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ABSTRACT

Pulsed-field gel electrophoresis (PFGE) was applied to analyze the molecular

karyotype of the ciliate Didinium nasutum. The data obtained indicate that

D. nasutum belongs to the ciliate species with subchromosomal macronuclear

genome organization. No short “gene-sized” DNA molecules were detected.

Macronuclear DNAs formed a continuous spectrum from 50 kbp to approxi-

mately 1,000 kbp in size with a peak plateau between 250 and 400 kbp. The

macronuclear DNA molecules were packed into chromatin bodies of 80–265 nm

in size. Comparison of the PFGE and electron microscopic data shows that most

if not all chromatin bodies contain more than one DNA molecule.

CILIATED protists contain two morphologically and func-

tionally different types of nuclei in each cell: a germinal

micronucleus, which is usually diploid and transcriptionally

inactive, and a somatic macronucleus, which is DNA-rich

and transcriptionally active during vegetative growth. In

the course of the sexual process (conjugation or autog-

amy), the micronucleus undergoes meiotic divisions lead-

ing to the formation of gamete nuclei that exchange

between cells and fuse to produce the zygotic nucleus

(synkaryon). The mitotic products of the synkaryon finally

become the new micronuclei and macronuclei of the fol-

lowing vegetative cells. During the macronuclear develop-

ment, the primordial chromosomal DNA is amplified,

fragmented, and in part eliminated. Thus, contrary to the

nuclear genome organization in Metazoa, the macronu-

clear genome of ciliates is represented by a set of rela-

tively small DNA molecules (for reviews see, Jahn and

Klobutcher 2002; Raikov 1995).

All ciliate species can be divided into two groups: the

ciliates with macronuclear DNA molecules of subchromos-

omal size (from several tens up to several hundred kbp),

and those with gene-sized (0.05–66 kbp) macronuclear

DNAs. Each of these DNA molecules is terminated by

telomeres at both ends, lacks a centromere and is usually

considered as a nano-, mini- or micro-chromosome (Jung

et al. 2011; Ricard et al. 2008; Zagulski et al. 2004).

The size of macronuclear DNAs is an important charac-

teristic of a species, which shapes to a great extent both

the higher order chromatin structures in the nucleus and,

presumably, the spatial organization of chromatin in the

nucleoplasm. The latter assumption is supported by data

on the distribution of replication foci in the nuclear space

detected by fluorescence microscopy after incorporation

of halogenated nucleotides during S phase (Postberg et al.

2005, 2010). Such spatial and temporal replication patterns

are widely used for comparative analysis of chromatin

arrangement in the nuclei of various eukaryotes. The

experiments carried out on many evolutionarily distant

metazoan species and different cell types demonstrated

that in all cells studied, the special replication patterns
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observed in successive stages of S phase were quite simi-

lar (Alexandrova et al. 2003; Habermann et al. 2001;

O’Keefe et al. 1992; Sadoni et al. 1999). It evidences an

extremely conserved higher order chromatin arrangement

in the metazoan nucleus. On the contrary, the spatial and

temporal replication patterns in the macronuclei of ciliates

with both gene-sized macronuclear DNA, e.g. in Stylony-

chia lemnae (Postberg et al. 2005), and subchromosomal

DNA, e.g. Paramecium caudatum (Tanaka and Watanabe

2003), differed from each other and from those observed

in the nuclei of all metazoans studied so far. Moreover, it

was assumed by Postberg et al. (2006) that the absence

of typical chromosomes could determine an alternative

spatial organization of vectorial synthesis and processing

of rRNA. It was shown, that in the ciliate S. lemnae,

which contains gene-sized macronuclear DNAs, rRNA is

processed in a bipartite and inverse manner compared to

a typical metazoan nucleolar organization (Postberg et al.

2006). The nucleoli of another ciliate, Didinium nasutum,

also display the bipartite structure, with an inverted dispo-

sition of its main components (Leonova et al. 2006, 2012,

2013). Our electron microscopic observations provide an

indirect evidence of subchromosomal sizes of D. nasutum

macronuclear DNA (Karajan et al. 1995). However, no

direct pulsed-field gel electrophoresis (PFGE) data have

yet been published.

