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ABSTRACT 
We demonstrate a  reliable method  for  mapping conventional loci and  obtaining meiotic linkage data 

for  the ciliated protozoan Tetrahymena  thermophila. By coupling nullisomic deletion mapping with meiotic 
linkage mapping, loci known to be  located on a particular chromosome  or  chromosome  arm can be 
tested for recombination.  This approach has been used to  map  three isozyme loci, EstA (Esterase A), 
EstB (Esterase B), and AcpA (Acid Phosphatase A), with respect to the ChxA locus (cycloheximide 
resistance) and 11 RAPDs (randomly amplified polymorphic DNAs). To assign isozyme loci to chromo- 
somes, clones of inbred strains  C3 or C2 were crossed to inbred strain B nullisomics. EstA, EstB and 
AcpA were mapped to chromosomes IR, ?L and X ,  respectively. To test EstA and AcpA for linkage to 
known RAPD loci on  their respective chromosomes,  a panel of Round I1 (genomic exclusion)  segregants 
from  a B/C3 heterozygote was used. Using the "MAKER program, EstA was assigned to  the ChxA 
linkage group  on  chromosome IR, and a  detailed map was constructed that includes 10 RAF'Ds. AcpA 
(on X ) ,  while unlinked  to all the RAPDs assigned to chromosome ? by nullisomic mapping, does show 
linkage to a RAF'D not yet assignable to chromosomes by nullisomic mapping. 

I SOZYMES were among  the first  loci investigated ge- 
netically in Tetrahymena  thermophila (ALLEN 1960, 

1961, 1965, 1968; ALLEN et al. 1963a,b; BORDEN et ul. 
1973). Seven  loci  were identified,  each with two alleles: 
Esterase A (EstA), Esterase B (EstB) , Acid Phosphatase 
A (AcpA), Tyrosine Aminotransferase A ( TutA) , NADP- 
Isocitrate dehydrogenase  A (IdhA), NADP-Malate dehy- 
drogenase (MdhA) , and Tetrazolium Oxidase A ( TzoA) . 
Genetically determined variation was observed among 
the  inbred strains (Table  1 ) . 

There  are five pairs of chromosomes  in  the  micronu- 
cleus of T. thermophila. With at least 40 loci identified 
by the early 1970's, linkage between some of these loci 
might have been  expected. No obvious meiotic linkages 
were observed among six  of the seven  isozyme  loci nor 
with any of the  other 30-35 loci, except  for one case: 
EstA and mat (mating type locus) (ALLEN 1964; ALLEN 

and GIBSON 1973; DOERDER 1973). However,  even  this 
linkage was disputed (MCCOY 1977) since crosses  involv- 
ing  different  combinations of inbred strains did not 
behave uniformly with regard to recombination fre- 
quency between mat and EstA. It was suggested that 
crosses between certain  inbred strains showing linkage 
involved structural heterozygosity  while  crosses  of other 
strains not showing linkage for  the same markers lacked 
this structural heterozygosity.  However, no gross chro- 
mosomal rearrangements  could be detected  during 

University of Michigan,  Ann  Arbor, MI 48109-1048. 
E-mail: slallen@biology.lsa.umich.edu 

Genetics 144: 1489-1496 (December, 1996) 

Curresponding author Sally Lyman Allen, Department of Biology, 

meiosis,  with respect to ploidy or chromosomal mor- 
phology (McCoy 1977). McCoy (1977) also detected 
inbred  strain differences with regard to a possible link- 
age of EstA and ChxA (cycloheximide resistance).  He 
observed linkage when inbred strains B and C2 were 
crossed but  not with  crosses  of inbred strains B and D. 

In crosses  involving the 40 loci  known then, a total 
of  six potential linkage groups was found  (DOERDER 
1973; McCoy 1977). At least three of these linkage 
groups have not stood  the test of time: when mapping 
with nullisomic strains, those supposedly linked mark- 
ers  mapped to different chromosomes (BRUNS and CAS 

SIDY-HANLEY 1993). 
The nullisomic strains are  a  unique set of strains that 

have proved very useful in  genetic studies. They are 
characterized by having micronuclei (germ-line  nuclei) 
that have lost both copies of one o r  more chromosomes 
or chromosome  arms (BRUNS et al. 1982, 1983). They 
survive  vegetatively because they are heterokaryons hav- 
ing  normal somatic macronuclei. The macronucleus is 
the only nucleus active in gene expression and vegeta- 
tive reproduction,  and therefore  a  population of cells 
can be propagated indefinitely while  missing one  or 
more chromosomes in  their micronuclei. During sexual 
reproduction  the micronuclei of conjugating cells un- 
dergo meiosis. When a nullisomic strain is crossed to a 
normal  strain, progeny with monosomic micronuclei 
are  produced. Using this  type  of  cross and a battery 
of nullisomic strains missing different  chromosomes, 
genes can be assigned to their respective chromosomal 
location. To date over 100 different loci, >50 cloned 
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TABLE 1 

Allelic  constitution of inbred stra ins of T. thennophila 

Isozyme locus 
Inbred 
strain EstA EstB AcpA TatA IdhA MdhA  7ioA 

A B B A s s S F 
B B B B S S S F 
C3 C B A S S s F 
C2 C C B F F F F 
D B B A s S s S 

EstA, Esterase A ,  EstB, Esterase B; AcpA, Acid Phosphatase A TutA, Tyrosine Aminotransferase A IdhA, NADP-Isocitrate 
Dehydrogenase A; MdhA, NADP-Malate Dehydrogenase A TzoA, Tetrazolium Oxidase A. Alleles A, B and C refer to  the particular 
inbred strain in which the allele was first observed. Alleles Fand S refer to  the relative migration  after  electrophoresis: S, slow; 
F, fast. 

sequences and 47 RAPDs (randomly amplified polymor- 
phic DNAs) have been  mapped to specific chromo- 
somes or chromosome arms using this technique 
(BRUNS and CASSIDY-HANLEY 1993). 

