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Abstract. Phytochrome is confirmed to be the pho-
toreceptor pigment in the germination response of
Onoclea sensibilis L. by demonstrating red-far-red
(R-FR) photoreversibility. External Ca?* is re-
quired for this response with a threshold at a sub-
micromolar concentration. Ethylene glycol-bis(5-
amino-ethyl ether)-N,N,N’,N’-tetraacetic acid,
La** and Co?* reversibly inhibit germination.
Lanthanum only inhibits germination when ap-
plied before or during irradiation, indicating that
the external Ca®* requirement is transient, al-
though in the absence of Ca?* the R-stimulated
system remains maximally poised to accept the ion
for over 4 h after irradiation. The ability to re-
spond to Ca%?* 4.1 h after R-irradiation is not re-
versed by FR-irradiation, indicating that Ca?*
transport has been uncoupled from phytochrome.
Barium and Sr?*, but not Mg?* can substitute
for Ca®*. Artificially increasing the concentration
of intracellular free Ca®?* with the ionophore
A 23187 stimulates germination in the dark. The
Ca**-calmodulin antagonists, trifluoperizine and
chlorpromazine, reversibly inhibit germination.
Calcium is required in phytochrome-mediated fern
spore germination; it may be acting as a second
messenger.

Key words: Calcium — Calmodulin — Germination
(spore) — Onoclea — Phytochrome and Ca** — Pter-
idophyta.

Introduction

Phytochrome controls a wide spectrum of develop-
mental responses such as seed and spore germina-

Abbreviations:  EGTA=ethylene  glycol-bis(f-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid; FR =far-red light; R=red
light

tion, flowering, bud development, stomatal differ-
entiation, formation of tracheary elements, antho-
cyanin synthesis, hair formation, leaf expansion
and stem elongation (see e.g. Mohr 1972). How
can phytochrome control such diverse responses?
It is possible that the temporal and spatial specifici-
ty of the cell’s response is preprogrammed accord-
ing to its current state of differentiation and the
far-red-light (FR) absorbing, physiologically active
form of phytochrome (Pfr) triggers various re-
sponses by inducing an increase in the intracellular
Ca?” concentration (Anderson and Cormier 1978;
Dreyer and Weisenseel 1979; Haupt and Weisen-
seel 1976; Dieter and Marmé 1981a; Roux et al.
1981; Weisenseel and Ruppert 1977).

In animals, Ca®>" acts as a second messenger
in the coupling of many stimulus-response systems
where the stimulus is a membrane effector (Ras-
mussen 1981; Kretsinger 1981). Upon activation
by the primary stimulus, the intracellular concen-
tration of free Ca?* rises from 0.1 pM to 1-10 uM.
At this concentration, Ca® " binds to Ca”*-binding
proteins such as calmodulin which in turn may
bind to protein kinases or other proteins and acti-
vate essential processes in the cell. Subsequently,
the intracellular free Ca®* concentration falls to
that of the resting cell as a consequence of seques-
tration by the endoplasmic reticulum and mito-
chondria as well as the pumping out of Ca?* by
the plasmalemmal Ca®*-ATPase (see Kretsinger
1981 for a review).

Photobiologically  relevant  phytochrome
(Hughes 1965) is assumed to be localized on mem-
branes (Etzold 1965; Haupt et al. 1969; Kadota
et al. 1982) and may modulate ionic permeability
(Georgevich and Roux 1982; Hale and Roux 1980;
Roux et al. 1981; Weisenseel and Ruppert 1977),
electrical potential and — or surface charge (Racu-
sen 1976; Newman 1981; Dreyer and Weisenseel
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1979), and hydraulic conductivity (Weisenseel and
Smeibidl 1973). Calcium can modulate these same
events (Rasmussen 1970). Moreover, Pfr and Ca?*
show other similarities. For example, they both
modulate the enzymes NAD kinase and Ca?"-
ATPase (Anderson and Cormier 1978 ; Tezuka and
Yamamoto 1969; Dieter and Marmé 1981a, b).
Furthermore, Ca?* is required for the phyto-
chrome-mediated adhesion in mung-bean root tips
(Tanada 1968) as well as the phytochrome-me-
diated membrane depolarization in Nitella (Wei-
senseel and Ruppert 1977). The Ca?*-antagonist,
La**, and the Ca?"-chelator, ethylenediamine-
tetraacetic acid (EDTA), inhibit phytochrome-me-
diated leaf closure in Mimosa (Campbell and
Thomson 1977). Moreover, Ca?* fluxes in re-
sponse to red light (R) have been demonstrated
with #3Ca?* autoradiography in Mougeotia
(Dreyer and Weisenseel 1979), and with the Ca?*-
sensitive metallochromic dye, murexide, in Avena
coleoptile cells and isolated mitochondria (Hale
and Roux 1980; Roux et al. 1981). It is thus rea-
sonable to suggest that transient increases in intra-
cellular Ca%?* may trigger phytochrome-mediated
responses. In this paper we confirm that phyto-
chrome is the photoreceptor pigment in Onoclea
spore germination, and further suggest that its ac-
tivity is mediated by Ca?™.

