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Calcium requirement 
of phytochrome-mediated fern-spore germination: 
No direct phytochrome-calcium interaction 
in the phytochrome-initiated transduction chain* 

R. Scheuerlein**, R. Wayne***, and S.J. Roux 
Department of Botany, University of Texas, Austin, TX 78713, USA 

Abstract. Phytochrome-mediated germination of 
fern spores o f D r y o p t e r i s p a l e a c e a  Sw. was initiated 
by a saturating red-light (R) irradiation after 20 h 
ofimbibition. For its realization external Ca 2 + was 
required, with a threshold at a submicromolar con- 
centration, and an optimum was reached around 
10 - 4  M. At concentrations > 1 0 - 1 M  only a re- 
duced response was obtained, based probably on 
an unspecific osmotic or ionic effect. The germina- 
tion response was inhibited by La 3 +, an antagonist 
of Ca 2+. From these results it is concluded that 
C a  2 + influx from the medium into the spores may 
be an important event in phytochrome-mediated 
germination. In the absence of Ca 2 + the R-stimu- 
lated system remained capable of responding to 
Ca 2+, added as late as 40 h after R. Moreover, 
Ca 2 + was effective even if added after the active 
form of  phytochrome, Pfr, had been abolished by 
far-red (FR) 24 h after R. Thus, the primary effect 
of  Pfr, that initiates the transduction chain, does 
not require calcium. "Coupl ing"  of  Pfr to subse- 
quent dark reactions has been investigated by 
R-FR irradiations with various dark intervals. The 
resulting "escape kinetics" were characterized by 
a lag phase (6 h) and half-maximal escape from 
FR reversibility (19 h). These kinetics were not sig- 
nificantly changed by the presence or absence of  
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calcium. Thus, direct interaction of Pfr and calci- 
um is not a step in the transduction chain initiated 
by the active form of  phytochrome. 
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Introduction 

The biliprotein phytochrome serves as an impor- 
tant regulator of  many light-mediated growth and 
developmental responses in plants (Mohr and 
Shropshire 1983). This pigment exists in two inter- 
convertible forms, the red-light-absorbing form 
(Pr) and the far-red-light-absorbing form (Pfr), the 
latter being generally considered as the physiologi- 
cally active component. Phototransformation of Pr 
to Pfr with red light (R) occurs within seconds 
(Spruit 1982; Scheuerlein etal .  1986). For the 
mode of Pfr action three possibilities are being dis- 
cussed: i) phytochrome acts as a regulator of  gene 
expression (Lamb and Lawton 1983 ; Schfifer et al. 
1986); ii) phytochrome acts as a protein kinase 
(Quail et al. 1978; Wong et al. 1986), and iii) phy- 
tochrome acts as a membrane effector (Hendricks 
and Borthwick 1967; Haupt and Weisenseel 1976). 
Whatever the actual mechanism, only little ]knowl- 
edge is available regarding the primary steps ini- 
tiated by Pfr, however. 

Some of the most rapid phytochrome responses 
appear to be related to membranes (Kendrick 
1983), and in these cases the divalent ion, Ca 2§ 
seems to play an important role (Roux et al. 1986). 
Changes in membrane potential after R have been 
measured with lag phases as short as 1-10 s (New- 
man 1981; Racusen 1976; Weisenseel and Ruppert 
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1977), and changes in C a  2+ fluxes have been re- 
ported as possible mediators of these changes 
(Roux et al. 1986). The reduction of the surface 
charge of Mesotaenium cells after R was also found 
to require the presence of C a  2+ in the external 
medium (Stenz and Weisenseel 1986). Further- 
more, an involvement of C a  2 + in the transduction 
chain was demonstrated for some fast physiologi- 
cal responses including leaflet closure in Mimosa 
(Toriyama and Jaffe 1972), chloroplast movement 
in Mougeotia (Dreyer and Weisenseel 1979; Serlin 
and Roux 1984) and swelling of etiolated-wheat 
protoplasts (Bossen et al. 1988). 

