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ABSTRACT

Aphidicolin inhibits DNA synthesis and nuclear division in spores of
Anemia phyllitidis. In spite of blocked DNA replication, spores germinate
under continuous dark conditions, if induced by addition of 5 x 10~%
grams per milliliter gibberellic acid. Differentiation of aphidicolin-treated
prothallia indicate the existence of a prepattern in the dry spore which
is realized independent of cell division during early events of spore
germination.

Spore germination in the schizaeaceous fern Anemia phyllitidis
is controlled by phytochrome as well as antheridiogen A, a
pheromone produced and secreted by female prothallia of this
species (10). Gibberellins can be substituted for the natural
chemical signal (22). Although dry spores contain polyadenylated
poly (A)*-RNA (4) the activation of processes connected directly
with spore germination are induced neither by a general induc-
tion of translation of this stored mRNA nor by triggering tran-
scription, as has been suggested by Raghavan (12-15). Both
processes occur in high rates already in imbibed but noninduced
spores (4).

By autoradiographic methods Rutter and Raghavan (17) have
proved that the nuclear cycle of ripe fern spores is blocked in
G -phase. Thus, it is possible that the induction of germination
by Pfr or chemical signals may be triggered by induction of
replication in the spore nucleus. We therefore investigated the
effects of Aph? on germination and DNA synthesis of Anemia
spores. This compound, produced by the fungus Cephalosporium
aphidicola (3), selectively inhibits nuclear DNA polymerase (9,
19, 24, 25), whereas organellar DNA synthesis is not affected by
this diterpenoid (5-8, 25).

MATERIALS AND METHODS

Plant Material and Culture Conditions. Spores of Anemia
phyllitidis L. Sw. were harvested in 1983 from plants grown in
the greenhouses of the University of Ulm and have been stored
until use at 4°C in the dark. Spore sterilization and standard
growth conditions have been described elsewhere (4).

Inhibition of DNA-Synthesis. Spores preimbibed in the dark
on mineral medium containing 50 ug ml~' Aph were induced to
germinate by addition of GA; (final concentration 5 X 1075 g

! Supported by the Deutsche Forschungsgemeinschaft.
2 Abbreviation: Aph, aphidicolin.

ml™'). Samples not induced to germinate as well as samples
without inhibitor have been used as controls.

Labeling and Extraction of DNA and Proteins. Labeling of
DNA happened after a 72 h period of imbibition. For this

" purpose to each sample (100 mg spores in 4 ml medium) 740

KBq methyl-1’,2’[*H]thymidine (4,0 TBq mmol™') have been
added. For labeling of proteins 740 KBq [**S]methionine (54
TBq mmol™') were used.

Extraction, separation, and determination of DNA and pro-
teins followed the methods of Fechner and Schraudolf (4).

RESULTS AND DISCUSSION

H3-thymidine (185 KBq ml™!) added after a period of dark
imbibition (72 h) to noninduced spores of 4. phyllitidis and to
those spores which have been induced to germinate by the

-t
¢

23s 16s 5s

3

[3H]- thymidine incorporation (cpm x102)
o
1

- |

20 25
slice no.

FiG. 1. Incorporation of [*H]thymidine into DNA prepared from
imbibed spores (-—-) and spores induced to germinate ( ) by
addition of GA;. Labeling of spores was for 96 h. Nucleic acids were
separated on a polyacrylamide-agarose gel (2% polyacrylamide, 0.5%
agarose). Arrows denote migration of Escherichia coli RNA.

T T T
5 10 15

714



APHIDICOLIN AND SPORE GERMINATION IN A. PHYLLITIDIS

715

Table L. Effects of Aph on the Incorporation of Methyl-1',2'[>HIThymidine (TdR) into DNA of Imbibed and
Germinating Spores of A. phyllitidis
Continuous dark conditions; 21°C. The concentration per ml of GA; was 5 X 107 g and of Aph was 50 ug.
The amount of DNA was measured by UV Az a.m. RNA was removed by treatment with RNase A.

