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Abstract. A previously unrecorded property of actinomycin D, a well-known antibiotic, was discovered in the course of long-term genetic
research on the amoeba Amoeba proteus and the ciliate Dileptus anser. In these protists actinomycin D can induce an unusual type of
hereditary variation, which we refer to as the inheritable destabilization of characters. A number of features indicate that this variation is
epigenetic, that is, not caused by mutations in the DNA. Therefore, actinomycin D may be considered as an inducer of epigenetic inheritable
changes, in other words, as an epimutagen.
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Abbreviations: AmD — actinomycin D, MT — mating type.

INTRODUCTION

We conducted genetic research on two biologically
different and phylogenetically distant protist species,
the amoeba Amoeba proteus (Amoebozoa, Tubilinea)
and the ciliate Dileptus anser (Rhynchostomatia, Lito-
stomatea) (see Adl ef al. 2012). In the course of this
research we discovered and studied an unusual type of
hereditary variation: inheritable destabilization of sev-
eral phenotypic characters.
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MATERIALS AND METHODS

The strains of Amoeba proteus (L, B and C) and Dileptus an-
ser (3, 13, 153, B and D) were used. Both amoebas and ciliates
were cultured using the conventional technique in Prescott’s saline,
with Tetrahymena pyriformis GL as a food at 25°C. The stability of
amoebas to the toxic effect of ethanol was assessed by the number
of individuals surviving after a 5-minute exposure to 7% ethanol.
In micro-aquaria equal volumes of the culture medium containing
amoebae were mixed, and 14% ethanol solution prepared in the
same medium. During the entire exposure period the micro-aquaria
were tightly closed with lids. After 15-20 minutes of transfer of the
amoebas from ethanol to a fresh culture medium, it was found that
the dead amoebae had disintegrated, and the survivors had reached
the bottom of micro-aquaria and resumed normal division. Calcu-
lation of the number of surviving amoebas was carried out under
a binocular magnifier.

In the experiments on the effect of Actinomycin D (AmD, “Ser-
va”, Federal Republic of Germany) on samples of strains of amoe-
bas (approximately 50 cells) were placed in a solution of 0,1 mg/ml
of AmD for 6 hours. Amoebas were washed thoroughly of AmD,
and then was planted individually into micro-aquaria. Clones were
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cultured from AmD-treated cells by individual cultivation. AmD has
an insignificant toxic effect: out of 25 individual cultures 21 clones
of strain L were grown, and 17 clones of strain C were grown.

Dilepti were cultivated according to the same standard proce-
dure. Under such conditions, the ciliates usually divide once per
day. Clones used crossing were grown in the laboratory from in-
dividuals found at different times in water samples from natural
reservoirs, mainly in St. Petersburg and the surrounding Leningrad
Region. Crosses of the ciliates were carried out using cells marked
with one of the two “parent” clones. For this, tetrahymenas were
kept in a suspension of Chinese ink for 1.5-2.0 hours. They were
then washed from the medium with mascara and fed to dilepti. The
black digestive vacuoles of tetrachimens were distinctly seen in the
cytoplasm of the dilepti. Before mixing two complementary clones,
one of which was labeled, the cells were transferred to frech me-
dium. The labeled cells were then mixed with unmarked cells of
the second “parent” clone (50-100 individuals of each clone) in
one container. After 16—18 hours, the formed pairs were removed
from the mixture, after their divergence, exconjugant clones were
obtained, which were isolated and grown separately. Subsequent
testing of young clones for puberty and the type of pairing was
performed by crossing the clone with three mature type I, II and
III mating clones. Immature clones (true exconjugant clones) were
further cultivated as mass cultures, periodically testing them with
clones-testers.

