
BIOLOGIA PLANTARUM (PRAHA) 

27 (4--5) : 265--269, 1985 

L o c a l i z a t i o n  o f  C y t o k i n i n  R e s p o n s e s  in  t h e  M o s s  
Funaria hygrometrica 

M. BoPP and  D. GERItXUSER, 

Botanisches Institut der Universiti~t, Im Neuenheimer Feld 360, 
6900 Heidelberg, F.R.G. 

Abstract. In the protonema of Fu~aria hygrometrica, predetermined cells run through a period 
of sensitivity to eytokinins, as part of the morphogenetie system with respect to bud formation. 
The cytokinin sensitivity is highest immediately after the formation of cells in question. The cells 
can react if enough hormone is present during the sensitive phase. Kinetin is cleaved very rapidly 
and at an increasing rate. Most probably the concerned enzyme ("kinetin oxidase") is induced 
by kinetin. Therefore, cells formed after the beginning of the treatment do not respond by forming 
buds. 

In  con t ras t  to  higher  plants ,  in which hormones  affect  all cells of  a t issue 
in a lmost  the  same manner ,  in lower plants  such as l iverworts  (GRoTHA 
1983), mosses (BoPP 1981) or fern prothal l i  (ScHaAUDOLF 1983), h o r m o n e  
responses can be localized in single cells and  t h e y  also v a r y  in d is t inc t  regions 
of  these cells. 

The  two aspects  v e r y  p ronounced  in the  hormona l  control  of  d e v e l o p m e n t  
in a p lan t  are the  local izat ion of  single t a rge t  cells wi thin  the  morphogene t i c  
sys tem and  the  site of  reac t ion  wi th in  the  cells. However ,  no t  m u ch  is 
known  a bou t  the  events  which lead a pa r t i cu la r  cell to  behave  as a t a rge t  cell. 
The  purpose  of  our  research is to  s t u d y  in more  detail :  1) the  d i s t r ibu t ion  
of  t a rge t  cells and  2) the  morphogene t i c  processes of  these cells. W h en  the  
~wo cri ter ions a re  ana lysed  in t e rms  of  the  avai labi l i ty  of  hormones  in specific 
cells, one should expec t  to  u n d e r s t a n d  be t t e r  the  regula t ion  of  morphogenesis  
b y  such hormones .  

In  the  presen t  inves t iga t ion  we have  used cy tok in in - induced  b u d  fo rma t ion  
in the  moss Funaria hygrometrica as the  expe r imen ta l  sys tem.  

MATERIAL AND METHODS 

Raising of Cultures and Hormone Treatment 

The  moss cul tures  were raised using 12- -18  days  old p r o t o n e m a  as descr ib-  
ed earlier  (LEHNERT and  B o r r  1983). Cytokin ins  were suppl ied e i ther  in the  
agar  phase  or in 150 ~1 K n o p ' s  solut ion (pH 5.5; 5 • 10-4M). 
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Extraction and Purification of  Cytokinins 

The hormone-treated protonemata  were transferred in ice cold Knop- 
solution, washed 6 times in ice cold distilled water  (250 ml each), then frozen 
in dry ice and stored at - -20 ~ One to two grams of frozen material were 
homogenized in three parts of extraction medium (MeOH : chlorophorm : 
formic acid; 80 : 1 : 3) using sea sand, and extracted for 120 min by  adding 
two more parts of the extraction medium. After centrifugation at 20 000 • 
g, the pellet was extracted twice for 60 min, each. The collected extracts were 
vacuum evaporated at 35 ~ and frozen again after adjusting the pH to 
2.5. Then the probe was thawed and centrifuged a second time. The p H  
of the aqueous phase was adjusted to 3. These probes were separated on 
a cellulose-phosphate cation-exchange column. 

HPLC-Analysis  

The cytokinin (nucleoside) containing fractions were collected and analysed 
using HPLC (column RP-18 Li Chro Sorb, 5 ~m Merck Art. 50333, Steal 
250 • 4 mm) at a flow rate of 1 ml min -1 of 55 ~o MeOH. The concentration 
was determined in comparison to a calibration series. 

RESULTS 

Localization of  the Response to Kinetin 

Treatment  of 12 to 16 days old protonemata  with kinetin (10-~M) induces 
bud formation along the eautonema filaments. The process begins in certain 
well defined cells with the cessation of growth, about  three hours after kinetin 
application. This is followed by  swelling of the cell tip, and finally a typical 
sequence of cell divisions begins after about  24 h (Fig. la). 

Normally buds appear in two regions of the protonema: 1) The side branches 
of caulonema cells themselves form buds between the third and sixth caulo- 
nema cells counted from the apical cell; 2) in older parts of the caulonema, 
beginning at the original eighth cell, buds arise as a side branch of the second 
order in the basal cell of a first order branch. In this paper we shall consider 
only the buds of the first category. 