Treatment
Preimbibition (72 h) Incubation (72 h) Incorporation
cpm/Az60 nm
Imbibition Medium [*H]TdR 8100
Germination Medium [H]TdR + GA; 14900
Imbibition + Aph Medium + Aph [*H]JTdR 720
Germination + Aph Medium + Aph [*HITdR + GA; 710
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FiG. 2. Germinating spore of A. phyllitidis treated with aphidicolin
(50 ug ml™") induced to germinate by GA; (5 X 10~* g ml™"). Continuous
dark conditions; 21°C.

simultaneous addition of GA; (5 X 1075 g ml™'), labels exclusively
the DNA-fraction of nucleic acids, if these are isolated 72 h after
the addition of nucleoside or nucleoside and GA; (Fig. 1).
According to observations reported by Raghavan (13) and Rutter
and Raghavan (17), induction of spore germination stimulates
DNA synthesis. This is confirmed by the increased specific
activity of DNA isolated from induced spores (Table I). Prein-
cubation of Anemia spores with Aph (50 g ml™') inhibits
thymidine-incorporation in imbibed and induced spores. Both
treatments produce identical and low specific labeling of DNA.
This indicates that comparable to animals and spermatophytes
(18, 20, 21), Aph also inhibits nuclear DNA synthesis in arche-
goniates. The resistant fraction of [*H]thymidine incorporation
of imbibed and induced spores probably presents the DNA-
synthesis of cell organelles, especially ctDNA which in 4. phyl-
litidis cannot be separated from nuclear DNA by physical meth-
ods (23). Indeed, an Aph-resistant DNA-polymerase which is
involved in ctDNA synthesis has been found in spinach chloro-
plasts (19). The autoradiographic localization of DNA synthesis

in the cytoplasm immediately surrounding the nucleus of GA;-
induced spores of 4. phyllitidis (13, 14) as well as in phytochrome
controlled spores of Pteris vittata (15) supports this possibility.

The significant labeling of DNA in noninduced and just im-
bibed spores and its inhibition by Aph (Fig. 1; Table I) demon-
strates that at least some nuclear DNA synthesis occurs inde-
pendently from the induction of spore germination. This finding
is incompatible with Raghavan’s (13) observations. He found
with autoradiographic methods no incorporation of label into
the nucleus of Anemia spores if grown in the basal medium only
(13; Fig. 32). In contrast to a 12 h application of [?H]thymidine
used by this author, DNA extraction in our experiments has
been accomplished after a 72 h imbibition period, followed by
72 h of labeling. These differences in method may be responsible
for the disagreement in the observations.

In how far DNA synthesis and nuclear division are prerequi-
sites for germination is controversially discussed. For seed ger-
mination, problems are shortly reviewed by Galli (5). For fern
spores qualitatively different effects of an application of inhibi-
tors of DNA synthesis have been observed in different species
(14, 15, 17). Unexpectedly, in A. phyllitidis not only crest open-
ing and chloronema extension turned out to be independent of
DNA synthesis but also the first steps of cell wall pattern for-
mation. Even without preceding nuclear division the wall of the
outgrowing germ tube shows already a double protrusion, one
corresponding to the growth axis of the chloronema, one to that
of the rhizoid (Fig. 2). The intine of the germinating spore, or
more probably the adjoining plasmalemma, seems to be prepat-
terned into a future chloronema rhizoid-pole, respectively. This
information is realized independently from the division of the
spore nucleus whenever germination is induced by an external
signal. The stability as well as the independency from nuclear
division indicate that the information for this bipolar intine
differentiation may be already manifest in the dry spore and may
derive from a polarization during meiosis and/or spore differ-
entiation. Prepatterns connected with rhizoid differentiation in
form of metalophilic zones which are detectable during early
germination steps of the spore are known from other fern species
(1, 2, 11, 16). Although metallophilic prepatterns are not found
in spores and young prothallia of 4. phyllitidis, the realization
of a bipolar pattern of the intine in Aph-inhibited prothallia

Table II. Effect of Aph on Protein Synthesis in Imbibed and Germinating Spores of A. phyllitidis
Continuous dark condition; 21°C. The amount of protein was measured by the biuret method.

