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Summary

FoissNeEr I. 1983. Inhibitor studies on formation of giant mitochondria
in Nitella flexilis. — Phyton (Austria) 23 (1): 19—29, with 7 figures (2 pla-
tes). — English with German summary.

The formation of giant mitochondria in the characean alga Nitella fleailis
was investigated with the aid of inhibitors. Experiments with 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU) showed that elongation oceurs when photo-
synthesis is reduced. Inhibitors of complexes IIT and IV of the respiratory
chain also induce the formation of giant mitochondria but not the inhibitor
of complex I, rotenone, or the uncoupling agent 2,4-dinitrophenol (DNP). It is
supposed that reduced photosynthesis and reduced ecytochromal activity act
on mitochondrial length indirectly via a common metabolic process. The for-
mation of giant mitochondria during treatment with DCMU is sensitive to
inhibitors of protein synthesis in cytoplasm or organelles. Elongation probably
proceeds via blockage of mitochondrial fission and enhanced readiness to fuse.

Zusammenfassung

Forsswer I. 1983, Inhibitor-Studien zur Bildung von Riesenmitochon-
drien in Nitella flexilis. — Phyton (Austria) 23 (1): 19—29, mit 7 Abbildungen
auf 2 Tafeln. — Englisch mit deutscher Zusammenfassung.

Die Bildung von Riesenmitochondrien in der Characee Nitella flewilis
wurde mit Hilfe von Inhibitoren untersucht. Versuche mit 3-(3,4-Dichlor-
phenyl)-1,1-Dimethylharnstoff (DCMU) ergaben bei eingeschrankter Photo-
synthese eine Verlingerung der Mitochondrien. Auch Inhibitoren der Komplexe
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IIT und IV der Atmungskette fiilhren zu Riesenmitochondrien, nicht aber der
Inhibitor des Komplexes I, Rotenon, oder der Entkoppler 2,4-Dinitrophenol
(DNP). Eingeschrinkte Photosynthese und verminderte Cytochromalktivitét
beeinflussen die Mitochondrienldnge vermutlich indirekt {iber einen gemeinsamen
Stoffwechselweg. Die Bildung von Riesenmitochondrien durch DCMU ist gegen-
iiber Stoffen, die Proteinsynthese im Cytoplasma oder in den Organellen
hemmen, empfindich. Die Verldngerung beruht offenbar auf einer Blockade der
Mitochondrienteilung und erhéhter Neigung zum Verschmelzen.

1. Introduction

Giant mitochondria have been described in a number of organisms and
cells. They were detected in the internodal cells of the characean algae
Nitellopsis obtusa (JaroscH 1961), and Nitella flexilis (Foisswvzr 1981),
both of which plants were grown in a natural environment and were har-
vested during the winter season. Culture experiments with N. flexilis showed
that elongation of mitochondria occurs when the light intensity is strongly
reduced (Forssymr 1981). The present study was undertaken to elucidate
the metabolic background of giant mitochondria-formation with the aid
of inhibitors.

2. Material and Methods?)

Nitella flexilis was collected from the Hellbrunner Bach in Salzburg
and determined according to Woop & Imamorr (1965). The plants were
cultivated in Forsbherg-Medium II (ForsBEre 1965) at a light intensity
of about 15x 10" pEinstein.m~2.8~1 (14 h light, 8 h dark) and a tempera-
ture of 20° C. Only dactyls, i. e. internodes of the branchlets were used
during these experiments. They were isolated at least 3 d prior to incubation
and maintained under experimental conditions (40 pHinstein.m=—2.s-1,
14 h photoperiod, 20° C) in APW (1 x10-3 M NaCl, 1 x 104 M KCl, 1 x 10-*
M CaCly). The incubation lasted 2 d (DCMU, CCCP, antimycin A, NaNy,),
3 d (DNP, rotenone; CAP, actidione) and 8 d (KCN).

DCMU, KCN, NaN,;, DNP, CAP and actidione were dissolved in
APW. Stock solutions of antimyein A (10-29, in 29, DMSO), CCCP (10-29,
in 10%, DMSO) and rotenone (1029, in 2.5%, DMSO) were diluted with
APW. KCN was purchased from Merck; all other chemicals from Serva.

