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The ability to ingest particles is lost during conjugation in the ciliate Tetrahymena. Since ingestion does not 
resume until the late stages of development (several hours after pair separation), differential particle uptake can 
be exploited to isolate conjugating cells. A magnetic separation method is presented which should be applicable to 
many cellular systems. Pure preparations of mating Tetrahymena make possible molecular studies on the 
development of this organism. 

1. INTRODUCTION 

Lower eukaryotes have been successfully 
employed to study many aspects of eukaryotic 
development. Studies on the cell cycle in yeast (8) 
and development in Dictyostelium, Physarum, 
and other eukaryotic microorganisms (11) shed 
important light on how developmental processes 

are organized and controlled. However, some 
important aspects of development, such as 
programs leading to the differentiation of soma- 
tic cells from the original totipotent zygote, may 
not be amenable to study in these organisms, 
since they use the same nucleus for somatic and 
germinal functions. The ciliated protozoa offer a 

Abbreviations: Tris = tris-(hydroxymethyl) amino methane. 
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useful experimental system for these studies 
since they contain separate germinal and somatic 
nuclei, but can still be cultured and mated in 
large numbers. 

Sexually competent strains of Tetrahymena 
thermophila, formerly Tetrahymena pyriformis 
(10), contain two morphologically distinct nuclei 
(the germinal micronucleus, and the somatic 
macronucleus) which contain essentially the 
same genome (14), but are different in many 
aspects, including transcriptional activity, time 
and amount of DNA synthesis, content of 
histones, and organization of the genes for 
ribosomal RNA (13). The two different nuclei 
develop from a common nucleus during conjuga- 
tion. After pairs have formed, a precise sequence 
of nuclear events leads to the establishment of a 
new recombinant germinal nucleus, and then to 
the development of a new somatic nucleus from 
the germinal nucleus. The whole process takes 
about 20 hours at 30 ~ and can be performed 
with large samples of cells at concentrations of 
1-2 x 105 cells.ml -I (see ref. 6 for conditions 
necessary for pairs to form). Thus conjugation in 
Tetrahymena offers many possibilities for mole- 
cular studies of nuclear development including 
meiosis and nuclear differentiation. A necessary 
prerequisite for such studies is the production of 
mating mixtures with high frequencies of paired 
cells. Moreover, it has long been observed that 
not all pairs complete conjugation. Typically 
10%, but sometimes as many as 75%, of 
isolated pairs do not develop new macronuclei 
from the newly generated recombinant micro- 
nuclei (see, for example, 7). In order to facilitate 
molecular studies of conjugation, we have 
developed and present here a method for the 
selective purification of pairs and exconjugants 
developing new macronuclei. 
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Figure l. Measurement of pair separation and food 
vacuole formation kinetics. 

Ceils of strain BI8684 and Mpr/Mpr (6mps, V) 
(see 11 for explanation of nomenclature) were grown 
in PPYS medium: 1% proteose peptone (Difco), 
0.1% yeast extract (Difco), and 0.003 % Sequestrine 
(Geigy). They were washed into 10 mM-Tris HCI 
buffer, pH 7.4, and starved separately for 12 hours, 
all at 30 ~ Equal volumes of the two strains were 
then mixed and, after six hours at 30 ~ a drop of 
the mating mixture was added to 1 ml of the growth 
medium. Single pairs were isolated into drops of the 
growth medium containing 0.1% India ink (Rotting, 
W. Germany). The drops were then frequently 
inspected at 50 and 100• at 30 ~ At the 
conclusion of the observations, the plates were kept at 
30 ~ for two days and then replicated to microtiter 
plates containing 0.1 ml PPYS per well. After two 
days the cultures were replicated to a fresh set of 
microtiter plates, and after 12 hours at 28 ~ an 
equal volume of 30 pg. ml -l 6-methylpurine (6-mp) 
in PPYS was added. Growth or death in the drug was 
assayed after four days. Only those clones expressing 
6-mp resistance had produced new macronuclei 
during the mating (1 I); the observations from all 
other cultures were not included here. 0 - - 0  = 
drops aith pairs: O - - � 9  = drops with one or more 
cells containing ink laden food vacuoles. 

2. RESULTS 

It has previously been observed that Tetrahy- 
mena is normally capable of ingesting particles 
via the oral apparatus into food vacuoles, and 
that this ability is subject to control; vacuole 
formation ceases at the time of cell division 
during normal growth (5). To demonstrate a 
similar difference in particle uptake between 
mating and non-mating cells, firm pairs (five 
hours after the first pairs have formed) were 

isolated into small drops of growth medium 
containing India ink, and observed both for pair 
separation and ink uptake into food vacuoles. In 
addition, non-mating cells from the same mating 
mixtures were isolated into the ink-nutrient 
broth; ink filled food vacuoles were easily seen in 
these control cells within 15 minutes, in 
agreement with previous studies (12). On the 
other hand, when isolated into ink-growth 
medium and observed repeatedly soon thereafter, 
0 out of 378 pairs formed food vacuoles, and 
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non showed vacuole formation until, on the 
average, five hours after pair separation. Figure 
1 shows the frequency with which pairs occur in 
drop cultures, as well as the frequency of pairs in 
the cultures containing at least one cell with food 
vacuoles. Only those cultures which upon 
subsequent testing proved to have developed new 
macronuclei have been included. We conclude 
that both pairs and single cells in the later stages 
of conjugation do not ingest particles. 

