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Summary. In autotrophic cultures of Chlorella synchronised by Mternating 
light and dark periods of 16:8 hours the DNA content duplicated normally 4 times 
successively during the S~ phase, i. e. between the 10th and 18th hour after the 
beginning of the light period. This finding together with electron microscopical 
observations revealed that one duplication of the DNA and of the nuclei per cell 
proceeds every 110 minutes. All nuclei of a cell seem to undergo successive DNA 
syntheses and nuclear divisions synchronously. The rate of DNA synthesis was 
independent from illumination. On appropriate reduction of the light period the 
last duplication cycle fell out and the average final spore number per cell was 
accordingly lower. 

I f  a culture was transferred to darkness or low light intensity 3 hours before 
the normal end of the light period the release of spores was promoted by approxi- 
mately 11/2 hours, provided a strong decrease of metabolically accessible carbo- 
hydrates was prevented by either an additional short illumination during the dark 
period or by continuing the weak light. 

A possible explanation for the shortening of the cell development is that, by 
passing over one DNA duplication and one protoplast division, the cell can enter 
sooner the respective subsequent developmental stages. 

Synchronous  cul tures  of  unicel lu lar  a lgae have  been wide ly  employed  
in b iochemical  s tudies  of  the  cel lular  life cycle soon af te r  adequa t e  
me thods  for ma in t a in ing  synchronous  growth  had  been developed.  The 
resul ts  were r ecen t ly  rev iewed b y  TAMIYA (1966) and  Pll~SON and Lo-  
~ENZE~ (1966). Most  successful use was made  in de te rmin ing  the  t ime  
sequence of  the  different  s teps  in cell deve lopmen t  and  the  b iochemical  
processes connected  wi th  these s teps  (e.g. IWA~V~A, 1955; WANKa, 
1959; LO~ENZEN and  I~UPPEL, 1960; SOEDEI~ and  I~IED, 1962). More 
r ecen t ly  evidence has  been p rov ided  t h a t  enzymes  which are engaged 
in synthes is  of  D N A  precursors  are p roduced  jus t  before D N A  synthes is  
(S~mr and  SO.MInT, 1966; JoHnsoN and  SCI~MIDT, 1966). 

I n  Chlorella cul tures  synchronised  b y  repea t ing  cycles of 16 hours  
l ight  and  8 hours  darkness  D N A  accumula t ion  t akes  place be tween  the  
10th and  18th hour.  Dur ing  this  per iod  the  D N A  conten t  of  the  cell 
becomes mul t ip l i ed  several  fold in con t ras t  to the  single dup l ica t ion  in a 
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no rma l  divis ion cycle in growing t issues.  We will therefore  use the  designa- 
t ion  Sm in o rder  to  ind ica te  t he  difference f rom the  convent ional  S 
period.  D N A  synthes is  was found  to proceed also in the  dark ,  bu t  the  
final D N A  conten t  was lower, i.e. fewer D N A  dupl ica t ions  took  place 
when the  i l l umina t ion  was t e r m i n a t e d  af te r  12 hours  ins t ead  of  a f te r  
the  usual  16 hours  (WA~KA, 1962b). F r o m  the  view po in t  of  regu la t ion  
i t  is of  in te res t  to know whe the r  the  lower D N A  con ten t  is due to  a 
r educed  r a t e  of  D N A  synthes is  dur ing  an  Sm phase  of  no rma l  d u r a t i o n  
or  whe the r  the  Sm phase  i t se l f  is t e r m i n a t e d  sooner  when cells are t rans-  
fe r red  to  darkness  a f te r  12 hours.  I n  the  l a t t e r  ease i t  would  seem possible  
t h a t  the  subsequent  deve lopmen ta l  s teps  are s l igh t ly  advanced .  A 
sl ight  a d v a n c e m e n t  of  the  release of  spores in Chlorella s t ra in  7-11-09 b y  
a shor ten ing  of  the  l ight  pe r iod  has  a l r e ady  been r epo r t ed  b y  SoRoKI~ 
(1960) and  b y  PIRsoN (i962).  Moreover ,  a p romot ing  effect of  da rkness  
on p r o t o p l a s t  d ivis ion was observed  in Chlorella s t ra in  211-8b (W~t?cxA, 
1965). The a d v a n t a g e  of  th is  Chlorella s t ra in  lies in the  fac t  t h a t  Sm and  
sporu la t ion  are s epa ra t ed  b y  a longer  t ime  in t e rva l  and  can therefore  
be s tud ied  more  ind iv idua l ly .  The ma in  a im of  the  p resen t  s t u d y  was to  
po in t  ou t  corre la t ions  be tween  D N A  synthes is  and  o ther  processes 
invo lved  in cell division.  

