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ABSTRACT The haploid Tetrahymena thermophila ge-
nome contains a single a-tubulin (ATU) gene. Using biolistic
transformation, we disrupted one of the two copies of the ATU
gene in the diploid germ-line micronucleus. The heterozygous
germ-line transformants were made homozygous in the mi-
cronucleus by mating to a star strain containing a defective
micronucleus. This mating, known as round 1 genomic exclu-
sion, resulted in two heterokaryon clones of different mating
types which have both copies of the ATU gene knocked out in
the micronucleus but only wild-type genes in the polycopy
somatic macronucleus. When these heterokaryons were
mated, the exconjugant progeny cells did not grow because the
new somatic macronuclei do not have any a-tubulin genes.
However, when these conjugants were transformed with a
functional marked ATU gene, viable transformants were ob-
tained that contained the transforming ATU gene at the
homologous locus in the new macronucleus. The exconjugant
progeny could be rescued at a high efficiency (900 transfor-
mants per pug of DNA) with a wild-type ATU gene. Unlike
previous macronuclear transformation protocols, this strat-
egy should allow introduction of highly disadvantageous (but
viable) mutations into Tetrahymena, providing a powerful tool
for molecular and functional studies of essential genes. These
knockout heterokaryons were used to demonstrate that gene
transfer from somatic macronuclei to germ-line micronuclei
occurs rarely if at all.

We are developing the ciliate Tetrahymena thermophila as a
model for the study of microtubule functions in vivo. Tetrahy-
mena cells maintain extremely diverse microtubule systems,
but express only one type each of a- and B-tubulin proteins
encoded by a single « and two B genes (1). Tetrahymena
tubulins possess most of the evolutionarily conserved post-
translational tubulin modifications which have been suggested
to play a role in the regulation of microtubule assembly and
function (refs. 2-7 and J. Gaertig and M.A.G., unpublished
results). Furthermore, we have developed methods for mass
transformation which, coupled with a high frequency of ho-
mologous recombination, allow replacement of all the tubulin
genes in the somatic macronucleus (mac) (8-11).

In our initial studies we introduced a drug-resistant a-tu-
bulin gene containing mutated sites of conserved secondary
modifications into Tetrahymena macs containing a mutant,
drug-sensitive, a-tubulin gene. In some cases, we obtained
transformants with the desired mutations and were able to
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examine their phenotypes (ref. 11; unpublished results). How-
ever, in several cases, we could not detect the mutations of
interest, although the drug-resistance marker was detected in
the genome of the transformants (B.H., J. Gaertig, and
M.A.G., unpublished results). The simplest explanations for
these results are that the mutation either is a dominant lethal
or results in disadvantageous growth in Tetrahymena. During
DNA-mediated mass transformation of the polyploid mac,
transforming DNA is integrated into transformants through
homologous recombination (10). Thus it is possible that the
initial recombination event separates the mutation under study
from the selectable marker. Alternatively, since the mac
contains about 45 copies of each gene, a subsequent inter-
chromosomal recombination event between the transformed
locus and a wild-type gene could separate the mutation from
the selectable marker. If the mutation is deleterious for
growth, continued drug selection coupled with the random
segregation of mac genes (phenotypic assortment) would result
in cells containing only the drug-resistance marker. This type
of somatic recombination occurs frequently in Tetrahymena
(refs. 10-12; B.H., L. Yu, J. Gaertig, L. Gu, and M.A.G,,
unpublished results). Consequently, existing techniques for
transforming the somatic mac cannot distinguish dominant
lethals from mutations that reduce growth and may fail to
identify such mutations.

Using a recently developed method for germ-line transfor-
mation coupled with phenotypic assortment and * (star)
strains having defective micronuclei (mics) (14-16) we have
developed a strategy to solve this problem. To prevent inter-
chromosomal recombination, we eliminated the wild-type
a-tubulin genes by constructing heterokaryons that contain
germ-line c-tubulin knockouts whose transcriptionally inert
mics are homozygous for an a-tubulin gene disrupted by a neo
gene (conferring paromomycin resistance) but have only drug-
sensitive wild-type alleles in the transcriptionally active macs.
When these paromomycin-sensitive heterokaryons conjugate,
the old drug-sensitive mac is replaced by products produced by
meiosis, fertilization, and mitotic divisions of the mic. As a
result, the disrupted drug-resistance allele should be expressed
in the new mac, which is derived from mics containing only
disrupted a-tubulin loci expressing the neo genes, allowing
simple drug selection for successful mating. Cells that com-
plete this mating should be unable to grow because the new
mac does not contain any functional a-tubulin genes. If the
conjugating heterokaryons are transformed with an a-tubulin
gene, any progeny that survive in the drug should be trans-
formed by the exogenous gene, expressing it as the only
a-tubulin gene in their mac.