Material and methods

Choice of experimental plant material. Spores have been selected
for these studies because they are single cells at the same devel-
opmental stage and with the same developmental potential. Tt
is our assumption that the photoreceptor exerts its effect at
the cellular level and therefore the use of single, uniform cells
eliminates averaging the responses of many different cells that
occur in a multicellular organ. The spores of Onoclea have
been chosen, in particular, because they germinate rapidly, be-
cause the germination response has been well studied (Huckaby
etal. 1982; Miller et al. 1983; Raghavan 1980; Towill and
Ikuma 1973. 1975) and because large amounts of material are
readily available.

Plant material and culture. Mature sporophylls of Onoclea sensi-
bilis L. were collected in Amherst and Pelham, Mass., USA
in January, 1981 and February, 1982 and stored in plastic bags
in a freezer at —15° C for at least five months to eliminate
dark germination. Prior to an experiment, one to four sporo-
phylls were wetted with a 0.1% solution of Aerosol O.T. (Fisher
Scientific Co., Pittsburg, Pa, USA) and sterilized with 11 of
a 20% (v/v) solution of commercial bleach (5.25% NaOCl)
in a manner modified from Stockwell and Miller (1974) which
yielded sterile spores. Unless otherwise stated, the sterile spores
were prewashed in 2.5 mM EGTA (ethylene glycol-bis(f-ami-
no-ethyl ether)-N,N,N’,N'-tetraacetic acid, pH 6.8) for 24 h at
23° C to remove any wall-bound Ca?*. From this point on,
all manipulations were carried out in sterile plasticware. The
spores were collected by filtration through Millipore filters
(5.0 um pore size; Millipore Corporation, Bedford, Mass.,

USA) and approx. 2 mg were sown on 10 ml of experimental
media in polystyrene Petri dishes, 60 mm diameter, 15 mm high
(Falcon, Oxnard, Cal., USA) at 26.5° C. The spores floated
on the surface of the liquid medium. The standard medium
contained 1 mM Ca(NO,),, 3.45 mM KNO,, 810 uM MgSO,,,
+5mM K-acetate buffer (pH 5.2). The Ca(NO,), was varied
or replaced by Ba(NO;),, SrCl,, MgSO,, CaCl,, CaSO, or
Ca,,(OH),(PO,)s. Antagonists were added as needed. Only
deionized distilled (resistance =2 MQ) water was used. Organic
compounds were sterilized by passage through a Millipore
filter, pore size 0.22 uym. All inorganic solutions and EGTA
were autoclaved at 1.04 bar for 35 min. Uniess otherwise stated,
the spores were left to equilibrate with the medium for 1h
prior to the light treatment.

Light treatments. All procedures were carried out under a dim
green safelight which consisted of two “gold” fluorescent lamps
(General Electric, Cleveland, O., USA; F40-T12-GO) and a
green plexiglass filter (Rohm and Haas Co., Philadelphia, Pa.,
USA). Red light was obtained by passing light from two fluo-
rescent lamps (General Electric; F20-T12-PL gro and sho)
through one layer of a Roscolene medium red (No. 823) cellu-
lose acetate filter (Capron Lighting Co., Needham, Mass.,
USA). Far-red light was obtained by passing light from a
300-W Reflector (Westinghouse, Bloomfield, N.J., USA) spot
through 3mm of a FRF 700 filter (Westlake Plastics, Lenni
Mills, Pa., USA). Red light and FR were applied with an energy
fluence rate of 2.4 Jm™2s ! and 430 I m~2 s}, respectively,
as measured with a Li-cor (Lincoln, Neb., USA) quantum-
radiometer-photometer (Model LI 185B) with a Li-cor pyran-
ometer sensor (LI-200SB). The energy fluence rate of the safe-
light could not be detected with this sensor. The spores were
irradiated for 5 min with red light at 24° C to ensure saturation,
except where stated otherwise.

Reversal experiments with La®>* and Co®* . Three sets of spores
were run in parallel in various concentrations of CoCl, or
LaCl; in the standard medium under continuous light from
white fluorescent lamps (General Electric; F24T12-CW-HO;
energy fluence rate=100J m~? s~ !). After 48 h, one set was
scored, and media were added to the second (reversed) set to
bring the concentration of Ca?” up to 3 mM, while the concen-
trations of all other ions remained unchanged. In the third
(non-reversed) set, additional media were added, but the total
concentration of all ions remained unchanged. Sets 2 and 3
were counted 48 h after the addition of the new media.

Determination of the timing of La®* inhibition. Two sets of
spores were run in parallel in the standard medium. Additional
medium containing La®* was added to one set at various times
before, during or after irradiation with red light. The final con-
centration of La®>* was 1 mM. An equal volume of the standard
medium without La®** was added simultaneously to the control
set.