Methods 
Chlorella strain 211--8b from the algae collection of the Institute of Plant 

Physiology of the University of GSttingen has been grown as described previously 
(WANKA, 1965). Alternating periods of 16 hours light and 8 hours dark were used. 
The light intensity was 10 kflolux from the two opposite directions, temperature 
was 30 ~ C. Cultures were bubbled with air containing 0.5--0.750/o CO~. Protoplast 
division was studied by use of the technique introduced by SOED~.R and RIED 
(1962). The method for extraction and determination of I)NA was the same as 
described in previous work (WA~KA, 1962a; 1962b). For electron microscopy the 
cells were fixed as indicated and dehydrated by graded alcohol. Electron micro- 
graphs were taken with a Philips EM 100 electron microscope. 

Results 
a) DNA Synthesis and Nuclear Division 

Dur ing  the  Sm phase  the  D N A  conten t  increases  16 fold on the  
average.  The course of  D N A  synthes is  was fol lowed dur ing  the  ma in  
p a r t  of  th is  period.  F r o m  the  l inear  and  semi logar i thmic  p lo ts  g iven in 
Fig.  1 i t  is obvious  t h a t  D N A  increases  exponen t i a l l y  f rom the  12th un t i l  
a lmos t  the  16th hour.  The mos t  adequa t e  exp lana t ion  for th is  is t h a t  the  
r a t e  l imi t ing  fac tor  in D N A  synthes is  is the  a m o u n t  of  t e m p l a t e  avai l -  
able.  F r o m  the  slope of  the  semi logar i thmic  p lo t  a dup l i ca t ion  t ime  of  
105 min  can be ob ta ined .  U n d e r  the  condi t ions  used in our expe r imen t  
dup l i ca t ion  t imes  va r i ed  be tween  105 and  115 rain. Longer  a p p a r e n t  
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duplication times under the same conditions probably mean that  the 
synchrony of the cell growth is not complete. 

The rate of DNA synthesis was unchanged for 21/2 more hours if the 
light period was terminated after 121/2 hours. Then it slowed down and 
after another 11/2 hours the DNA content remained constant; see 
Fig. 2 A. In the control with 16 hours light the strong DNA increase con- 
tinued up to the 17th hour and the final DNA content was about 11/2 times 
as high. This strongly suggests that  the enzymic DNA polymerization 
is not limited by light dependent, processes as it was found to be the case 
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Fig. 1. Increase of the DNA content during the main period of DNA synthesis in 
a synchronous culture, q- q- logarithmic plot; • • linear plot 

for RNA synthesis (WANKA, 1962b; SENGE~ and BIs]~oP, 1966) but that  
the initiation of further DNA duplications will cease earlier in cultures 
which are transferred to darkness before the end of the normal light 
period of 16 hours. Previous observations revealed that, as a consequence 
of a decrease of the light intensity, induction of cell divisions ceases for 
several hours (WA~KA, 1959). In order to examine whether DNA syn- 
thesis might be effected in a similar way as by a transfer to darkness, a 
culture was transferred from 2•  to 2 •  after 
13 hours. As Fig.2B shows the effect on the increase of the DNA content 
is very similar to the effect of a light-dark shift. In both cases about 25O/o 
of the final DNA amount were synthesized during the 11/2 hour when the 
rate of synthesis slowed down. The independence of DNA synthesis from 
photosynthesis is in agreement with the finding that  it is not inhibited 
by 3-(3,4-dichlorophenyl)-l,1 dimethylurea (SE~GER and BISHOe, 1966). 