Treatment
Preimbibition (72 h) Incubation (72 h) Protein Synthesis
cpm/mg
Imbibition Medium [>*S]methionine 21,300
Germination Medium [*S]methionine + GA; 25,000
Imbibition + Aph Medium + inhibitor [¥*S]methionine 19,500
Germination + Aph Medium + inhibitor [3*S)methionine + GA; 24,000
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FiG. 3. Effect of aphidicolin (50 ug ml™") on protein synthesis. Fluo-
rogram of the protein banding of de novo synthesized proteins, isolated
from imbibed and germinating spores of A. phyllitidis. SDS-PAGE (12%)
separation. 1, Imbibed spores (control); 2, induced spores in presence of
aphidicolin; 3, induced spores (control); 4, imbibed spores in presence of
aphidicolin. The arrow denotes the 20.5 kD protein (4) (each right-hand
channel of a pair represents the double amount of protein).

could be the expression of a comparable polarized state of the
spore.

A study of the time course of protein synthesis in germinating
spores has shown that 48 h after setting the germination stimulus
a new mRNA appears which, after 72 h, gives rise to a 20,500 D
protein. The meaning of this protein for the process of germi-
nation has been discussed and it has been proposed that the
appearance of this protein is rather connected with postgermi-
nation processes than with the induction process itself (4). The
observation that Aph-treated spores germinate without further
cell differentiation, permits a check of this statement. Protein
synthesis itself is not inhibited by Aph application (Table II).
SDS electrophoresis of soluble proteins of Aph-treated prothallia
shows that in spite of a significant growth of the germination
tube, none of the new protein bands present in control prothallia
becomes detectable (Fig. 3). As supposed in the preceding paper
(4) new proteins appearing 72 h after induction of control
prothallia are not directly implicated in the primary processes of
germination.

Acknowledgments—The authors thank Mrs. C. Meyer and Mrs. C. Guha for
excellent technical assistance, as well as Mrs. K. Blankenberg for checking the
English version of the manuscript.

FECHNER AND SCHRAUDOLF

10.
11.
12.

21.

22.

23.
24.

25.

Plant Physiol. Vol. 81, 1986

LITERATURE CITED

. BasseL AR 1985 Asymmetric cell division and differentiation; fern spore
germination as a model. I ultrastructural studies. Proc Roy Soc Edinb Sect
B 86: 227-230

. BAsSEL AR, C KUEHNERT, JH MILLER 1981 Nuclear migration and asymmetric
all division in Onoclea sensibilis spores: an ultrastructural and cytochemical
study. Am J Bot 68: 350-360

. BRUNDRET KM, W DaLzieL, B Hesp, JAJ JARvis, S NEIDLE 1972 X Ray
crystallographic determination of the structure of the antibiotic aphidicolin:
a tetracyclic diterpenoid containing a new ring system. J Chem Soc Chem
Commun 1027-1028

. FECHNER A, H SCHRAUDOLF 1984 Translation and transcription in imbibed
and germinating spores of Anemia phyllitidis L. Sw. Planta 161: 451-458