Reversal experiments with chlorpromazine and trifluoperizine.
Three sets of spores were run in parallel in various concentra-
tions of chlorpromazine (2-chloro-N,N-dimethyl-10H-pheno-
thiazine-10-propanamine) or trifluoperizine (10-[3-(4-methylpi-
perazin-1-yl)-propyl]-2-trifluomethylphenothiazine) in the stan-
dard medium under continuous light from white fluorescent
lamps. After 48 h, one set was scored and spores in the second
and third set were collected by Millipore filtration (5.0 pm pore
size) and washed with deionized water. The second (reversed)
set was placed into the standard medium without the antago-
nist; the third (non-reversed) set was placed in the standard
medium with various concentrations of the antagonists.
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Ionophore experiments. The spores were treated with 5-95.6 pM
A 23187  (6S-[6a(25*,35%),88(R*),98,114]-5-Methylamino)-2-
[[3,9,11-trimethyl-8-[1-methyl-2-0x0-2-(1H-pyrrol-2-yhethyl]-
1,7-dioxaspiro[5.5]-undec-2yl} methyl]-4-benzoxazolecarb-
oxylic acid) in 0.03-2.5% DMSO (dimethy! sulfoxide) and
2mM Pipes 1,4-piperazinedicthanesulfonic acid, pH 7.0-7.4,
20mM Hepes 4-(2-hydroxyethyl)-piperizine ethanesulfonic
acid), pH 7.0-7.5 or 5mM K-acetate buffer, pH 5.2, for
0.5-24 h. They were then collected by Millipore filtration (pore
size=5.0 um), transferred into the standard medium, left to
equilibrate for 1 h, and irradiated with continuous white light
or 5 min R, or they were left in the dark; or, after 24 h, medium
was added to the ionophore solution, the spores were left to
equilibrate for 1 h, and were then irradiated with S min R or
left in the dark. Since the variation in treatments did not pro-
duce any significant differences in results, the data from ten
different experiments were grouped in Table 3.

Determination of competence to respond to Ca** added after
R irradiation. Two sets of spores were run in parallel in 2.5 mM
EGTA (pH 5.2-6.8). Fifty umol of Ca?* were added to each
replicate of the experimental set at various times before or after
R irradiation. An equal volume (0.5 ml) of deionized water
was added to each replicate of the control set. In order to
determine whether the competence to respond to Ca®* was
based upon the stability of the phytochrome molecule or upon
the stability of another structure, FR was applied at various
times after R irradiation and Ca?* was added either 1 h before
or 4.1 h after irradiation. Equal volumes of deionized water
were added to the control set.

Determination of percent germination. Percent germination was
determined 48 h after irradiation, except where otherwise speci-
fied, by the acetocarmine-chloral hydrate method of Edwards
and Miller (1972). Spores were considered germinated when
two stained nuclei were observed. Two hundred spores per rep-
licate were scored and there were two replicates per treatment.
All treatments were run at least twice. Data are expressed as
mean + two standard errors of the mean.

Chemicals. A 23187 was purchased from Calbiochem-Behring
(La Jolla, Cal., USA), EGTA, Pipes, Hepes and Chlorproma-
zine from Sigma Chemical Co. (St. Louis, Mo., USA). Trifluo-
perizine dihydrochloride was a gift from Smith Kline and
French Laboratories (Philadelphia, Pa., USA).

Results

The nature of the photoreceptor pigment. Light trig-
gers the germination of Onoclea spores. Low ener-
gy fluences of R stimulate germination, whereas
high energy fluences of FR are ineffective (Fig. 1).
The germination response for the spores shown
in Fig. 1 is saturated at 288 Jm™? R; however,
this is variable from batch to batch (the range is
from 48 to 288 J m~2).

Figure 2 shows that 60 s of FR given immedi-
ately after 60 s of R reverses the inductive effect
of R. Under the above conditions, germination is
only 50% reversible when there is a 5-min delay
between the R and the FR treatments (data not
shown). These data confirm that phytochrome is
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Fig. 1. The effect of energy fluence on spore germination in
Onoclea. Energy fluence was varied by varying the time of irra-
diation. The media contained 3.45mM KNO,;, 810uM
MgSO,, and 1 mM Ca(NO,),, pH 5.2. Note different abscissac
for R and FR energy fluence. ®, R (24Jm 257 '); m, FR
(430 Tm~%s™ Y

the photoreceptor pigment in light-stimulated On-
oclea spore germination (Huckaby etal. 1982;
Wayne and Hepler 1982).

The role of Ca*™ in phytochrome-mediated spore
germination. External Ca®” is required for R-in-
duced germination (Fig. 3a). The threshold con-
centration is submicromolar; 3 uM is the half-
maximal concentration of external Ca®*. This
threshold is emphasized and the half-maximal con-
centration of Ca®™ is lowered to 0.6 uM when the
spores are germinated in Ca®>*-EGTA buffered
media (Fig. 3b). Red light-stimulated germination
in inhibited by EGTA. The EGTA inhibition can
be reversed by washing out the inhibitor and sow-
ing the spores on the standard medium (Fig. 3a)
or by increasing the concentration of free Ca’*
in the medium (Fig. 3b). Since the Ca?*"-EGTA-
buffered media are not optimal for germination,
the standard medium is used throughout these ex-
periments. The Ca?* requirement is not detected
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Fig. 2. The effect of sequential treatments of R and FR on
Onoclea spore germination. Red light was applied with an ener-
gy fluence rate of 24Jm~2s™ ! for 1 min; FR was applied
with an energy fluence rate of 430 Tm™%s~* for { min. The
spores were in the standard medium (see Fig. 1). Red control=
27% because of nonsaturating R conditions

when the spores germinate in the standard medium
unless they have been prewashed with EGTA (data
not shown). Calcium is the effective ion, not NO;,
as Ca(NO,;), can be replaced by CaCl,, CaSO,
and in part by the Thighly insoluble
Ca,,(OH),(PO,)¢ (Table 1a). Externally applied
Ca’™ has no effect on dark germination.