In this work, we used PFGE to estimate the size of

D. nasutum macronuclear DNAs. The PFGE data were

compared with those obtained by electron microscopy.

MATERIALS AND METHODS

Cultures

The laboratory strain of D. nasutum was grown at room

temperature in lettuce medium and fed P. caudatum culti-

vated separately. Paramecium cultures were maintained at

the Centre of Core Facilities “Culture Collection of Micro-

organims”, St. Petersburg State University.

Pulsed-field gel electrophoresis

For preparation of DNA samples, 20 ml of D. nasutum cul-

ture containing 103–104 cells per ml was used. The ciliates

were well-fed and then starved for 24–30 h; prior to mak-

ing a sample, cells were washed out of the “Parame-

cium” medium in Peter’s buffer (Sonneborn 1970). Then,

the cells were gently concentrated by centrifugation at

500 g for 5 min. The resulting cell suspension was mixed

in a 1:1 ratio with molten 1.5% SeaKem agarose (FMC

Corp., Philadelphia, PA) in 0.125 M EDTA, pH 8.0, at

50 °C. This suspension was poured into templates to pre-

pare agarose blocks as described earlier (Nekrasova et al.

2010). The blocks were placed into a lysing buffer (0.5 M

EDTA, pH 9.5; 10% sodium lauroylsarcosine; 100 lg/ml

proteinase K; Sigma Chem. Co., St. Louis, MO) and incu-

bated for 2 d at 55 °C.
Samples of Paramecium quadecaurelia DNA were pre-

pared as described earlier (Nekrasova et al. 2010). Saccha-

romyces cerevisiae chromosomes (CHEF DNA Size

Marker #170-3605; Bio-Rad Laboratories, M€unchen, Ger-

many) were used as electrophoretic markers. The PFGE

was carried out using an original apparatus (Mezhevaya

et al. 1990), the reorientation angle was 120°. The differ-

ent pulse/duration PFGE conditions were used as

described by Nekrasova et al. (2010) and Rautian and

Potekhin (2002). The 4-mm-thick 1% SeaKem agarose

(FMC Corp.) gels were prepared with 0.5X TBE buffer.

Electrophoresis was carried out in the same buffer at

10 V (14 °C). After PFGE, the gels were stained with

0.5 lg/ml ethidium bromide solution and photographed on

a UV transilluminator. For analysis of PFGE patterns, com-

puterized densitometry was performed as described ear-

lier (Rautian and Potekhin 2002).

Electron microscopy

The interphase macronuclei were isolated from groups of

individuals in logarithmic growth phase which were syn-

chronized by selecting and transferring the dividing cells

into a vial with a fresh culture medium (Karajan et al.

1995). The macronuclei were manually isolated with nee-

dles in the solution containing 0.5% Triton X-100 (Serva

GMBH, Heidelberg, Germany) in 0.1 mM borate buffer,

pH 8.7–9.0, washed in 0.1 mM borate buffer and incu-

bated for 10–120 min in a drop of the same buffer for

lysis and spreading of chromatin. The spread chromatin

was layered on top of a solution containing 4% parafor-

maldehyde, 0.1 M sucrose, 0.1 mM borate buffer, pH 8.7,

and centrifuged for 10 min at 3,000 g to deposit the chro-

matin onto a freshly ionized parlodion-carbon supporting

film as described by Miller and Bakken (1972). Six to eight

macronuclei per electron microscopic grid were used.

Then, the grids were washed in 0.4% Kodak Photoflo

solution, pH 7.8, air-dried and rotary shadowed with palla-

dium–platinum alloy (1:4) at 6° angle. For ultrathin section-

ing, the cells were fixed in 2.5% glutaraldehyde in 0.1 M

phosphate buffer (pH 7.5) for 1 h at room temperature,

dehydrated in a graded series of alcohol and embedded in

Epon-Araldite.

The specimens were examined in a JEM-100CX elec-

tron microscope (JEOL Ltd., Tokyo, Japan).

The size of the chromatin bodies was measured on

scanned negatives with ImageJ software (http://rsbweb.

nih.gov/ij).