Combining nullisomic deletion  mapping with recom- 
bination data allowed the  determination of meiotic 
linkage between the mat locus and  the ribosomal RNA 
gene (BLEYMAN et al. 1992). Nullisomic mapping re- 
vealed that  both mat and the ribosomal RNA gene  are 
located on the left arm of chromosome 2. Appropriate 
crosses revealed meiotic linkage. The distance between 
the two loci is estimated to be 34.3 cM (LYNCH et al. 
1995). 

This approach was used here to map  three of the 
isozyme loci, EstA,  EstB and AcpA. They were  first  as- 
signed to a particular chromosome, or chromosome 
arm, by deletion  mapping using crosses to 10 different 
nullisomic strains. Linkage to known RAPD loci was 
then tested by appropriate crosses and, when found, 
maps were constructed. EstA was assigned to  the ChxA 
linkage group previously located to 1R and built by 
mapping RAPD loci (BRICKNER et al. 1996).  Here,  a 
linkage group is defined as a  group of loci such that 
every member shows  statistically significant linkage to 
at least one  other  member of the group. As more loci 
are  mapped,  the ChxA linkage group should become 
coextensive  with the  entire chromosome 1. No linkage 
was found between AcpA, located to chromosome X, 
and six  known RAPD loci on chromosome 3, but it does 
show linkage to a RAPD not yet  assigned to chromo- 
somes by nullisomic mapping. EstB, known from this 
work to be located on chromosome X, has yet to be 
tested for linkage to these RAPD loci because inbred 
strains B and C3 are  not polymorphic for E&. 

MATERIALS  AND METHODS 

Strains The isozyme genotypes for each of the  inbred 
strains of T. thennophila are listed in  Table  1. 

The clones used (Table 2) were derived from various inbred 
strains of T .  thennophila (ALLEN and GIBSON 1973; OW and 
BRUNS 1975). Genotypes, phenotypes and references are 
given for  each  clone. For the nullisomic CU strains the desig- 
nation N (nulli) x, where  x  represents the  appropriate missing 

chromosome(s), is used to indicate the micronuclear compc- 
sition of each nullisomic line. Recently thawed stocks were 
used in all crosses. Clone C2-2671(C) was a gift from Dr. 
THOMAS NERAD at  the American Type Culture Collection 
(ATCC) and has the ATCC number 30389. The  other clones 
listed in  Table  2 have been  kept frozen in  the ORIA~ lab  (as 
described by FLACKS 1979)  since shortly after  their isolation 
and initial characterization  in the BRUNS' lab. 

Culture media: PP210 (nutritionally  rich,  proteose-pep- 
tone-based growth medium), 2% BP (bacterized  proteose 
peptone used for sequentially growing and starving cells) and 
Dryl's buffered salts solution (used  for starving cells) have 
previously been described ( O m  and BAUM 1984).  To select 
for progeny, cycloheximide (cycl) (Sigma) was added to 
PP210 medium at a final concentration of 15 pg/ml. 

Genetic  procedures: Routine procedures for the mainte- 
nance of strains and growth of cells have been previously 
described ( O w  and BRUNS 1975; ORLAS and HAMII.TON 
1979). For long-term maintenance, stocks obtained in this 
work were frozen  in liquid nitrogen byJuDrTH DODGE ORUS. 
Unless otherwise specified all the work was done  at 30". 

Crosses: Cultures were sequentially grown, starved, mixed, 
refed, and cycloheximide-selected in Petri dishes (Oms and 
BRUNS 1975).  The progeny were then grown 5-6 days in 
Erlenmeyer flasks (100 ml in 250-ml flasks) before  extracts 
were prepared  for isozyme phenotyping. Twoday-old cultures 
were used for  preparing DNA when required  for PCR and 
RAPD testing. 

Isozyme  phenotyping: Whole-cell extracts were made by 
concentrating  the cells by centrifugation and rinsing them 
with  Dryl's salts solution. The cells were then frozen-thawed 
six times in  a dry-ice ethanol  bath  and  stored  at -20". 

Gels  were made  in  12% hydrolyzed potato  starch 
(STARCHART, Smithville, TX: lots W560-2 and W562-2). The 
starch buffer was 30 mM boric acid-Tris, pH 7.7 for the ester- 
ases and pH 7.15 for the acid phosphatases. We had to lower 
the  pH  to 7.15 to reveal the B allele of AcpA, which is  very 
sensitive to pH  compared to the A (C3) allele. The end-tray 
buffer was 0.3 M boric acid-Tris, pH 7.34 for  both  the esterases 
and acid phosphatases. Except for  the  pH of the buffers, 
details of the  technique used for starch-gel electrophoresis 
followed published procedures (ALLEN 1960, 1964; ALI.EN et 
al. 1963a,b). Gels were run for 4 3/4  hours at 245V for  the 
esterases and 225V for  the acid phosphatases. 

