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Abstract. Populations of Scenedesmus quadricauda grown in a continuous chemostatie regime 
and synchronized by light and dark intervals were exposed to continuous illumination. The 
effect of light on synthetic and reproduction processes during the time of the omitted dark 
period and in the subsequent cell cycle was studied. In general, the sequence of cellular processes 
and their mutual coupling remain the same as in the darkened population. Synthetic processes 
and photosynthetic activity are depressed during the period of protoplast fission also in the 
light. The synchronizing effect of the dark period in chlorococcal algae consists in reducing the 
developmental variability in the population. The developmental state of daughter cells at the 
end of the dark interval varies in the span of two (as a rule) or four (at maximum) genomic cycles, 
while at the end of the light period this variability comprises up to eight genomic states. The 
more advanced autospores start the next cycle with a greater lag. 

Additional index words: cell cycle, nuclear division, cellular division, DNA replication, RNA 
synthesis, chlorophyll synthesis, photosynthesis. 

Several  au thors  have  a t t e m p t e d  to define wha t  a t t r ibu tes  should charac-  
terize a good synchronous  cul ture  of  a cell popula t ion  (TAMIYA et al. 1961, 
BAKER and  SCHMIDT 1964, ZEUTHEN 1964, LORE~ZV.~ 1970). The conclusions 
do no t  converge and  this d ivers i ty  of  opinions is likely to persist. The criteria 
will inev i tab ly  change wi th  var ious  objects  and  with the purpose  for which 
the cul ture  is used.  This va r i e ty  of  s i tuat ions  will be also reflected in the 
choice of  the mos t  adequa te  synchroniz ing  procedure.  MITCHISON (1971) 
presents  a bril l iant critical su rvey  of  the  numerous  techniques  avai lable for 
the  es tab l i shment  of  synchronous  popula t ions  by  ei ther  induc t ion  or selection 
(according to  the  classification in t roduced  by  JAM~S 1966). The synchroniz-  
a t ion  of  algal popula t ions  by  a l te rna t ion  of  l ight and  da rk  periods belongs 
clearly to  the  induc t ion  ca tegory.  I t  could be specified as a physiological 
induc t ion  m e t h o d  since the  l igh t -dark  and  dark- l ight  t rans i t ions  represent  
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a situation that algae are physiologically adapted to cope with. Consequently, 
in contrast to many other induction methods (cf. MITCHISON 1971) no major 
disturbance in the mechanisms controlling cell development need be expected. 

Although the first synchronous cultures of chlorococcal algae were obtained 
by the selection method (IwAMURA 1955, HASE et al. 1957, TAMIYA et al. 1961) 
synchronization by light-dark (LD) cycles is at present the most widely 
used with these algae. The main reason for its popularity is the simplicity 
of handling such cultures and the ease with which populations can be main- 
tained synchronous using this procedure for long periods of time. Both these 
features are based on the specific character of the cell cycle in chlorococcal 
algae, which includes several consecutive nuclear cycles. We have explained 
elsewhere~ (SETLIK et al. 1972) that while the populations synchronized by 
LD cvcles display reasonably high synchrony in cell division, the synchrony 
of their nuclear cycles is rather poor (cf. also LORE~ZE~ 1970, SULEK 1972). 
This fact will be further documented in the present paper. 

Even if its influence is characterized as being "physiological" the insertion 
of the dark interval will no doubt modify in one way or another the course 
of cell cycle events in the synchronized cells as compared with cells growing 
in continpous light. Thus, when the light-dark synchronized populations of 
algae are i used for cell cycle studies, the questions that should be answered 
are the following: What is the nature of the synchronizing effect of the dark 
interval and what degree of synchrony can be induced by it ? Is the sequence 
of essential cell cycle events the same in the synchronized as in the non- 
synchronized populations and are the same causal links preserved? Do 
processes i observed to occur during the dark interval in synchronized 
cultures have a similar course if the synchronized culture is exposed to 
continuer, s light? (cf. BAKER and SC~MIDT 1964, SC~MIDT 1966). In this 
paper we' present some evidence that might help to find correct answers. 

Material and Methods 

Synchronous cultures of Scenedesmus quadricauda TURP. (BR~B.) were grown in chemostatir  
continuous cultures. The culture equipment  is described and  its parameters  are given elsewhere 
(~ETLiK 1967, 1968, DOUCHA and VE~DLOV.~ 1970). In  short, vessels with plate-parallel glass 
walls were used, with thickness of the algal suspension column 18 ram, the useful culture space 
1 or 2 1 and the rate of aeration about  60 em rain -1. The irradiation oil the surface (Es) was 
150 W m -2 P h A R  from one side and  the mean  irradianee of the cells was controlled by suspension 
densi ty which, in turn,  was determined by the flow rate (D). In  stabilized synchronous cultures 
grown at  a constant  flow rate (D ~ ~) the variation in absorption of the suspension layer during 
the  cycle was reasonably small a l though the absorption properties of the cells vary  considerably 
(KuBiN and DOUCHA 1976). 