Abbreviations: pm, paromomycin; cy, cycloheximide; mp, 6-methylpu-
rine; cy-r, cy-resistant; pm-r, pm-resistant; pm-s, pm-sensitive; mac,
macronucleus; mic, micronucleus.
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Here, we describe creation of heterokaryons homozygous
for germ-line knockouts of the essential a-tubulin gene and
demonstrate that the strategy works as expected. This ap-
proach should be applicable to any essential gene and should
greatly facilitate further mutagenic studies of the gene. Fur-
thermore, the fact that progeny of these heterokaryons are not
viable but can be rescued by exogenous a-tubulin genes argues
that gene transfer from somatic macs to germ-line mics of
vegetative cells or early conjugants or from old to new macs
during conjugation occurs rarely, if at all.

MATERIALS AND METHODS

Strains, Culture, and Conjugation. 7. thermophila strains
CU428 {Mpr/Mpr, Chx* /Chx* [6-methylpurine-sensitive (mp-
s), paromomycin-sensitive (pm-s), cycloheximide-sensitive (cy-
s), VII]}, B2086 {Mpr*/Mpr*, Chx™/Chx* (mp-s, pm-s, cy-s,
II)}, and CU427 {Mpr*/Mpr*, Chx/Chx (mp-s, pm-s, cy-s,
VI)} were obtained from P. J. Bruns (Cornell University,
Ithaca, NY). Strains AKO2 {Mpr*/Mpr, ATU/AATU, Chx*/
Chx™ [mp-resistant (mp-r), pm-s, cy-s, mating type unknown]}
and AKOS5 {Mpr* /Mpr, ATU/AATU, Chx* /Chx* (mp-1, pm-s,
cy-s, VII)} are G; progeny of a cross between CU428 and
B2086 that had been biolistically transformed to pm resistance
in the germ-line mic with the pTUB-KO knockout construct
and then assorted to pm sensitivity in the mac. Strains AAKO2
{Mpr* /Mpr* or Mpr/Mpr, AMATU/AATU, Chx*/Chx* (mp-r,
pm-s, cy-s, mating type unknown)} and AAKOS {Mpr* /Mpr*
or Mpr/Mpr, AMATU/AATU, Chx*/Chx™ (mp-r, pm-s, cy-s,
VII)} are nonstar-side exconjugants from round I genomic
exclusion crosses of AKO2 and AKOS respectively mated to
the star strain B*(VI), also kindly provided by P. J. Bruns.
Cells were grown in SPP (17) at 30°C with shaking.

For conjugation, two strains of different mating types were
washed, starved (16-24 hr, 30°C) and mated in 10 mM
Tris"HCI (pH 7.5). Cells (2 X 10° per ml) were maintained in
flasks at a fluid depth of about 1 cm at 30°C without agitation.
Conjugation efficiency was measured as the percentage of cells
in pairs 4 hr after mixing.

Transformation Vectors. pTUB100E3-Pvull is a pBluescript
KS(+) plasmid (Stratagene) containing the 3.2-kb HindIII
fragment of the a-tubulin (47U) gene of T. thermophila (18)
with silent marker Haelll and Pvull sites (see Fig. 2). To
construct pTUB-KO (Fig. 1), the pBluescript vector sequence
and 5’ and 3’ flanking sequences of the ATU gene were PCR
amplified from pTUBI100E3, a plasmid like pTUB100E3-
Pvull but lacking the Pvull site. Primers were ATU-neoj5’
(Ncol) (5'-GCTTGCCATGGCTAACTTTTGATTTGGTT-
3") and ATU-neoj3' (Bcll) (5'-GTTCTTCTGATCAGTTT-
GATTCCTTACCTA-3"). The neomycin gene (neo) coding
sequence was PCR-amplified from p4T2-1 (10) with primers
neo5' (BspHI) (5'-GTTAGTCATGACAAGCTTGGATGG-
3') and neo3’' (Bcll) (5'-ATCAAACTGATCAGAA-
GAACTCGTCAAG-3"). The PCR products were digested
respectively with the restriction enzymes indicated in the
primer names and ligated to create pTUB-KO with the ATU
coding sequences replaced by neo coding sequences.

For Tetrahymena transformation, plasmids were linearized
(pTUB100E3-Pvull with HindIIT and pTUB-KO with EcoRIand
Xhol), extracted once each with phenol/chloroform and then
chloroform, precipitated with NaCl (0.2 M) and 2-propanol, and
resuspended in TE (10 mM Tris-HCI, pH 8.0/1 mM EDTA) at
2 pg/ul. About 4 ug of DNA was used for each transformation.