The gels were then sliced into pieces and  marked;  the 
pieces were placed  in  a tray (for  the esterases) or test tubes 
(for  the acid phosphatases), and  an enzyme-specific substrate 
and dye were added, as previously described (ALLEN 1960, 
1964; ALLEN et al. 1963a,b). The substrate reacts with the 
enzyme in the gel and  the dye binds to their  product in situ, 
producing visible bands. The substrates  used were  as  follows: 
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TABLE 2 

Strains used 

Inbred Mating Macronuclear 
Clone  strain  Micronuclear  genotype“ type phenotype  Reference 

A*III A Defective, not transmissible I11 Wild type 1 
SRI 969 B mnt-2/mnt-2  Cl1xA2/Cl1xA2 11 cvcl-s 1 

C33685 C3 mnt-3/mn1-3 V Wild type 1, 2 
c.3-49 1 1 C3 mnt-3/mnt-3 I Wild type 3 
(3-49 16 C3 mnt-3/mnt-3 VI Wild type 3 
cu3.54 B mnt-2/mnt-2,  N-5,  Cl1xA2/ChxA2 N cycl-s 4 
cu3.57 B mnt-2/mcrt-2, N-4  CI1x,42/ChxA2, Mpr/Mpr N cvcl-S, 6mpR 4 
CU36lsb” B mnt-2/mnl-2,  N-3,4  ChxA2/CImA2, Mp/Mpr N cycl-S, 6mpR 5 
(;USTI B mnt-2/mnt-2,  N-  11,,2R  CI1xA2/ClzxA2, Mp-nul l  N cycl-S, 6mpR (5 

c u 3 7 4  €3 mcrt-nzcll, N-21.,41,  Cl~xA2/CIlxA2, M p / M p r  N cycl-S, 6mpR > 

CU378 B mnt-2/mnt-2,   N-3R,4,5  Cl1xA2/Cl1xA2 V cycl-s 6 

CU389 B mnt-2/mnt-2,  N-11.,2R,5  Cl1xA2/ClzxA2 V I 1  cycl-s 8 

C2-2671 c 2  ma1-3/mn1-3 I Wild type 2 

CU352 B mnt-2/mnt-2,  N-I1,,3  CImA2/C:I,xA2 N cycl-s 6 

CU377 R mol-null,  N-21,,3,41.  ChxA2/(XxA2 N cycl-s 6 

CU380sb” B mnt-2/mnl-2,  N-3,4,5  C11xA2/ClmA2 N cycl-s 7 

“See  Table 1 for isozyme genotypes. 
“sb,  Santa Barbara maintained stock CU36I was originally described as N-3 (RRUNS et nl. 1983); however, the  strain  maintained 

in our  laboratory  under  the  same  name  (now  renamed CU36lsb) behaves as N-3,4  (GUTIERREZ and ORIAS 1992; BRICKNER rt nl. 
1996). CU380 is listed as N-3R,4,5 in CASSID\~”ANI.EY rt nl. (1994). The N-3,4,5 assignment  for  the  strain frozen  in om laboratory 
under  the  same  name  (now  designated CU38Osb) was as originally communicated to us by the BRuNS laboratory.  References: 
1. BI.MAN et /I/. 1992: 2. ORlhS and BRLINS 197.5: 3. BRI(:KNER el fll. 1996; 4, BRUNS P I  fll. 1983; 5 ,  GUTIERREZ and ORIAS 1992; 
6, BRUNS t-t 01. 1982; 7, this work; 8, CAS~II~Y-HA~I .EY rt nl. 1994 

. .  

a-naphthyl  propionate (EstA), a-naphthyl  butyrate (I5tsln). 
and  sodium  a-napthyl  phosphate (AcpA) (all from  Sigma). 
The dve-couplers  used  were Fast Blue RR Salt (esterases)  and 
Fast Garnet GBC (acid  phosphatase),  both from  Sigma.  Gels 
were photographed using a Polaroid Land  camera  under 
transillr1rnin;~tion. Typical gel patterns for each LYtA, Lxtslnand 
Arl,il genotype  are illustrated  in the  photographs shown  in 
Figure 1. 

RAPD genotyping: For use  in PCR whole-cell D N A  was pre- 
pared as described by L~RSOS rt nl. (1986). The RAPD method 
of M’II ,LIA>~~ rt nl. (1990) was used to identify, map  and  target 
D N A  polymorphisms except  that two primers were  used in 
each  reaction instead of one.  Inbred  strains €3 and C3 were 
used  and B+,C- polymorphisms  were scored in the  progeny 
of various types of crosses of these strains. The details of these 
procedures  are  described in LYSCH rt nl. (1995) and BRICKNER 
rt nl. (1996). RAPDs found  here to be  linked to isozyme genes 
are  described in Table 3. 

Linkage  maps: To look for linkage  between the isozyme 
loci and other previously mapped loci, a panel of randomly 
segregating F, homozygotes was used (panels 1 and 2  in 
LYSCIH rt nl. 1995). These homozygotes  were obtained by 
allowing progeny of a B/C3 cross to undergo  genomic exclu- 
sion using  the A* strain.  Genomic exclusion is a process that 
utilizes a cross with a so-called “star”  strain to produce prog- 
eny  that  are homozygous at every loct~s (AI.I.EN 1967). Each 
member  of  the  panel is a whole-genome  homozygote, derived 
from  an  independent  haploid meiotic product of a R/C3 
heterozygous F, ; alleles at  each heterozygous  locus segregate 
in the  panel in a 1:l ratio. Details of the  construction  and 
nomenclature of these  panels  are given in LYWCII t-t 01. (199.5). 
The F2 data were analyzed using the  computer  program MAP- 
MAKER (IANDER rt nl. 1987) to detect  linkage  and to order 
linked loci into  the  maximum likelihood linkage  map. The 
order within a linkage group is that which gives the lowest 
log-likelihood for  the Fs data, as determined by  MAPMAKER. 
For statistical significance the likelihood given by this order 

EstA Est8 AcpA 
B BC C B BC C  C BC B 

. 

