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ABSTRACT 
Mating Tetrahymena themophila were  bombarded  with  ribosomal  DNA-coated  particles at various  times 

in development. Both macronuclear and micronuclear  transformants were recovered.  Optimal develop- 
mental  stages for transformation  occurred  during  meiosis for the  micronucleus and during anlagen 
formation for the  macronucleus.  Evidence is given for transient retention of the introduced  plasmid. 
Genetic and molecular  tests  confirmed  that sexually heritable  transformation was associated with integra- 
tion at the  homologous site in the recipient micronuclear chromosome. 

D NA-mediated genetic  transformation has proven 
to be a powerful tool for  the investigation of gene 

function and regulation  in many different prokaryotic 
and eukaryotic systems. A variety of  DNA transforma- 
tion techniques have been successfully applied to a 
broad  range of organisms. To  date, two transformation 
techniques, microinjection (TONDRAVI and YAO 1986) 
and electroporation (GAERTIG and GOROVSKY 1992), 
have been successfully applied to the ciliated protozoan 
Tetrahymena thermophila. The development of nuclear 
transformation  techniques  in this organism is compli- 
cated by the fact that, like other ciliates, Tetrahymena 
separates somatic and germinal  functions into two nu- 
clei: the polyploid macronucleus  that is solely responsi- 
ble for  the  phenotype of the cell and  the transcription- 
ally inactive diploid  micronucleus  that is responsible 
for  the transfer of genotype to subsequent sexual gener- 
ations (GOROVSKY 1980; BRUNS 1986). New macronuclei 
are  formed from the micronuclear-derived germline 
during conjugation. Each of these nuclei must be con- 
sidered as an  independent target  for DNA transforma- 
tion, with specific advantages and disadvantages. 

Macronuclear transformants can be detected directly 
following vegetative growth. However, since the somatic 
macronucleus is destroyed during sexual reproduction 
(conjugation), analysis of macronucleus  transformants 
is limited to the vegetative stage of the life  cycle, pre- 
cluding  additional  genetic analysis  of the  transformed 
gene. Germ line  (micronuclear) transformants can be 
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studied genetically through successive generations,  but 
since the micronucleus is transcriptionally inactive, the 
phenotypes of  successful germline transformants can 
only be  detected following conjugation and  the  produc- 
tion of a new macronucleus from the transformed mi- 
cronucleus. 

Thus  far,  transformation  in  Tetrahymena has been 
limited to  the somatic macronucleus. Microinjection 
has been used to transform both  the polyploid ma- 
cronuclei of vegetative Tetrahymena and  the newly 
formed  macronuclear  anlagen of conjugating cells. 
This technique has been extensively utilized in the anal- 
ysis of gene amplification, chromosome  fragmentation 
and DNA rearrangement (GODISKA and YAO 1990; YAO 
et al. 1990; YASUDA and YAo 1991).  Electroporation of 
vegetatively growing cells yielded a very  low  level  of 
macronuclear transformation (BRUNK and NAVAS 1988; 
OW et al. 1988). However, high frequency ma- 
cronuclear  transformation was obtained when transfor- 
mation vectors  were introduced directly into ma- 
cronuclear  anlagen of conjugating cells (GAERTIG and 
GOROVSKY 1992).  Conjugant  electrotransformation 
(GET) yields efficient  macronuclear transformation us- 
ing high copy number vectors containing selectable 
markers and has been used to develop new vectors suit- 
able for use in  gene  replacement  experiments (GAERTIG 
et al. 1994). Integrative events using either microinjec- 
tion or CET are  frequent  and occur mainly, if not exclu- 
sively,  via homologous  recombination. 

Ribosomal genes (rDNA) have often  been used to 
study transformation  in T. themophila. These genes exist 
as a single copy, integrated in chromosome 2 in the 
germline  micronucleus (YAO and GALL 1977; BRUNS 
et al. 1985).  During  macronuclear  differentiation,  the 
micronuclear rDNA  is excised, modified to form a 
unique 21-kb palindromic  chromosome, and amplified 
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-10,000-fold (YAO 1986). Two naturally occurring vari- 
ants of the rDNA locus that  exhibit  sequence polymor- 
phisms at  both  the 5' and  the 3' ends  occur in 7: ther- 
mophila strains B and C3. A variation in the C3 ma- 
cronuclear chromosomal origin of replication also 
confers a replicative advantage in B/C3 heterozygotes 
such that,  although  both forms are initially present in 
the heterozygous macronucleus,  the C3 variant com- 
pletely outcompetes  the B variety after -30 fissions 
(LARSON et al. 1986). Several different forms of  rDNA 
have been used as transforming vector, including  the 
macronuclear rDNA chromosome (TONDRAVI and y.40 
1986), a plasmid containing  the  micronuclear version 
of the rDNA gene plus the flanking sequences required 
for  correct excision and amplification during ma- 
cronuclear  development  (SWEENEY and YAO 1989; YAO 
and YAO 1989),  and plasmids containing various modi- 
fications of the  macronuclear rDNA sequence (KARRER 

and YAO 1988; YU et al. 1988; Yu and BIACK~URN 1989; 
Yu and BWCKBURN 1990). 

In this paper, we describe a simple, efficient method 
for  the mass transformation of the ribosomal genes in 
both  the  macronucleus and  the micronucleus in T. ther- 
mophila using the Biolistic PDS-lOOO/He Particle Deliv- 
ery  System (Bio-Rad). This delivery  system,  which  uti- 
lizes helium pressure to accelerate DNA-coated micro- 
particles into target cells (SANFORD et al. 1991), causes 
relatively little cell damage. Biolistic transformation has 
been used to produce  both  transient and stable trans- 
formants in a wide  variety  of  cells,  tissues, and organ- 
elles (RASMUSSEN et al. 1994; CHRISTOU 1995; DIX and 
KAVANACH 1995; GAINER et al. 1995; SOUTHGATE 1995). 
By bombarding  mating cells at specific  times during 
conjugation, we have generated  macronuclear trans- 
formants  at a rate equivalent to the transformation 
frequencies  obtained using CET.  More significantly, ge- 
netically stable micronuclear transformants have been 
produced using this  system. Stable micronuclear trans- 
formants resulted from integration of the new  se- 
quences via homologous  recombination  leading to di- 
rect  gene  replacement or tandem duplication of the 
rDNA. 