Apart from these fast phytochrome-mediated 
responses, calcium is also important for Pfr-initiat- 
ed germination in fern spores, both the green 
spores of Onoclea (Wayne and Hepler 1984, 1985) 
and the non-green spores of Dryopteris (Haupt 
et al. 1986). These single-celled systems can be of 
particular interest for the investigation of primary 
Pfr action since spores are quiescent at a well-de- 
fined stage. They are also easy to synchronize and 
to equilibrate to experimental conditions in the 
surrounding medium. Moreover, the late response 
expression (i.e. several days after the induction; 
Edwards and Miller 1972; Scheuerlein et al. 1988) 
may be advantageous to separate the different time 
steps of the transduction chain and thus to study 
the primary events of Pfr action. 

In this paper a quantitative description for the 
dependence of germination in D. paleacea on the 
Ca 2 + concentration in the external medium is giv- 
en. Furthermore, the kinetics of this C a  2 + require- 
ment are investigated by applying C a  2 + at various 
times in the Pfr-initiated transduction chain. 

Material and methods 

Plant material Spores of Dryopter& paleacea Sw. (Dryopterida- 
ceae) were collected from plants growing in the Botanical Gar- 
den of the University of Erlangen-Niirnberg, during the sum- 
mer of 1985 and were stored in a desiccator at 5 ~ C in darkness. 

Culture conditions and light treatments. Spores were cultured 
on 3 ml of  an aqueous medium. The standard medium con- 
tained 3.45 mM KNO3, 10raM ethyleneglycol-bis(/~-amino- 
ethyl ether)-N,N,N'N'-tetraacetic acid (EGTA) and 20 m M  pi- 
perazine-l,4-bis(2-ethanesulfonic acid) (Pipes) at pH 6.0 • 0.1. 
Free-Ca 2+ concentration was varied from _<10-SM to 1 M 
by adding Ca(NO3)2 from 0 (free Ca 2+ <10  - s  M) to 1.01 M 
(free Ca 2+ = 1  M). Since in media with EGTA the free-Mg 2§ 
concentrat ion depends not  only on the concentration of MgSO4 
but  also on that  of Ca(NO3)2, the MgSO4 concentration was 
varied between 1.00 and 1.02 m M  to have always a free-Mg 2+ 
concentration of 1 m M  (Wayne 1985). 

Calcium-ion-free plastic ware (prewashed with 12.5 mM 
EGTA at pH 7.0) was used to prepare the solutions; spores 
were cultured in Ca 2 § plastic Petri dishes (Falcon, Lincoln 

Park, N.D., USA), prewashed as described above. All media 
were prepared with milli-Q water (Millipore Corporation,  Bed- 
ford, Mass., USA) with a resistance > 18 Mr2. All inorganic 
solutions and pure water were autoclaved (1 bar  for 35 rain). 

In some experiments Ca 2+ (10 -4 M) was added to the cul- 
ture medium various times after irradiation. In these cases the 
spores were sown on a medium without Ca(NO3)2 at pH 6.0 • 
0.1, and the Ca(NO3)2 was added as 11.1 lal o f a  2 M Ca(NO3)2 
solution at pH 6.0 to give a final free-Ca z+ concentration of 
10 4 M. For controls, 11.1 gl water was added to the medium. 
For the experiments with the Ca 2+ antagonist, lanthanum, a 
culture medium without EGTA and with MgSO,~ reduced to 
0.81 mM was used; LaC13 (in control experiments also A1C13) 
was added to give a final concentration between 10 - s  M and 
1 0 - 2 M  to 0.1 m M  Ca(NO3)2, 3 .45mM KNO3, 0.81 mM 
MgSO4 and 20 m M  Pipes at pH 6.0+0.1.  

After sowing, spores remained in darkness for 20 h at 22 ~ C 
and were then irradiated, using a 500-W projector lamp (DAY/ 
DAK;  General Electric, USA) combined with a heat-absorbing 
filter (KG 1, 2 mm, Schott & Gen., Mainz, FRG).  Red light 
was obtained by passing the light through an AL 666 interfer- 
ence filter 0~m=666 rim, ha l f -bandwidth=23 nm, Schott & 
Gem); the fluence rate was 5.5 W . m  -2, as measured with a 
Li-Cor light meter (LI 185; Lincoln, Neb., USA). Far-red light 
(FR) was obtained by passing light through a cutoff filter R G  9 
(3 mm thick, "~m = 740 nm, bandwidth 80 nm, Schott & Gen.); 
the FR fluence rate was 3 W . m  -2 ,  Dark controls were run 
parallel to each irradiation experiment. Afterwards, spores were 
stored in darkness at 22 ~ C until evaluation. All manipulations 
were carried out under dim-green light (area approx. 0.01 m2; 
_<10 m W . m  2). 