Red-light-induced germination still occurs
when the external Ca?* is replaced by the bivalent
cations Sr** and Ba’?* but not by Mg?* (Tab-
le 1b). The Sr?*-treated spores grow into normal
prothalli, but the Ba®"-treated spores often devel-
op only into prothalli consisting of only a few cells
and which sometimes develop in an apolar fashion
without rhizoid formation. Thus Ba®* can only
partially substitute for Ca®*-mediated responses
or it might fully substitute for the germination re-
sponse but be detrimental for some other pro-
cess(es).

In order to investigate further the role of Ca®~,
we treated the spores with the inorganic Ca?*-
antagonists, La**" and Co?", in the presence of
1 mM Ca?”. Lanthanum and Co?* inhibit R-stim-
ulated germination (Fig. 4). This inhibition can be
reversed by increasing the concentration of exter-
nal Ca®" from 1 to 3 mM (Table 2). In order to
be inhibitory, La®** must be present prior to or
during irradiation with R ; La®** added several sec-
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Fig. 3a, b. The effect of Ca®* on Onoclea spore germination.
a Using EGTA washed spores in the standard media (same
as in Fig. 1). b Using spores put directly in Ca?*-EGTA-buf-
fered media which contained 100 mM KCl, 1 mM EGTA,
4 mM MgSO,, 20 mM Pipes (pH 6.94) and CaCl,. o, R; nm,
dark. (p[Ca**]= —log [free Ca?*]). Note different ordinates
inaandb
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Table 1. The effect of varying (a) anions and (b) cations on
germination of Onoclea spores

Table 2. The effect of increasing the Ca?* concentration on
inhibition of Onoclea spore germination by La** and Co®*

Addition Germination (%)

Light Dark

a) The effect of varying anions

No Ca?* 0.33+ 0.60 0.0+0.0
Ca(NO,), 60.674 1.99* 0.04+0.0
CaSO, 61.00+ 5.20 0.0+0.0
CaCl, 61.00+ 2.00 0.04+0.0
Ca,o(OH),(PO,), 21.00-+13.99 0.0+0.0
b) The effect of varying cations

Ca(NO,), 86.75+ 0.50* 0.0+0.0
MgSO, 10.50+ 1.00 0.0+0.0
Ba(NO,), 83.75+ 4.50 0.04+0.0
SrCl, 82.004+10.00 0.0+0.0

¢ Differences in control values are a consequence of differences
between spore batches used in anion and cation experiments.
Red light was applied for 5 min. The various compounds
were present at 1 mM. All media contained 3.45 mM KNO,
and 810 uM MgSO,, pH 5.2. Values given are the means
+ 28SE
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Fig. 4. The effect of La** or Co** on Onoclea spore germina-
tion. Red light was applied for Smin. La3* and Co?" were
added to the standard medium (same as in Fig. 1). m, La®7;

e, Co®". (p[ ]=—log[ )

onds after irradiation is ineffective (Fig. 5). Rhizoi-
dal and protonemal growth are inhibited in spores
treated with La*" after irradiation. Since Co?™"
has been shown to mimic the effects of R (Kang
and Ray 1969), we tested the effect of Co?* and
La’* on dark germination. These cations have no
effect on dark germination (data not shown). The
lanthanides Ce** and Sm3* also inhibit R-stimu-
lated germination (data not shown).

Antagonist Germination (%)
M)

48 h 96 h

1mM Ca?* 1 mM Ca?* 3mM Ca**
LaCl,

0 62.0+6.0% 87.8+ 1.5 89.0+2.0
10°° 53.8+1.5 87.54+ 4.0 91.34+4.5
1073 46.5+6.0 80.8+11.5 89.8+4.5
1074 20.5+7.0 21.8+ 5.5 85.8+6.5
1073 0.8+1.5 8.0+ 4.0 75.0+5.0
CoCl,

0 92.84+ 1.0° 97.0+0.0 97.84+4.5
1076 83.54+17.0 99.0+2.0 98.34+3.5
1073 86.5+ 9.0 923+25 95.84+3.5
1074 71.54+ 5.0 75.3+7.5 89.0+0.0
1073 44.3410.5 65.5+1.0 84.5+5.0

* Differences in control values between La** and Co?™ experi-
ments are a consequence of differences between spore
batches. Spores were germinated in continuous white light.
Lanthanum and Co?* were added to the standard medium
(same as in Fig. 1). After 48 h, one set was scored and addi-
tional media were added to the other sets. The Ca2* concen-
tration was increased from 1 to 3 mM in the reversed set
and remained at 1 mM in the non-reversed set
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Fig. 5. The effect of time of addition of La** on Onoclea spore
germination. Red light was applied for 5 min. The down and
up arrows indicate the start and end of irradiation, respectively.
+La** solutions were added to the standard medium (same
as Fig. 1). m, +La*" addition; e, —La®* addition
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Table 3. The effect of the ionophore A 23187 on germination
of Onoclea spores in the dark and in the light

Treatment Germination (%)
Dark Light
—A 23187 34428 74.0£17.5
+A 23187 21.4+43 74.3+18.8
100
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Fig. 6. The effect of varying time between the R treatment and
Ca’" addition on Onoclea spore germination. Red light was
applied for 5 min. to spores incubating in 2.5 mM EGTA. Fifty
pmol of Ca(NQ,), or an equal volume of deionized water were
added at various times after red irradiation. e, +Ca?™ addi-
tion; m, —Ca?" addition

The ionophore A 23187 stimulates an average
of 21.4% of the spores to germinate in the dark
(Table 3). Although maximal percent germination
in the light is affected by pH, the pH has no effect
on the percent germination stimulated by the iono-
phore in the dark (data not shown).