MATERIALS  AND METHODS 

Strains: All strains  used in this study were derived from 7'. 
thermophila inbred strain B, except  for A*III that was derived 
from  inbred line A. The genotypes and  phenotypes of all 
strains  used in this study are shown in Table 1. 

Cell growth: All cells were grown in modified Neff medium 
[0.25% proteose  peptone, 0.25% yeast extract, 0.55% glucose, 
33 ~ L M  FeCI?, 250 pg/ml penicillin G and streptomycin  sulfate, 
1.25 pg/ml  amphotericin B (Fungizone-GIBCO)] or  en- 
riched  proteose  peptone ( G O R ~ V S W  et nl. 1975) at 30" on a 
platform  shaker. 

Mating: To induce  conjugation, logarithmically growing 
cultures of  two different  mating types were counted  in a 
Coulter  Counter,  centrifuged  at 1100 X g in oil centrifuge 
tubes (Kimax brand, Kimble #45244100)  for 3 min, washed 
with 10 mM Tris-HCI (pH 7.5), and  resuspended  in fresh  Tris 

TABLE 1 

Description of the  strains used  in this study 

Macronuclear 
Micronuclear phenotype Micronuclear 

Strains genotype  (expressed) rDNA 

B*VII %. Cys  Mps Gals V I 1  
A*III * Cys  Mps Gals I11 * 
X264 galr/galr Gys Mps  Gals I1 B PmJ/Pms 

CU428.1 Mpr/Mpr Cys  Mps Gals VI1 B Pms/Pms 
CU427 Chx/Chx Cys  Mps Gals VI B Pms/Pms 

Chx and Mjn-are dominant  mutations  conferring resistance 
to  cycloheximide and &methylpurine, respectively. gal is a 
recessive mutation  conferring resistance to 2-deoxyga1actose 
(for references to  mutations, see BRUNS and CASSIISHANIXY 
1992). Drug-sensitive and -resistant phenotypes  are indicated 
by s and r. Roman numerals  indicate  mating type. B  indicates 
strain  B rDNA and Pms indicates sensitivity to paromomycin. 
*, a "star" strain lacking a functional micronucleus. The deci- 
mal point in the designation of strain 428.1 indicates that 
the original  strain CU428 was rejuvinated by passage through 
round I genomic exclusion (ALLEN 1967) and  the mating type 
VI1 exconjugant  clone  retained  after testing for fertility. 

at a concentration of 2 X lo' cells/ml for 12-18 hr  on a 30" 
shaking  platform incubator. After the starvation period,  both 
cultures were readjusted to a final concentration of 2 X 10' 
cells/ml, and 25 ml of each were mixed together  in a series 
of  500-ml Erlenmeyer flasks  to  yield  50-ml mating mixtures, 
which were maintained in a  stationary 30" incubator. Individ- 
ual 50-ml aliquots of conjugating cells were used for transfor- 
mation  at  each specific time point. Matings prepared as de- 
scribed follow a well defined, fairly synchronous  time course, 
insuring  that  the majority of pairs at  each time point  are  at 
relatively similar stages of conjugation.  The  percentage cells 
pairing at  the time of bombardment was determined by fixing 
a small sample  from each flask and  counting paired and un- 
paired cells. Matings that  did  not achieve at least 50% cells 
in pairs by 3.5 hr after  mixing diverse mating types were not 
used. 

Successfd  conjugation is followed by immaturity, during 
which the cells do not  form pairs with cells of any mating 
type. Cells from crosses were verified as true progeny by being 
mixed with mature cells in mating  conditions,  and inability 
to form pairs scored. 

Transformation  vectors: Figure  1  presents both vectors 
used. Vector pD5H8 (YAO and YAO 1989) is a pUC19 deriva- 
tive that  contains a complete C3-derived micronuclear rDNA 
gene with a single base mutation in the  17s rDNA conferring 
resistance to paromomycin (SPANGLEI< and  BIACKBURN  1985). 
Vector pD3/5-11 (Y;\o rt ccl. 1990) is a  modified version of 
pD5H8 that lacks both  the 5' and 3' chromosome breakage 
sequences  (Cbs)  and  adjacent micronucleus specific se- 
quences as well as the final 500 bp of the 3' nontranscribed 
region of  the rDNA gene. Both linear and circular versions 
of pD5H8 were used as noted in individual experirnents. The 
plasmid was linearized by digestion with XhoI and SalI to re- 
move the insert. The digestion was not  complete,  and  the 
linearized form was not purified prior to use. 

Particle  delivery  system: Cells were transformed  using the 
DuPont Biolistic PDS1000/He, Particle Delivery  System (Bio- 
Rad). M10 (0.7-1.1 pm) tungsten bombardment particles (60 
tng tungsten  particles/ml  sterile HsO) were prepared ac- 
cording to the Large Batch DNA-Particle Coating Method 
(SXNFORI) et al. 1991).  The tungsten  particles were coated 
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FIGURE 1.-Transformation vectors. Vector pD5H8 (YAO and YAO 1989) is a pUC19 derivative that contains  a  complete C3- 
derived  micronuclear rDNA gene (wide black line) with a single base mutation in the 17s rDNA conferring resistance to 
paromomycin (Pmr). Vector pD3/5-11 (YAO et al. 1990) is a  modified version of pD5H8 that lacks both  the 5' and 3' chromosome 
breakage  sequences  (Cbs) and adjacent  micronucleus specific sequences (wide white lines).  The pD3/5-11 rDNA sequence 
begins at base 13 and terminates at base 9808, and is missing the final 500 bp of the 3' nontranscribed region of the rDNA 
gene.  Ori, origin of replication; H, BamHI site present in both B and C3 rDNA, H', BamHI site introduced  into  the C3 rDNA 
in the pD5H8 vector; H", BamHI site normally present in C3 rDNA. 

immediately  before use with 20 pg DNA/100 pl particle sus- 
pension. 

Preparation of cells for bombardment: At selected time 
intervals during  conjugation,  the 50-ml mating  mixtures were 
centrifuged  in oil centrifuge  tubes at 1100 X gfor  2-3 min, 
washed once with 25 ml 10 mM HEPES buffer (pH 7.5), and 
resuspended in  1 ml of HEPES buffer  at  a final concentration 
of -1 X IO7 cells/ml. The 1-ml cell sample was evenly spread 
on a  sterile 9-cm circular filter paper (Whatman 50), prewet 
with 2 ml of 10 mM Hepes buffer and placed  in  a 100 X 15 
mm sterile  petri  plate cover. Immediately after spreading  the 
cells were bombarded with the DNA coated tungsten particles 
at 700 psi. Following bombardment, cells were immediately 
resuspended  in Neff medium and  treated  according to the 
specific experimental designs described below. 