RESULTS AND DISCUSSION

Pulsed-field gel electrophoresis pattern of D. nasutum

DNA is shown in Fig. 1a (lanes 1 and 2). No short DNA

molecules corresponding to “gene-sized” DNAs were

detected. The distribution of most DNA molecules looked

like a continuous spectrum ranging from 50 kbp to over

1,000 kbp. DNA density along the lanes increased gradu-

ally from about 50 kbp and reached a plateau at 250 kbp.

The densest region was from 250 to 400 kbp after which

the density rapidly decreased. No pronounced bands were

observed in these regions (Fig. 1a). The absence of any

© 2014 The Author(s) Journal of Eukaryotic Microbiology © 2014 International Society of Protistologists

Journal of Eukaryotic Microbiology 2015, 62, 260–264 261

Popenko et al. Didinium nasutum Macronuclear DNAs



bands in D. nasutum karyotype indicates that there are no

hyperamplified molecules or sets of molecules with similar

length.

A somewhat similar distribution of DNA molecules (i.e.

appearing as a single asymmetric peak lacking pro-

nounced bands) was observed in P. caudatum, for exam-

ple (Rautian and Potekhin 2002). In several other ciliates,

e.g. in P. quadecaurelia (Fig. 1a, lane 3) and in all other

species of the P. aurelia complex, the whole spectrum

of macronuclear DNA molecules can be subdivided in

the PFGE gels into several bands “embedded” in a

smooth back-cloth of less amplified molecules, which

may be grouped in specific regions (Nekrasova et al.

2010).

In the D. nasutum molecular karyotype, the only promi-

nent band co-migrated with the ~2,000-kbp chromosome-

sized DNA molecules of S. cerevisiae. Our PFGE samples

were prepared from the intact D. nasutum cells and con-

tained both macronuclear and micronuclear DNA. As mi-

cronuclear chromosomal DNAs are known to be of much

higher molecular weight than the macronuclear chromo-

somal fragments (Prescott 1999), this high molecular

weight band most probably corresponded to micronuclear

DNA. This conclusion is also supported by data obtained

by Rautian and Potekhin (2002). These authors studied the

molecular karyotypes of Paramecium species and found

that such a high molecular weight band is more prominent

in the species with a higher percentage of micronuclear

DNA with the total genomic DNA of the cell. Each cell of

D. nasutum contains 2–4 micronuclei (4–6 lm in diam.)

and one oblong macronucleus 50–70 lm in length and

8–13-lm thick (Leonova et al. 2013; Raikov 1982). Thus,

the volume of each micronucleus is about 1.5% of the vol-

ume of the macronucleus, and the amount of micronucle-

ar DNA in our PFGE preparations can be estimated as

about 6% of macronuclear DNA. This value is close to that

in P. bursaria, where the high molecular weight DNA band

at about 2,200 kbp corresponds to micronuclear DNA

(Rautian and Potekhin 2002).

In interphase, D. nasutum macronucleus DNA mole-

cules were packed into chromatin bodies uniformly distrib-

uted in the macronucleus (Fig. 1b). Chromatin bodies

were sometimes aggregated into short fibers of two to

four bodies. The size of a single chromatin body varied

from 80 to 265 nm (mean size � SD = 183 � 38 nm,

N = 426). Upon incubation of isolated macronuclear chro-

matin in 0.1 mM borate buffer within 10–120 min, chro-

matin clumps gradually decondensed. A “halo” of long

chromatin nucleosomal fibers appeared around them

(Fig. 1c). No short chromatin fibers, corresponding to

“gene-sized” DNAs (0.15–25 kbp) were detected. The

process of chromatin body decondensation in low salt

buffer in D. nasutum was quite similar to that described

for other “subchromosomal” ciliate species, such as Bur-

saria truncatella and P. caudatum (Leonova et al. 2004;

Tikhonenko et al. 1984). Thus, electron microscopic and

PFGE data are in good agreement and indicate that D.

nasutum belongs to the species with “subchromosomal”

macronuclear genome.