Tetrahymena Transformation. For biolistic transformation of
the somatic mac (14), CU428 cells starved overnight in 10 mM
Tris'HCI (pH 7.5), or unfed exconjugants from the cross between
AAKO?2 and AAKOS, were centrifuged and resuspended in the
same Tris buffer at 1 X 107 cells per ml. Cells (1 X 107) were
spread on a moist filter paper and bombarded with DNA-coated
gold particles (1.0 wm) at 900 psi, using the DuPont Biolistic
PDS-1000/He particle delivery system (Bio-Rad). Following
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FiG. 1. Construction of the a-tubulin gene (47U) knockout plas-
mid. All plasmids are pBluescript-based constructs. pTUB100E3
contains a cloned HindIII fragment of the ATU gene that is marked
by a silent Haelll site; p4T2-1 contains the neo gene coding sequence;
in pTUB-KO (the ATU gene knockout construct), the coding region
of ATU is replaced by the coding region of neo. See text for description.

bombardment, cells were immediately resuspended in 50 ml of
SPP, incubated at 30°C for 0.5-2 hr, and then plated in 96-well
microtiter plates. Two to 6 hr after bombardment, pm was added
to the cells at a final concentration of 120 pg/ml.

For biolistic germ-line transformation (14), CU428 and B2086
cells were starved and mixed to initiate conjugation. At 3, 3.5, 4,
and 4.5 hr after mixing, an aliquot of cells was washed with 10 mM
Hepes (pH 7.5), resuspended in Hepes at 1 X 107 cells per ml,
bombarded, and then resuspended in SPP and plated as described
above for somatic transformation. pm (120 pug/ml) was added to
the cells at 2022 hr after bombardment. Four days later, cells
were replica plated into 15 pug/ml mp to test for effective mating.

Extraction and Analysis of Genomic DNA. For Southern
blots, pTUB-KO somatic transformants (KO1-4) were grown
to stationary phase in 25 ml of SPP containing 1 mg/ml pm.
Genomic DNA was extracted (9), digested with HindIII or
Haelll, and blotted as described (19). Hybridization was
carried out at 65°C with a 32P-labeled Hpal/Scal fragment of
the 5" ATU flanking sequence. For analysis of the ATU gene
by genomic PCR, somatic pTUB-KO transformants were
grown in 1.5 ml of SPP containing 1 mg/ml pm to stationary
phase, while transformed progeny of knockout heterokaryons
were grown in 1.5 ml of SPP containing 100 pg/ml pm. The
ATU gene in genomic DNA was amplified with the following
primers (Fig. 24): 5'TUBx (5'-CTCTTAAGCAGTCCCTC-
AAGT-3") and 3'TUBz (5'-CCTTTGTATTTCTTAGTCA-
AGAAAGC-3"). PCR products digested with HaelIl or Pvull
were analyzed by electrophoresis in 0.8% agarose gels.

Test of Gene Transfer from Soma to Germ Line and Among
macs. To cross AAKO2 X AAKOS5, 100 ml each of the two
strains were starved overnight and mixed to initiate conjuga-
tion. For crosses B2086 X CU428, B2086 X AAKO2, and
B2086 X AAKOS, 50-ml portions of each of the two strains in
each cross were starved and mixed. Twenty-one hours after
mixing, cells were refed with an equal volume of 2X SPP and
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FiG. 2. (A) Maps of the macronuclear ATU gene and the trans-
forming constructs, pTUB-KO and pTUB100E3-Pvull. The 1.4-kb
ATU coding region is shown as a shaded box in an 8.0-kb Haelll
genomic fragment. In the knockout construct pTUB-KO, the 0.8-kb
neo coding region (shown as an open box) contains four HaellI sites,
a Hindlll site, and a Pvull site. pTUB100E3-Pvull contains a 3.2-kb
cloned HindIII fragment of the ATU gene which is silently marked by
two restriction sites, Haelll and Pvull. The Hpal/Scal fragment used
as an ATU probe in the Southern blot analysis is shown as a bold line
with an asterisk at its end. Fragment sizes of integrated genomic copies
produced by digestion with HindIII or Haelll which hybridize to the
5" ATU probe are indicated, as are the sites of the PCR primers used
in B. (B) PCR analysis of the ATU gene in four pTUB-KO somatic
transformants (KO1-4). 5'TUBx and 3'TUBz (locations shown in 4)
were used as primers in PCR. The 1.8-kb band detected in wild type
(WT) and in KO1-4 transformants is derived from the endogenous
wild-type ATU gene. The 1.2-kb band is the size expected for the
replacement of the wild-type gene by the knockout construct con-
taining the neo gene. Marker, HindIII-cut A DNA. (C) Southern blot
analysis of the pTUB-KO transformants. Digestion with Haelll is used
to assay for homologous recombination, while HindIII digestions
served as controls. When genomic DNA is digested with Haelll, the
8.0-kb fragment derived from the wild-type ATU locus is detected in
wild-type control (WT) as well as in KO1-4; the 4.4-kb band corre-
sponds to the same locus when the neo gene replaces the ATU coding
region. When digested with HindlIII, the 3.2-kb band derived from the
wild-type ATU gene is detected in all clones; the 1.4-kb band corre-
sponds to the replacement fragment containing the neo gene.