Transformation  in  diploid  by  diploid  matings: Aliquots of 
mating cells were bombarded  at half hour intervals for various 
times after mixing with 1 .O- 1.2 mg  tungsten particles, coated 
with 3.3-4.0 pg of DNA. Following bombardment, cells were 
resuspended  in 50 ml  of growth medium  at  a concentration 
of 2 X 10' cells/rnl, and, if needed, serially diluted. For experi- 
ments with high yields  of transformants  (somatic transforma- 
tion), aliquots of each  dilution were distributed into five 96- 
well microtiter plates (100 pl/well). For experiments with a 
low yield of transformants (when vector pD3/5-11 was used), 
the cells were not  diluted  but plated directly into  the microti- 
ter plates. These first generation  (Gl) cells were maintained 
at 30" for 24 hr,  and  then 50 pl of 3X paromomycin in Neff 
medium (final concentration 100 pg/ml) was added directly 
to each well. Growth of paromomycin resistant cells was usu- 
ally apparent  after 2-3 days. Following 5 days in paromorny- 
cin,  the  number of wells containing paromomycin-resistant 
cells was counted  and  the  number of transformants was calcu- 
lated using the Poisson distribution. Dilutions that yielded 
growing paromomycin-resistant cells in  approximately one- 
third of the total number of  wells were used for  the Poisson 
determination.  Where  appropriate, to ensure  that  the paro- 
momycin-resistant cells were true progeny, all paromomycin- 

resistant lines were sequentially replicated into cycloheximide 
(25  pg/ml)  and Gmethylpurine (15 pg/ml)  to test for  the 
expression of drug resistance markers present in the  germline 
of the  parental heterokaryons.  A control  bombardment using 
uncoated tungsten particles was carried  out in the same way. 

Transformation in diploid by star matings: Mating cultures 
of CU427 and A*III were bombarded with  DNA-coated tung- 
sten particles at half hour intervals from 2 to 6 hr after mixing. 
Following each bombardment, cells were resuspended  in 100 
ml of fresh Neff medium  in 1000-ml Erlenmeyer flasks and 
allowed to  complete  round I mating at 30" for 24 hr  to yield 
the initial transformed generation (GO). Next, 25 ml  of GO 
cells was adjusted to 2 X lo" cells/ml  in 10 mM Tris and used 
in  a mass mating with an equal volume and cell concentration 
of prestarved CU428. Pairing was checked after 8 hr  and  the 
cells were refed with 2X  Neff medium after 24 hr. Refed cells 
were directly distributed into 96-well microtiter plates (100 pl 
per well) and allowed 24 hr growth at 30". Fifty microliters of 
75 pg/ml cycloheximide in Neff medium was added to each 
well (final concentration 25 pg/ml)  and resistant cells were 
selected for 5 days at 30'. Cycloheximide-resistant GI progeny 
cells were replicated into paromomycin and, following 5 days 
in  drug, all paromomycin resistant lines were collected and 
subcloned  for  further analysis. 

Molecular analysis of rDNA in transformed  cells: Total ge- 
nomic DNA from  the progeny of micronuclear  transformants 
was isolated (GAERTIG ~t al. 1994) and analyzed to determine 
the type  of  rDNA allele present in the macronuclei. PCR 
amplification and  Southern blotting (SAMBROOK et al. 1989) 
were used to distinguish polymorphisms between C3 and B 
alleles at  the 5' and 3' ends of the rDNA molecule, respec- 
tively, as described in Figure 7. 

RESULTS 

Transformation in diploid by diploid matings: To 
target  specific  nuclei  for  transformation, we introduced 
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tion, and 14 transformants  produced between 8 and 10 
hr of conjugation, were mated with CU428.1. Fortyfour 
individual progeny pairs from each mating were then 
isolated and assayed for immaturity to test for the coin- 

pletion of conjugation and for paromomycin resistance. 
All of the  transformants arising from bombardment of 
cells in the  latter half  of conjugation  antl all but one 
of the  transformants  prodoced from cells bombarded 
in the first 6 hr of conjugation failed to yield paromomy- 
cin-resistant progeny cells, indicating  that  the  mutation 
was solely  in the  macronucleus of the selected first gen- 
eration progeny cells (GI ). 

A single 311r clone showed normal Mendelian segre- 
gation for a heterozygous paromomycin-resistance 
marker in the G2 (second  generation) progeny: of 2.3 
progeny clones examined, 11 were paromomycin resis- 
tant and 14 were paromomycin sensitive, a normal Men- 
delian ratio predicted following integration of the vec- 
tor paromomycil1-resistallt allele into one of the m i -  
cronuclear  chromosomes of the paromom!,cin-sensitivc 
transformed  parent. Macronuclear rDNA isolated from 
the original GI clone  exhibited C3-specific polymor- 
phisms at  both  the 5' and 3' ends of the rDNA mole- 
cule. However, two randomly selected paromomycin- 
resistant G2 progeny clones contained only B allele 
polymorphisms at  both  the .5' antl 3' ends of the ma- 
cronuclear rDNA molecule. G2 progeny containing 
paromomycin-resistant rDNA molecules that  exhibit 
only the B allelic form at both the .5' and 3' ends of the 
rDNA molecule would be produced by recombination 
between the CS vector carrying the parolnomycin-rcsis- 
tant  mutation and  the paromomycin-sensiti\.e B recipi- 
ent rDNA at  the homologous site in the micronucleus. 
This suggests that  different transformation events were 
responsible for  the resistance of the G1 and G2 clones. 
As discussed  below, the CSC3 molecules ohsen~etl in 
the macronuclei of the original G1 clone probably origi- 

I I 1 1   I V  v V I  

natetl fronl ;I I'ector that was processed into an rDNX 
chromosome in a tlcvcloping macronuclear  anlagen, 
whereas the resistance i n  the (72 came from an allele 
that was created by integration of the resistance muta- 
tion  in the recipient micronucleus. A second instance 
of divergence between the allelic composition of the 
rDNX in GI- and G2"transformed macronuclei is dis- 
cussed i n  the next section. 