Spore formation was previously shown to be completely inhibited by 
colchicine if applied 14 hours after the onset of illumination (WA~KA, 
1965). I t  was concluded from this findings that the cells must be mono- 
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Fig. 2A. Response of DNA synthesis on advanced termination of the light period. 
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(16 hours light) 

Fig. 2B. Response of DNA synthesis on decrease of the light intensity during S~ 
phase, d- d- light intensity was reduced from 2 • 10 kilolux to 2 • 1.5 kilolux 

after 13 hours of illumination ( $ ) ; X • control 

nucleate  up to this  t ime. This conclusion, however, was no t  confirmed by  
recent  electron microscopical studies. A t  ]east 500/0 of the cells were 
found to be a l ready dinucleate  after 131/2 hours and  there were even a 
few per cent  of te t ranuc]eate  cells like the one shown in  Fig. 3. Since the  
average DNA conten t  per cell has increased abou t  3 fold by  this t ime, 
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the  mos t  accep tab le  i n t e rp re t a t i on  seems t h a t  D N A  dup l i ca t ion  and  
nuclear  divisions a l t e rna te  regu la r ly  dur ing  the  Sm period.  

I n  sect ions conta in ing  two or more nuclei,  e i ther  a l l  of  t hem were 
d iv id ing  comple te ly  synchronous ly  (10 unequivoca l  cases were observed  

Fig. 3. Electron micrograph of a tetranucleate cell. After 131/2 hours of growth the 
cells were fixed for 2 hours in 2~ glutar aldehyde at 0 ~ C and post-fixed, for 1 hour 
in l~ KMnO 4 according to LuFT (1956). Sections were post-stained with lead 
(I~Eu 1963). chl chloroplast; m mitochondria; n nuclei; s starch grains; 
v vacuo]es; w cell wall; arrows indicate the planes of the beginning protoplast 

divisions 

so far ;  see Fig.  4 A) or all  were in the  res t ing s t a t e  (es t imated  to  approx i -  
m a t e l y  90~ I n  d iv id ing  nuclei  the  chromat in  is condensing in a equa-  
to r ia l  p lane  comparab le  to  the  metaphase .  I t  subsequen t ly  d ivides  in to  
two por t ions  which move to the  po]es of  the  s t rong ly  e longat ing  nucleus 
(F ig .4B) .  A p p a r e n t l y  nuclear  divis ion comes off b y  amitosis .  F i n a l  
c]eavage s tages  were no t  found un t i l  now. On KMnO 4 f ixat ion the  i n t ac t  
nuclear  m e m b r a n e  was found  dur ing  the  whole divis ion cycle. A cyto-  
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Fig. 4. Electron micrographs of dividing nuclei taken after 141/2 hours of growth. 
chr condensed chromatin;  er cytoplasmic membranes;  nm nuclear membranes ;  
py pyrenoid. A. Two synchronously dividing nuclei. Fixat ion 15 rain in K1VIn04 
(LuFT, 1956) a t  30 ~ C, followed by 1~ Os04 for 1 hour  a t  0 ~ C and 20/0 aquous 
solution of uranyl  acetate for 2 hours. Posts tained with lead. B. Late division 

stage. :Fixation: 1 hour  in 1~ KMnO 4 a t  0 ~ C 
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p lasmic  m e m b r a n e  sur rounding  the  nucleus a lmos t  comple te ly  was found 
to be t yp i ca l  of  nuclear  divis ion and  for this  reason is useful  for ident i f ica-  
t ion  in case of  d o u b t  due to unfavourab le  o r ien ta t ion  of  sections. 

b) Protoplast Division and Release o/Spores 
Elec t ron  micrographs  showed t h a t  p ro top l a s t  divis ion ensues a l r eady  