three 100-ul cell samples were taken and stained with 4',6-
diamidino-2-phenylindole (DAPI) (11). The numbers of un-
mated cells (one mac) and of successful conjugants (two or
three macs; ref. 20) were counted to determine the conjugation
efficiency. Three hours later, pm (120 ug/ml) was added and
cells were plated with or without dilution with SPP containing
120 pg/ml pm. Wells containing growing cells were scored 4
days later. The number of pm-resistant (pm-r) cells was
calculated by using the Poisson distribution (21).

RESULTS

ATU Is an Essential Gene That Can Be Partially Replaced
in the Somatic mac. To knock out the a-tubulin gene (47U),
we constructed pTUB-KO (Fig. 1) by replacing the whole
coding region with the neomycin-resistance gene (neo) coding
sequence, which confers pm resistance in 7. thermophila (22).
In this plasmid, the neo coding region is flanked by the 5’ and
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3" ATU gene flanking sequences, which drive neo gene expres-
sion after transformation.

Since T. thermophila has only a single ATU gene (1), cells
presumably would not be viable if all the ATU copies were
knocked out in the transcriptionally active mac. To test the
pTUB-KO construct and determine whether cells whose devel-
oping mac ATU genes had been partially disrupted could survive,
a biolistic somatic transformation (14) was performed using
linearized pTUB-KO. About 100 pm-r transformants were ob-
tained that grew normally in up to 3 mg/ml and survived in up
to 7 mg/ml pm. Wild-type cells were killed in 120 pug/ml pm. To
examine if these transformants contained the knockout fragment,
genomic PCR was performed for four randomly selected clones,
KO1-4, with primers (5"TUBx and 3'TUBz) located in the ATU
gene flanking sequences (Fig. 24 and B). In addition to the 1.8-kb
band amplified from the wild-type ATU gene, a 1.2-kb band, the
size expected from the neo gene flanked by the ATU sequences,
was detected in all four transformants but not in the wild type,
indicating that the transformants contain the knockout construct.
To determine if the wild-type ATU gene has been replaced by the
disrupted gene through homologous recombination at the ATU
locus, Southern blot analysis using a 5’-specific probe for the ATU
gene was performed with HindIII- or Haelll-digested genomic
DNA isolated from the four transformants grown in 1 mg/ml pm
(Fig. 2 A and C). In wild-type cells, the expected single band was
detected with either HindIII (3.2 kb) or HaellI (8.0 kb) digestion.
In all transformants KO1-4, the intensity of the wild-type band
was reduced and a smaller band, resulting from neo integrated
into the ATU locus, was present. Comparing the intensities of the
knockout and wild-type bands, more than 50% of the mac ATU
genes were knocked out in each transformant, indicating that cells
can survive with less than 50% of their mac ATU genes. These
studies show that the pTUB-KO construct can be used to knock
out the ATU gene and suggest macs derived from a mic contain-
ing one wild-type and one disrupted ATU gene should be viable.

Creation of a Germ-Line Knockout for the a-Tubulin Gene. To
create a biolistic germ-line transformant with a disrupted A7U
gene (Fig. 3), conjugating B2086 and CU428 cells were bom-
barded with linearized pTUB-KO at 0.5-hr intervals from 3 to 4.5
hr after conjugation had been initiated, when germ-line trans-
formation can occur (14). Bombarded cells were selected for pm
resistance about 20 hr after bombardment, when conjugation is
completed. Dozens of pm-r transformants were obtained for each
time point and tested for resistance to mp. This drug selects for
cells that have completed conjugation because CU428 is a
heterokaryon containing the dominant Mpr gene only in the
transcriptionally silent mic, which can be selected only after a
successful mating, when it is expressed in the new mac and
renders the cells resistant to mp (mp-r). One of the 4-hr pm-r
transformants was also mp-r, indicating it was derived from a true
exconjugant. Since cells that have completed conjugation are
immature and cannot mate again for about 40-60 fissions (16),
vegetative progeny of this G, conjugant were single cell subcloned
and each subclone was grown without drug selection for about 60
generations before being analyzed genetically. Note that macs
and mics of clones derived from each of the four cells (karyon-
ides) that develop from a conjugant pair have the same genotype
but each represents an independent line of mac development
(16). Since the cells were plated before pairs had separated into
exconjugants, progeny of all four karyonidal clones should be
found in the same microtiter well. Although they are genetically
identical, because mating type is determined epigenetically, the
progeny of these karyonidal clones can have different mating
types.