Assuming that  the peak at hour 1 0  represents mostly 
macronuclear transformants, we estimated the effi- 
ciency  of  this tnlnsformation a s  follows. At 10 hr, a 
single IIomIm-cIment  of 1 X 10' cells, o r  3 X IO" possible 
pairs, yielded 1040 putative transformants. Sincc cyto- 
logical ohsenations indicated a pairing freqtlcncy of 
-io%, the maximum possible number of  trans- 
formants was actually X.? X 10" pairs, which  gives a 
transformation frequency of  0.01.3%  of the  number of 
cells  in ptirs, o r  31.5 transformants per nlg DNA, which 
is comparable with results reported using <:ET (GAEK- 
TI(; and G o ~ o \ ~ s r ; l .  1992). Control matings of CU427 
and CU428 carried thl-ough the  macronuclear transfor- 
mation protocol antl h o m h ~ r d e d  with "blank" particles 
(particles that had gone throrlgh the particle coating 
procetlurc in the  absence of  any vector DNA) yielded 
no paromomycin-resistant cells. 

Micronuclear transformation in diploid by star  mat- 
ings: The results in the previous  section suggest that 
if a competent vector is present i n  a developing mac- 
ronucleus, i t  may IIC processed into a  macronuclear 
chromosome. Interestingly,  this happened in cells 
that were bomb;lrded at early col1.jugation times,  long 
before  the  anlagen were even present.  Thus it  is possi- 
ble that  the  introduced vector DNA can persist 
through  the several micronuclear  mitotic divisions 
leading  to anlagcm during  development. To further 
separate DNA introduction from anlagen tlevelop- 

VI1  VI11 IX 

Hours 
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Mating Time (hours) 

FIGURE 5.-Time course of micronuclear  transformation  in  a  diploid by star  mating bombarded with pD5H8. Aliquots of a 
mating of A*III and CU427 were bombarded  at half-hour intervals between 1-'/2 and 6 hr after cell mixing at 30". The  bombarded 
round I  exconjugants (GO generation) were mated  en masse to CU428 and putative micronuclear  transformants were identified 
as those cell lines expressing the paromomycin-resistance phenotype in drug selected first generation (Gl)  progeny. Because 
of the low frequency of heritable  transformation,  each well containing paromomycin-resistant cells was counted as a single 
transformation  event. 

ment, we bombarded cells in  round I of a cross to a ner,  but  conjugation is aborted  prematurely following 
star  strain,  and  then delayed round I1 mating  to delay unidirectional  transfer of a prezygotic micronucleus 
anlagen  development. As Figure 4 outlines,  in  these from  the  nonstar  to  the  star  partner.  Exconjugant 
matings the  star  strain lacks a  functional  micronu- cells derived  from  a  star  mating  contain  identical, 
cleus. Meiosis proceeds  normally  in the  nonstar  part- completely homozygous diploid  micronuclei,  but  re- 

FIGURE 6,"Compari- 
son of the transforma- 
tion efficiency of circu- 
lar and linear pD5H8. 
Aliquots of a single mat- 
ing of  A*III and CU427 
were bombarded at the 
times shown with either 
c i r c u l a r   p D 5 H 8   o r  
pD5H8  restricted with 
SulI and XhoI to release 
the complete C3 rDNA 
insert. The restriction di- 
gest contained  both cir- 
cular and linearized 
molecules. Each well 
containing paromomy- 
cin-resistant cells was 
counted as a single trans- 
formation  event. 

Mating Time (hours) 
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tain their  parental  macronuclei.  Since  star  mating 
exconjugants  retain  their  parental  phenotypes,  in- 
cluding maturity and  mating type, they  can be grown 
and  then  remated  to a  diploid  heterokaryon  for  a 
mating  that  leads to normal  macronuclear develop- 
ment  (round 11). This two-step mating  process al- 
lowed us to bombard cells at various times during 
round I ,  when no new macronuclei  form,  and  then 
to  create new macronuclei by a  second  mating only 
after  the  transformed cells were allowed to grow for 
two to  three fissions. 

Separate samples of an A*III and CU427 mating were 
bombarded with pD5H8-coated particles at half hour 
intervals between 1 and 6 hr after cell mixing at 30". 
These GO cultures were then refed and incubated  for 
24 hr  at 30". They were then each mated en masse to 
CU428 and plated in microtiter plates. Progeny G1 
clones were selected with cycloheximide and were then 
tested with paromomycin; results are  presented in Fig- 
ure 5. Only cells bombarded between 2 and 5 hr after 
mixing produced paromomycin-resistant G1 clones, 
with the highest frequency of resistant lines occurring 
in cells shot between 3 and 4 hr. 

The 32 paromomycin-resistant G1 progeny lines iden- 
tified by this screen were subcloned, grown to maturity, 
and again mated to CU428 to test the stability  of the 
micronuclear  transformation. Individual mating pairs 
were isolated from each of the 32 crosses and  the pro- 
duction of true progeny was determined  for  each  pair 
by testing for cycloheximide resistance, Gmethylpurine 
resistance, paromomycin resistance, and immaturity. Of 
the 32 paromomycin-resistant G1 clones assayed,  only 
one  (clone D11) behaved like an  integrated mi- 
cronuclear  transformant,  exhibiting  normal Mendelian 
segregation for  the Pmr allele in  the G2 generation. 

PCR and  Southern analysis  of total genomic DNA 
from the G1 generation of clone Dl1 indicated C3- 
specific polymorphisms at  both  the 5' and 3' ends of 
the macronuclear rDNA molecule. However,  analysis  of 
total genomic DNA from four  independent paromomy- 
cin-resistant G2 progeny clones showed that all four 
lines contained  recombinant  macronuclear  rDNA  the 
5' end of the  macronuclear rDNA from these four G2 
lines contained only C3-specific polymorphic se- 
quences, while the  3'  end exhibited B-specific polymor- 
phic  sequences. This result suggests that  the initial paro- 
momycin-resistant phenotype in the G1  was based on 
macronuclear  transformation caused by the processing 
of a C3 vector molecule, and that  the stable mainte- 
nance of the  phenotype in the G2 resulted from a mi- 
cronuclear  transformation  event involving recombina- 
tion at  the micronuclear rDNA  locus. In this experi- 
ment,  the vector must have persisted during  the  24hr 
growth of the  round I culture  (about four cell dou- 
blings) before it was subjected to  round I1 mating and 
development of the new macronucleus. 