Evaluation and statistics. Germinat ion was examined with a 
Zeiss (Oberkochen, F R G )  Universal microscope equipped with 
either brightfield or epifluorescence optics. With the epifluores- 
cence mode, the presence or absence of a bright-red fluores- 
cence, caused by chlorophyll, was used to determine germina- 
tion in D. paleacea 3 d after irradiation (compare Scheuerlein 
et al. 1988). The exciting light was obtained from a 100-W mer- 
cury-vapor lamp and passed through a BP450-490 excitation 
filter combined with a dichroic mirror, giving excitation light 
of wavelengths less than 500 nm and the barrier filter LP520. 
Spores were counted in lots of 50 or 100 spores. At least 200 
spores are represented in each da tum point. 

In the tables the m e a n •  standard error of  the mean 
(SE) is indicated. In the figures, s tandard error is not  shown, 
as it is equal to or smaller than the symbols. 

Results 

Requirement for Ca 2 + in phytochrome-mediated 
germination of  Dryopteris spores. Induction of ger- 
mination was studied using a R irradiation of 
1 rain which saturates the photoconversion of Pr 
to Pfr (see Scheuerlein and Koller 1988). The effect 
of R depended strongly on the concentration of 
f r e e  C a  2+ in the external medium (Fig. 1). With 
C a  2 + concentrations _< 10-7 M, only a weak ger- 
mination response of approx. 5% was obtained, 
whereas with 10 - 6  M and higher C a  2 + concentra- 
tions a significantly enhanced germination was ob- 
served. As little as 3 gM free C a  2 + was required 
to support a half-maximal response, and the opti- 
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Fig. 1. The effect of Ca z + on R-induced germination of D. pa- 
leacea spores. The spores were either irradiated 20 h after sow- 
ing on standard medium with saturating R (1 min; 5.5 W-m-Z:  
0 o) or were kept in complete darkness (o e). Standard 
medium: 3.45mM KNO3; 10mM EGTA, 20mM Pipes. 
MgSO4 varied (free Mg 2+ constant 1 mM), Ca(NO3)2 varied, 
its concentration is given on the abscissa as p[Ca 2§ = - l o g -  
[free CaZ + ] 
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Fig. 2. The effect of La 3 + on R-induced spore germination in 
D. paleacea. Lanthanum as different concentrations of LaCI3 
was added to the medium. The saturating R treatment was 
given after 20 h imbibition (�9 dark controls were run at 
the same time (e- -o) .  Culture medium: 0.1 mM Ca(NO3)2, 
3.45 mM KNO3, 0.81 mM MgSO4, 20 mM Pipes. The concen- 
tration of La 3+ is given on the abscissa as p [La3+] : - - log-  
[La 3 + ] 

m u m  was  r e a c h e d  a r o u n d  1 0 - 4  M .  T h e  r e d u c t i o n  
in  r e s p o n s e  a t  >_ 1 0 - 1  M is p r o b a b l y  b a s e d  u p o n  
a n  u n s p e c i f i c  o s m o t i c  o r  i on i c  effect ,  as  c o r r e -  
s p o n d i n g  c o n c e n t r a t i o n s  o f  o t h e r  i ons  a re  i n h i b i t -  
i ng  as  wel l  (C.J .  H a a s ,  U n i v e r s i t y  o f  E r l a n g e n -  
N i i r n b e r g ,  F R G ,  p e r s o n a l  c o m m u n i c a t i o n ) .  T h e r e  
was  n o  g e r m i n a t i o n  o f  u n i r r a d i a t e d  s a m p l e s  o v e r  
the  w h o l e  r a n g e  o f  C a  z + c o n c e n t r a t i o n s  used .  