The stock solution of AmD at a concentration of 1 mg/ml was
diluted with Prescott’s culture medium and put into the cultures of
ciliates. Concentrations of 5, 10, 15, 20 and 30 pg/ml were tested.
For the main experiments, a concentration 15 pg/ml was chosen.
AmbD was added into the cultures of the ciliates at the desired final
concentration. Microaquaria with dilepti in Prescott’s medium were
added with AmD at the above concentration at a ratio of 1:1. By
adding to the mixture the same AmD solution after one or two days,
the antibiotic concentration in the mixture was adjusted almost to
that of the working one. For three days the dilepti stayed in the
AmbD solution without food. Then cells were cleansed of antibiotic
with Prescott’s medium, placed one at a time, and subclones were
cultivated as usual. In total, 20 subclones of each clone were grown
in this way. The subclones were tested weekly for mating type with
cells of initial clones.

RESULTS AND DISCUSSION

Inheritable destabilization of characters in amoebae

Since amoebae are agamic, we used microsurgical
transplantation of nuclei for genetic research on these
protists. We had at our disposal the collection of labo-
ratory clones and clones isolated from natural popula-
tions (strains B, C, L and others). Many of these clones
differed by some morphological, physiological or bio-
chemical characters. The differences persisted over
many years of culturing and, as shown in nuclear trans-
plantation experiments, were exclusively controlled by
the nucleus (Yudin and Sopina 1970; Yudin 1982).

Destabilization of some of these phenotypic char-
acters was first found in clones descended from heter-
okaryons as an inheritable result of cytoplasm-mediat-
ed mutual influence of the nuclei (Kalinina and Yudin
1964; Yudin 1973). The initial material used in these
first studies was represented, e.g., by strains X and Y,
which showed an inheritable difference in a marker
character. Diheterokaryons X Y and Y X (n - nucle-
us, ¢ — cytoplasm) and dihomokaryons X X andY Y
were obtained. These dikaryons were cut into two uni-
nucleate halves with a fine glass needle on the 5™ day
after they were obtained (but before their natural divi-
sion) and a clone was grown from each half. After that,
these clones were repeatedly and successively tested
for the marker character.

The phenotype of both clones originating from a di-
heterokaryon changed in almost 100% of the cases. The
changes occurred in both nuclei. They were manifested
in the inheritable destabilization of the marker charac-
ter, which was, as mentioned above, controlled by the
nucleus. Successively tested samplings of amoebae
from a destabilized clone demonstrated the phenotype
of one of the “parent” strains in some cases, the pheno-
type of the other “parent” strain in some other cases and
some intermediate state of the character in some other
cases still (though it is uncertain to what extent the be-
haviour of amoebae in a tested sampling was synchro-
nous). The results of experiments of this kind involving
two marker characters, resistance to methionine and
resistance to ethanol, are shown in Fig. 1. Clones origi-
nating from dihomokaryons remained stable. It was
shown that destabilization of other nucleus-controlled
characters arose in the same way.

It became clear soon that an inheritable destabiliza-
tion of characters in amoebae may be caused not only
by the mutual influence of the nuclei in heterokaryons
but also by diverse external impacts such as X-ray ex-
posure, injections of total RNA obtained from amoebae
of the same or a different strain, treatment with actin-
omycin D or ribonuclease etc. (Kalinina 1967, 1968,
1969; Yudin 1979a, 1982; and others). Taken together,
the data on induced destabilization in amoebae sug-
gested that in all the cases the researchers dealt with the
same phenomenon.

The data indicated that the arising changes were not
associated with mutations since inheritable changes
resulting in destabilization of the studied characters in
amoebae always arose with a very high frequency (up to
100%) under the impact of diverse and often undoubt-
edly non-mutagenic factors. It was hypothesized that
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Fig. 1. Examples of inherited instability of traits in amoeba clones grown from mononuclear halves of a diheterokarionic cell (from: Yudin
1967, modified). A — resistance of amoebae to methionine (0.15 M, 18-20 h); B — resistance of amoebae to ethanol (7%, 5 min). Abscissa:
number of amoebae survived of 50 cells taken in each test (in %); ordinate: number of tests that showed a given survival rate. L, B, and
C — amoebae strains; n, nucleus; c, cytoplasm.
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inheritable characters that can be destabilized are under
epigenetic control and that agents inducing inheritable
destabilization act upon the mechanisms regulating the
activity of genetic material rather than on genetic mate-
rial itself.

