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Stylonychia — Oxytricha — Euplotes — replication bands

Employing stereo-electron microscopy on sections (ca. 0.1 um
thick) of the ciliated protozoa Stylonychia, Oxytricha and Eu-
plotes, we have examined the ultrastructure of macronuclear repli-
cation bands (RB) and micronuclei. The macronuciear RB is com-
posed of two zones: a “forward zone” showing a special chroma-
tin organization consisting of regular 40 to 50 nm diameter fibérs
with an indication of nucleosomal substructure; and a “rear
zone”, the site of DNA replication, consisting of a mesh of 10 nm
chromatin fibers. Micronuclei exhibit chromatin strands of 60 to
70 nm diameter. Employing the Bernhard staining procedure, we
have observed that the chromatin fibers of the RB and of the mi-
cronuclei remain unbleached, whereas macronuclear condensed
chromatin is bleached of stain, indicating that the replication band
and the micronuclei contain chromatin in a configuration different
from that of other forms of densely packed chromatin. The regul-
arity of the chromatin fibers within the forward zone is of particu-
lar interest since it is comparable to the regularity of chromatin
seen in the transcriptionally-inactive chromatin of other nuclei
such as avain erythrocytes and sea urchin spermatozoa. It is likely
that the forward zone chromatin fibers consist of highly ordered
arrangements of nucleosomes, associated with additional nonhis-
tone proteins.

Introduction

The hypotrichous ciliated protozoa (including Stylonychia,

Euplotes, Oxytricha, Urostyla, Gastrostyla among others)

) Dr. Ada L. Olins, The University of Tennessee-Oak Ridge
Graduate School of Biomedical Sciences, P. O. Box Y, Biology
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
37830/USA.
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possess two types of nuclei in the vegetative cells [14, 22]:
micronuclei, consisting of genetically inactive chromatin
composed of high molecular weight DNA packaged into
nucleosomes, and macronuclei, containing transcription-
ally active chromatin composed of short DNA duplex mo-
lecules (~0.4-30 kb pairs) also packaged into nucleosomes
[5, 23-27, 40, 52]. Macronuclei are derived from micronu-
clear fusion products following conjugation. The cytologi-
cal, ultrastructural and biochemical events in macronu-
clear development have been well-described [1, 2, 19, 28,
29, 37, 40, 43-45, 51] and involve successive stages of chro-
mosome polytenization, DNA cutting and elimination, and
multiple waves of replication of the short DNA molecules.

Macronuclear DNA replication occurs within a light mi-

croscopically-visible zone called a Replication Band (here
abbreviated, RB) that begins to form at a specific initiation
region and “migrates” along the macronucleus [4, 6-9, 13,
15, 16, 18, 20, 35, 37-39, 41-43, 46-50, 53, 54].

A number of ultrastructural studies of replication bands
have been published [6, 7, 9, 15, 16, 20, 35, 46-49, 53, 54
In view of the uniqueness and importance of these regions,
we chose to extend these earlier studies, by employing st¢-
reo-electron microscopy of sections (about 0.1 um thick) t0
permit a more realistic impression of their three-dimfn'
sional structure [31-34). Samples were examined folloW}ﬂg
conventional uranyl-lead staining or following the staining
procedure of Bernhard [3, 21]. Several different organisms
were examined (i.e., Stylonychia, Euplotes and Oxyt\’iCha)
in order to explore the diversity of morphology within the
RB and to establish general principles of organization ©
RB in hypotrichs.




fig. 1. Survey electron micrographs of Stylonychia and Oxytri-
cha macronuclei with replication bands (RB). — a., b. Sequential
sections of Stylonychia stained with uranyl and lead (a) or by the
Bernhard procedure (b). — <., d., Sequential sections of Oxytricha
stained with uranyl and lead (c) or by the Bernhard procedure (d).
All micrographs are oriented so that the RB are moving from left
to right; that means pre-replication DNA is at right, post-replica-
tion DNA at left. — Bar 4 ym. — 2000 x .

Materials and methods

Sfy!onychia mytilus vegetative cells were grown in Pringsheim me-
divm and fed daily with the alga, Chlorogonium elongatum, as de-
scribed previously [2]. Oxytricha and Euplotes (both species not
identified) were isolated from ponds around Giessen (Germany)
and also fed with Chlorogonium.