The light intensity was determined with a quantum-photometer
(Lambda Instruments, Nebraska) inside the water of the culture vessels.

The length of the mitochondria was measured under the light micros-
cope in the living cell. The term giant mitochondria was used for organelles

1) Abbreviations: APW = artificial pond water, CAP = d-threo chlor-
amphenicol, CCCP = carbonylcyanide. m-chloro-phenylhydrazone, DCMU =
3-(3,4-dichlorophenyl)-1,1-dimethylurea, DMSO = dimethylsulfoxide, DNP =
2,4-dinitrophenol.
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exceeding 5 pm in length. The statistical analysis was performed according
to MUBLENBERG (1976).

The method for preparing dactyls for electron microscopy has been
described previously (FoissNer 1981).

3. Results

3.1. Effects of DCMU, CCCP, KCN, antimycin A and NaN,

Light microscopy. The cytoplasm of the characean internodes
consists of a stationary layer including rows of chloroplasts (cortex) and
the streaming endoplasm. Mitochondria of the former were easy to observe
because of their relatively fixed position immediately beneath the cell wall.
In order to measure the length of endoplasmic mitochondria it was neces-
sary to choose a site where chloroplasts were absent or at least contained
few and small starch granules. Active movement of mitochondria (see for
instance JAroscH 1978) did not oceur in Nitella flexilis.

All above cited inhibitors induced formation of giant mitochondria
in the endoplasm as well as in the cortex. The proportion of giant mito-
chondria in the total number of mitochondria was estimated not to exceed
20%, (compare FoissNEr 1981). Lengths up to 50 pm had been observed
whereas in control cells they very rarely exceeded 2 pm. The inhibitor
concentrations, the mean values of the maximum mitochondrial lengths
per cell and their statistical analysis are given in table 1. It must be noted
that during each experiment about each fifth cell did not respond to the
addition of an inhibitor by forming giant mitochondria which possibly
reflects a different physiological status. Giant mitochondria were mostly
threadlike. Branched organelles were present mainly in the endoplasm
whereas ringlike forms occurred preferentially in the cortex. The diameter
of mitochondria was generally independent of their length and did not
exceed 1 pm. Higher values had been obtained with KCN-treatment. These
mitochondria often appeared disc- or plate-like.

Electron microscopy. DMSO at those concentrations used to
dissolve CCCP and antimycin had no effect on cellular fine structure in
comparison with APW,

The fine structure of mitochondria in cells treated with DCMU, anti-
mycin or NaN, was the same as in control cells (Figs. 1—4). No structural
difference could be found between short and giant mitochondria. Both had
the same density of the matrix and the same arrangement of the cristae.
Sections of cells incubated with KCN showed mitochondria at different
degrees of swelling (Fig. 7). The matrix appeared more or less electron-
transparent. The intracristal space was sometimes very small, with mem-
branes lying closely against one another; on the other hand sometimes it
appeared extremely enlarged. The number of cristae was reduced. Their
complete absence left mitochondria which consisted only of a concentric
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Table 1

Statistics of the effects of DCMU, CCCP, KCN, antimycin A and NalN,. All

values are based on the maximum mitochondrial length per cell, given in pm.

Plus signs indicate significance at 59, between controls and treated cells (U-test).

Control solutions: APW (for DCMU, KCN, NaN;), 1% 1049, DMSO (for CCCP),

2x10-19% DMSO (for antimycin A). % = arithmetic mean, M = median,

SD = standard deviation, SEz = standard error of the mean. CV = coef-
ficient of variation, n = number of cells analysed

concentra-

Inhibitor tion (%) % M SD SEx CV range U-test n
DCMU 0 20 20 00 00 0.0 2—2 8
(pH 6.0—6.2) 1x10~4 9.0 90 6.1 1.8 68.0 2—20 + 12
: 1x10-5 13.3 16.0 6.7 2.0 50.2 2—24 -+ 11

1x10-8 27 20 L6 0465228 — I2

ccep 0 3.7 20 22 0.8 608 2—8 7
(pH 5.4) 1x10-8 all cells dead 8
1x10-% 87 80 1.9 0.7 219 6—12 + T