These ideas were based on the concept of epigene
(Tchuraev 1975; see also: Monod and Jacob 1961; Ja-
cob and Monod 1963). According to Tchuraev, an epi-
gene is a cyclic system of one, two or several genes
that has not less than two stable regimes of functioning
retained in the successive series of cell generations. The
choice of the functioning regime depends on regulatory
molecules of proteins and (or) RNA responsible for
regulatory feedbacks in this system. In some cases, the
disruption of regulation due to external impacts may re-
sult in the switch of the epigenetic system into a new,
oscillatory regime, which would also be retained in the
series of generations. From this viewpoint, induced
destabilization itself has an epigenetic rather than mu-
tational nature. In respect of each character that can be
destabilized, the nucleus of the amoeba, while retain-
ing the same genotype, may be in one of the two stable
inheritable states or in an inheritable destabilized state
(Yudin 1979b, 1982).

The hypothesis of the epigene and the dynamic in-
heritable memory was developed further in the subse-
quent years (Golubovsky 1996; Tchuraev 2010). An
experimental synthesis of epigenetic systems — im-
portantly, not only toggle switches but also oscillators
— considerably reinforced this hypothesis (Judd et al.
2000; Tchuraev et al. 2000, Tchuraev 2010; and others).

Inheritable destabilization of characters in dilepti

Mating type (MT) is a commonly studied character
in sexual ciliates. MTs have been found in dozens of
species from all ciliate classes (see for review: Miyake
1996). Since MT systems, their genetic control and the
ways in which they are inherited are quite diverse, their
study opens promising vistas for comparative genetics.
The ciliate Dileptus anser is an especially interesting
object because it is a one of the relatively uncommon
species excreting specific signal products — mating
pheromones triggering the sexual process. The MT of
such an organism is determined by the pheromones it
excretes and the pheromone receptors it bears on the
cell surface (Yudin et al. 1990).

Three MTs have been found in Dileptus anser. Most
individuals isolated from natural populations form
clones belonging, as revealed by crossing with tester
clones, to one of the three MTs. All these MTs are sta-

bly inherited in a series of vegetative generations over
many years of cultivation under laboratory conditions.
Similarly to many other ciliates, dilepti are usually
sexually immature after conjugation, that is, unable to
conjugate with mature dilepti with complementary MTs
(Bleyman 1971, 1972; Nanney 1980; Takagi 1988).
After a certain number of cell divisions they become
partly mature (adolescent), that is, they can conjugate
to only one of the two complementary MTs. Finally,
they become fully mature.

The inheritance of MT during crossing in sexual
generations was studied with the help of hybridological
analysis. The results indicated that this character was
inherited synclonally and that it was controlled by a sin-
gle mat locus with three alleles showing the peck-order
dominance: mat' > mat* > mat® (Yudin and Afonkin
1987).

However, data that did not fit the above scheme were
being gradually accumulated. Crossings of various
dilepti clones with all the three MTs were performed
for several years. On the one hand, some of the crosses
continued to demonstrate a synclonal inheritance of this
character in sexual generations, peck-order dominance
of the alleles and an MT segregation not significantly
different from 1 : 1. In other words, we observed, as be-
fore, a more or less evident monofactorial Mendelian
behaviour of the character whose inheritance was un-
der direct genetic control (Siegel 1970). On the other
hand, several crosses showed more or less considerable
deviations from this scheme. The anomalous features
of these exconjugant clones were as follows: (1) their
maturation was delayed as compared to other clones;
(2) they temporarily reverted to an immature or ado-
lescent state, that is, a destabilization of the maturity
state was observed; (3) some MTs found in them could
not be predicted by the scheme described above. Es-
pecially interesting observations were made when we
repeatedly tested such “anomalous” clones at 1-2 week
intervals for a long period of time. MT of many just ma-
tured clones appeared to be unstable; when expressed
for the first time, it was not uniquely determined and
varied with time in one and the same clone. For reasons
unknown to us, such change of MT encompassed all
cells in a given culture synchronously and unidirection-
ally. At any rate, in no case was spontaneous selfing
(i.e. intraclonal conjugation) observed, which would be
expected under asynchronous and/or unlike MT varia-
tion within culture. Typically, such an unstable clone,
before changing its MT, resumed the state of immatu-
rity or adolescence for a short time when it mated with



no one tester clone or mated with only one of them,
correspondingly.