FIGURE I.-Photograph of gels of isozymes specified by 
EstA (A), f i t R  (B), and AcpA (C). B, BC and C: inbred  strain 
I3 (homozygotes), B/C F, hybrids (heterozygotes)  and  inbred 
strain C2 or C3 (homo7ygotes). Small arrowheads, polymor- 
phic  bands; 0 and big arrowheads,  electrophoretic origin. 
The  cathode is at  the  top.  The esterases and acid phosphatases 
are enzyme families with only some  members showing genetic 
variation (AILEN 1960, 1961, 1965; AI.I.F.N P I  nl. 1963a,b). Un- 
der various electrophoretic  conditions 20-25 family members 
are visualized; the  members of the Family  vary under  different 
physiological conditions  and pH, and show specificity for dif- 
ferent substrates. inhibitors, or activators. There  are  four to 
five isozymes for  the E.&\ alleles, which segregate a s  a unit. 
The AcpA heterozygote has a prominent hybrid molecule  in 
addition  to  forms seen in each homozygote. In the  photo- 
graph  the  prominent  anodal  band  does  not  belong to the 
A @ A  group. 
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TABLE 3 

List of RAPDs used 

RAPD Primers Size Location 

110 14 A2 D l  0.45 IR 
11015 AI 3 D8 0.7 IR  
I J O  I8 A2 D l 7  0.4 IR 
1 Jl’l2n A2 €51 1 0.4 IR 
* IXS6IR C6 D l 3  1.5 3R 

RAPDs are  named with initials of those who identified  and 
mapped  them  (see L\WXI r /  nl. 1995).JO, JLWITH ORIAS;JP, 
JLIsr Is  PIIII.I.IPS; XS, XUFM, SI-IES. Other RAPDs used are 
described in BRI(:KNER r /  nl. (19%). Primers  are  from RAPD 
primer kits obtained  from  Operon  Technologies  Inc. Size 
o f  the  polymorphic  band is in  kb, approximately. Location: 
micronuclear  chromosome  arm  location. *IX.ShIR is a “re- 
verse” RAPI), i.r., it gives a band with C3 hut  not with R DNA, 
i t  was mapped to 3R only by meiotic  linkage to ArpA (rhis 
work). All other RAPDs used are R+,C3-. 

must he at least 3 log units greater  than  that given b y  the 
next best order. 

RESULTS 

Assignment of isozyme loci to  chromosome: Inbred 
strain ( 2 1  differs  from inbred  strain B at  the E.stA and 
A$A loci, while inbred  strain C2 differs  from  strain B 
at  the EstA and E.stZi’loci (see  Table 1 ) .  To assign isoyme 
loci to their respective chromosome,  clones of inbred 
strains CS (C3-3685, C3-4911, and C3-4916) and C2 (C2- 
2671) were  crossed to a panel of 10 inbred  strain B 
nullisomic  strains that  differ in which chromosomes 
have been lost  from the  micronucleus  (see  Table 2) .  
The resulting  progeny  were  heterozygous  for all chro- 
mosomes or  chromosome  arms  except  for  those missing 
in the nullisomic parent,  for which the progeny  were 
hemizygous for  the C3- (or C2-) derived  chromosome. 
A panel  of  monosornics was thus  created  containing  at 
least one panel member hemizygous for every chromo- 
some  except IR. By determining  the  phenotype of each 
member,  the  location of the  gene  being investigated 
could  be  deduced. If the  progeny show the  presence 
of only the CS strain  isozyme(s),  then  the  gene is l o -  
cated on a Merived  chromosome missing in the  mono- 
somic  strain. 

Isozyme phenotypes of monosomic  progeny were de- 
termined by starch-gel electrophoresis of  frozen-thawed 
whole-cell extracts. Photographs of the results  of the 
crosses of C2 with the B strain  nullisomics are shown 
in  Figure 2 for EqtA and E.stZ3. A heterozygous  pattern 
is observed for EstA in all of the C2/B nulli crosses. 
Thus, E.stA must  be  located on 1R since  this  chromo- 
some is not missing in any  member of this  panel and 
other  chromosome  arms  are  ruled otlt by the  data. A 
similar  result was observed  in the crosses  of C3 with the 
R strain  nullisomics. All the results  of monosomic tests 
are  summarized in Table 4. For EslR note  that  the  pure 
C2 allele pattern is observed  in  the  progeny of the nulli- 