In order to characterize further the relationship
between phytochrome and Ca* transport, we ir-
radiated spores with saturating R in the presence
of 2.5 mM EGTA, and added Ca?* at various
times before or after irradiation. Figure 6 shows
that the spores are still fully competent to respond
to Ca2® 4 h after irradiation. Competence begins
to fall off by 8 h and is completely lost by 24 h.
In the treatments where Ca®™ is applied 4.1 h after
the inductive irradiation, saturating FR given to
the spores up through 5 min after the R treatment
is partially capable of reversing the inductive effect

Table 4. The effect of time between R and FR irradiation on
Onoclea spores differentially treated with Ca®*- Red light
(24Jm™ 2571 and FR (430 Jm~2s™!) were applied for
5min. Spores were incubated in 2.5mM EGTA (pH 5.2);
50 pmol Ca(NOQ,), were added where indicated

Time between Ca’" treatments

end of R and

beginning of Ca** given Ca?* given ~Ca?"*
FR irradiation 4.1 hafter R 1 hpriorto R
(min)
0 45.5+1.0 89.5+1.0 1.542.0
5 62.0+4.0 87.5+1.0 0.3+£0.5
30 82.8+3.5 82.3+7.5 0.5+0.0
60 88.04-2.0 83.0+4.0 2.0+3.0
120 82.8+6.5 85.3+0.5 1.8+1.5
240 83.8+0.5 85.5+1.0 2.54+1.0
R only 87.0+0.0 85.0+8.0 2.0+0.0
100
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Fig. 7. The effect of trifluoperizine (TFP) or chlorpromazine
(CPZ) on Onoclea spore germination. Red light was applied
for 5 min; TFP or CPZ were added to the standard medium
(same as in Fig. 1). o, TFP; o, CPZ. (p[ 1=—1log[ )

of R; but, FR given 4 h after R irradiation is inca-
pable of reversing the inductive effect of red light
(Table 4, column 2), a result which indicates that
Ca’* transport has been uncoupled from phyto-
chrome. The ability of FR to reverse the inductive
effect of R is not observed when a saturating con-
centration of Ca®™ is present at the time of irradia-
tion with saturating R (Table 4, column 3; com-
pare Fig. 2). These data indicate that escape from
photoreversibility is a function of time of irra-
diance and external Ca®’* concentration. Since
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Table 5. The effect of washing on reversal of inhibition of ger-
mination of Onoclea spores by trifluoperizine (TFP) and chlor-
promazine (CPZ). Spores were germinated under continuous
white light; TFP and CPZ were added to the standard medium
(same as in Fig. 1). One set of spores was scored after 48 h,
while the reversed set was washed after 48 h with deionized
water and put into the standard medium without the antago-
nist. The non-reversed set was washed with deionized water
after 48 h and put into fresh standard medium that contained
the antagonist. The reversed and non-reversed sets were scored
96 h after the start of irradiation

Antagonist Germination (%)
M)
48 h 9 h
Non-reversed Reversed

TFP

0 99.0+0.0 100.0+0.0 100.04+ 0.0
10~¢ 98.543.0 99.3+1.5 100.0+ 0.0
10™° 98.5+1.0 99.5+0.5 98.5+ 3.0
10°4 440+7.0 47.8+£4.5 100.0+ 0.0
10733 4.3+0.5 3.840.5 80.34+10.5
103 0.0+£0.0 0.0+0.0 17.34+ 0.5
CPZ

0 93.84+0.5 98.5+ 2.0 99.0+ 2.0
10°¢ 94.5+1.0 100.04+ 0.0 100.0+ 0.0
1073 93.8+2.5 99.5+ 1.0 98.8+ 0.5
1074 36.0+2.0 50.0415.0 93.8+ 3.0
1033 15.3+3.5 15.5+ 1.0 67.0+11.0
10?2 4.04+1.0 7.0+ 4.0 2004+ 2.0

Ca?* need not be present until 4 h after the R-
treatment, Ca®” is not required for phytochrome
phototransformation.

Trifluoperizine and chlorpromazine, antago-
nists of the Ca?*-calmodulin complex (Weiss et al.
1982), inhibit R-induced germination (Fig. 7). Spe-
cifically, they inhibit the nuclear migration and the
subsequent division, but not the initial swelling.
Inhibition by 1-107% and 1-10~ 33 M trifluoperi-
zine or chlorpromazine is reversed by transferring
the spores to inhibitor-free medium (Table 5). Inhi-
bition by 1-107° M trifluoperizine and chlorpro-
mazine is not reversible. Trifluoperizine and chlor-
promazine have no effect on dark germination
(data not shown).