Examples of the behaviour of these “irregular”
clones are given in Table 1. Out of 142 exconjugant
clones tested, which were obtained in eight different
crosses, a change of MT (that happened once or twice)
was noted in 40 clones (28%). In 30 cases out of 45 we
managed to register that a change of MT was accompa-
nied by a transition to the state of immaturity or ado-
lescence. Changes of MT occurred in all the possible
directions though with a different probability (Uspens-
kaya and Yudin 2003; Yudin and Uspenskaya 2006). To
illustrate, of 45 MT changes observed 25 were altera-
tions to MT III, but only 8 to MT 1. Expression of the
most recessive MT seems to be most probable.

It was clear that the causes of unstable MT differ-
entiation in Dileptus anser could have different nature.
An epigenetic component of the hereditary MT control
could not be ruled out. Based on this, we hypothesised
that the mat locus in dilepti has a complex nature, i.e.
contains genetic potentiality for all the three MTs (Yu-
din and Uspenskaya 2007), similarly to the complex
MT locus in the ciliate Tetrahymena thermophila (Cer-
vantes et al. 2013). In the course of maturation of an ex-
conjugant dilepti clone, this complex locus undergoes
an epigenetic differentiation in the macronucleus (Ma),
resulting in the expression of one of the three genetic
potentialities encoded in it: an MT-determining “epial-
lele” of this locus arises. These assumptions help us to
explain MT changes in young exconjugant clones as
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well as deviations from the Mendelian behaviour of the
character in crosses. As for the Mendelian behaviour of
MT, it appears to be possible only if the complex locus
mat can stably differentiate in the generative nucleus,
the micronucleus (Mi), resulting in a stable micronu-
clear epiallele: mat', mat* or mat’.

The origin of a “mutational” allele of the mat locus
ensures its stable Mendelian behavior in future crosses.
There must be no exconjugant clones unstable for MT
in the progeny of the clone in which this kind of dif-
ferentiation has occurred. But if the micronuclear mat
locus is differentiated only functionally, through the
repression of any two genetic potentialities out of en-
coded three (according to the principle of “mutual ex-
clusion” — Nanney 1958), the complexity of the locus
at the genetical level is retained; it should be possible to
transdifferentiate and change MT into a new, develop-
ing Ma. In this case, it must be assumed that differen-
tiation of Mi somehow predetermines the same sense
of Ma differentiation. Only with this constraint, one-
to-one correspondence between Mi and Ma epialleles
would be provided.

Actinomycin D induces inheritable destabilization
of characters in amoebae

As an example, we present here the results of the
tests performed on clones grown from AmD-treated
amoebae (Yudin 1979a) (Table 2).

Resistance to ethanol (survival after 5 minutes in 7%
ethanol — Yudin and Sopina 1970) was used as a mark-

Table 1. Changes of mating type in just matured exconjugant clones of Dileptus anser (several examples; from: Yudin and Uspenskaya

2007, modified).