Micronuclear  transformation using restricted us. cir- 

TABLE 2 

Genetic analysis of  micronuclear transformants 

G2 from Round I 
xCU428 genotype Vector 

Clone  form Pmr  Pms  Pmr  Pms 

1 Circular 0 35 0 15 
2 Circular 24 12 3 5 
3 Circular 17 15 8 3 
4 Circular 25 12 3 2 
5 Restricted 20 16 2 4 
6 Restricted 15  17 2 1 
7 Circular 19  14 7 5 
8 Circular 16 17 3 3 

Subclones of eight G1 clones originally showing paromomy- 
cin resistance in the G2 generation were analyzed. To quanti- 
tate the meiotic segregation of the Pmr allele in the G2, G1 
progeny  expressing paromomycin resistance were matured, 
subcloned,  and crossed to a genetically marked  heterokaryon. 
Individual G2 pairs were isolated and tested for paromomycin 
resistance and maturity. To further test the meiotic segrega- 
tion of the Pmr allele, each  clone was mated to B*VII, and 
individual round I pairs isolated. The genotype of each round 
I clone was determined by allowing individual round I pairs 
to  undergo a second  round of mating. Individual round I1 
pairs were isolated and tested for paromomycin resistance 
and immaturity. 

culm pD5H8: To test factors that might affect stable 
integration of vector DNA into  the  genome, we com- 
pared  the transformation efficiencies of partially linear- 
ized and circular pD5H8 on samples from  different 
times  of a single mating of A*III and CU427.  Following 
the  protocol described above, we identified  a total of 
21 3 initial G1 paromomycin-resistant transformants us- 
ing circular pD5H8. In contrast, transformation using 
a plasmid that  had  been partially cut with SuZI and XhoI 
to release the  complete C3  rDNA insert generated  113 
paromomycin-resistant G1 lines (see Figure 6). All 326 
paromomycin-resistant G1 clones were  grown to matu- 
rity and mated to strain IA264, and  the resulting G2 
progeny were selected by resistance to D-galactose and 
then assayed for paromomycin resistance. Of the 326 
G1 lines tested, eight produced paromomycin-resistant 
G2 progeny. 

The eight G1 lines that  had yielded paromomycin- 
resistant G2 cells were subcloned,  mated to CU428.1, 
and individual G2 progeny were analyzed for immatu- 
rity and resistance to cycloheximide and paromomycin. 
Each  G1 clone was also mated to B*VII and  the  geno- 
type  of isolated round I pairs was determined by 
allowing the exconjugants from each isolated pair  to 
grow and mate with each other for round I1 and then 
analyzing for paromomycin resistance among  round I1 
progeny. As shown in Table 2, in  both  genetic tests 
seven  G1 clones behaved as  stably integrated heterozy- 
gous paromomycin-resistant transformants; one line 
failed to maintain paromomycin resistance following 
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MAC 

MIC 

Palindrome Transcribed region 
center 5 '  , 3'  

n 

+ P  5' NTS SNTS 
Pmr n E K  a plasmid 

5 '  11.1" 

USPl 

micronucleus 
specific sequence 

Restriction Fragment Size (kb) 
Enzvme B c 3  SDecificitv 

MAC 
Southern Probe 
pD5H8 EamHI 13.5,  3.8  13.5,1.9*  3'  end - differentiates B and  C3. * 
HindIII  digest  (genomic  blot) 
PCR Primers 
Pl-P2 None 0.5 0.55 5' end - differentiates B and  C3. 

1.5,  0.4*  indicates  vector  derived  restriction  site. 

PCR Primers 
USPI-PI 

USPI-B425 

USPl-C342 

rib6-rib5 

rib3-pic1560 

rib6-pic1560 

rib6-P1 

USP1-rib5 

USPI-pic1560 

SphI 1.28.  0.35 1.6 

1.5  None 

None 1.5 

BamHI 1.6 1.26,  0.37 

1.6 1.6 

3.1 3.1 

3.6,  6.3" 3.6,  6.3" 

SphI 6.0, 3.25 7.3,  3.25 

BamHI 6.95 , 3.6  6.95, 1.9* 
1.28 

1.1,  0.4* 

12.2 12.2 

5' end-  differentiates B and  C3.  Requires 
integration  in  normal  micronuclear  location. 
5' end - B specific.  Requires  integration 
in normal  micronuclear  location 
5' end - C3  specific.Requires  integration 
in  normal  micronuclear  location. 
3'  end - differentiates B and  C3. 
Genomic  location  not  specified. 
Indicates  plasmid  at  3'  end  of  rDNA. 
Location  not  specified. 
Indicates  plasmid  at  3'  end  of  rDNA. 
Location  not  specified. 
Indicates  tandem  arrangement. " indicates 
intervening  plasmid  sequence. 
Whole  fragment  links 5' and 3'  ends at 
normal  genomic  location. 
5' end - differentiates B and  C3  Specifies 
normal  location. 
3'  end - differentiates B and  C3.  Specifies 
normal  location.*  indicates  vector  derived 
restriction  site. 
Indicates  plasmid  sequence at 3'  end of 
normal  location. 

FIGURE 7.-Polymorphisms used  to localize transforming DNA. A composite version of B and  C3  micronuclear rDNA is shown. 
One half of the  macronuclear  palindrome, which is derived directly from  the  micronuclear  gene, is shown above the  micronuclear 
version. The location of strain-specific polymorphisms that were used to differentiate between the 5' and  the 3' ends of B and 
C3 alleles and  to establish orientation relative to the  normal upstream micronuclear  sequence  are shown. Polymorphisms unique 
to  C3  are  underlined  and  those  unique to B are  boxed. Cbs (4) indicate  the location of the  chromosome breakage  sequences 
flanking the  micronuclear rDNA region. The 5' and 3' nontranscribed sequences  (NTS) are  indicated by the light hatched 
regions. The  telomere  sequence  on  the  macronuclear  chromosome is indicated by the  dark  hatched region. Pmr is the single 
base mutation  in  the  17s rDNA that confers  paromomycin resistance. H, H' and H are BamHI sites. H is present  in  both B 
and C3, H' is a second BamHI site artificially introduced  into  the vector C3 rDNA, and H" is present only in C3. The position 
and  direction of PCR primers used are indicated by short arrows. USPl is a primer derived from micronuclear-specific sequence 
located 5' of the  end of the  micronuclear rDNA. P1 and P2 are  primers  that flank a 42-bp region present  in  C3  but missing in 
B. The SphI restriction  site shown is present within the  fragment  defined by P l P 2  primers  in B but  not  in C3. C342 is a primer 
derived from within the C3-specific 42-bp region  and B42  is a B specific primer  that  spans  the  corresponding  deletion  in B. rib5 
and rib6 are  primers  that flank the C3-specific H' restriction site. rib3 is a primer  located  just  upstream of the 3' Cbs sequence. 
pic1560 is a primer derived from plasmid sequence  in  the pD5H8  vector that will only be present  in  the micronucleus if the 
plasmid sequence has become  integrated  into  the  micronuclear  chromosome  during transformation. The  region used  to 
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TABLE 3 