(A) 1 2 3 4 5 6 7 8 9 10 11  12 1314 15 16 
? -  

FIGURE 2.-Nullisomic deletion  mapping of I G / A  and E T / R  

genes.  Arrowheads (and braces for k..s/,,\), location of  polynor- 
phic  hands; arrow, electrophoretic  origin; + and - bclow 
each  gel,  scoring  for  presence o f R  strain  isozyme(s). (A)  IC.s/,.t 
maps to IR. Lanes 1-10 and 16: F, o f  C2 crosscrl respectivcly 
to N5; N4; N3,4; NII,,2R, NlL.3; N2I.,¶,;  521.,3,¶.; N3.4.5; 
NlL,2R,5; N3R,4,5; and N3,4,5. 1;anes 1 1  and 1.5: B X C2. 
Lanes 12-14: C2, R, antl C3, rrspectively. Note that a 1 1  mono- 
somic  lanes show the  Merived bands: this climinatcs a l l  but 
the IR chromosome. (B) k,..s/slR maps t o  3,. Imws 1 - 1 0 ,  13. 
15: F, of C2 crossed respectively to N4; N5; NlI..2R; N3,4; 
NZL,¶,; NII,,3; N3,4,5; N21.,3,¶,; NJX.4.5; NII.,2R.5; 
N3R,4,5; and N>T,4,5. Lanes 1 1 ,  12, 14. antl 1 6 :  C2. B X ( 2 ,  
R, R X C2. Note that the Merived h ~ n d  is prrsrnt i n  a l l  
monosomic  lanes  except those that  include 3. 

somic  strains  missing  the  cntire  chromosome 3 but  not 
in  those  missing 3R (Figure 2) .  We conclrlde  that Kk/B 
is located on  chromosome 3”. AcpA appcars to be l o -  
cated  on  the right  arm of chromosome 3 (Table 4). 
This  inference was drawn  from the results of the crosses 
of C3 to  eight of the €3 strain  nullisomics,  where a hemi- 
zygous pattern is observed  only in the  progeny of nulli- 
somics  lacking  chromosome 3 or  3R (CU.778). 

Linkage of EstA to the ChxA linkage group: A number 

TABLE 4 

Summary of nullisomic  mapping of three  isozyme  loci 

k:.S/!l E s / B  A rpA 

Nulli’s 
“ 

x (3 x ( 2  x C2 x CJ 

CU354 ( N  5) + + + + 
C1J35f (N 4 )  + + + + 
CU36lsb (N 3, 4 )  + + - 
CU371 (N I L ,  21-3 + + + + 
CU3i2 (N II,, 3) ND + - ND 
CU3f4 (N ZI,, 41,) + + + + 
CU377 (N 2L, 3, 4L) ND + - ND 
CU378 (N 3 4  4, 5) + + + - 
CU380sh (N 3, 4, 5) + + - - 
CU389 (N II., 2R. 5) + + + + 
Deduced location IR 3. 3R 

- 

ND, not  determined. +, presence o r  -, absence of B allele. 
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.[ 

I h \ + + - + + + + - + + - - - - - ”  
+ + - + + + + -  + - - - - + -  

FK;I IC~:. :{.-l.ink:tgv I )v tuvvn  /;.\/.I ; l n t l  l<.\l’l) ///{/2. I’lloto- 
graphs showing thc segregation of E.s:vol (starch gcl) (X )  and 
111312 (agarosc gcl) ( R )  among B/CJ scgrcgants. Thc %le- 
rived lx1nds are marked with a h r ~ c e  for k;.~//\ and with an 
arrowhcacl for 1/1312. + and -, scoring for presence of R 
tlcrivcd bands for k;.s//\ (upper  line)  antl IJBl2 (lowcr line). 
Lanes 1-8 and 10-16: panel 2 members SR (2.71.5C. 2370C. 
2402C, 2403C. 241 IC, 2412C. 2417(;, 243.X, 2479P, 2395P. 
2460P, 2461.4. 2466A, 2473P, 2302P), respectively. Lanes 9 
antl 17: R and C3 for lJBl2 and blank for k 3 A .  Segregant 
SB2473P (lane 1.5) is the only recombinant seen  in this figure. 
Notc, that as  expectcrl, none of the segregants are isozyme 
hctcrozygotes. 

of RAPDs assigned  to chromosome IR have been 
mapped relative to CImA (BRICKNER Pf nl. 1996; J. ORIAS, 
X. SI-ms and E. ORIAS, unpublished  obsenations), a 
locus previously assigned to IR. This  mapping utilized 
panels of Round I1 (genomic  exclusion)  segregants 
from B/C3 heterozygotes (panels 1 and 2 in Lysc1-1 et 
ctl. 199.5). Each member of a panel is a whole-genome 
homozygote,  derived  from an  independent  haploid 
meiotic product of a B/C3 heterozygous  F, . Alleles at 
each  heterozygous  locus  segregate in a 1:l ratio in the 
panel (Lwsc:~~ P/ 01. 1995). RAPD genotypes of panel 
members were determined by  PCR amplification  using 
primers specific to the relevant  polymorphisms  pre- 
viously mapped to chromosome I and  phenotyped us- 
ing agarose-gel electrophoresis. Isozyme patterns of 
panel  members were determined by starch-gel  electro- 
phoresis of frozen-thawed wholecell extracts. The FL‘ 
segregants were homozygous for  either  the “R” or  
“ C S ”  IGtA allele, as illustrated in the  photographs of 
starch gels of a sample of 1.5 F2 segregants  (Figure 3A). 
The segregation of RAPD  IJB12 is illustrated in the 
photographs of agarose gels for  the  same  panel of F., 
segregants  (Figure 3B). 