Discussion

Red light triggers the germination of quiescent
spores of Onoclea sensibilis. Our results confirm
that phytochrome is the photoreceptor pigment
(Huckaby et al. 1982; Wayne and Hepler 1982)
and show that Ca®" is required for this phyto-
chrome-mediated response.

The role of Ca*™ in phytochrome-mediated germina-
tion of fern spores. It is usually assumed that exter-

nal ions are not required for fern spore germina-
tion because spores germinate in distilled water
(Miller et al. 1983; Raghavan 1980; Towill and 1k-
uma 1973, 1975). However, the magnitude of the
ion-storage capacity of the wall (Miller et al. 1983),
the Ca®?" bound to glassware (Shimomura and
Johnson 1976) and the traces of Ca?™" in distilled
water have not been appreciated. By using deion-
ized water (resistance=2 M), EGTA-washed
plasticware, and spores that are prewashed with
EGTA to remove wall-bound Ca?*, we show a
requirement for external Ca?*. The approximately
micromolar threshold concentration of Ca®* oc-
curs within the range of the k,(Ca)s of intracellular
Ca?"-binding proteins and is within the range of
physiological concentrations where Ca®* functions
as a second messenger in the coupling of many
stimulus-response systems (Kretsinger 1981; Ras-
mussen 1981; Schmidt and Eckert 1976; Tominga
and Tazawa 1981). If Ca®” is only a necessary
cofactor for a component in the normal signal
chain, and is chelated by the routine EGTA pre-
wash, then the half-maximal concentration of
Ca?™ required would be 10- to 100-fold less than
is shown to be required for germination (Fig. 3;
see Kretsinger 1981 for a discussion on Ca?* bind-
ing affinities).

Evidence that Ca2?™ transport from the extra-
cellular space is needed is provided by the experi-
ments showing that the inorganic Ca?*-antago-
nists, La®** and Co?", reversibly inhibit germina-
tion. Lanthanum does not enter plant cells (Thom-
son ¢t al. 1973) and may be inhibiting the action
of Ca?" on the external side of the plasmalemma,
or more specifically it may be inhibiting Ca** in-
flux (Lettvin et al. 1964). Lanthanum also inhibits
the phytochrome-mediated leaflet closure in Afi-
mosa (Campbell and Thomson 1977) and the phy-
tochrome-mediated depolarization in Nitella (Wei-
senseel and Ruppert 1977).

Lanthanum must be present prior to or during
irradiation by R in order to inhibit germination.
Lanthanum reaches its target and acts quickly;
however, when presented to the spores within sec-
onds after the 5 min irradiation it is without effect.
These data indicate that external Ca%* is required
for a very short time, and support the idea that
ion plays a signalling role and that the signal is
a transient one. The Ca?” signal is also transient
in the volume-regulating response of Poterioochro-
monas since addition of EDTA (ethylenediamino-
tetraacetic acid) less than 1 min after the stimulus
is without effect (Kauss 1981). In Onoclea, Ca?*
is needed further along in development for rhizoid
clongation and protonemal growth (Miller et al.
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1983). Although the concentrations of Co** and
La3* that are required to inhibit spore germination
are relatively high, the inhibition is reversible, indi-
cating that the spores are not irreversibly damaged.
The spore coat may be acting as a high-capacity
binding site for these cations that must be satu-
rated before the Co** and La** can get to the
plasmalemma. Our results on the reversible inhibi-
tion of germination by EGTA support the presence
of a high-capacity binding site, and emphasize the
importance of the wall space as a reservoir of
Ca**.

Our studies on restricting Ca** entry or activi-
ty during germination have been complemented by
experiments aimed at increasing the intracellular
free-Ca®" concentration artificially through the
use of the ionophore A 23187 (Pressman 1976).
In Onoclea, A 23187 plus 1 mM Ca?* stimulates
germination in the dark, indicating that the mode
of action of phytochrome, in part, is to induce
an increase in the concentration of intracellular
free Ca®*. That A 23187 and Ca’™ induce only
a portion of the full germination response is prob-
ably a consequence of the inability of the large
ionophore molecule to penctrate the spore coat
(see below).

One of the novel observations to emerge from
our studies is the finding that the phytochrome
transformation can be uncoupled from the Ca®*
transport process. The red-light-absorbing form of
phytochrome (Pr) is rapidly converted to Pfr and
that in turn poises the transport system in a form
that is insensitive to FR light. Interestingly, the
transport component can remain maximally poised
to except Ca®™ for 4 h or longer after R-irradia-
tion. We interpret these data to mean that phyto-
chrome (Pfr) sets in motion one or more rapid
events which enable the membrane to transport
Ca%*, and Ca?”, in turn, acts as a “second mes-
senger” to activate essential processes leading to
germination.

The ability of trifluoperizine and chlorproma-
zine to inhibit germination indicates that calmodu-
lin might be involved. However, any conclusion
from our data must also keep in mind the nonspe-
cific detergent action of these agents, especially
since high concentrations are required. Calmodulin
is a pleiotropic mediator of Ca®*-dependent pro-
cesses and can provide a mechanism for the multi-
plicity of phytochrome-mediated responses. The
calmodulin antagonists inhibit the nuclear migra-
tion that occurs approx 24 h after irradiation. Cal-
modulin may also be involved in the early events
of germination but the molecular size of the calmo-
dulin antagonists may limit their ability to reach

the protoplast at this time (sec below). It is tempt-
ing to speculate that Ca®"-calmodulin activates
NAD kinase in an early stage of the phytochrome-
mediated germination of fern spores. Its activation
may play a pivotal in the activation of dormant
seeds (Taylorson and Hendricks 1977). An increase
in NAD-kinase activity is a very early step in the
activation of sea-urchin eggs (Epel 1964).