To test whether the subclones were germ-line transfor-
mants—i.e., whether they can transfer the knockout marker to
the next generation in a genetic cross—the G; subclones were
mated to CU427, a cy-s heterokaryon homozygous in the mic
for the Chx gene conferring dominant cy-r. Most subclones
gave progeny resistant to both cy and pm, demonstrating
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FiG. 3. Creation and testing of knockout heterokaryons homozy-
gous for disrupted ATU genes in the mic (A47U) and containing only
wild-type ATU genes in the mac. Chx is a dominant gene conferring
resistance to cycloheximide (cy-r), whereas the wild-type Chx™ is
sensitive (cy-s). Mpr is a dominant gene conferring resistance to
6-methylpurine (mp-r), to which cells with the wild-type Mpr* gene are
sensitive (mp-s). Roman numerals indicate mating types; mating types
not determined are indicated by ?. Note that in cross d only a mutant
AATU/AATU round I product of cross c is shown. An approximately
equal number of nonmutant ATU/ATU round I cells are obtained that
do not yield any pm-r progeny. The genotype of the Mpr locus in round
I exconjugants was not determined. Values obtained for test crosses b
and d are from a single subline.

effective mating to CU427 and transfer of the knockout to the
subsequent generation.

Genotypic Analysis of Phenotypically Assorted G; Sub-
clones. The Tetrahymena mac is polyploid, with most genes
present in ~45 copies in G; phase (23). During vegetative
growth, the mac divides amitotically, distributing approxi-
mately equal numbers of the multiple copies of each gene
randomly between the two daughter cells. This results in a
phenomenon known as phenotypic assortment (24). After
about 60 vegetative (i.e., asexual) divisions, most sublines
derived from a heterozygous karyonidal clone have assorted;
their macs contain exclusively one or the other of the two
alleles (25). Once a subline expresses only one allele, it never
reverts to the other type, though it can be demonstrated
genetically that the mic is still heterozygous. Since the G cells
obtained from the germ-line transformation had been grown
for ~60 generations in the absence of pm, most cells should
have assorted the ATU genes, expressing either the wild-type
gene or the knockout. Cells expressing the wild-type gene
should be pm-s. Vegetative progeny of G; subclones which
gave pm-r and cy-r G, progeny when mated to CU427 were
single cell subcloned and the isolated sublines were grown in
120 pg/ml pm. About 30% of the sublines derived from each
subclone failed to give any pm-r vegetative progeny, indicating
that their macs contain only wild-type ATU genes. Three pm-s
G; sublines were mated again to CU427 to test for Mendelian
inheritance (Fig. 3). About 90 conjugating pairs were isolated
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and grown up for each subline, and the G, progeny derived
from the pairs were selected first for cy-r and then for pm-r.
In every cross, ~50% of cy-r G, were also pm-r (the fraction
of cy-r G; clones that were also pm-r in the three crosses was
46/86, 41/87, and 34/75), demonstrating that the knockout
marker is inherited in a typical Mendelian fashion. Therefore,
those G sublines are true germ-line transformants. The pm-s
germ-line G; sublines were mated to one another to test for
different mating types. Two pm-s germ-line G; clones of
different mating types were obtained, named AKO2 and
AKOS for ATU knockout. Because they were derived from
conjugating B2086 and CU428 cells, the latter of which are
homozygous for Mpr, both clones were resistant to mp.

Construction of Heterokaryons Containing Homozygous
Germ-Line Knockouts for the ATU Gene. Star (*) strains have
defective mics; they form conjugal pairs but cannot donate
genetic material. When mated to a star strain, a normal strain
donates a gametic nucleus but receives nothing in return when
gametic nuclei are normally reciprocally exchanged. The single
haploid nucleus in each conjugant then diploidizes and most
cells separate without forming a new mac. These cells retain
their old macronuclear phenotype and can be immediately
remated but have new, homozygous micronuclear genotypes
that depend on the genetic composition of the normal parent
and which meiotic product was (randomly) selected to form
gametic nuclei. This process is referred to as round 1 of
genomic exclusion (16) (Fig. 3).