Sixty-hvo  F2 segregants  were  included in the linkage 
analysis. Of this group 44 were tested  for EstA: 23 had 
the B allele and 21 the C3 allele. Thus,  the E.stA alleles 
segregated in the  expected 1:l ratio. The F2 data were 
then analyzed using MAPMAKER (LWDER Pt nl. 1987) 
and subjected to hvo and  three  point analysis. G t A  
showed LOD scores that  exceeded 5.0 for linkage in 
two point crosses with  lJB14, lJB30,  IJB12, and JB22, 
and 3.0 with ChxA and lKV2, where 3.0, and above, is 

considered statistically significant  (see  Table 5 ) .  Only 
one of thc five point  orders of the 10  markers was statis- 
tically significant ( i . ~ . ,  LOD for  order >3.0): lJB12- 
(,’hw\- lKV2- lJ014- IJO18. The  map given in Fig- 
ure 4 shows the maximum  likelihood order for  this 
linkage group (lCs/A, C l d ,  and 10 RAPDs), as deter- 
mined  using MAPMAKER. Rut it shodd  be clear  that 
a different order of the  other  markers with respect to 
the  “robust five” is statistically possible until  additional 
segregants  are tested.  For the best order, maximum 
likelihood map distances in cM were computed from 
the  recombination  percentages  using  the MAPMAKER 
program;  the vallIes are also shown on  the  map (Fig- 
ure  4). 

Tests of linkage of A q A  to RAPD loci on chromo- 
some 3 Six  RAPDs were initially localized to chromo- 
some 3 ( I J B I A ,  IJB21,  IJB26, lJB35,  lJ115, and IJb?A; 
BRICKNER et 01. 1996). All but  the first two have recently 
been assigned to the left arm of chromosome ? using 
progeny  generated  from crosses of R/C3  Fls  to  our 
battery of B strain nullisomics (D. ZEILINGER, T. J. 
LYNCH and E. ORIAS, unpublished  results). A total of 
66  B/C3 F2 segregants was included in the linkage 
study, 39 of which were screened  for  their AcjlA pheno- 
types (see Figure 5 for  photographs of the gels of 14 
representative F2 segregants).  When  subjected  to link- 
age analysis using “ A K E R ,  no linkage of Acj)A to 
any of the above RAPDs  was observed. However, AcjlA 
shows statistically significant  linkage to I X S A I R ,  a RAPD 
more recently  identified (X. SHES and E. ORIAS, u n p u h  
lished  results), which cannot be mapped with our 
monosomics  because it is a “reverse” RAPD, ix., it 
shows a band with C3 DNA but  not B DNA. 

Partial deletion of chromosome Z R  MThile mapping 
RAPD I K N 3  with panel 3 segregants  (LYNCH et nl. 1995) 
we obsened  that RAPD IKN2, displayed using the  same 
primer  combination  but  located in IR, was also  segre- 
gating in this panel.  This was unexpected, because 
panel 3 was generated by a procedure,  described  in 
detail in LWCII et nl. (1995), that is equivalent to cross- 
ing  the B X C3 F, to strain CU374, which is NZ, 4L. 
Thus  for loci on 2L or  4L half of the  panel  members 
should  be B type hemizygotes and half should  be  C3 
type hemizygotes. By contrast,  for loci on  the  other 
chromosome  arms,  the B band derived  from the nulli- 
somic parent  should  be  present in even  panel  member. 
We tested  additional IR RAPDs; those  that showed 1:l 
segregation in panel 3 are restricted to a connected  set 
of six loci (Figure 4). For the rest of the tested 1R loci, 
the  panel 3 members all showed the  Rderived  band as 
expected  (data  not  shown).  The  presence of the B band 
was ohsenred in all panel  members tested  for loci on 
non-2L, 4L chromosome  arms, as expected. \Ve infer 
the  occurrence of a partial 1R deletion in the micronu- 
cleus of the  sample of strain CU374 used to construct 
panel 3. This  serendipitous  deletion  mapping  strength- 
ens  the  order in the maximum  likelihood map of Figure 
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TABLE 5 

Two-point  recombination  frequencies and LOD scores  for  loci  in the ChxA linkage  group 

lJB12 EstA lJB30 1JB14 ChxA lKN2  lJ014 1JB22 lJB8 lJP12a lJ018 

EstA 0.05 
9.15 

lJB30 0.17 
4.20 

lJBl4 0.15 
6.19 

ChxA 0.18 
5.23 

lKN2 0.29 
2.09 

lJOl4 0.36 
0.94 

1JB22 0.29 
1.22 

lJB8 0.31 
1 .00 

lJPl2a 0.32 
0.87 

lJOl8 0.47 
0.03 

lJ015 0.40 
0.26 

0.1 1 
5.38 
0.10 0.02 
6.91 10.30 
0.1 1 0.05 
6.48 8.87 
0.20 0.18 
3.55 3.77 
0.30 0.26 
1.50 2.10 
0.18 0.16 
2.51 3.38 
0.21 0.19 
2.11 2.93 
0.22 0.23 
1.92 2.14 
0.39 0.33 
0.30 0.74 
0.37 0.33 
0.40 0.74 

0.02 
14.39 
0.15 
5.96 
0.23 
3.64 
0.19 
2.72 
0.22 
2.33 
0.26 
1.64 
0.37 
0.47 
0.30 
1.07 

0.1 1 
14.80 
0.17 0.07 
9.45 23.63 
0.16 0.13 0.11 
3.38 5.87 6.48 
0.19 0.11 0.11 
2.93 6.98 6.73 
0.23 0.11 0.14 
2.14 6.73 5.63 
0.33 0.16 0.21 
0.74 4.87 3.36 
0.27 0.21 0.38 
1.48 2.11 0.37 

0.02 
12.05 
0.09 0.06 
7.95 9.30 
0.20  0.20 0.18 
3.77 3.97 4.40 
0.34 0.30 0.28  0.14 
0.62 1.07 1.31 3. 44 

The top and  bottom  numbers at  each intersection are  the maximum likelihood  recombination  frequency  and  the LOD score 
(log of the odds  against independent  segregation), respectively. LOD scores > 3, the threshold of statistical  significance, are 
italicized. 