In order to isolate pairs and true conjugants 
on the basis of differential particle uptake, a 
method to separate particle-filled from particle- 
free cells was developed, based on the techniques 
designed for vegetative cell synchrony, using 
iron particles for ingestion and magnets for 
separation (6, 9). The iron particles used in the 
previous studies proved to be too large for 
efficient ingestion by starved cells. Smaller 
ferrite cubic crystals of Co08Zn0.2Fe204 with a 
diagonal dimension of about 20 nm, supplied by 
the Colloidal Chemical Department of Philips 
Research Laboratories, Eindhoven, The Nether- 
lands, were readily taken up and concentrated by 
both growing and starving cells of this strain. 
We have subsequently found that uncoated 10 
nm magnetic particles which work as well are 
commercially available from Ferrofluidics, 144 
Middlesex Turnpike, Burlington, Mass. 01803. 
Preincubation of the particles from either source 
in 1% aqueous ovalbumin (Sigma A-5503) 
followed by a 10-fold dilution by the mating 
mixture, leaves the particles in suspension. 
Shaking is thereby avoided, an important condi- 
tion, since shaking reduced particle ingestion 
efficiency. 

Separation of particle-filled cells has been 
achieved with small columns of iron-quartz 
powder, which are fitted with permanent mag- 
nets on the outside. The iron powder in the 
column proved necessary to retard the ferrite 
containing cells; without the iron in the column, 
many particle-filled cells passed through the 
column. To determine a minimum time for 
ferrite exposure, cells of one mating type were 
starved in the 10 mM-Tris buffer used for 
matings (1, 3), mixed with ovalbumin-coated 
ferrite, and passed through the column after 
various times of incubation in the ferrite; the 
number of recovered cells was determined by 
counting. As seen in Figure 2, one hour 
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Figure 2. Removal of non-mating Tetrahymena by 
a magnetic column as a function of time in a ferrite 
suspension. 

Cells of strain B18684 were starved for 12 hours 
in 10 mM-Tris HCI, pH 7.4, and then mixed with 
ferrite pretreated with 1% ovalbumin to give a final 
concentration of 5 ( Q - - I )  or I0 ( O - - O )  
mg-ml -~ ferrite particles in 0.1% ovalbumin. One 
ml of the cell suspension followed by 0.5 ml Tris 
buffer was passed through a column containing a 1:4 
mixture of iron powder (Merck, Darmstadt, no. 
3819) to quartz powder (Merck, Darmstadt, no. 
7536), layered on top of loosely packed non-wetting 
cotton. The quartz was washed and dried before use 
to eliminate finer particles, and packed into Corning 
disposable Pasteur pipettes. Two 20 x 50 x 75 mm 
ceramic anisotropic magnets (hard ferrite) from 
Bakker Magneten, Eindhovem The Netherlands, with 
north and south poles on the large surfaces, were 
clamped on each side of the column with non- 
magnetic clamps, and opposite poles facing each other 
at a distance of about 21 mm. A magnetic field of 
about 1200 gauss was measured in the center of the 
column. 

incubation with either 5 of 10 mg. ml -I ferrite 
was sufficient for removal of all cells. Moreover, 
using this approach, we found that the maxi- 
mum capacity of the column was 2 x 105 ferrite 
laden cells per gram of iron quarts. The rate of 
flow was found to be optimal with respect to the 
yield of cells at about 2 ml. min-L 

Finally, we tested the ability of the column to 
eliminate non-conjugants at the later stages of 
conjugation by using a mating mixture of cells 
containing dominant mutations in the micronuc- 
leus but recessive markers in the macronucleus, 
allowing a simple test for the development of 
new macronuclei (2). Six hours after mixing the 
two strains, ovalbumin treated ferrite (10 
mg. ml -I) was added to the mating mixture, and 
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Table I. 

Mating behavior of cells recovered from magnetic column. Strains, methods of mating, and assay for conjugants 
(pairs which had completed conjugation) were the same as for Figure 1. 

Hours in conjugation % Cells in pairs Frequency of isolates which 
when sampled in column eluate developed new macronuclei 

7 99.5 144/157 = .92 
8 98.9 73/76 = .96 

10 89 74/78 = .96 
12 27 77/78 =.99 
14 3 67/67 = .100 

samples were run through the column at various 
times. At each time point, a portion of the 
column eluate was fixed with an equal volume of 
4 % formaldehyde to determine percent cells in 
pairs. Random cells in the eluate (no distinction 
was made between paired or unpaired) were 
cloned in drops of nutrient broth. The clones 
were grown and tested for the expression of the 
dominant phenotype to identify those which had 
developed a new macronucleus. Table I shows 
that although the column initially yielded nearly 
100 % cells in pairs, the frequency of paired cells 
in the column eluate dropped with time exactly 
as predicted by Figure 1 (pair dissociation occurs 
before the onset of particle ingestion). Moreover, 
recovery of cells which developed a new 
macronucleus reached 100 % in the 14 hour 
sample. Presumably only exconjugants synthesiz- 
ing new macronuclei had delayed the resump- 
tion of particle ingestion at this time. A Feulgen 
stain of the cells recovered at 14 hours confirmed 
that virtually every cell was developing macro- 
nuclear anlagen. Only 2 out of 700 cells had the 
nuclear appearance of cells not undergoing the 
nuclear development characteristic of this stage. 

Thus we conclude that the specific relation- 
ship between changes in the capacity to ingest 
particles, and the nuclear events in conjugation 
makes possible an efficient isolation, both of 
pairs during early conjugation and of cells 
synthesizing new somatic nuclei during the later 
stages of this developmental sequence. 
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