Figure 1 Pulsed-field gel electrophoresis of macronuclear DNA and

electron microscopy of chromatin from Didinium nasutum. A. Molecu-

lar karyotype of D. nasutum (lanes 1 and 2); macronuclear DNA from

Paramecium quadecaurelia (lane 3); size markers (chromosomes of

Saccharomyces cerevisia, lane 4). The separation conditions (pulse

time – duration): 20 s – 6 h, 60 s – 8 h, 110 s – 18 h, 160 s – 6 h.

B. A fragment of an ultrathin section of D. nasutum macronucleus.

CB = chromatin bodies, N = nucleoli. Scale bar = 1 lm. C. Partially

decompacted macronuclear chromatin after incubation in 0.1 mM

borate buffer for 30 min. Halos of nucleosomal fibers appear around

electron dense chromatin bodies. Scale bar = 0.5 lm.
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To our knowledge, D. nasutum is the only representa-

tive of the class Litostomatea to which the sizes of macro-

nuclear DNA molecules has been documented thus far. In

spite of the rather broad distribution of macronuclei with

“gene-sized chromosomes” across species belonging to

distantly related lineages of ciliates, e.g. Spirotrichea,

Phyllopharyngea, Armophorida, Clevelandellida (Riley and

Katz 2001), the “subchromosomal-type” macronucleus is

probably a more typical feature of many other groups

within Ciliophora, including Litostomatea (Jahn and Klo-

butcher 2002; Raikov 1995).

Electron microscopic and PFGE data allow us to esti-

mate the number of DNA molecules per a chromatin

body. If we approximate the chromatin bodies and nucleo-

somes by spheres, the size of DNA molecules in a body L

will be given by equation:

L ¼ k Lnucl ðVchrb=VnuclÞ ¼ k Lnucl ðDchrb=DnuclÞ3;

where Lnucl is the size of DNA per a nucleosome (bp), k

the packing coefficient, Dchrb and Dnucl the diameters of

a chromatin body and nucleosome, respectively, Vchrb

and Vnucl the volumes of a chromatin body and nucleo-

some, respectively. As nucleosomes are tightly packed in

chromatin bodies (Tikhonenko et al. 1984), we can take

k = 0.74 (from the well-known task about packing of

oranges in a box, Sloane 1984). Taking the values

Lnucl = 200 bp (Kornberg 1977), Dnucl = 10 nm (Olins

and Olins 1974), we find that the smallest single chroma-

tin body 80 nm in size contains at least 76 kbp DNA,

which is significantly larger than the smallest 50 kbp

DNAs detected by PFGE. Analogously, the chromatin

bodies 100, 183, 200, and 250 nm in diam. are estimated

to contain at least 148, 907, 1,184, and 2,313 kbp DNA,

respectively.

It should be noted that the calculated values only give

a lower estimates of DNA size, because (i) the DNA

repeat unit is longer in macronuclear nucleosomes than

200 bp (Prescott 1999); (ii) the volume of a nucleosome,

consisting of the disk-shaped histone octamer (11 nm in

diam. and 5.5 nm in height), DNA repeat unit, and one

linker histone, is significantly smaller than the volume of

10 nm sphere assumed in our calculations. Comparison

of the calculated values with PFGE data allows us to

conclude that many (if not all) macronuclear chromatin

bodies in D. nasutum contain more than one DNA mole-

cule. The same situation has been observed in the ciliate

B. truncatella. It was shown on spread chromatin prepa-

rations that each B. truncatella chromatin body can con-

tain several long DNA molecules attached by their ends

to the organizing center of the body (Novikova and Pop-

enko 1998). As it was shown by Murti and Prescott

(2002), in such structures macronuclear DNAs are con-

nected to each other at their telomeric ends by protein–
DNA interactions.

In conclusion, the data obtained show that D. nasutum

belongs to the ciliate species with subchromosomal mac-

ronuclear genome and its structural organization is similar

to that observed in B. truncatella.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation for

Basic Research (projects 11-04-01967a and 13-04-01683a).

The authors are grateful to V.A. Grigoryev for technical

assistance and Prof. Dr. John G. Holt (USA) for valuable

remarks and the language help.