T h e  i m p o r t a n c e  o f  C a  2 + fo r  t he  e x p r e s s i o n  o f  
t he  g e r m i n a t i o n  r e s p o n s e ,  i n i t i a t e d  b y  a R t r e a t -  
m e n t ,  is e m p h a s i z e d  b y  the  l a n t h a n u m  e x p e r i m e n t  
in F ig .  2. T h e  ef fec t  o f  a s a t u r a t i n g  i r r a d i a t i o n ,  
a p p l i e d  a t  a n  o p t i m a l  C a  2 + c o n c e n t r a t i o n  
(10 - 4  M ) ,  c o u l d  be  c a n c e l l e d  b y  a d d i t i o n  o f  l an -  

Table 1. The effect of C1- on R-induced spore germination in 
D. paleacea. Chloride at different concentrations of A1C1, or 
LaCla was added to the culture medium (same as described 
for Fig. 2). The saturating R treatment (1 min, 5.5 W . m  -2) 
was given after 20 h imbibition 

Salt Germination (%) 
concentration 
(M) A1C13 LaC13 

10 -2 
10 -4 
10-6 
10-s 

0 (Red) 
0 (Dark) 

61.0• 2.0• 
62.0• 46.4• 
62.5• 58.0• 
60.8• 60.0• 

60.2• 
0.0• 
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Fig. 3. The effect of varying the time between R treatment and 
the addition of Ca z + on spore germination in D. paleacea. Ger- 
mination was induced by a saturating R treatment (1 rain, 
5.5 W.m -2) 20 h after sowing on standard medium (arrow). 
Calcium (free Ca z+ = 10 ~ M) was present from the beginning 
(Ca z+ control) or given at various time intervals from R treat- 
ment (e o); alternatively, pure water was added (o--o) .  Dark 
control with Ca 2 + from the beginning = 0% 

t h a n u m  to  the  m e d i u m .  A t  c o n c e n t r a t i o n s  
> 10 - 5  M a s i g n i f i c a n t  i n h i b i t i o n  was  o b t a i n e d ,  
a n d  R - i n i t i a t e d  g e r m i n a t i o n  was  c o m p l e t e l y  
b l o c k e d  a t  10 . 2  M .  W h e n ,  i n s t e a d  o f  LaC13, A1C13 
was  a d d e d  (Tab.  1), n o  i n h i b i t i o n  was  o b s e r v e d  fo r  
the  c o n c e n t r a t i o n s  tes ted .  T h u s ,  the  l a n t h a n u m  ef- 
fect  is specif ic ,  i n d i c a t i n g  t h a t  a C a  2 § i n f l ux  f r o m  
the  e x t e r n a l  m e d i u m  i n t o  the  cel ls  m a y  be  a n  im-  
p o r t a n t  e v e n t  in  p h y t o c h r o m e - m e d i a t e d  g e r m i n a -  
t i o n  o f  Dryopteris spo res .  

Kinetics o f  the Ca 2 + dependence. N e x t ,  i t  was  t e s t ed  
a t  w h i c h  s t age  C a  2 + ac ts  in  the  t r a n s d u c t i o n  cha in .  
S p o r e s  were  s o w n  o n  a C a Z + - f r e e  m e d i u m ,  a n d  
C a  2 + was  a d d e d  a t  v a r i o u s  t imes .  T h e  r e su l t s  a r e  
c o m p a r e d  to  c o n t r o l s  w i t h  C a  2 + p r e s e n t  f r o m  the  
b e g i n n i n g  (F ig .  3). F u l l  c o m p e t e n c e  to  r e s p o n d  to  
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Table 2. The effect of FR given immediately or 24 h after R 
on spores of D. paleacea differentially treated with Ca 2 +. Red 
(1 min, 5.5 W . m  -1) and FR (5 rain, 3 W . m  -2) were given as 
saturating treatment. Ca 2 + (10-4 M) was in the standard medi- 
um from the beginning or was added 24 h after R (immediately 
after FR) 

Light treatment Germination (%) 

Ca 2 + given from Ca z + given 24 h 
the beginning after R 

Dark-control 0 0 a 
FR-control 0 0 a 
R-control 77.7 4- 2.4 76.9 _+ 1.9 
R/FR,  A t = 0 0 0 
R/FR, At=24 h 68.54-3.3 66.74-2.7 

