mapping  attempt if, for 
example, RAPDs are  rarer in a particular chromosome. 

RAPD approach and its general  usefulness  for  ciliate 
genetics: The above considerations indicate that  the 
RAPD method is complemented well  by special features 
of Tetrahymena genetics and promises a useful way to 
obtain a genetic map of the  entire  genome.  Indeed, 
an  untargeted search for RAPD polymorphisms (J. H. 
BRICKNER, T. J. LYNCH, D. ZEILINGER and E. OW, un- 
published results) has yielded RAPDs on all  five  mi- 
cronuclear chromosomes. Such a global map will be 
useful for quickly finding the  map location of  new muta- 
tions or cloned genes, and for map-based DNA cloning 
in Tetrahymena. In related work (S. L. ALLEN, D. ZEI- 
LINGER and E. ORIAS, unpublished  results),  the EstA 
locus has been assigned to  the Chx linkage group  on 
micronuclear chromosome 1R. 

Since in effect the RAPD method reveals a seemingly 
inexhaustible source of “instant  mutations”, it should 
also be useful for studying  basic genetic mechanisms in 
the micro- and macronucleus of other ciliates, and for 
constructing genetic maps in other ciliates and proto- 
zoa  in  which  recessive mutations are difficult to obtain 
due to obligatory cross-fertilization. The main require- 
ments would seem to be  the ability to cross polymorphic 
strains and generate meiotic segregants in the labora- 
tory and to  harvest modest amounts of DNA from a 
culture. 
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