LITERATURE CITED

Alexandrova, O., Solovei, I., Cremer, T. & David, C. N. 2003. Rep-

lication labeling patterns and chromosome territories typical of

mammalian nuclei are conserved in the early metazoan Hydra.

Chromosoma, 112:190–200.
Jahn, C. L. & Klobutcher, L. A. 2002. Genome remodeling in cili-

ated protozoa. Ann. Rev. Microbiol., 56:489–520.
Jung, S., Swart, E. C., Minx, P. J., Magrini, V., Mardis, E. R.,

Landweber, L. F. & Eddy, S. R. 2011. Exploiting Oxytricha trifal-

lax nanochromosomes to screen for non-coding RNA genes.

Nucleic Acids Res., 39:7529–7547.
Habermann, F. A., Cremer, M., Walter, J., Kreth, G., von Hase,

J., Bauer, K., Wienberg, J., Cremer, C., Cremer, T. & Solovei, I.

2001. Arrangements of macro- and microchromosomes in

chicken cells. Chromosome Res., 9:569–584.
Karajan, B. P., Popenko, V. I. & Raikov, I. B. 1995. Organization of

transcriptionally inactive chromatin of interphase macronucleus

of the ciliate Didinium nasutum. Acta Protozool., 34:135–141.
Kornberg, R. D. 1977. Structure of chromatin. Ann. Rev. Bio-

chem., 46:931–954.
Leonova, O. G., Ivanova, Iu. L., Karadzhan, B. P. & Popenko, V. I.

2004. Dynamics of structural changes of Paramecium caudatum

and Bursaria truncatella macronuclear chromatin and nucleoli

under hypotonic conditions. Tsitologiya, 46:456–464.
Leonova, O. G., Karajan, B. P., Ivlev, Y. F., Ivanova, J. L. & Pop-

enko, V. I. 2006. Nucleolar apparatus in the macronucleus of

Didinium nasutum (Ciliata): EM and 3D reconstruction. Protist,

157:391–400.
Leonova, O. G., Karadzhian, B. P., Ivlev, Iu. F., Ivanova, Iu. L. &

Popenko, V. I. 2012. Study of the positional relationship of

nucleolar chromatin and nucleolar compartments in somatic

nuclei of the ciliate Didinium nasutum. Mol. Biol. (Mosk),

46:242–250.
Leonova, O. G., Karajan, B. P., Ivlev, Yu. F., Ivanova, J. L., Skarla-

to, S. O. & Popenko, V. I. 2013. Quantitative analysis of nucleo-

lar chromatin distribution in the complex convoluted nucleoli of

Didinium nasutum (Ciliophora). Biol. Res., 46:69–74.
Mezhevaya, E. V., Beritashvili, D. R., Stepanova, V. P., Yarovoi, B.

Ph. & Zakharov, I. A. 1990. Study of the integration of plasmid

pYF91 into the yeast chromosomes by pulsed-field electropho-

resis. Biopolym. Kletka, 6:90–93.
Miller Jr, O. L. & Bakken, A. H. 1972. Morphological studies of

transcription. Acta Endocrinol. Suppl. (Copenh.), 168:155–177.
Murti, K. G. & Prescott, D. M. 2002. Topological organization of

DNA molecules in the macronucleus of hypotrichous ciliated

protozoa. Chromosome Res., 10:165–173.
Nekrasova, I. V., Przybo�s, E., Rautian, M. S. & Potekhin, A. A.

2010. Electrophoretic karyotype polymorphism of sibling spe-

cies of the Paramecium aurelia complex. J. Eukaryot. Micro-

biol., 57:494–507.
Novikova, E. G. & Popenko, V. I. 1998. Visualization of chromatin

structural organization centers in the macronucleus of a ciliate

Bursaria truncatella. Mol. Biol., 32:439–446.
O’Keefe, R. T., Henderson, S. C. & Spector, D. L. 1992. Dynamic

organization of DNA replication in mammalian cell nuclei: spatially

© 2014 The Author(s) Journal of Eukaryotic Microbiology © 2014 International Society of Protistologists

Journal of Eukaryotic Microbiology 2015, 62, 260–264 263

Popenko et al. Didinium nasutum Macronuclear DNAs



and temporally defined replication of chromosome-specific alpha-

satellite DNA sequences. J. Cell Biol., 116:1095–1110.
Olins, A. L. & Olins, D. E. 1974. Spheroid chromatin units (v

bodies). Science, 183:330–332.
Postberg, J., Alexandrova, O., Cremer, T. & Lipps, H. J. 2005.