af ter  13 hours  b u t  i t  u sua l ly  took  2 more hours  unt i l  dyads  could be 
found  b y  the  technique  of  p lasmolys is  as a resul t  of  comple t ion  of the  
first divis ion plane.  I t  could fu r the r  be observed  t h a t  the  l ay -ou t  of  the  
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second plane begins long before the  first one is comple ted  (Fig.3).  A 
s l ight  a d v a n c e m e n t  of  the  p ro top l a s t  divis ion usua l ly  a p p e a r e d  i f  the  
cells were t r ans fe r red  to  darkness  or weak  l ight  a f te r  13 hours.  However ,  
the  exper imen t s  were poor ly  reproducib le  wi th  regard  to  the  e x t e n t  of  
advancemen t ,  va ry ing  be tween  0 and  1 hour.  The sl ight  a d v a n c e m e n t  of  
the  d y a d  and  t e t r a d  s tages  shown in Fig.  5 and 6 are r ep resen ta t ive  for 
an average  exper iment .  I n  con t ras t  the  release of  spores seemed even 
more  or less r e t a r d e d  under  the  same condit ions.  The r e t a rda t ion ,  how- 
ever,  seems to be the  consequence of  less favourab le  nu t r i t i ona l  condi t ions  
due to longer  du ra t i on  of the  da rk  t ime pr ior  to  the  b reakage  of  the  cell 
wall,  or to  the  lower l ight  i n t ens i ty  dur ing  the  las t  3 hours  of  the  normal  
l ight  period.  This  became clear when in ano ther  cul ture  the  reduc t ion  of  
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when the release of spores was almost c o m p l e t e d :  J .-L.  16 hours strong light and 
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the light period was compensated by exposure of the cells to a second 
light period of 21/~ hours beginning at the 16th hour or, in the case of the 
weak light experiment, by continuing the weak illumination beyond 
the normal duration of 16 hours. 

In  both eases the release of spores occurred approximately 11/~ hours 
before the control, but  the final cell number was equal to the one found 
in the normal transfer experiment, i.e. about 2/3 of the control. I f  a 
culture is transferred to the weak light after 16 hours the release of 
spores appears only slightly earlier than in the control, whereas the cul- 
ture transferred after 13 hours is still another 11/2 hour in advance 
(Fig.7). In the first case the cell number was equal to the control, 
whereas with only 13 hours strong light the cell number is approximately 
60~ of it, but  as can be seen from the size distribution given in Fig.TB 
the cells are slightly larger. An average cell volume of 69 ~3 was calcu- 
lated for the spores obtained after 13 hours strong light and of 48 ~3 for 
the ones obtained after 16 hours strong light. 

Discussion 

The cyclic alternation of light and dark periods belongs to the most 
convenient approaches for maintaining synchronous growth in uni- 
cellular algae. In Chlorella the first 8 hours of a 16 hours lasting light 
period were found to have purely trophical function, whereas in the sub- 
sequent 6 to 8 hours light exerts a strong stimulation of cell division, 
the times depending to a certain degree on culture conditions ( W ~ A ,  
1959, 1965; LOI~NZ~,N and I~PP~L, 1960). In the overall induction two 
different phases have to be distinguished. One is the primary induction 
of cell division leading usually to the formation of 4 spores per dividing 
cell, and the other is the increase of the number of spores per cell, which 
is effectuated if the cells remain in the light after the primary induction. 
The final numbers of spores for each cell were found to belong to the 
series 2 n (n ~ 1, 2, . . .  ; see Sov, DV.l~ and Rn~D, 1962; L o ~ z E ~ ,  1965). 
This can only be understood if the involvement of a special regulation 
mechanism is assumed. Such a mechanism might for example intervene 
in DNA synthesis in a way which guarantees tha t  if DNA replication 
occurs, it will do so in all DNA equivalents of the cell tha t  have already 
arosen from preceding replications. Since the DNA equivalents are 
distributed to the daughter nuclei by nuclear divisions which soon 
follow every individual S phase, the simultaneous initiation of nuclear 
DNA replications would seem to be controlled by extranuelear forces. 
The cytoplasmic control of the initiation of DNA synthesis in Stentor and 
in Amoeba proteus has recently been demonstrated by nuclear transplan- 
tat ion experiments (PRwscoT~ and GOr,DSTEr~, 1967; DE T~m~A, 1967). 