4, and adds  a sixth marker, lJOl5, to the  “robust  order” 
of the 1R set. 

DISCUSSION 

Chromosome location of isozyme loci: Crosses of 
clones of inbred strains C3 or C2 to inbred strain B 
nullisomics facilitated the  chromosome assignment of 
three of the isozyme loci. EstA is assigned to the  right 
arm of chromosome I ,  EstB to the left arm of chromo- 
some 3, and AcpA to the  right  arm of chromosome ?. 
None of the nullisomics in the set used here is missing 
chromosome 1R. Thus assignment to 1R is  by default; 
however, it is based on  the positive evidence that  the 
polymorphic band is present  in every monosomic strain 
missing a  different  chromosome  arm (BRICKNER et ul. 
1996). The finding of linkage to ChxA, a locus classically 
assigned to 1R (BRUNS and CASSIDY-HANLEY 1993) sup- 
ports  the validity  of that assignment. 

Two strains, maintained in our laboratory since  shortly 
after they  were  first  isolated and first characterized in 
the BRUNS laboratory, show genetic behavior inconsis- 
tent with their originally published designations. They 
have been given the  “sb” prefix to indicate the changed 
assignment (see Table 2).  The N3,4 assignment (rather 
than N3) for CU361sb was already published (GUTIERREZ 
and OW 1992). The new assignment for CU380sb, as 
N3,4,5 rather than N?R,4,5, represents the simplest 

change  that brings into consistency the results of CAS 
SIDY-HANLEY et al. (1994),  BRICKNER et al. (1996), the 
results presented here for EstB, and the RAPD mapping 
of chromosome 3 RAPDs by D. ZEILINGER, T. J. LYNCH 
and E. Oms,  (unpublished results). 

The basis for these differences in genotype of strains 
maintained in the two laboratories is not clear. Sponta- 
neous loss  of chromosomes from the micronucleus is 
known to occur  during vegetative growth in T. ther- 
mophil~ (reviewed in ALLEN and GIBSON 1973);  the lack 
of gene expression from the micronucleus precludes 
selection against chromosome loss. To avoid  mi- 
cronuclear  chromosome loss, valuable clones are frozen 
under liquid nitrogen as  early  as  possible in their clonal 
life. The nullisomic strains have been  kept frozen in 
the OW laboratory since shortly after their isolation 
and initial characterization in the BRUNS laboratory. 

The assignment of EstA to chromosome 1R lays to 
rest some of the early mapping controversy, at least for 
crosses of inbred strains C2, or C3, and  inbred strain B 
(ALLEN 1964; DOERDER 1973; McCoy 1977). EstA clearly 
cannot be linked to the mat locus since mat is located 
on  the left arm of chromosome 2 (BLEW et al. 1992). 
Moreover, the assignment of EstA to IR confirms MC- 

COY’S contention (McCoy 1977) that EstA is linked to 
ChxA (for his C2 X B crosses). 

A map of chromosome IR ChxA and 12 RAPDs 
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FK;I.RI:. 4.-Linkagc maps of rclrvant  segments of linkage 
groups in IR (E.v/A) and ~3 (A+\). At least 4.5 scgrcgants 
were tested for each locus, excrpt for J O 1 5  (only 32). Thc 
CM valr~es represent recombination frequencies corrected for 
undetected  lndtiplc crossovcrs by the MAPMAKER program 
using the Haldanc  equation.  The twtrpoint linkage o f ‘ a l l  a d j a -  
cent loci (Table 5 )  ;~nd  thr five-point order, ~ ] l ~ I Z - C / t . x ~ \ -  
I l i S . 2 -  Ij014- 1]018, are statistically significant at the 1X)D 

3.0 k v d .  The shadrcl bar  1-rpwsents A partial 1R delrtion 
rlrtcctctl among members of meiotic srgregant panel 3 (scc 
tcxt). Tllc physical distance scale i n  k b  is Ix~secl o n  a prelimi- 
nary estimate o f  ‘LO kb/cM for chrolnosome 21. (L,!Y(:!i c/ crl. 
1995). 

( l /B5,  l/lV?, l/B12, 1/B14, ljB22,  l/B28, lIB30, l /B34,  
IJ014, 1/015, l /OI& and 1KN2) map to the right  arm 
of chromosome I (BRICKNER PI nl. 1996; J .  OKIAS, X. 
SIIEN and E. ORIAS, unpublished  observations). E.s/A, 
also on IR, show statistically significant  linkage (LOD 
> 3.0) to 1/1112, lJ1114, l/B22, lJ1330, lWV2 and ChxA. 
The maximum  likelihood  estimate is 17.1  cM for  the 
distance  between I.;.s/A and Clm4 (see  Figwe  4). For the 
C2 x R cross M<:<:OY (1977)  observed 20% recombina- 
tion (28 recombinants  out ofa  total of  141 F,segregants 
when the C2/B heterozygote was crossed to C* and 
Round I1 progeny were selected).  Thus  our estimate 
of distance is not significantly different  from his. The 
current  map of the ( X x A  linkage  group in chromosome 
1R (Figure  4) totals 108 cM and encompasses  about 
2200 kb of DNA, based on a  preliminary  estimate of 20 

Partial deletion of chromosome 1R: A surprising re- 
sult was the discovery of a  spontaneous partial tleletion 
of chromosome IR inferred to have been  inherited from 

kh/cM by LYSCI-I P/ nl. (1995). 