Both AKO2 and AKOS could form pairs with the strain B*
(VI) which is mp sensitive. Single pairs were isolated and excon-
jugants were each isolated into individual drops of medium and
treated with mp to select for the “nonstar” or normal parent side
(Fig. 3). Two clones, one derived from AKO?2 and one from
AKOS, were obtained which, when crossed to CU427, gave cy-r
progeny all of which were also pm-r, indicating that both copies
of the ATU gene had been knocked out in the diploid mics of
these two clones. Since they are pm-s, that is, their macs contain
only the wild-type ATU gene, the two round 1 clones (AAKO2
and AAKOS) are the desired heterokaryons.

Test of Gene Transfer from Somatic to Germ-Line (and
Among Somatic) Nuclei in 7. thermophila. During conjugation,
new macs in the karyonides develop from the fertilized mics in
the conjugants, and all the genes in the new macs are inherited
from the fertilized mics. However, it has never been tested
whether DNA can be transferred from somatic macs to
germ-line mics in vegetative cells or from the old mac back to
the mic prior to completion of the second postzygotic division
or to the developing macs during conjugation. Since transfor-
mation of mics and of new macs with exogenous DNA during
conjugation is easily accomplished (8, 14), it is possible that
DNA lost from the degenerating old mac gets into the devel-
oping mics during the early stages of conjugation, or into the
developing macs during macronuclear development.

To test for gene transfer, two mating types of a heterokaryon
homozygous for lethal (or recessive) alleles in the mic and a viable
(or dominant) allele in the mac are required. When such cells
mate, only a gene transfer from the mac would enable them to
produce viable (or dominant) progeny. The creation of hetero-
karyons homozygous for knockouts of the essential ATU gene
allows this test. Because both copies of the gene are knocked out
in the diploid mics of the heterokaryons AAKO2 and AAKOS,
when they mate the developing new macs do not receive a copy
of the ATU gene, and the progeny lacking a-tubulin proteins
should die. Only if ATU genes from the wild-type macs of the
heterokaryons are transferred to mics or to the developing macs
can the progeny obtain an ATU gene and survive.

To perform this gene transfer test (Table 1), 1 X 107 cells each
from strains AAKO2 and AAKOS5 were mated. Twenty-one
hours after mixing, 1 X 107 exconjugants were obtained that
contained two new or two new and one old macs, and cells were
refed. Four hours later, pm (120 pg/ml) was added. The two



1314 Genetics: Hai and Gorovsky

Table 1. Summary of gene transfer tests

Total Mating Total Total
no. of efficiency, no. of no. of
Cross cells % conjugants pm-r cells

Experiment 1
AAKO5 X AAKO2 2.0 X 107 52
B2086 x CU428 1.0 X 107 76
B2086 X AAKO5 1.0 x 107 73
B2086 X AAKO2 1.0 x 107 58

Experiment 2
AAKOS5 X AAKO2 2.0 X 107 57
B2086 X CU428 1.0 X 107 72
B2086 X AAKO5 1.0 x 107 70
B2086 X AAKO2 1.0 x 107 61

1.0 x 107 0
0.76 X 107 0
0.73 X 107 0.63 x 107
0.58 X 107 0.52 x 107

1.1 %X 107 0
0.72 X 107 0
0.70 x 107 0.59 x 107
0.61 x 107 0.36 x 107

heterokaryons were also mated to the wild-type strain B2086 to
test mating ability, and a cross between wild-type strains B2086
and CU428 was performed as a negative control. No pm-r
exconjugants were isolated from 1.0 X 107 conjugants obtained
from the cross AAKO2 X AAKOS5. However, 5.2 X 10° conju-
gants from the cross AAKO2 X B2086, and 6.3 X 10° conjugants
from the cross AAKOS X B2086, were pm-r, indicating that the
heterokaryons are normal and competent in conjugation. As
expected, none of the conjugants from the wild-type cross
B2086 x CU428 was pm-r. This test was repeated once with
similar results. Thus, in about 2 X 107 exconjugants in two tests,
which contain about 4 X 107 developing macs, gene transfer from
somatic macs to germ-line mics or from the old mac to the new
mac was not observed. If such transfers occur at the ATU locus
at all, they are very rare. These results also demonstrate again that
the ATU gene in T. thermophila is essential, since progeny of
knockout heterokaryons whose ATU genes were all disrupted
could not survive.