Ca 2 + added in darkness, 44 h after start of experiment 
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Fig. 4. R/FR kinetics for the induction of fern-spore germina- 
tion. Germination was studied on a standard medium with free 
Ca z+ =10 -4 M. Red treatment was given 20 h after sowing 
as saturating irradiation (1 min, 5.5 W.m -2) (R-control). Sa- 
turating FR (5 min, 3 W.m -2) was given at variable intervals 
after R. Ca 2+ was present from the beginning (e, standard 
experiment) or given immediately after R ('7), 5 h after R (zx) 
or 24 h after R (O), as indicated by arrows. No significant differ- 
ences were obtained for the R-controls by varying the time 
of adding Ca z + and the R-control shown represents the mean 
value of the four Ca 2 § treatments 

to Ca 2 + was found  up to 40 h after  R ;  thereafter ,  
the competence  disappeared,  and 60 h after  R no 
significant enhancement  was ob ta ined  as com p a red  
to controls  wi thout  addi t ion  o f  Ca 2 § 

Since in Dryopteris spores Pfr  is remarkably  
stable (Haupt  et al. 1988), the results in Fig. 3 do  
no t  exclude a possible late in teract ion between Pfr  
and Ca 2 +. In the next  experiment ,  therefore,  bo th  
factors  were separated in time. 

Spores were sown on a Ca 2 § med ium and 
Ca 2§ was added 24 h after  R;  the response was 
compared  to controls  with Ca 2§ added f rom the 
beginning. Saturat ing R was fol lowed by saturat-  
ing F R  immediate ly  (A t = 0) or 24 h after  R (A t = 

24 h), thus pho to t r ans fo rming  Pfr  a lmost  com- 
pletely back to Pr  (see Scheuerlein and Koller  
1988). Table 2 shows that  the Pfr effect was nearly 
sa turated after  24 h (compare  R / F R ,  A t = 2 4  h 
with the R control )  and that  Ca 2 + was fully effec- 
tive even when given after  F R  had reversed Pfr  
to Pr. Thus,  Pfr  and Ca 2 § act in a sequential  way, 
and Ca 2+ has to interact  with a p roduc t  o f  Pfr  
ra ther  than with Pfr  itself. 

It remains to be tested, however,  whether  the 
coupling o f  Pfr  to the t ransduct ion  chain might  
be influenced by Ca 2 § This coupling has been in- 
vestigated by R /FR-escape  kinetics (Fig. 4); i.e. Pfr  
was reversed to Pr  by F R  at various times after  
R (abscissa). Dur ing  a lag phase o f  6 h, Pfr  ap- 
peared  to be wi thout  an effect; half-maximal  es- 
cape f rom F R  reversibility was reached approx.  
19 h after  R. This curve, with Ca /+  present  f rom 
the time o f  sowing (closed circles) was not  signifi- 
cant ly changed when Ca 2§ was added at later 
times, i.e. immediately,  5 h or 24 h after  R (open 
symbols). This result indicates tha t  the kinetics o f  
this coupling are not  influenced by the presence 
or the absence o f  external  Ca 2 +. 

D i s c u s s i o n  

We have shown a s trong dependence  o f  the Pfr- 
induced spore germinat ion  in Dryopteris on calci- 
um. A threshold response occurs at 0.1 gM Ca 2§ 
and 3 gM suppor t  a half -maximal  effect. 

Since Ca 2§ was added as Ca(NO3)2 and since 
N O 3 -  strongly enhances germinat ion  in Dryopteris 
(Haupt  et al. 1986), this Ca 2 § effect might  be inter- 
pre ted as a result  o f  the increase in N O 3 - .  How-  
ever, N O 3 -  was always present  in the mill imolar 
range, thus saturat ing the N O 3 -  effect (e.g. Haup t  
et al. 1986) whereas the half-maximal  saturat ing 
Ca 2 § effect is obta ined  already in the mic romola r  
range. This Ca 2 § requi rement  is in agreement  with 
the results o f  Wayne and Hepler  (1984) in their 
investigation o f  R-media ted  germinat ion  in Onoc- 
lea, and the obta ined  threshold value correlates 
well with the concent ra t ion  of  free Ca 2 + measured  
in the cytoplasm of  plant  cells (reviewed by Kauss 
1987). On the other  hand,  the inhibiting effect 
found  at concentra t ions  > _ 1 0 - 1 M  can be ex- 
plained as a general osmotic  or  ionic effect. 