F!(;t‘Kl:. .5.--Scgregation  of rlr/>A and linkage t o  &\PI) 
ISS6lR Rraccs, polymorphic isozymr bands; + and -, scor- 
ing for presence of (:3-derived hand for ,’\c/1.4 (upper linc) 
antl lA‘S61R (lower line; agarose gel not sholvn). Innes 1 - 
13: strains SI3 (2352A, 23.53A, 2373A. 2378A. 240(iA, 24O!)X, 
2432A, 2374<:, 237iC. 2391(:, 2400<:, 2401C. 242M;. 2 3 3 X : ) .  
rcspcctivcly. 1;ancs 1.5 antl 16: B and (3 parrntal C I I ~ ~ I I I - ~ Y .  

One recombinant is scen i n  this group of segregants. Note 
that, as  expected, n o m ’  of the segregants are isozyme hetcrtr 
zygotes. 

parental strain CU374 by most, if not all, of the  members 
of meiotic  segregant  panel 3. The CU374 sample used 
t o  make the monosomics for  mapping, thawed out inde- 
pendently from that used to make  panel 3, shows no 
etidencc of ha\ing this deletion. Since only a small frac- 
tion o f  thawed Tetrahymena cells sunive ( FL\(XS 1979), 
a small clonc fraction carqing  the deletion may have 
been accidentally subcloned en  route to constructing 
Ixlnel 3. The occurrence of spontaneous microntdear 
deletions, revealed by the loss of 5s  rRNA clusters, was 
obsened carlier (AI,I .ES Pt 01. 1984). Recently we have 
shown that  the  connected  sequence of RAPDs from 
1KN2 to at least !/B8, and possibly including l/1’12n antl 
1/018 (Fi<pre  4), shows genetic  coassortment i n  the mac- 
ronucleus and prohahly is located physically on the same 
macronuclear  autonomously  replicating piece (Los- 
(;(:OR P/ n/. 1996). Although this connection ma). be 
purely coincidental, it raises the interesting possibility 
that the  ends of partial 1R deletion in the micronucleus 
may be related  to  chromosome  breakage  sequences C(-\O 

d 01. 1990) that  function during  macronuclear differenti- 
ation in conjugation. 

A map of chromosome 3 Mapping with the nulli- 
somic  strains places AcpA on  the right arm of chromo- 
some 3. N o  statistically significant  linkage was detected 
between A r / A  and  other  chromosome 3 RAPDs except 
for  the “reverse” RAPD, IXS6lR (X. SIIKS and E. OK- 
L\S, unpublished  results). I.:F/B, assigned  to  chromo- 
some 31,, codd  not  be tested for  linkage to the 3L 
RAPDs because inbred strains B and C3, the basis o f  
those RAPDs, have indistinguisl~able  I.~,s/l~alleles.  Inbred 
strain C2 was used in crosses t o  generate R/C2 heterozy 
gotes; however, the  degree of similarity of the DNA 
polymorphisms  seen in C3 with those in C2 has not as 
yet been  determined. 

Mapping stratew  The most significant aspect of this 
paper is the  demonstration of an effective method for 
mapping loci and obtaining reliable meiotic linkage data 
i n  7: /hmnn,”rr. By coupling ntlllisomic mapping with 
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meiotic mapping, loci  known  to be located on a particu- 
lar chromosome or chromosome arm can  be  tested for 
recombination. This approach was first  used for the mat 
locus and  the ribosomal RNA gene, both located on  chrcl 
mosome ZL (BLEYMAN et al. 1992). With the advent of 
RAPD markers, this approach was extended to detect 
linkage groups in chromosome 2L (LYNCH et al. 1995), 
1R, 3L and 5 (BRICKNER et al. 1996). An earlier version 
of these chromosome assignments was communicated to 
CASSIDY-HANLEY and BRUNS (1993). In  this  work,  this a p  
proach has been used  to add EstA to and to refine the 
1R linkage group (Figure 4). 

Our strategy for linkage mapping of isozyme  loci  took 
advantage of the existence of natural BC3 differences at 
the EstA and AcpA loci and the availability of BC3 meiotic 
segregant panels. T. thmmophila laboratory-induced  mu- 
tants, by agreement, are normally  isolated in inbred strain 
B genetic background. Linkage  testing of such mutants 
requires crossing the mutant to C3, isolating an ad  hoc 
panel of  meiotic segregants from the F1, and testing with 
RAPDs assigned  to the same chromosome as the muta- 
tion of interest. Knowing the chromosome assignment of 
the mutation and the RAPDs saves the work of testing 
the ad hoc recombinant panel with  all  known RAPDs. 

For those isozyme loci, such as EstB, TatA, IdhA, 
MdhA, and TzoA, where the B and C3 alleles are identi- 
cal, the first step is to map  the isozyme gene to chromo- 
somes. To do this, rnonosomics are  generated by cross- 
ing B strain nullisomics with strains that have non-B 
isozyme variants. This is just what we did  for EstB using 
a cross of strain C2 to a panel of strain B nullisomics. 
To place one of these isozyme genes (e.g. ,  EstB) in a 
linkage group,  one would next test B-C3 RAPDs in 3L 
to see if they also are polymorphic between inbred 
strains B and C2. BC2 RAPDs so detected would then 
be tested for linkage to EstB by using a panel of meiotic 
segregants from a B/C2 heterozygote. 
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