Clone MT of the clone (Roman numerals) and period of time after conjugation (in brackets, weeks)

Progeny from the cross B (MT I) x D (MT III); a total of 7 clones obtained from this cross were tested
5-14 I (25-30) — IM (45-50) — I (70-75) — 1 (95-100)
7-3 1(25-30) — IM (45-50) — II (70-75) — 11 (95-100)
9-7 I (45-55) — (70-75) — 11 (95-100)
10-21 11 (25-30) — IM (45-50 ) — III (70-75) — III (95-100)

Progeny from the cross F| (MT II) x B (MT I); a total of 5 clones obtained from this cross were tested
13-10 1(15-20) — IM (25-30) — IM (45-50) — AD (70-75) — 1I (95-100)

Progeny from the cross F| (MT II) x D (MT III); a total of 5 clones obtained from this cross were tested
14-2 II (15-20) — IM (25-30) — AD (45-50) — III (70~75) — II (95-100)
18-3 III (45-50) — 11 (70-75) — 1 (95-100)
20-2 11 (45-50) — AD (70-75) — 1 (95-100)

IM — immaturity (the clone does not mate with any one of three tester clones); AD — adolescence (clone mates with only one of three tester clones);

F, — progeny from the cross # B x # D.
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Table 2. Destabilizing effect of Actinomycin D (1000 pg/ml, 2 h) on C amoebae (from: Yudin 1979a, modified)

Clones Number of subclones tested Number of subclones with survival rate in 7% ethanol
<60% 60-100%
1 49 12 37
2 43 10 33
3 71 6 65
4 68 4 64
5 24 0 24
6 40 0 40

er character. This time, in order to reduce the duration
of the experiment, clones were tested not several times
successively but just once. Each clone to be tested for
stability was used to establish several dozen subclones
cultivated in parallel. When the number of cells in each
subclone was not less than 50, all these subclones were
tested for resistance to ethanol at the same time. If all
the subclones showed a resistance typical of the initial
strain C, the clone was considered to be stable. If at
least some of the subclones showed a resistance not
characteristic of strain C, the clone in general was con-
sidered to be unstable.

Resistance to ethanol of the initial strain C in the
course of the experiment was as follows: out of the 324
subclones tested, in one clone the survival made up 58%,
while in all the other clones it made up 60-100%, with
the survival of 93% subclones falling within the range
of 80-100%. Therefore, survival values of 60-100%
were considered to be typical of strain C.

Four out of the six clones tested showed destabiliza-
tion (Table 2). The poorest survival values observed in
these clones were much smaller than those observed in
control amoebae C. Interestingly, we found no indica-
tions of a destabilizing effect of the antibiotics emetine
(10* M, 24 h) and cyclohexamide (“Serva” Federal
Republic of Germany, 1000 pg/ml, 24 h) tested in the
same experiment.

Destabilizing activity of AmD in amoebae was also
shown in experiments made by our colleagues (Kalini-
na 1968; Olenov 1970)

Actinomycin D induces inheritable destabilization
of mating type in dilepti

If MT determination in dilepti has an epigenetic na-
ture, mature clones may retain in their MA a genetic
potentiality for all the three MT. In such a case they can,
in principle, change their MT. This idea was supported

by the fact that MT changes in old laboratory clones
could be induced by the antibiotic AmD. We would
like to emphasize, again, that mature clones of dilepti,
both those isolated from natural populations and those
cultured in the laboratory, usually retain an unchanged
MT over many months and even years of observations.
Deviations from this rule are very rare.

Our study showed that the destabilization of mature
laboratory clones of dilepti, expressed in MT changes,
was indeed possible. We used three laboratory clones of
Dileptus anser:no. 3 (MT 1), no. 13 (MT II) and no. 153
(MT III). The cells were kept for 3 days in a culture me-
dium with AmD (15 pg/ul). Then the cells were rinsed
and each single cell was used to establish a subclone.
Altogether, 20 subclones of each clone were grown.
Subclones of all three clones behaved in a similar man-
ner. Some subclones developed a temporary state of
immaturity, which could be more or less prolonged,
while some showed a different MT than that of the ini-
tial clone; switching to all the MTs possible in dilepti
was also recorded in the course of observations. These
results are summarized in Table 3.

Thus, there are good reasons to think that AmD
destabilizes the MT of mature clones of dilepti. It turns
out that the genotype of a long-mature cell, which sta-
bly reproduces a given MT, has a hidden genetic poten-
tiality for the other MTs, which may be realized under
certain conditions. In a maturing exconjugant clone,
a normal epigenetic differentiation of the mat locus in
Ma is, for some reasons yet unknown, disrupted and the
system switches to an inheritable destabilized regime.