Each cell runs throughout  the state of highest sensitivity immediately after 
cell division. I f  a protonema is t reated with low concentration of kinetin 
(10 -7 M), only such a cell on the eaulonema forms a bud. For  all other  cells, kine- 
tin concentration is too low for bud induction. With higher concentrations of  
kinetin, all cells between the third and sixth cells are transformed into buds 
as long as they are less than 80 ~m tong. Longer filaments lose the ability to 
respond. Moreover, the cells which are formed a f t e r  the beginning of kinetin 
treatment,  also do not produce buds normally. This seems to be surprising 
because they run through the most sensitive phase in the presence of kinetin 
in the substrate. 

These observations are supported by  the following findings. As soon as 
kinetin is removed, all induced buds (with only one or several cells) grow 
out  as filaments after about  four hours (Fig. lb). The growing filaments 
respond to a new application of kinetin leading to typical bud formation, 
when they are not  longer than 80 ~m (Fig. lc). Longer filaments, after 
a longer t ime interval between both kinetin treatments,  continue to grow 
as filaments (Fig. ld). They have lost the capacity to respond. In each case 
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the first response concerns the very apical part  of the ceils, which is determin- 
ed by  the cell polarity. This polarity is not changed in induced or growing 
bud cells. 

Kinetin Metabol ism 

Our earlier findings have shown (by TLC-separation) that  cytokinins, 
especially kinetin, are not  stable in the moss protonema (BoPP and ERICHS~ 
1981, BO~P 1984). The side chain of kinetin cleaves and dominantly adenine 
and adenine derivatives are formed. After HPLC-studies moss protonema 
treated with kinetin (5 X 10-4M) accumulates it in the cells during the 
first 1.5 h (Fig. 2). Whereas after 1.5 h under continuous application the inter- 
nal kinetin content decreases so that  after 6 h only 40 %, and after 20 h 
less than 10 ~o of the amount  found after 1.5 h are left (Fig. 3). After prolong- 
ed kinetin t rea tment  an enhanced degradation seemed to be induced by  the 
hormone. 

To prove this assumption we pretreated the protonemata  on agar medium 
with 10-4M kinetin for 48 h. Thereafter the protonem~ was transferred to 
a new t rea tment  with kinetin (5 X 10-4M) in solution. In this case we also 
observed an increase in kinetin concentration within the cells during the 
first 1.5 h of t reatment.  But  it was significantly less than in the former case. 
The following cleavage was much faster so that  after 6 h only 5 ~/o of the 
initial value (recorded after 1.5 h) was found and this low level of kinetin in 
the cells disappeared completely after further 6 h. Therefore it can be assumed 
tha t  the t rea tment  with kinetin induces a kinetin cleaving "oxidase" (compare 
SCOTT et al. 1982). 

A comparison of the cleavage of kinetin with that  of BAP (Fig. 3) has shown 
that  the slope for BAP is quite similar in the first part. But  two important  
differences are to be considered. 1) Equimolar concentration of-BAP leads 
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to more than 50 % higher initial accumulation as compared to kinetin. 
2) Even after 42 h the BAP values did not reach zero. Always a remarkable 
and more or less constant amount  of BAP was found. 
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Fig. 3. Cytokinin content of moss extracts after the application of external cytokinins. Slope of 
cytokinin content in the extract beginning after the application of hormonal solution (5 • 10-4M). 
KIN = kinetin; BAP = 6-benzy|aminopurine; p.Kin = preatreatment for 48 h on kinetin agar 
(10-aM). 

DISCUSSION 

Our results have shown tha t  in the protonema of Funaria hygrometrica, 
no free kinetin can be detected with the HPLC method, after a continuous 
application of kinetin for more than 20 h. This depends on the very quick 
cleavage of the N 6 side chain of kinetin, perhaps by a kinetin-oxidase system 
(PALNI et al. 1984), which results in the formation of adenine and adenine 
derivatives. I t  is apparent from the presented results with kinetin pretreat- 
ment  tha t  this system is induced by kinetin itself. 

As long as kinetin is present in the substrate at  concentrations higher than  
10-aM, its uptake is sufficient enough to saturate cytokinin-dependent sites, 
responsible for induction and maintenance of buds for a certain time. At 
lower concentrations, however, only one bud per caulonema filament is 
induced immediately after the start  of the treatment,  and this concerns only 
tha t  cell which has just  arisen from the caulonema. The gradually decreasing 
internal kinetin content is sufficient only to keep the induced bud in conti- 
nuance, more buds can not  be formed. The low internal kinetin level after 
more than  3 h explains also why side branches produced after the beginning 
of kinetin t rea tment  are not able to be transformed to buds. 