1x10-7 20 20 0.0 0.0 0.0 2-—-2 - 6

KCN 0 27 2.0 1.1 04 409 2—5 6
(pH 6.2—6.5) 1x10-3 19.2 20.0 7.9 2.7 409 2—-30 -+ 12
1x10-¢ 15.0 19.0 7.3 2.6 49.0 2—24 -+ 8

1x 10~ 18.56 14.0 14.1 4.5 76.3 2—50 - 10

1x10-0 12.2 110 61 47 501 2—24 + 8

Antimyein A 0 4.8 2.0 3.1 09 644 2—10 13
(pH. 6.0) 1x10-3 19.1 19.0 8.1 2.3 423 2—-32 + 12
1x10—+4 15.2 1956 7.5 2.6 493 2—24 8

1x10-% 18.4 15.0 14.1 4.4 76.6 2—50 10

1x10-¢ 12,2 11.0 6.1 2.2 50.1 2—25 8

NaN, 0 24 20 0.7 0.2 29.0 2—4 8
(pH 5.1) 1x10-1t 54 50 34 13 625 2—12 + T
1x10-2 7.6 80 48 14 633 2—18 + 11

1x10-3 56 20 52 1.7 929 2—18 — 9

layer of two membranes. The disc-like mitochondria observed with the
light microscope turned out to be cup-shaped mitochondria in many cases.
Swollen mitochondria which were mainly disc-like occurred occasionally
in cells treated with CCCP (Fig. 5). They were then preferentially located
between the chloroplasts. However, most mitochondria, including the giant
ones, had a normal fine structure. A close association existed also between
chloroplasts and mitochondria-like organelles with an extremely electron-
dense matrix. They had been observed very rarely in CCCP-treated cells.
Mitochondria with a similar “condensed” conformation were demonstrated
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Plate 1

Figs. 1—3. Nitella flewilis, dactyl cell. Formation of giant mitochondria with
normal fine structure by 1x10-49% DCMU (Fig. 1), 1x10-2% NaN,; (Fig. 2),
1% 10-%9% antimycin A (Fig. 3). N = nucleus. The bar indicates 1 pm
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Plate 2

Fig. 4. Nitella flexilis, control cell. Normal mitochondria. C = chloroplast,
:CW = cell wall. The bar indicates 1 pm
Figs. 5—6. Nitella flexilis, dactyl cell. Treatment with 1x10-%9% CCCP
Fig. 5. Swollen mitochondria with clear matrix (arrows) and mitochondria
with normal fine structure. Cytoplasm with numerous enlarged vesicles
Fig. 6. Mitochondrion-like organelle with darkly stained matrix
Fig. 7. Nitella flexilis, dactyl cell. Treatment with 1x 10739 KCN. Swollen
mitochondria. Cytoplasm vacuolated. C = chloroplast, N = nucleus
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in de-aerated or CCCP-treated Saccharomyces cells (Luzmxov 1973, cited
in Lroyp 1974; see also THOMSON et al. 1972).

The residual cytoplasm was best preserved in cells incubated with
DCMU, though severe disorganization of chloroplasts and mitochondria
after DCMU-treatment has been reported in Huglena sp. (CALVAYRAGC ef al.
1979). The cytoplasm could not be distinguished from that of control cells.
It appeared slightly less dense after treatment with antimycin or NaN,
because of an enlargement of vesicles. The increased number of vesicles
observed during CCCP-incubation was apparently due to enhanced activity
of the dictyosomes. Irregularily shaped vacuoles were very prominent
in KCN-poisoned cells. Chloroplasts had a normal fine structure and con-
tained starch grains in all cells. A few damaged chloroplasts with various
degrees of disorganization were observed only after KCN-treatment.

3.2. Effects of rotenone and DNP

Neither rotenone (1x10-%—1x10-8%) nor DNP (3 x10-3—3 x 10-79,)
affected the mitochondrial length in Nitella flexilis. DNP was used in con-
centrations which do not influence photosynthetic ATP-formation (Nmu-
MANN & JAGENDORF 1964). Studies were performed with the light micros-
cope only.