Exploiting nuclear duality of ciliates to analyse topological

requirements for DNA replication and transcription. J. Cell Sci.,

118:3973–3983.
Postberg, J., Alexandrova, O. & Lipps, H. J. 2006. Synthesis of

pre-rRNA and mRNA is directed to a chromatin-poor compart-

ment in the macronucleus of the spirotrichous ciliate Stylony-

chia lemnae. Chromosome Res., 14:161–175.
Postberg, J., Lipps, H. J. & Cremer, T. 2010. Evolutionary origin

of the cell nucleus and its functional architecture. Essays Bio-

chem., 48:1–24.
Prescott, D. M. 1999. Evolution of DNA organization in hypotric-

hous ciliates. Ann. N. Y. Acad. Sci., 870:301–313.
Raikov, I. B. 1982. The Protozoan Nucleus. Morphology and Evo-

lution, Vol. 9. Cell Biology Monographs. Springer-Verlag, Wien-

New York. p. 1–474.
Raikov, I. B. 1995. Structure and genetic organization of the poly-

ploidy macronucleus of ciliates: a comparative review. Acta Pro-

tozool., 34:151–171.
Rautian, M. S. & Potekhin, A. A. 2002. Electrokaryotypes of ma-

cronuclei of several Paramecium species. J. Eukaryot. Micro-

biol., 49:296–304.
Ricard, G., deGraaf, R. M., Dutilh, B. E., Duarte, I., vanAlen,

T. A., van Hoek, A. H., Boxma, B., van der Staay, G. W.

M., der Moon-van Staay, S. Y., Chang, W.-J., Landweber,

L. F., Hackstein, J. H. P. & Huynen, M. A. 2008. Macronu-

clear genome structure of the ciliate Nyctotherus ovalis: sin-

gle-gene chromosomes and tiny introns. BMC Genomics,

9:587.

Riley, J. L. & Katz, L. A. 2001. Widespread distribution of exten-

sive chromosomal fragmentation in ciliates. Mol. Biol. Evol.,

18:1372–1377.
Sadoni, N., Cardoso, M. C., Stelzer, E. H. K., Leonhardt, H. &

Zink, D. 1999. Stable chromosomal units determine the spatial

and temporal organization of DNA replication. J. Cell Sci.,

117:5353–5365.
Sloane, N. J. A. 1984. The packing of spheres. Sci. Am., 25:116–

124.

Sonneborn, T. M. 1970. Methods in Paramecium research. Meth-

ods Cell Physiol., 4:241–339.
Tanaka, T. & Watanabe, T. 2003. DNA replication and transcription

in new macronuclei of Paramecium caudatum exconjugants.

Chromosome Res., 11:787–795.
Tikhonenko, A. S., Bespalova, I. A., Martinkina, L. P., Popenko, V.

I. & Sergejeva, G. I. 1984. Structural organization of macronu-

clear chromatin of the ciliate Bursaria truncatella in resting cysts

and at excysting. Eur. J. Cell Biol., 33:37–42.
Zagulski, M., Nowak, J. K., Le Mouel, A., Nowacki, M., Migdalski,

A., Gromadka, R., Noel, B., Blanc, I., Dessen, P., Wincker, P.,

Keller, A.-M., Cohen, J., Meyer, E. & Sperling, L. 2004. High

coding density on the largest Paramecium tetraurelia somatic

chromosome. Curr. Biol., 14:1397–1404.

© 2014 The Author(s) Journal of Eukaryotic Microbiology © 2014 International Society of Protistologists

Journal of Eukaryotic Microbiology 2015, 62, 260–264264

Didinium nasutum Macronuclear DNAs Popenko et al.