Transformation of Conjugating Heterokaryons with an
ATU Gene. Our main aim in making these heterokaryons is to
study the function of primary sequence elements of a-tubulin
by transforming conjugating heterokaryons with ATU genes
containing mutations of interest and examining the pheno-
types of transformants. Because progeny of such a conjugation
lack an intact essential ATU gene, they do not grow. However,
they should be able to grow if they are transformed during
conjugation with an ATU gene that supports growth. The only
ATU gene expressed in these transformants should be the one
introduced by transformation, since there is no transfer of the
wild-type gene present in the old mac to the mic or the
developing mac. Because cells that complete conjugation
receive only disrupted ATU genes expressing the neo gene and
the parental AAKO2 and AAKOS cells are pm-s, pm can be
used to select for progeny of successful conjugation.

To test these expectations, conjugating AAKO2 and
AAKOS cells were biolistically transformed 11 hr after mixing
(mac development II stage) (14, 19, 26) with linearized
pTUBIL00E3-Pvull containing a wild-type ATU gene silently
marked by Haelll and Pvull sites (Fig. 2A4). Two transformants
survived in pm (120 pg/ml), suggesting their new macs re-
ceived both the knockout gene, which rendered them pm-r,
and an ATU gene, which enabled them to grow. To determine
whether all ATU copies in the transformants were the exoge-
nous gene introduced during transformation, the ATU genes in
the two clones were amplified using genomic PCR (Fig. 4).
Two fragments were amplified whose sizes correspond to the
wild-type ATU gene (1.8 kb) and the disrupted gene (1.2 kb).
When digested with either Haelll or Pvull, the 1.8-kb band was
cleaved to smaller size fragments and the digestion was
complete. Therefore, the only ATU gene in the mac of the two
transformants is the one introduced by transformation. The
absence of wild-type ATU genes in these cells demonstrates
that the germ-line transformants were true knockouts created
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FiG. 4. Genomic PCR analyses of transformants obtained from
conjugating ATU knockout heterokaryons transformed with a wild-
type ATU gene. Conjugating knockout heterokaryons were trans-
formed with linearized pTUB100E3-Pvull (see Fig. 24). Genomic
PCR was performed with primers 5'TUBx and 3'TUBz (shown in Fig.
24) for two transformants (1 and 2) which survived in pm. The 1.8-kb
band of the undigested PCR product could be either the endogenous
or the transforming ATU. The 1.2-kb band corresponds to the knock-
out fragment containing the neo gene. The 1.8-kb band in both
transformants completely shifts to small sizes after digestion by either
enzyme, indicating that the cells contain only the transforming ATU
gene. The 1.2-kb band was also cut by the two enzymes into small
fragments as expected. Lane M, PUC19 marker (Biosynthesis, Lewis-
ville, TX).

by homologous replacement of the wild-type ATU gene by the
disrupted gene and that the germ-line mics of AAKO2 and
AAKOS were homozygous for the disrupted ATU gene. Thus
our strategy of eliminating the wild-type a-tubulin genetic
background through transformation of conjugating knockout
heterokaryons was successful. The transformants are stable as
expected and have been in culture for hundreds of generations
since they were created. We also have obtained viable pm-s
subclones from these transformants, suggesting that the wild-
type ATU gene replaced some of the disrupted genes, allowing
phenotypic assortment.

We tested several parameters for the rescue of heterokaryon
conjugants with a wild-type ATU gene. The timing of trans-
formation appears to be critical. When we transformed unfed
exconjugants from the cross between the two heterokaryons at
about 24 hr after mixing, the rescue efficiency was greatly
increased to as high as about 300 transformants per ug of
DNA. Using more exconjugants also resulted in more trans-
formants. We obtained 900 transformants per ug of DNA with
3 X 107 mated heterokaryon cells, compared with about 300
transformants per ug of DNA with 1 X 107 cells from the same
cell population. Increasing the amount of DNA yielded more
transformants without significantly affecting the number ob-
tained per ug of DNA using 2, 4, or 8§ ug of DNA. Thus,
knockout heterokaryons can be rescued in large numbers at
high efficiency with an ATU gene after optimization for
transformation. This rescue efficiency should enable us to
analyze mutant ATU genes and even to mutagenize the ATU
coding region randomly in vitro, transform knockout hetero-
karyon exconjugants, and screen for mutations that affect
microtubule assembly and functions.