) Nuclei of Stylonychia and Oxytricha were obtained using pub-
lished methods [2, 52} involving: lysis of rapidly growing vegetative
Cc!ls in 0.05% Triton X-100, 0.01% spermidine phosphate, 10 mm
Tris buffer (pH 7.0); filtration of the liberated nuclei through a 30
um diameter nylon mesh; low speed centrifugation to pellet the
nuclei; and fixation, as described below.

.Concentrated suspensions of the protozoans were usually fixed
with 2,5% glutaraldehyde in 50 M sodium cacodylate buffer pH 7
for 60 to 99 min. Fixed cells or nuclei were washed with 1% su-
cose 50 mM cacodylate buffer pH 7 followed by embedding the
gielne" 18 2% agarose in 50 mM cacodylate buffer. It was found that
of:tlon of the pellet could be minimized by layering a large excess

Agarose over the small pellet at the bottom of a conical centrifu-
il"l"‘)n tube and stirring the pellet gently with a fine glass needle, to
ﬁegw' the agarose o penetrate the pellet. After the agarose solidi-
Witl; llt was Ocut mtf) small blocks. Half of the blocks were post-fixed
or6o or 2% osmium tetroxide in 25 mM cacodylate buffer for 30

min and washed with 1% sucrose in 50 mM cacodylate. All
peOCks were dehydrated in an ethanol series, brought to room tem-
Tature in 100%, ethanol, then processed through propylene oxide

and embedded in Epon. Stylonychia were found to be very sensi-
tive to centrifugation and were usually concentrated by swirling in
a Petri dish and decanting the growth medium. Oxytricha and Eu-
plotes were gently centrifuged in the cold prior to fixation. After
glutaraldehyde fixation, the cells could be centrifuged without
causing significant cell breakage.

Gold sections (ca. 0.1 ym thick) were stained as described pre-
viously with methanolic uranyl acetate and lead citrate {33, 34] or
by the Bernhard procedure [32, 33].

A Philips 400 electron microscope, equipped with a goniometer
was used to obtain the stereo-electron micrographs. For most of
the sections an accelerating voltage of 100 kV was employed; some
micrographs were also examined at 80 kV. No differences in objec-
tive lens current were measured for the two members of a stereo
pair. Mounting and analysis of stereo pairs was carried out as pre-
viously described [31-34).

Results

Conventional thin-section electron microscopy

Sections of vegetative cells of Stylonychia, Oxytricha and

- Euplotes were stained with uranyl and lead salts or stained

with uranyl acetate and bleached with EDTA prior to
staining with lead [3, 21]. Macronuclei with and without re-
plication -bands (RB) were examined; micronuclei were
also photographed. Low magnification micrographs of ma-
cronuclei with RB from Stylonychia and Oxytricha are
presented in Figure 1; from Euplotes, in Figure 7b. Se-
quential sections of Stylonychia (Figs. 1a, b) and Oxytricha
(Figs. 1c, d) were stained by both methods. Both the pre-
replication and post-replication macronuclear chromatin
stain intensely with uranyl and lead salts; both types of
‘chromatin are bleached by EDTA treatment in the Bern-
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Tab. I. Diameters of ciliate nuclear fibers.

Organism Nucleus Region®) Stain®) Average Range®)
(nm) (nm)
Stylonychia macro FZ (V) 43 28-56
U-EDTA 37 29-47
RZ Y 10 7-14
micro — U 67 56-84
U-EDTA 63 54-72
Euplotes macro FZ U 47 42-56
Oxytricha macro Fz V) 58 42-84

*) The macronuclear regions are: FZ Forward zone; RZ Rear zone.

%} The staining conditions referred to are: U Uranyl acetate and lead citrate; U-EDTA Urany! acetate followed by EDTA bleaching and lead citrate, the Bernhard proce.

dure.

<} The range of values shown is the minimum to maximum range of diameters observed on clear fibers, that appeared not to be thinned by grazing sections or thick

ened by averlapping with other fibers.

hard procedure. The numerous round, sometimes ‘“hol-
low”, nucleoli are strongly stained by both staining meth-
ods throughout the macronucleus. The RB is also strongly
stained by both methods. Figure 1a illustrates the four ma-
jor ultrastructural zones of an RB: the pre-replication
chromatin; the “forward zone” with arrays of electron-
dense fibers; the less intensely stained “rear zone”; and
post-replication chromatin. Most of the observations de-
scribed in this study are of Stylonychia mytilus, since this
organism exhibited the clearest and most ordered RB for-
ward zone of the ciliates examined.