Analysis of 5‘ and 3’ polymorphisms in transformed lines 

Analysis Transformant 

Specificity PCR primers Southern 1 2 3 4  5  6 

Macronucleus 

5’ end of  rDNA PI-P2 
3’ end of  rDNA  rDNA 3’ fragment 

Micronucleus 

5’ end of  rDNA USPl-C342 
USPl-B42 
USP1-PI 

3‘ end of  rDNA rib6rib5 
rib3-pic1560 
rib6pic1560 
rib6P1 

5’ end 
3’ end 
USP1-pic1560 

across rDNA  USP1-rib5 

c 3   c 3   c 3  
c 3   c 3   c 3  

- - 

B B B 
B B  B 
B C3/B  C3/B 

- 

+ + 
+ + 
+ + -* 

- 
- 

ND B ND 
ND C3/B ND 
ND ND ND 

B c 3   c 3  
B B B 

- - 

B B B 
B B B 
B C3/B  C3/B 

- 

- + + 
+ + 
+ + 

- 

- 

ND B B 
ND C3/B C3/B 
ND ND + 

Six transformed lines  initially  expressing  paromomycin  resistance  in the G2 were  analyzed for the presence of B and/or C3 
polymorphisms at the 5’ and 3‘ end of both macronuclear and micronuclear rDNA. +, transformed lines producing the PCR 
fragments predicted based on a tandem arrangement of  rDNA gene sequences separated by the vector  plasmid sequence; -, 
no PCR product of the predicted size  was produced; -*, no band of the predicted size  was produced but a band corresponding 
to the appropriate size fragment minus the plasmid sequence was produced; ND, not done. 

subcloning. Five of the stable  transformants  originated 
from  the  circular  vector  (one  from  the 3-hr  time point, 
two from  each  of  the 31/2- and 41/2-hr  time points) 
and two from  the partially linearized  vector ( 4 h r  time 
point). 

G2  paromomycin-resistant  progeny  from six of the 
eight  paromomycin-resistant  G1  lines were  analyzed  to 
determine  the allelic form  of  the 5’ and 3’ ends of the 
macronuclear rDNA. The strategies  for this analysis are 
presented  in  Figure 7, and  the results are  tabulated  in 
Table 3. A  variety  of recombinant rDNA forms were 
present  in  the  macronuclei  of  these lines. Three lines, 
including  transformant 1, which  lost the paromomycin- 
resistance  marker  upon  subsequent  subcloning,  con- 
tained  macronuclear rDNA that  exhibited C3 polymor- 
phisms at  both  the 5’ and  the 3’ ends of the  molecule. 
Two lines  contained  recombinant rDNA molecules with 
C3 polymorphisms at  the 5’ end  but  the B variant at 
the 3’ end.  One stable  paromomycin-resistant  line 
showed  only the B form  at  both  the 5’ and  the 3’ ends 
of the rDNA. 

To  further  examine  the  question of site and  mecha- 
nism  of integration  of  the  vector rDNA into  the mi- 
cronuclear  chromosome,  the DNA from  these six G2 
transformants was also  tested  using the PCR primer sets 

described  in  Figure 7 .  Again the results are  found  in 
Table 3. Using  as an  anchor a primer  (USP1)  derived 
from a micronucleus specific sequence  just  upstream 
of the rDNA chromosome  breakage  sequence,  but  not 
present  in  the  plasmid,  it was possible to  determine 
the  micronuclear  chromosomal  location of the rDNA 
sequence  acting as template  for  the  observed PCR prod- 
uct.  This  combination  of  primers also  allowed us to 
establish the allelic  origin  of the 5‘ and 3’ ends of the 
rDNA at  the  correct site, and  the  presence  of  integrated 
plasmid  sequence  in  some of the transformants. Multi- 
ple sets of primers allowed us to  confirm  the allelic 
identity  of the 5‘ and 3‘ ends of the  chromosomal rDNA 
and  to  determine  the  tandem  orientation  of  duplicate 
copies of the rDNA at  the  normal  chromosomal loca- 
tion. 

Figure 8 summarizes the  configuration  of  the rDNA 
in  the five stably transformed  clones.  In all cases the 
vector rDNA is integrated  in  the  micronucleus  at its 
homologous  location.  In  three  transformants (2, 5, 6) 
a tandem  arrangement of two copies  of the rDNA sepa- 
rated by the plasmid  sequence  has been generated  at 
the  homologous site. In  each case the 5’ end of the 
resident B allele is located  adjacent  to  the  normal  up- 
stream  sequence  and is associated with a C3 3’ terminus. 

differentiate the 3’ ends of the B and C3 macronuclear rDNA alleles by Southern hybridization,  using  blots of genomic DNA 
restricted with RamHI and probed with  ‘*P-labeled  pD5H8, is indicated below the macronuclear chromosome. The specific 
primer sets  used, the restriction  enzyme, if any, that was used  to cut the PCR product, or in the case  of the Southern hybridization, 
to cut the genomic DNA, and the expected fragment sizes generated are shown  in the table  below the drawing. The ability of 
each primer set  to differentiate B and C3 and, when applicable, to determine chromosomal  location is also indicated. 
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Transformants 5 and 6 

Mic 5 '  USPl 
c3 c3 B 

....................... .... ....................... 
111, ,,,,,,,,,, , ,,,,, ,,, 3' 

C3 Pmr B 
Mac 111 ,,,,, ,111 ,,,,,,,,,,, ....................... ....................... 