Throughout this study, the impermeability of
the spore coat has been a major barrier to entry
of large macromolecules, and has thus limited the
kinds of experiments that can be performed. The
Onoclea spore coat has a pore size of 0.8 nm (Mill-
er 1980) that is sufficient to allow the passage of
elemental ions (ionic radii=1-4 Bohr radius) and
water, but impedes the passage of larger molecules.
The spore coat splits approx. 24 h after irradiation,
which coincides with nuclear migration. Until this
time the protoplast is essentially inaccesable to ex-
ternally applied compounds larger than 0.8 nm. If
the increase in intracellular free Ca®* that activates
the spores is transient and occurs during or imme-
diately after irradiation (Fig.5), drugs that will
presumably interfere with an increase in intracellu-
lar free Ca?* will not be not accessable to the
protoplast, although Ca?* and water will freely
pass through the spore coat and the spores will
germinate. Thus, while we see pronounced effects
with La3*, Co?*, or Ca?", we do not see any
effect with the Ca®*-antagonists, TMB-8, D 600,
nitroprusside or procaine {data not shown). The
impermeability of the spore coat probably also ac-
counts for the relatively small stimulation of germi-
nation by A 23187. The timing of spore-coat split-
ting explains the inhibition by the calmodulin an-
tagonists of nuclear migration but not of the initial
swelling. In support of these ideas, the dyes neutral
red and acetocarmine do not penetrate the spore
until the spore coat splits.

In conclusion, our results indicate that phyto-
chrome activates fern spores by inducing an in-
crease in the concentration of intracellular free
Ca*”. Here is an example where a phytochrome-
mediated change in membrane properties leads to
a developmental response, indicating that short-
term effects of phytochrome may have primary im-
portance in regulating development while changes
in gene expression may be a secondary effect. This
conclusion is substantiated by the ineffectiveness
of RNA synthesis inhibitors on germination
(Raghavan 1980; Towill and Ikuma 1975).

A warm thanks to colleagues, family and friends. This research
was supported in part by U.S. Public Health Service, National
Institutes of Health grant R0O1 GM 25120-07 to P.X.H. and
a Sigma Xi Grant in Aid of Research to R.W.



20 R. Wayne and P.K. Hepler: Ca2”* in phytochrome-mediated Onoclea spore

References

Anderson, J.M., Cormier, M.J. (1978) Calcium-dependent reg-
alator of NAD kinase in higher plants. Biochem. Biophys.
Res. Commun. 84, 595-602

Campbell, N.A., Thomson, W.W. (1977) Effects of lanthanum
and ethylenediaminetetraacetate on leaf movements of Mi-
mosa. Plant Physiol. 60, 635-639

Dieter, P., Marmé, D. (1981a) Far-red light irradiation of intact
corn seedlings affects mitochondrial and calmodulin-depen-
dent microsomal Ca®* transport. Biochem. Biophys. Res.
Commun. 101, 749755

Dieter, P., Marmé, D. (1981b) A Calmodulin-dependent, mi-
crosomal ATPase from corn (Zea mays L.). FEBS Lett.
125, 245-248

Dreyer, E M., Weisenseel, M.H. (1979) Phytochrome-mediated
uptake of calcium in Mougeotia cells. Planta 146, 31-39

Edwards, M.E., Miller, J.H. (1972) Growth regulation by ethyl-
ene in fern gametophytes. III. Inhibition of spore germina-
tion. Am. J. Bot. 59, 458-465

Epel, D. (1964) A primary metabolic change of fertilization:
interconversion of pyridine nucleotides. Biochem. Biophys.
Res. Commun. 17, 62-68

Etzold, H. (1965) Der Polarotropismus und Phototropismus
der Chloronemen von Dryopteris felix mas (L.) Schott.
Planta 64, 254-280

Georgevich, G., Roux, S.J. (1982) Permeability and structural
changes induced by phytochrome in lipid vesicles. Photo-
chem. Photobiol. 36, 663-671

Hale, C.C., II., Roux, S.J. (1980) Photoreversible calcium fluxes
induced by phytochrome in oat coleoptile cells. Plant Phys-
iol. 65, 658-662

Haupt, W., Mortel, G., Winkelnkemper, I. (1969) Demonstra-
tion of different dichroic orientation of phytochrome Pr
and Pfr. Planta 88, 183-186

Haupt, W., Weisenseel, M.H. (1976) Physiological evidence and
some thoughts on localized responses, intracellular localiza-
tion and action of phytochrome. In: Light and plant devel-
opment, pp. 63-74, Smith, H., ed. Butterworths, Boston
London

Huckaby, C.S., Kalantari, K., Miller, J.H. (1982) Inhibition
of Onoclea sensibilis spore germination by far-red light and
cis-4-cyclohexene-1,2-dicarboximide. Z. Pflanzenphysiol.
105, 375-378