The  Pfr -media ted  germinat ion  is inhibited by 
lan thanum.  L a n t h a n u m  has been found  to block 
o ther  p h y t o c h r o m e  responses in which calcium 
m ay  be involved, namely,  phy tochrome-med ia ted  
leaflet closure in Mimosa (Campbel l  and T h o m s o n  
1977), phy tochrome-med ia ted  depolar iza t ion in 
Nitella (Weisenseel and Rupper t  1977) and phyto-  
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c h r o m e - m e d i a t e d  swell ing o f  e t i o l a t e d -whe a t  p r o -  
top las t s  (Bossen et al. 1988). Thus ,  o u r  results  wi th  
l a n t h a n u m  cou ld  be t aken  as ev idence  tha t  c a l c ium 
u p t a k e  is an  i m p o r t a n t  s tep in Pf r - in i t i a ted  fe rn  
spore  ge rmina t i on .  It  m u s t  be admi t t ed ,  howeve r ,  
t h a t  this is n o t  comple t e ly  conc lus ive  as l ong  as 
the m e c h a n i s m  o f  l a n t h a n u m  ac t i on  is n o t  fully 
u n d e r s t o o d .  Usua l ly ,  it is a s s u m e d  t h a t  l a n t h a n u m  
does  n o t  en ter  the cell, r a t he r  b ind ing  to  m e m b r a n e  
p ro te ins  ( T h o m s o n  et al. 1973) whe re  it can  b lock  
r a the r  specif ical ly the inf lux o f  ca l c ium a n d  thus  
its a c t i on  in the  cell (Le t tv in  et al. 1964;  W a y n e  
and  Hep le r  1985). H o w e v e r ,  it c a n n o t  be exc luded  
tha t  C a  2§ i tself  is ac t ing  at  the  ex terna l  side o f  
the p l a s m a l e m m a ;  in this case an  inh ib i t ion  by  lan-  
t h a n u m  w o u l d  also be expected.  Thus ,  f inal  p r o o f  
o f  c a l c ium u p t a k e  in to  the  spores  as a resul t  o f  
P f r  a c t i on  still needs  to  be p rov ided .  

W h a t e v e r  the  site a nd  m e c h a n i s m  o f  Ca  2 § ac- 
t ion,  it shou ld  be n o t e d  tha t  there  is no  i n t e r ac t i on  
be tween  Pf r  a n d  C a  2§ T he  full effect  o f  Ca  2+ 
is f o u n d  even if  Ca  2 § is a d d e d  after  P f r  has  been  
fully c o u p l e d  to the t r a n s d u c t i o n  cha in  a n d  the  
la t ter  has  escaped  f r o m  F R  reversibil i ty.  Thus ,  
C a  2§ appea r s  to in te rac t  wi th  a p r o d u c t  o f  Pf r  
r a the r  t h a n  wi th  Pf r  i tself;  in o t h e r  words ,  there  
is a d a r k  r eac t ion  t h a t  is s ta r ted  by  Pf r  and  is 
r equ i red  be fore  Ca  2 + can  act. I t  m a y  be specu la ted  
t h a t  Pf r  induces  f o r m a t i o n  or  ac t iva t ion  o f  m e m -  
b r a n e  p ro te ins  t ha t  are  necessa ry  to  a l low or  to  
facil i tate C a  2 + ac t i on  or,  m o r e  specifically,  Ca  2 + 
influx. Expe r ime n t s  are  in p rogress  to  inves t iga te  
kinet ics  c o n c e r n i n g  the  p r o p o s e d  Pfr - in i t ia ted  
C a  z + inf lux and  the  f o r m a t i o n  o f  Pf r - in i t i a ted  ear-  
ly p ro te ins  d u r i n g  ge rmina t ion .  
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