3.3. Effects of actidione and CAP

In order to test the necessity of protein synthesis for formation of
giant mitochondria, actidione or CAP was added to a 1x10-39, solution
of DCMU. The influence of these substances was only studied with the light
microscope. The incubation time was 3 days. 809, of the control cells in
1%10-%%, DCMU then had mitochondrial lengths of over 15 pm. Formation
of giant mitochondria was prevented in the presence of 1< 10-%%, actidione
or 1x10-29, CAP. These concentrations are sufficient to inhibit protein
synthesis in the cytoplasm (McMamon 1975) and in the organelles (mito-
chondria and chloroplasts) respectively (Davis & MurrrTT 1975). Cells
in these solutions contained only mitochondria with a maximum length
of 2 pm. The influence of 10-29, CAP dissolved in 10-59, DCMU was
deadly for more than 509, of the cells. Neither CAP without DCMU, nor
actidione without DCMU — i. e. only dissolved in APW — affected the
mitochondrial lengths. Contrary results exist, for instance, in Huglena
cells (NEUMANN & ParrHIER 1973) and yeast cells (KELLERMANN ef al. 1969).

4. Diskussion

The inhibitors, which were tested for their ability to induce formation of
giant mitochondria in Nitella flexilis, affect either photosynthesis and/or
respiration.
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DCMU specifically inhibits the Hill reaction at those concentrations
which induce elongation of mitochondria (Izawa 1977, CHEVALLIER &
Dovuce 1976). That mitochondria are not directly influenced by DCMU has
been shown in a series of papers (Bisgor 1958, Downron & TREGUNNA
1968, Cuarvan & Gramam 1974, Gavvrir 1978). The interpretation of
giant mitochondria-formation in Nitella flexilis as a result of reduced
photosynthesis is thus confirmed (ForssNer 1981). The existence of small
starch granules in the chloroplasts even at the highest concentration indi-
cates that photosynthesis is not completely restricted. This agrees with
the observation that elongation occurs only at reduced light intensity but
not in absolute darkness (FoissNuRr, not published).

The results obtained with DCMU are further strengthened by CCCP-
treatment which acts as an uncoupler of photophosphorylation (Goop &
TIzawa 1973, Fuitu et al. 1978) and inhibitor of photosynthetic electron
transport (Goop 1977). We have to keep in mind, however, that CCCP
and its analogues act on mitochondria in the same way, i. e. either uncoup-
ling or by inhibition of the respiratory chain (SLATER 1967, LUTTGE et al.
1971, Goop 1977). This fact is discussed below.

As in the case of CCCP it is difficult to determine the main inhibitory
site of KCN. Besides inhibition of photosynthesis, a direct influence on
mitochondria is very likely (Goop & Izawa 1973, CHEVALLIER ef al. 1977).
At the concentrations tested, cytochrome oxidase is probably strongly
inhibited (StaTER 1967).

Antimycin causes elongation of mitochondria at concentrations which
reduce O,-uptake but not O,-evolution (CHEVALLIER et al. 1977). Giant
mitochondria after treatment with antimycin have also been observed in
root tips of higher plants (Wriscurr & Duvipm 1965) and in bleached
Buglena cells (Cauvayrac & Burow 1971), a further indication that photo-
synthesis is not affected.

NaN, inhibits the electron transport in mitochondria (Lroyp 1974).

Apart from DCMU and CCCP, which are assumed to act mainly on
photosynthesis in this study, all substances that induced the elongation
of mitochondria share one property: they inhibit either complex III
(antimycin) or complex IV (CN, NaN,) of the respiratory chain (see Haxnson
& Davy 1980). Thus it is concluded that formation of giant mitochondria
in Nitella flexilis is directly or indirectly related to inactivation of these
respiratory complexes. This conclusion is in accordance with findings of
other authors (e. g. WriscHER & Drvips 1965, CALVAYRAC ef al. 1971,
DavisoN el al. 1972, VARTAPETIAN ef l. 1977). It is tempting to also attribute
formation of giant mitochondria during reduced photosynthesis (treatment
with DCMU, CCCP, low light intensity) to restricted cytochromal activity
though entirely different processes could be decisive in this case. Assertions
in this respect are extremely difficult to make in view of the complex
interactions between chloroplasts and mitochondria (HrBEr 1974, Evans
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& Carr 1979, GramaM & CHAPMAN 1979, GraHAM 1980). Since DCMU
was found to let dark respiration proceed in the light, an inhibitory effect
on the cytochromes is very unlikely (Jackson & Vorx 1970). The fact that
normal and giant mitochondria of dim-light-grown algae stain with Janus
Green B and subsequently bleach in anaerobic conditions indicates the
activity of at least complex IV (Lazarow & CooPERSTEIN 1953, FoIssNER
1981).