DISCUSSION

Because macs are polyploid and homologous recombination
events are frequent in Tefrahymena, we found that when they
are transformed with highly disadvantageous mutations asso-
ciated with flanking selectable markers, the cells routinely
execute a crossover with the endogenous gene between the
selectable marker and the deleterious mutation. This creates
a gene with the selectable marker and the wild-type sequence
at the site of the deleterious mutation whose function was
being analyzed, defeating the purpose of the experiment.
Crossing-out of deleterious mutations was observed for essen-
tial genes (e.g., the Tetrahymena a-tubulin gene), and for
redundant genes [e.g., the Tetrahymena B-tubulin genes for
which there are two copies (L. Gu and M.A.G., unpublished
results)], suggesting this is a common problem for mutagenic



Genetics: Hai and Gorovsky

analysis using macronuclear transformation. In this paper, we
have described a novel strategy for introducing genes into macs
lacking the gene being studied, thereby eliminating the possi-
bility of homologous recombination between the introduced
and endogenous genes. We created knockout heterokaryons
having both copies of an essential gene knocked out in the mic
while retaining wild-type genes in the mac. These cells must
accept an introduced gene (as long as it is viable) or die and
should allow the phenotypic effects of deleterious mutations to
be examined. This strategy can also be extended to small
multigene families, provided all of the genes in the family can
be knocked out in the mic. This would require germ-line
transformation to knock out the genes individually and then
mating different knockouts to obtain a strain containing
germ-line knockouts for all of the genes that are functionally
redundant.

Knockout heterokaryons make it easier and faster than
previous transformation methods to obtain transformants
containing only the mutant version of the gene being analyzed.
Transformation by microinjection (27) or conjugant electro-
poration (10) results in transformation of only some macro-
nuclear copies of the gene. To eliminate all endogenous
wild-type copies, prolonged growth under selection pressure is
required. Furthermore, to prove a complete replacement in
which the mutation is totally responsible for the phenotype to
be observed, usually Southern and Northern blot analyses have
to be performed, which are again time consuming. However,
transformation of knockout heterokaryon conjugants results
in viable progeny that have the transforming gene as the only
functional form of the genes, because the endogenous mac
copies are all disrupted, obviating the need for a selectable
marker in the transforming DNA. Thus, as soon as a trans-
formant is obtained, it can be used for phenotypic analysis.
Also the fact that complete replacements are selected imme-
diately rather than after a period of vegetative growth should
greatly decrease the chance of suppressor mutations occurring
to confuse the analysis.

It is not known whether gene transfer from soma to germ
line occurs in nature. A rigorous test for this is difficult because
multicellular organisms are hard to mate in large numbers and,
in unicellular organisms such as yeast, the somatic and the
germ-line nuclei develop sequentially and are never contem-
poraneous. In ciliated protozoa, the co-existence of germ-line
and somatic nuclei in the same cytoplasm coupled with new
molecular tools for germ-line and somatic transformation
offer a unique opportunity for a test of gene transfer from
soma to germ line. Interactions between the somatic and
germ-line genomes in Tetrahymena have recently been dem-
onstrated by Chalker and Yao (28), who showed that when the
somatic nucleus of 7. thermophila was loaded with a specific
germ-line-limited sequence by microinjection, site-specific
DNA deletion of that sequence during subsequent mac devel-
opment was specifically blocked. This failure to excise mic-
specific elements was inheritable in a non-Mendelian fashion.
These results strongly suggest that DNA of the somatic mac can
affect DNA rearrangement in the germ-line mic during con-
jugation. Similar phenomena have also been observed in
another ciliate, Paramecium (see ref. 13 for review). One
possible explanation of these results is that the mic-limited
DNA elements escape from old macs and diffuse into the
cytoplasm or into the developing mac to compete for limiting
trans-acting factors. If that is the case, it might be possible for
the escaped somatic mac DNA to reenter the germ line and to
be transmitted to the new macs, as exogenous DNA does
during somatic and germ-line transformation. The creation of
heterokaryons which are homozygous for germ-line knockouts
of the essential a-tubulin gene allowed a test of gene transfer
from somatic to germ-line nuclei in Tetrahymena. Gene trans-
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fer from somatic macs to germ-line mics or from old macs to
new macs at the ATU locus was not observed in about 2 X 107
exconjugants in two tests. There are three possible explana-
tions for this result: (i) DNA is not transferred; (if) gene
transfer occurs at other loci but not at the ATU locus; and (iii)
gene transfer occurs at the ATU locus but is very rare and the
number of exconjugants we have tested was not large enough
to detect these events. Since the mic ATU locus can be
transformed by exogenous DNA, it seems unlikely that DNA
escapes frequently from the mac to transform the mic during
vegetative growth or conjugation. Additional studies using
knockout heterokaryons to study the A7U and other essential
genes should determine whether transfer from somatic to
germ-line nuclei occurs at other loci or with detectable fre-
quency at the ATU locus.
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