Transformant 2 

M,c s*& ....................... c3 ...a c3 ....................... B ....................... l"3' 1,14,11 ,111, , ,,,,, 

Mac 
C3 Pmr c3 

Transformant 3 

* )  5 '  USPl 
c3  c3 B 

I ,,,,,,,,,,,, ,I ,,,, ,,,, ....................... 3 '  ....................... ....................... 

Mic o r  

B) $ '  USPl B C3 c3 
,,,,,,,,,,,,,,,,,,I ........................ ,,,,,,,,,,,, ,,,, ,,,,, ...................... ........................................... 3'  

C.l Pmr 
Mac 

c3 

Transformant 4 
c3 

c3 
B 

Mac 
B Pmr 

FIGURE 8.-Integration  of  transforming  sequences  into mi- 
cronuclear  chromosomes. A schematic ovenreiw of c h r o m e  
soma1 arrangements  suggested by the analysis in  Table 3 is 
shown  for  each  of  the five stable  transformants  analyzed.  Both 
the  micronuclear  (mic)  and  macronuclear  (mac)  versions  are 
shown. B and CS  indicate  the  allelic  form  identified  at  the 5' 
and 3' ends  of  the  molecules. -, micronuclear  sequences 
acljacent to  the rDNA locus; ---, plasmid  sequences  from  the 
transformation  vector  integrated  into  the  micronuclear c h r e  
mosome;  and  USPl  indicates  the  location  of  the mi- 
cronuclear-specific  primer  used  to localize the  insert. Pmr in- 
dicates  the  paromomycin  resistance  mutation  carried  on  the 
CS vector. 

The second,  tandem  gene is separated from the first 
copy by the plasmid sequence and contains  the 5' C3 
and 3' B sequences. In transformants 5 and 6 the paro- 
momycin-resistant macronuclear rDNA directly reflects 
the 5' C3-3'  B arrangement of the second copy  of the 
gene in the micronucleus. However, in transformant 2, 
the  macronuclear version is C3-C3 while the mi- 
cronuclear  genes  are BC3 and CSB, respectively. If 
the C3C3 version were simply the  product of residual 
vector, both C3-C3 and C3-B types  of molecules should 
be present in the  macronucleus unless the C3-B rDNA 
was outcompeted by C3C3 molecules. The lack  of C3- 
B in the macronucleus could be due to processing of 
both  retained vector and chromosomal rDNA  followed 
by phenotypic assortment (MERRIAM and BRUNS 1988), 
giving  rise to a uniquely C3C3 macronucleus in the 
subclone  examined.  This  phenotype could also be a 
consequence of a somatic crossover early in the differ- 
entiation of the  macronuclear  anlagen, giving  rise to 
the C3C3 form that would rapidly outcompete  the con- 
comitantly produced B-B form. 

Transformant 3 also contains  tandem rDNA genes in 
the micronucleus, but  the  intervening plasmid  se- 

0 %  s g  
M TI T2 T3 T4 T5 T6 00 

FIC;L.RI~. 9.-l'(X fl;igmcnts produced by prilnrrs  riM  and 
PI.  DNAwas  extracted li-om CU428 and six transformant  lines 
using  standard  methods ( G W R T I G  et nl. 1994). One  hundred 
fifty nanograms  of DNA were  used  for  each PCR reaction. 
The  positive control  for  the PCR reaction  contained 39 pg of 
the  transforming  plasmid DNA (pD5H8).  The PCR reactions 
were  carried  out with Elongase  polymerase  enzyme  mix 
(GIBCO Life Technologies)  and  buffers,  according to manu- 
facturer's  directions.  Each  reaction  mix  contained  primers  at 
a concentration  of 200 p\4 cach, 2.2 msr MgCI.,, and 200 p~ 
dNTPs. Cycling conditions  were as follows: one cycle a t  94" 
for 1 min; followed by 40 cycles a t  94" for SO sec, 54" for SO 
sec, 68" for 7.5 min; followed by one cycle a t  68" for 15 min. 
PCR products  were n m   o n   a n  0.8% agarosc gel in  TAE buffer 
and  stained with ethidium  bromidc.  Marker  lane  contains 
Hind111 cut A. 

quence is missing (Figure 9). The 5' end adjacent to 
the  normal upstream sequences was again shown to be 
the  resident B allele, but  the associated 3' end was not 
determined.  The C3-C3 macronuclear configuration 
suggest5 that  either  the crossover event that  generated 
the  tandem configuration suggests that either  the cross- 
over event that  generated  the  tandem configuration 
occurred  near  the 3' end of the rDNA molecule, gener- 
ating a B-PmB, CS-Pmr-C3 micronuclear configuration, 
or that a somatic recombination event occurred similar 
to that described above for transformant 2. 

In transformant 4, recombination with the homolo- 
gous gene  appears to have  given  rise to partial gene 
replacement. PCR analysis indicates a single Pmr rDNA 
gene in the micronucleus that is B-R in nature. This 
same B-B configuration was observed in the paromomy- 
cin-resistant macronuclear rDNA. 

Transformant 1,  which lost its paromomycin-resistant 
phenotype  upon  further subcloning, contained ma- 
cronuclear rDNA that was exclusively C3 at both the 5' 
and 3' ends,  and  micronuclear rDNA that was com- 
pletely B at both ends, suggesting that  the paromomy- 
cin-resistant phenotype was probably generated by the 
processing of a transiently maintained plasmid rather 
than by an integration event. Maintained plasmid could 
account  for  the PCR results observed with  this trans- 
formant. 
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TABLE 4 

Micronuclear transformants recovered  using  vectors pD5H8 and pD3/5-11 
~~ 

A 
~ ~ ~~~~~~ 

B C 
pD5H8 pD3/5-11 pD3/5-11 

Star mating Star mating Diploid  mating 

Time of bombardment (hours) Initial  Stable Initial Stable Initial Stable 

2 8 0 0 0 3 3 

3 4 0 1 1 5 5 

4 6 0 1 1 3 3 

Total 34 0 2 2 35  30 

2 ‘/2 4 0  0 0 15  14 

3 ‘ / 2  12 0 0 0 6 4 

4 ‘ / 2  0 0 0 0 3 1 

Cells  from either a “star” mating (A and B) or a diploid  mating (C) were  bombarded during  conjugation at the times 
indicated.  Initial  transformants  are  lines  expressing  paromomycin  resistance  in G1 progeny.  Stable transformants are those lines 
continuing to give paromomycin resistance in G2 progeny.  Vector  pD5H8  contains a complete copy of the C3 rDNA region, 
including a mutation  conferrina  resistance to paromomycin. Vector pD3/5-11 is identical to pD5H8 except that it lacks both 
the 5’  aGd  3’ Cbs regions. 