Because of this we have to look for metabolic processes which are
influenced both by reduced photosynthesis and by inhibition of the cyto-
chromes. The conclusion that enhanced glycolysis causes mitochondria to
elongate would be consistent with those of other investigators (e. g.
VARTAPETIAN et al. 1977). However, the question arises why neither rotenone
nor DNP, both of which are assumed to increase the rate of glycolysis
(Mour & Scuoprer 1978), have an effect on mitochondrial length. This
could either contradict the above hypothesis or reflect the relative insen-
sitivity of plant mitochondria to these substances (DucEr & Lawcr 1978).
The discrepancy cannot yet be solved the more so because the effect of
CCCP could depend not only on uncoupling in chloroplasts but also on
uncoupling in mitochondria, which would then favour the ,glycolysis
hypothesis®. Heterotrophic metabolism with concomitant enhancement
of glycolysis is unlikely to occur in characean cells (ForsBErG 1965).
Furthermore, according to the results obtained, for instance by PrrLm-
GRINI (1978), the change from photoautotrophic to heterotrophic meta-
bolism is expressed by an increase in total mitochondrial volume per cell
and not by elongation of single mitochondria (compare Foissnrr 1981).

Other metabolic processes that could be involved in the formation of
giant mitochondria include alternate respiration (Soromos 1977, Bremw
1980) or restricted oxidation of exogenous Napu (PALMER 1976) or NADPH
(Hawson & Davy 1980). Their possible role remaing to be investigated
(compare CALVAYRAC & BuTow 1971).

A fact which must also be considered is that only a number of mito-
chondria (20%, at the maximum) becomes elongated. This possibly re-
flects the existence of a heterogenous population of mitochondria (AvERs
& Kixe 1960, FLercHER 1972, and others). One population is assumed
to be mainly concerned with anabolic functions (protein metabolism),
in which photorespiration also takes a part (Harrpar & Hormen 1979).
Since photorespiration is inhibited at the same time as photosynthesis
(Hoom et al. 1963), a relation to giant mitochondria formation is possible.

Elongation of mitochondria induced by DCMU is prevented in the
presence of actidione or CAP. This indicates that protein synthesis in the
cytoplasm and in the mitochondria is involved (Kroow ef al, 1972, CASKEY
1973). Protein synthesis in chloroplasts presumably plays a less decisive
role in the present cage. Protein synthesis could be necessary for the growth
of the mitochondria and the simultaneous blockage of division (see LEFORT
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1964) andfor for fusion of the mitochondria (see Jaroscm 1978). If the
extreme length of the mitochondria is due to fission blockage, we have to
assume an extremely rapid growth rate. Otherwise we would not have been
able to observe mitochondria with a length of over 30 um after only 2 days
incubation with an appropriate inhibitor, since the doubling of mitochond-
rial substance normally requires 14 hours (Kurorwa 1968). Fusion, on the
other hand, would better account for the existence of branched or ring-like
mitochondria. The light microscopic observations suggest the involvement
of both processes. Mitochondria between the chloroplasts generally cannot
fuse because of their relatively fixed position. Elongation must thus occur
by growth and blockage of fission. Since the space between the chloroplasts
is limited, the mitochondria after having reached a cerfain length will
incline back and fuse with themselves (ring-like forms). T'usion between
different mitochondria is facilitated among mitochondria of the endoplasm
which are in constant passive movement ana hence easily come in contact
with each other. This explains why branched organelles occur preferentially
in the endoplasm.

Severe deleterious effects on cellular, especially mitochondrial structure
were only observed after KCN-treatment. Such degenerative changes
following the application of KCN have been reported e. g. from root tips
of higher plants (WriscEEr & Dmvipm 1965). With all other substances
the cytoplasm and the mitochondria are generally well preserved. Thus the
giant mitochondria in Nifella should be regarded as adaptated organelles
rather than pathological ones.
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