Stereo-electron microscopy of Stylonychia nuclei

High magnification stereo-pairs of Stylonychia RB after
staining with uranyl and lead salts or after bleaching with
EDTA are presented in Figure 2. Fibers of the forward and
rear zones, nucleoli and “inter-chromatin” fibers are
stained in both methods; by contrast, condensed chroma-
tin is clearly bleached by the Bernhard procedure. Mea-
surements of fiber diameters within the forward and rear

zones are summarized in Table 1. We will refer to the for- .

ward zone fibers as being 40 to 50 nm; the rear zone fibers
as being 10 nm. Also shown in Table I are measurements
of the diameter of micronuclear chromatin fibers (see Figs.
6a, b), which we refer to as 60 to 70 nm fibers. The larger
diameter of micronuclear chromatin fibers compared to
the fibers of an RB-forward zone can be readily observed
in Figure 2c. This particular figure also illustrates some
special features of the organization of the cytoplasm and
nuclear envelope, which have been repeatedly observed in
our preparations of Stylonychia mytilus. The nuclear en-
velope is very thin, appears to be associated with an about
70 nm thick cytoplasmic layer, and the cytoplasm consists
of a complex system of vesicles and tubules. Similar struc-
tures of the nuclear envelope and perinuclear cytoplasm
have been reported for vegetative nuclei of some chloro-
phycean algae such as Acetabularia [11, 12].

Close examination of high magnification micrographs of
chromatin fibers within the RB forward zone reveals re-
gions of distinct substructure. Striations (or lines) of stain
running across the 40 to 50 nm fibers can be observed in
selected regions (Figs. 3a, b). The periodicity of these stria-
tions appears to be of about 15 nm. Sometimes the stria-
tions resemble a close-packing of negatively stained
spheres of less than 15 nm diameter. This substructure is
best observed in micrographs of nuclei stained with uranyl

122

acetate and lead citrate; preparations by the Bernhard pro.
cedure do not reveal clear substructures in the forward
zone fibers.

Occasionally, atypical RBs have been observed in prepa.
rations of Stylonychia (Figs. 4a, b, ). Such structures only
reveal forward zone fibers, with no indication of any rear
zone. A similar micrograph to that shown in Figure 4a has
been published in a study of D,O-treated cells [53]. The
chromatin fibers of the atypical RB fall within the range of
diameters observed for a normal RB forward zone. In ad-
dition, these fibers are positively stained when the Bem.
hard procedure is used (Fig. 4¢), analogous to the fibers of
a normal RB forward zone.

Macro- and micronuclei were also isolated by lysing Sty-
lonychia in spermidine phosphate buffer containing 0.05%
Trixon X-100, followed by low-speed centrifugation. Iso-
lated macronuclei examined by stereo-EM revealed clear
RBs (Figs. 5a, b). The forward zone fibers could be readily
visualized and exhibited an average diameter of about 45
nm. The rear zone looked expanded and extracted com-
pared to the in situ configuration; the meshwork of 10 nm
fibers was largely absent. The Bernhard procedure applied
to sections containing macronuclei revealed a bleaching of
condensed chromatin and a positive staining of forward
zone fibers and nucleoli, similar to images derived from
RB fixed in situ. Micronuclear chromatin fibers remained
relatively unchanged after nuclear isolation (compare Figs.
6a, c), with average diameters in the 60 to 70 nm range. Mi-
cronuclear chromatin fibers were stained by the Bernhard
procedure, both in situ (Fig. 6b) and in isolated nuclei (un-
published). Internal structure (i.e., cross-striations) within
the micronuclear chromatin fibers were occasionally 0?’
served (see Fig. 6a). In general the micronuclear chromatin
fibers appeared of less uniform diameter than those of the
macronuclear RB forward zone fiber.