. GaLLI MG 1982 Aphidicolin and ethidium bromide as tools to verify depend-

ence of early post-germinative growth on- nuclear and organellar DNA
synthesis. Physiol Plant 56: 245-250
. GEUSKENS M, N HARDT, G PEDRALI-NOY, S SPADARI 1981 An autoradi-
ographic demonstration of nuclear DNA replication by DNA polymerase
and of mitochondrial DNA synthesis by DNA polymerase v. Nucleic Acids
Res 9: 1599-1613
. Giurotrto E, C MoONDELLO 1981 Aphidicolin does not inhibit the repair
synthesis of mitotic chromosomes. Biochem Biophys Res Commun 99:
1287-1294
. HARDT N, G PeDRALI-NOY, F FOCHER, S SPADARI 1981 Aphidicolin does not
inhibit DNA repair synthesis in ultraviolet irradiated HeLa cells. Biochem J
199: 453-455
. HUBERMANN JA 1981 New views of the biochemistry of eucaryotic DNA
replication revealed by aphidicolin, an unusual inhibitor of DNA polymerase
a. Cell 23: 647-648
NAEF U 1966 On dark germination and antheridium formation in Anemia
phyllitidis. Physiol Plant 19: 1079-1088
NAKAZAWA S, A TsUSAKA 1959 Special cytoplasm detectable in fern rhizoids.
Naturwissenschaften 46: 609-610
RAGHAVAN V 1971 Synthesis of protein and RNA for initiation and growth of
the protonema during germination of the bracken fern spore. Exp Cell Res
65: 401-407
. RAGHAVAN V 1976 Gibberellic acid induced germination of spores of Anemia
phyllitidis: nucleic acid and protein synthesis during germination. Am J Bot
63: 960-972
. RAGHAVAN V 1977 Gibberellic acid induced germination of Anemia phyllitidis:
autoradiographic study of the timing and regulation of nucleic acid and
protein synthesis in relation to cell morphogenesis. J Cell Sci 23: 85-100
. RAGHAVAN V 1977 Cell morphogenesis and macromolecule synthesis during
phytochrome-controlled germination of spores of the fern, Pteris vittata. J
Exp Bot 28: 439-456
. ROBINSON AJ, TH MILLER, R HELFRICH, M DOWNING 1984 Metal binding
sites in germinating fern spores (Onoclea sensibilis). Protoplasma 120: 1-11
. RUTTER MR, V RAGHAVAN 1978 DNA Synthesis and cell division during
spore germination in Lygodium japonicum. Ann Bot 42: 957-965
. SALA F, B PaRrisi, D BURRONI, A AMILENI, G PEDRALI-NOY, S SPADARI 1980
Specific and reversible inhibition by aphidicolin of the vy-like DNA po-
lymerase of plant cells. FEBS Lett 117:93-98
. SALA F, AR AMILENT, B PARsl, S SPADARI 1980 A v-like DNA polymerase in
spinach chloroplasts. Eur J Biochem 112: 211-217
. SALA F, MG GaLLi, M Levi, D BurRrONI, B PaRrisi, G PEDRALI-NoY, S
SpaDARI 1981 Functional roles of the plant a-like and y-like DNA polymer-
ases. FEBS Lett 124: 112-118
SALA S, E MAGNIEN, MG GALLI, X DALSCHAERT, G PEDRALI-NOY, S SPADARI
1982 DNA repair synthesis in plant protoplasts is aphidicolin resistant. FEBS
Lett 138: 213-217
SCHRAUDOLF H 1962 Die Wirkung von Phytohormonen auf Keimung und
Entwicklung von Farnprothallien I. Auslosung der Antheridienbildung und
Dunkelkeimung bei Schizaeaceen durch Gibberellinsaure. Biol Zentralbl 81:
731-740
SONKA J, H SCHRAUDOLF 1979 Incorporation of 5-bromo-2-deoxyuridine into
the chloroplast DNA of Anemia phyllitidis. Z Naturforsch 34c: 446-451
SPADARI S, F FOCHER, M BELVEDERE, G PEDRALI Noy, C KUENZLE, M
GEUSKENS, N HARDT 1981 The inhibition of cellular and viral replicative
DNA polymerases by aphidicolin is the basis of its anticancer and antiviral
activity. In KK Gauri, ed, Antiviral Chemotherapy. Design of Inhibitors of
Viral Functions. Academic Press, New York, pp 123-129 }
SPADARI S, F SALA, G PEDRAL-NOY 1982 Aphidicolin: a specific inhibitor of
nuclear DNA replication in eukaryotes. Trends Biochem Sci 7: 29-32