- 

Micronuclear transformation using Cbs- vector pD3/ 
5-11: In all of the  preceding  experiments, it is apparent 
that  nonintegrated DNA that is competent to be pro- 
cessed into  an rDNA macronuclear  chromosome  dur- 
ing  anlagen  development can give rise to macronuclear 
transformants in the  absence of stable micronuclear 
transformation.  To test this, we used the vector pD3/ 
5-11,  which is essentially the same as pD5H8 except 
that i t  is incompetent  to be processed since it lacks the 
chromosome breakage sites on  either side of the  gene 
(see Figure 1). Transformation of a star mating was 
performed as above, except  that  separate aliquots of 
the same mating mixtures were transformed with either 
circular pD5H8 or pD3/5-11 to allow direct comparison 
of the transformation  frequencies of each vector. In 
addition,  a  diploid by diploid  mating was also used as 
the  target  for  transformation by pD3/5-11. Paromomy- 
cin-resistant transformants were  analyzed  as described 
above. The  number of transformants  obtained in each 
of these experiments is  shown in  Table 4. The  number 
of lines initially showing paromomycin resistance in the 
star  mating is considerably lower when the vector miss- 
ing  the  chromosome breakage sites is used for transfor- 
mation. However, in both  the star and diploid matings, 
a majority of the initially resistant clones (32/37)  are 
stably transformed, showing normal Mendelian segre- 
gation through  at least two subsequent  generations 
(data  not  shown). 

DISCUSSION 

We have developed  a  technique to transform either 
the macro- or the  micronuclei of conjugating T. ther- 
mophila. Using an rDNAvector containing  a  point muta- 
tion conferring paromomycin resistance, we have estab 
lished conditions  for biolistic transformation of conju- 
gating cells. 

Macronuclear transformants can be directly selected 
following  biolistic bombardment of conjugating pairs 
and  the formation of a new, transformed macronucleus. 
Optimal  macronuclear transformation occurs during a 
narrow temporal window 10 hr following  cell mixing, 
a time when the  macronuclear  anlagen  are developing. 
This is the same time as that observed for  macronuclear 
transformation using electroporation ( GAERTIG and 
GOROVSKY 1992) and probably reflects the  direct pro- 
cessing of introduced DNA into  macronuclear  chromo- 
somes during  conjugation. 

We also observed macronuclear transformation in 
conjugants bombarded  at conjugation times well prior 
to the  point when anlagen  formation occurs, especially 
in the star matings. This finding suggests that  the trans- 
forming DNA introduced  at  one time could be main- 
tained in a  form  that  could be processed into ma- 
cronuclear  chromosomes  at  a  later time. We do not 
know  how or where the plasmid is maintained in these 
situations. It  could merely persist in the cytoplasm or 
the germinal nucleus of the  bombarded cells, possibly 
in sufficient numbers to insure its retention  during cell 
division without plasmid DNA replication. On  the  other 
hand, it may be possible that  macronuclear trans- 
formants can result from unstable micronuclear  inte- 
gration,  although this seems highly  unlikely. 

Maintenance of nonintegrated vector DNA, is sup- 
ported by experiments using an rDNA vector lacking 
both 5’ and 3’ Cbs regions. These experiments yielded 
far fewer initial transformants, but nearly all that were 
recovered were stable. Since Cbs sequences are re- 
quired  for  macronuclear  chromosome processing, and 
are  found only in the  micronuclear  genome,  the suc- 
cessful transformants must have become associated with 
these sequences by integrating  into  the  germinal ge- 
nome.  The frequency of clones that do  not transmit 
the new phenotype in subsequent crosses in this group 
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of transformants ( 5 / 3 7 )  may be an indication of the 
frequency with  which an  integrated vector secondarily 
recombines out of the  recipient  chromosome. Alter- 
nately, the  rare somatic transformants in this group 
may  have arisen in developing macronuclear anlagen 
by recombination between the amplifying B rDNA and 
nonintegrated, nonamplifying transforming DNA. 

Optimal micronuclear transformation occurred 
within a narrow 2-hr window in conjugation:  21/2-41/2 
hr after cell mixing. During this period,  the  micronu- 
cleus moves away from a pocket in the macronucleus 
and enlarges, the  chromatin  lengthens  into  a premei- 
otic configuration known  as the  “crescent”,  and  then 
begins to recondense  into  a  metaphase  chromosome 
configuration (MARTINDALE and BRUNS 1983). It is pos- 
sible that  the large size  of the  crescent may be responsi- 
ble for  the increased entry  rate, by simply presenting  a 
larger target for  the DNA bearing particles. The same 
optimal  entry time was seen in star crosses transformed 
with the fully competent pD5H8 vector; most  of the 
transformants, selected after a second mating, were so- 
matic but  not  germinal, again suggesting entry  into  the 
germinal nucleus but  not  integration. This suggests that 
the window between 2’/2-4’/2 hr is not  related to a 
recombinational hot spot  that is necessary for integra- 
tion,  but  rather is simply a time of heightened  opportu- 
nity for entry into  the nucleus itself. 

A molecular analysis  of the integrated sequences in 
the germinal transformants indicated  that  the vector 
C3 rDNA had physically recombined with the  recipient 
B allele. Detailed analysis  of  five stable G2 micronuclear 
transformants using PCR involving a number of differ- 
ent primer sets indicated  that  in all  cases stable transfor- 
mation was accompanied by physical integration of the 
rDNA into  the  homologous site on  the micronuclear 
chromosome. In four of the cases examined,  a  tandem 
duplication  resulted; in the fifth instance,  the  product 
was a single, recombinant rDNA gene  containing  the 
C3 paromomycin-resistant mutation flanked on  both 
sides by sequences of B origin. 

We have  shown that stable micronuclear trans- 
formants arising from homologous  recombination can 
be produced in T. thmophila using biolistic transforma- 
tion. This technique permits transformation of the 
germ line nucleus in this organism and should  be of 
considerable use in a variety of genetic and molecular 
studies. We are  currently  examining  the use  of this tech- 
nique with nonribosomal vectors. 
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