Although other cytokinins (BAP, IPA) are metabolized too, a certain 
amount  of them always remains present as a consequence of the equilibrium 
between influx in the cells and metabolism, which is reached after about 
20 h. The amount  is high enough to induce buds further in the growing caulo- 
nema. This may be the reason why other cytokinins are more effective than  
kinetin in inducing buds at lower concentrations (HAHN and BoPr 1968, 
SZWEYKOWSKA et al. 1970, Bor r  1983). 
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A s  a c o n s e q u e n c e  o f  t h e  f a c t  t h a t  no  d e t e c t a b l e  a m o u n t  ' ) f  f ree  k i n e t i n  is  
p r e s e n t  in  t h e  p r o t o n e m a ,  t h e  r e m o v a l  o f  a n  e x t e r n a l  c y t o k i n l n  s o u r c e  
cause s  a r e v e r s i o n  o f  t h e  b u d s  to  t h e  f i l a m e n t o u s  g r o w t h ,  r e t a i n i n g  t h e  c a p a c -  
i t y  t o  r e s p o n d  t o  c y t o k i n i n s  w i t h  n e w  b u d  f o r m a t i o n .  T h a t  t h i s  is  o n l y  p o s -  
s ib le  b e f o r e  t h e  o u t g r o w t h  is l o n g e r  t h a n  80 ~ m  is in  a g r e e m e n t  w i t h  t h e  
b e h a v i o u r  o f  p r i m a r y  s ide  b r a n c h e s  o f  t h e  c a u l o n e m a .  To  u n d e r s t a n d  t h a t  
t h e  s p e c i a l  r e a c t i o n ,  t h e  s w e l l i n g  o f  t h e  t i p  l e a d i n g  t o  b u d  f o r m a t i o n ,  w h i c h  
a p p e a r s  in  h o u r s  m u s t  b e  c o m p a r e d  w i t h  t h e  r a p i d  swe l l i ng  in  m i n u t e s ,  w h i c h  
o c c u r s  as  t h e  f i r s t  s t e p  o f  p h o t o t r o p i c  r e a c t i o n  (HARTMANN 1984).  T h e  l a t t e r  
is  e v i d e n t l y  n o t  d e p e n d e n t  o n  t h e  cel l  l e n g t h .  

I t  is  s t i l l  o p e n  t o  q u e s t i o n  w h y ,  w i t h  r e s p e c t  to  b u d  f o r m a t i o n ,  t h e  l o n g e r  
ce i l s  lose  t h e i r  " r e s p o n s i v e n e s s "  t o  k i n e t i n .  I t  m a y  b e  a c o n s e q u e n c e  o f  t h e  
g e o m e t r y  o f  s u c h  cel ls  o r  a c h a n g e  in  t h e  s t a b i l i t y  o f  t h e  cel l  t i p  s t r u c t u r e .  

Acknowledgement 
We are very grateful to Ulrike Kessler for skilful technical assistance. 

REFERENCES 

Born', M.: Entwicklungsphysiologie der Moose. -- Adv. Bryol. 1: 11--77, 1981. 
BoPP, M.: Developmental physiology of bryophytes. -- In: SCHVSTE]~, R. M. (ed.): New Manual 

of Bryology. Vol. 1. Pp. 276--324. Publ. Hattori Bet. Lab., 1983. 
Boil ' ,  M.: The hormonal regulation of protonema development in mosses. II.  The first steps of 

eytokinin action. -- Z. Pflanzenphysiol. 113 : 435--444, 1984. 
Borne, M., ERICHSEN, U.: Metabolism of the eytokinins in mosses. -- In: GUER~r, J., P~.AUD- 

Lm~ol~L, C. (ed.): Metabolism and Molecular Activities of Cytokinins. Pp. 105--114. Springer 
Verlag, Berlin--Heidelberg--New York 1981. 

GROTHA, R.: Chlorotetracycline-binding surface regions in gemmalings of RieIZa hel icophyl la .  - -  
Planta 158 : 473--481, 1983. 

HAHn, H., BoPP, M.: A eytokinin test with high specificity. -- Planta 83 : 115--118, 1968. 
HARTMAI~-N, E.: Influence of light on phototropie bending of moss protonemata of Ueratodon 

p u r p u r e u s  (HEDW.) BalD. -- In: HATTORI, S. (ed.): Proceedings of World Conference of 
Bryology. Part 1. Pp. 87--98, 1984. 

LEHNERT, B., BoPt', M.: The hormonal regulation of protonema development in mosses. I. 
Auxin-cytokinin interaction. -- Z. Pflanzenphysiol. 110 : 379--391, 1983. 

PAr.~r L. M. S., P ~ M ~ ,  M. V., LEThAl, D. S. : The stability and biological activity of cytokinin 
metabolites in soybean callus tissue. -- Planta 169 : 242--249, 1984. 

SCHRAUDOLF, H.: Nuclear morphology in rhizoidal cells in A n e m i a  p h y l i t i d i s  (L.) SW. ( F i l l .  
c inae).  - -  Flora 173 : 359--361, 1983. 

Scour, I. M., McGAw, B. A., HOROAiX', R., WILLIAMS, P. E.: Biochemical studies on cytokinins 
in V i n c a  rosea crown gall tissue. -- In: WAREI~'C,, P. F.: Plant Growth Substances 1982. 
Pp. 165--174. Academic Press, London 1982. 

SZWEYKOWSKA, A., SCHNEIDER, J., PRUSINSK'~, V.: A cytokinin bioassay based on bud induction 
in the protonema of F u n a r i a  hygrometrica.  - -  Biologia 13 : 289--292, 1970. 

F i g .  1 is  at the e,~d o] the issue.  



M. BOPP, 1). GEtlH. A U S E R  
LOCALIZATION OF CYTOKININ RESPONSES 

| "~ 

.5 

" Z ~  ~ 