19 Arch. 3~ikrobiol., Bd. 58 
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Mononucleate Chlorella cells contain about 10-13g D~qA during G 1 
period (WANKA, 1965). This is equivalent to 2 DNA double helices of 
1.5 cm length, a size which is also found for chromatids of higher organ- 
isms. I f  chain growth would proceed from one point only at the speed 
calculated by CAJuns (1963) ibr other organisms at a temperature of 
37~ one duplication would require 3 to 16 hours. Therefore either the 
chain growth in Chlorella has to be much faster, or the total  DNA amount 
must  be divided into subunits which can replicate simultaneously if  the 
duplication has to be completed in less than 110 rain. The residual time 
available for nuclear division may in any case be expected to be rather 
limited. This makes it  easy to understand, why micrographs on nuclear 
divisions have not yet  become available in spite of a reasonable number 
of electron microscopical studies on Chlorella (MuRAKA~I et al., 1963; 
SOEDER, 1964, 1965; BISALeUT~A et al., 1963; ASHTON et al., 1963; MEn- 
CE~ et al., 1962; RODRIGUEz-LoPEz, 1965). The assumption is further- 
more compatible with the finding that  DNA synthesis continues for 
11/~ hours, i.e. about 800/0 of the duration of one duplication cycle after 
cessation of initiations of new DNA replications. Whereas RNA synthesis 
is strongly affected by illumination, DNA synthesis proceeds completely 
independent of it  and thus seems to rely essentially on endogenous sub- 
strate. The strong endogenous respiration found between the 12th and 
22nd hour (RIED et al., 1963) might therefore have a well defined function 
in DNA replication and cell division. One can easily imagine that  it  
would be damaging for the cell ff the supply of precursors would suddenly 
cease during DNA replication. In  this light the advantage of a mechanism 
which guarantees the completion of a DNA duplication independent of 
external factors becomes obvious. 

After a full light period the development in the dark seems to proceed 
at an optimal rate, since the promoting effect of illumination was found 
to be rather small (see also LO~ENZEN and SCHLEIF, 1966). However, the 
effect is quite remarkable in cultures which ~re transferred to darkness 
or weak light after 13 hours. This might be the consequence of a strong 
decrease of the carbohydrate content (RvPrV, L, 1962) especially tha t  of 
starch (MgLLV.n, 1961) in the dark. I t  is therefore advisable to s tudy 
correlations between time and extent  of DNA synthesis on the one hand 
and time of liberation of the spores on the other by a transfer to weak 
light after I3 hours. I t  then becomes obvious that  the termination of the 
cell cycle is advanced by about 1 to 2 hours. I t  seems possible that,  by 
an earlier termination of the DbTA synthesis, the cell will sooner enter 
the next  developmental stage i.e. protoplast division, and a second pro- 
moting effect may  result from the fact tha t  in a large number of cells the 
last protoplast division is passed over. Whether the first does exist is 
not  ye t  certain, however, because of the poor reproducibility of the 
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advancement of the dyad and tetrad stages in the transfer experiments. 
Also the response of protoplast division to external conditions seems to 
be very strong (e.g. COs; see SO~D~ et al., 1964). 

The retardation of cell division by light of Chlorella vulgaris (TAMIYA 
et al., 1961) cannot be explained in the same way, since almost identical 
final cell numbers were obtained in the dark and in the light. Whether 
the explanation is valid for a similar retarding effect of the light on cell 
division in Chlorella strain 7-11-09 (PI~so~, 1962 ; S o , o K , ,  1960) cannot 
be decided since the final cell numbers, necessary for an adequate inter- 
pretation, were not reported. SowD~ et al. (1966) have recently found a 
considerable retardation of the release of spores by illumination when 
the cultures were aerated with a gas mixture containing 5~ CO~ but not 
at low COs-concentrations. The findings of So~o~v~ (1960) and TAMIYA 
et al. (1961) are most probably due to a similar inhibition by the com- 
bined action of light and high COs-concentrations. 

In  the preceding paper (WA~xA, 1965) it was found that  cell 
division is completely inhibited by eolchicine if added at a time when 
cells are already tetranucleate according to the present finding. There- 
fore, the conclusions which have been based on the assumption that  
eolchicine specifically inhibits nuclear division have to be abandoned in 
favour of the division pattern discussed above. This is also in better 
agreement with the findings of S o ~ D ~  (1962) and of L o ~ w ~ z ~  and 
Scm~I~ (1966). Colehicine must thus inhibit nuclear and protoplast 
division. A publication on this object is in preparation. 

We gratefully acknowledge the skillful technical assistance of Miss. T. VAN 
ERP and the help of Mr. A. W. DIeKE in preparing the electron micrographs. 
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