Stereo-electron microscopy of Oxytricha nuclei

Low magnification pictures of Oxytricha macronuclei were
presented in Figure 1c and d. Examination of RBs at
higher magnification (Fig. 7a) revealed similar features to
those observed in Stylonychia, except that the forwar
zone fibers appeared less regular, frequently looking lil'(e a
mixture of fibers and clusters. The forward zone exhibit®
a gradient of chromatin fiber diameters ranging from th.e
greater-than several hundred nm granules of the pre-TePl"
cation region, to the about 50 nm fibers of the forwar




Fig. 2. Stereo-electron micrographs of
replication bands in macronuclei of Sty-
lonychia. —a, Stained with uranyl and
lead. — Tilt angle +15°. —b. Stained by
the Bernhard procedure. — Tilt angle
£15°. The micrographs are oriented so
that the RB are moving from right to
left; that means pre-replication DNA is
a the left. — a, b. 28000x.—¢. —Tilt
angle +21°._ A portion of micronu-
c'el_ls is shown in the upper left corner.
S‘a“}ed with uranyl and lead. RB is
Moving from left to right. — 16500 .
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Fig. 3. Stereo-electron mi-
crographs  of replication
bands in macronuclei of St
lonychia. —a, b. — Tilt angle
+12°, _ RB are moving from
left to right. Portions of nu-
cleoli with granular structure
can be seen within the for
ward zones. — 70000 X.




5_"'8- 4. Electron micrographs of atypical replica-
lion bands in macronuclei of Stylonychia. — a.
Stereo-pair. — Tilt angle +21°. —33000x.—b, c.
Sequential sections stained with uranyl and lead
® or by the Bernhard procedure (c). — Bar 1
Hm. —10500 x .

Zone. Isolated macronuclei with RBs exhibited a similar
fange of forward zone fiber diameters. The chromatin clus-
ters.within forward zone fibers of Oxytricha were very
Tminiscent of supranucleosomal clusters (“superbeads’™)
Observed in spread preparations of swollen sea urchin
SPermatozoa [55]. Micronuclear chromatin fibers of Oxy-
ticha did not look noticeably different from those ob-
%rved in Stylonychia.

Stereo-electron microscopy of Euplotes nuclei

The general ultrastructural characteristics of a RB in Eu-
plotes macronuclei (Figs. 7b, c) are similar to those de-
scribed above for Stylonychia. The forward zone 40 to 50
nm fibers (Fig. 7¢) are more uniform in diameter than
those observed in Oxytricha; however, they reveal an over-
lapping or mesh-work quality that readily distinguishes
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them from similar regions in Stylonychia. Cross-striations
(ca. 15 nm separation) are quite readily observed in the
forward tone fibers of Euplotes. In other respects (i. €., mi-
cronuclear structure, and staining by the Bernhard proce-
dure), the properties of Euplotes nuclei are very similar to
Stylonychia nuclei.

Discussion

The principal features of the RB’s of the macronuclei stud-
ied are: (1) the striking regularity of the chromatin fibers in
the forward zone of a macronuclear replication band (RB);
and (2) the strong staining of the forward and rear zones of
RB, following the Bernhard procedure, even when adja-
cent macronuclear chromatin is very clearly bleached.
Other observations of interest pertain to micronuclear
structure: (1) micronuclear chromatin fibers exhibit a
greater diameter than the corresponding macronuclear RB
forward zone fibers; and (2) micronuclear chromatin fibers
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Fig. 5. Stereo-electron micrographs
of isolated macronuclei from Stylony-
chia. —a. Normal RB oriented with
forward zone in the upper half of the
micrograph; rear zone in the low
half. — Tilt angle £15°. —28000x.—
b. Atypical RB stained by the Bemn-
hard procedure. A prominent “hol-
low” nucleolus is shown at the top of
the. photograph. The condensed chro-
matin is bleached; the 40 to 50 nm fi-
bers are strongly stained. — Tilt angle
+15°. —28000 .

are also positively stained following the Bernhard proce-
dure.

Ultrastructural and autoradiographic studies have con-
vincingly demonstrated that DNA synthesis occurs in the
rear zone of the replication band of the macronuclei of hy-
potrichous ciliates [4, 7, 13, 18, 36, 38, 39, 41, 46]. The fOl"
ward zone appears to be a region of chromatin reorganiza-
tion, preparatory to DNA synthesis. Older ultrastructural
studies of the RB forward zone have yielded a wide rang®
of estimated fiber diameters, from 14 nm [46] to 50 to 60
nm [6]; more recent studies have presented clear imag¢S
but no measurements have been made [49, 53]. The for-
ward zone fibers of Stylonychia and Euplotes look €sp®”
cially regular, exhibiting a fiber diameter of 40 to 50 nm
and frequently exhibiting cross-striations of about 15 B
periodicity. Oxytricha looks somewhat less regular, often
revealing a discontinuous fiber structure.

The forward zone fibers are among the most regulaf
chromatin fibers observed, certainly comparable to th¢