Hughes, A.P. (1965) Phytochrome discussion. In: Recent pro-
gress in photobiology (Proc. Int. Congr., Oxford, July,
1964), pp. 219-222, Bowen, E.J., ed. Academic Press, New
York London

Kadota, A., Wada, M., Furuya, M. (1982) Phytochrome-me-
diated phototropism and different dicroic orientation of Pr
and Pfr in protonemata of the fern Adiantum capillus-veneris
L. Photochem. Photobiol. 35, 533-536

Kang, B.G., Ray, P.M. (1969) Role of growth regulators in
the bean hypocotyl hook opening response. Planta 87,
193-205

Kauss, H. (1981) Sensing of volume changes by Poterioochro-
monas involves a Ca2*-regulated system which controls ac-
tivation of isofloridoside-phosphate synthase. Plant Physiol.
68, 420-424

Kretsinger, R.H. (1981) Mechanisms of selective signalling by
calcium. Neurosci. Res. Program Bull. 19, 211-328

Lettvin, J.Y ., Pickard, W.F., McCulloch, W.S., Pitts, W. (1964)
A theory of passive ion flux through axon membranes. Na-
ture (London) 202, 1338-1339

Miller, J.H. (1980) Differences in the apparent permeability
of spore walls and prothallial cell walls in Onoclea sensibilis.
Am. Fern J. 70, 119-123

Miller, J.H., Vogelmann, Th.C., Bassel, A.R. (1983) Promotion
of fern rhizoid elongation by metal ions and the function
of the spore coat as an ion reservoir. Plant Physiol. 71,
828-834

Mohr, H. (1972) Lectures on photomorphogenesis. Springer,
Berlin Heidelberg New York

Newman, I.A. (1981) Rapid electric responses of oats to phyto-
chrome show membrane processes unrelated to pelletability.
Plant Physiol. 68, 1494-1499

Pressman, B.C. (1976) Biological applications of ionophores.
Annu. Rev. Biochem. 45, 501-530

Racusen, R.H. (1976) Phytochrome control of electrical poten-
tials and intercellular coupling in oat-coleoptile tissue.
Planta 132, 25-29

Raghavan, V. (1980) Cytology, physiology and biochemistry
of germination of fern spores. Int. Rev. Cytol. 62, 69-118

Rasmussen, H. (1970) Cell communication, calcium ion, and
cyclic adenosine monophosphate. Science 170, 404412

Rasmussen, H. (1981) Calcium and ¢cAMP as synarchic mes-
sengers. Wiley, New York

Roux, S.J., McEntire, K., Slocum, R.D., Cedel, T.E., Hale,
C.C., I1. (1981) Phytochrome induces photoreversible calci-
um fluxes in a purified mitochondrial fraction from oats.
Proc. Natl. Acad. Sci. USA 78, 283-287

Schmidt, J.A., Eckert, R. (1976) Calcium couples flagellar re-
versal to photostimulation in Chlamydomonas reinhardii.
Nature (London) 262, 713-715

Shimomura, O., Johnson, F.H. (1976) Calctum-triggered lumin-
escence of the photoprotein aequorin. Symp. Soc. Exp. Biol.
30, 41-54

Stockwell, C.R., Miller, J.H. (1974) Regions of cell wall expan-
sion in the protonema of a fern. Am. J. Bot. 61, 375-378

Tanada, T. (1968) Substances essential for a red, far-red light
reversible attachment of mung bean root tips to glass. Plant
Physiol. 43, 2070-2071

Taylorson, R.B., Hendricks, S.B. (1977) Dormancy in seeds.
Annu. Rev. Plant Physiol. 28, 331-354

Tezuka, T., Yamamoto, Y. (1969) NAD kinase and phyto-
chrome. Bot. Mag. 82, 130-133

Thomson, W.W., Platt, K.A., Campbell, N. (1973) The use
of lanthanum to delineate the apoplastic continuum in
plants. Cytobios 8, 57-62

Tominaga, Y., Tazawa, M. (1981) Refersible inhibition of cyto-
plasmic streaming by intracellular Ca®* in tonoplast-free
cells of Chara australis. Protoplasma 109, 103-111

Towill, L.R., Ikuma, H. (1973) Photocontrol of the germination
of Onoclea spores. 1. Action spectrum. Plant Physiol. 51,
973-978

Towill, L.R., Tkuma, H. (1975) Photocontrol of the germination
of Onoclea spores. II. Analysis of germination processes
by means of cycloheximide. Plant Physiol. 55, 803-808

Wayne, R., Hepler, P.K. (1982) The role of Ca?* in phyto-
chrome-mediated fern spore germination. (Abstr.) Plant
Physiol. 69, Suppl., 25

Weisenseel, M.H., Ruppert, H.K. (1977) Phytochrome and cal-
cium ions are involved in light-induced membrane depolar-
ization in Nitella. Planta 137, 225-229

Weisenseel, M.H., Smeibidl, E. (1973) Phytochrome controls
the water permeability in Mougeotia. Z. Pflanzenphysiol.
70, 420-431

Weiss, B., Prozialeck, W.C., Wallace, T.L. (1982) Interaction
of drugs with calmodulin. Biochem. Pharmacol. 31,
2217-2226

Received 18 May; accepted 26 September 1983