As for the mechanisms of internuclear interactions
in ciliates, recently there are data on the information
role in them of small RNAs. They relate mainly to in-
ternuclear interactions, which control very complex
and very precise rearrangements of the germline ge-
nome, occurring in the developing Ma after the conju-
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Table 3. Changes in mating type of clone 153 (MT III) Dileptus anser after the action of actinomycin D (15 pg/ml, 3 days; from: Yudin and

Ushpenskaya 2009).

Subclones Mating type of subclones at consecutive testing (weeks after action)

of clone 153 1-2 34 56 7-8 9-10 11-12 13-14 More than 15
153-1 111 - - I I dead

153-2 I - 1II - 11 I I I
153-3 I - - - I I I I
153-4 - - - I 11 111 111 111
153-5 I 1T 1II 1T I 1T I 1
153-6 I - - I I III I I
153-7 111 - - - - I - I
153-8 I 1T - - - dead

153-9 - - - I 1I 11 I 11
153-10 - - - - - dead

153-11 I - - - dead

153-12 I - - 11T I III I III
153-13 - - I I I I - dead
153-14 I - I I - - dead

153-15 - - III I - - I 11
153-16 111 111 11 I 11 - - dead
153-17 - - I - - I I I
153-18 I III III 11T I III I III
153-19 - - I I - - I I
153-20 — I - I - I I I

The dash (- ) indicates that subclone does not react with any of the three test clones (immaturity state). Bold type indicates cases of MT manifestation that

are not characteristic of the initial clone 153.

gation. The most widely discussed is the model of scan-
ning RNAs (Meyer and Chalker 2007; Duharcourt et al.
2009; Nowacki and Landweber 2009).

CONCLUSION

Studies of non-Mendelian inheritance in protists
provided numerous examples of epigenetic hered-
ity based on various epigenetic mechanisms (Nanney
1958, 1980; Beale and Preer 2008). Some of these
mechanisms are quite complex (see, e.g.: Kataoka and
Mochizuki 2011). In this study, we proceeded from
the fact that in two entirely different protist species, an
amoeba and a ciliate, epigenetic mechanisms were in-
volved in the control of several inheritable characters
(resistance to ethanol and to methionine in amoebae,
mating type in dilepti). These mechanisms operated in
such a way that the system either remained in one of
the two or three alternative stable states (“epialleles™)
or switched to an oscillatory, unstable regime.

Importantly, it was not only the manifestation of
a character over many vegetative generations that was
inherited in destabilized clones of amoebae or ciliates.
Once destabilization has been induced, it was inherited

as well. In other words, an epigenetic system switched
from a stable differentiation regime into an inheritable
oscillating regime. During long-term observations of
destabilized clones, no reversions to stabilization were
observed in either amoebae or dilepti.

AmD is well known in experimental biology as a
transcription inhibitor (for the summary of the data on
the effect of AmD on A. proteus available by late 1980s
see: Yudin 1982, p. 137-138). The inhibition occurs due
to the formation of a stable complex between AmD and
DNA and the disruption of the DNA-dependent RNA
synthesis (Hollstein 1974; Sobell 1985). There are few,
if any, data on the mutagenic activity of AmD. If it is
a mutagen, it is a very weak one (Fishbein ef al. 1970;
Fishbein 1979; Koba and Konopa 2005). On the other
hand, it is highly probable that AmD, suppressing the
synthesis of RNA and, thus, the synthesis of proteins,
may disrupt normal regulatory associations in epige-
netic contours, bringing about inheritable changes,
“epimutations”, of epigenetically controlled characters,
in particular, their destabilization. In these cases AmD
may be considered as an epimutagen, that is, an agent
inducing inheritable changes not associated with muta-
tions (Holliday and Ho 2002; Maletskaia et al. 2006;
Lamparska et al. 2012; Arai et al. 2015; and others).
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