Growth temperature  in mos t  experiments  was 30 ~ aeration gas mixture  contained 1.5% 
of CO2 and the nutr ient  solution used in this laboratory for ehlorococcal algae (~ETLIK 1968) 
was used with either urea or ni t rate  as a source of nitrogen. 

The analytical procedures are also described elsewhere (DovcHA and ~ETLiK 1969, ~ETLiK 
et al. 1969, ZACHLEDER and ~ETLiK 1969, BERKOV~. and  DOUCHA 1970, ZACHLEDER et al. 1970) 
in more de ta i l  The dry weight of algae per uni t  volume of culture was determined by spinning 
down 10 ml samples, washing the cells twice with distilled water and drying them immediately 
in the  weighed centrifuge tubes at  105 ~ for 24 h. RNA  and DNA content  in the cells was as- 
sessed in perchlorie acid extracts  by direct spectrophotometry and by the diphenylamine reaction, 
respectively, as described in more detail in LUKAVSX~2 et al. (1973). The analysis s tar ted again 
from 10 ml  samples of the suspension. The pellet after the nucleic acid reaction was used for 
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Fig.  1. T h e  effect of  the  L D  (A, C, E,  G) a n d  L L  (B, D,  F ,  H)  reg imes  on  t he  nuc lea r  a n d  cel lular  
d ivis ion a n d  the i r  induc t ions .  T h e  m e a n  specific g r o w t h  ra te  (~) was  0.045 h -1 for  cu l tu re s  
A, B,  0.05 h -1 for cu l tu res  C, D,  0.10 h -1 for cu l tu res  E,  F a n d  0 . 1 2 5 h  -1 for cu l tu res  G, H ;  
t = 30 ~ E8 = 150 W m -2 for  all cu l tures .  Cul tu res  E,  F were g rown  on a m e d i u m  w i t h  u r e a  
as  n i t r ogen  source;  for the  res t  t he  m e d i u m  wi th  n i t r a t e  as n i t rogen  source  was  used.  
1', 2',  3'  - -  courses  o f  i nduc t i on  o f  t he  first,  second  a n d  th i rd  nuc lea r  divis ions.  The  i n d u c t i o n  
cu rves  for  the  second  a n d  th i rd  nuc lea r  d iv is ions  coincide wi th  i nduc t ion  cu rves  for  cel lular  

p ro te in  d e t e r m i n a t i o n  for wh ich  a s l ight ly  modif ied  m e t h o d  of  LowRY et a/. (1951) was  used .  
T h e  q u a n t i t y  of  p h o t o s y n t h e t i c  p i g m e n t s  in ace tone  e x t r a c t s  o f  d i s in t eg ra t ed  a lgae  a n d  the i r  
in rive a b s o r b e n c y  was  m e a s u r e d  a n d  e v a l u a t e d  as descr ibed b y  KUBIN a n d  DOVCHA (1976). 
S t a r ch  was  a s s a y e d  b y  color imetr ie  m e a s u r e m e n t s  o f  the  iodine complex  u s ing  t he  p rocedure  
descr ibed  b y  DVYNSTEE a n d  SCHMIDT (1967). Nuclei  were v isua l ized  for c o u n t i n g  b y  a s l ight ly  
modi f ied  p rocedure  o f  PESHKOV a n d  RODmNOVA (1964) a n d  by  the  quick f luorochromie  procedure  
u s ing  acr id ine  o range  (ZACHLEDi~R el al. 1974). 

P h o t o s y n t h e s i s  was  m e a s u r e d  in smal l  s amp l e s  t a k e n  f rom the  s y n c h r o n o u s  popu la t i on  a n d  
d i lu t ed  as  requ i red  to ob t a i n  a s t andaFd  low abso rp t ion  in t h e  m e a s u r i n g  vessel .  Changes  in  
o x y g e n  c o n c e n t r a t i o n  were recorded wi th  a Clark  t y p e  e lect rode as  descr ibed  by  ~ETLiK et el. 
(1973), in t he  a p p a r a t u s  des igned  b y  BARTOw et al. (1975). 
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d ivis ion in to  q u a d r u p l e t  a n d  oc tup le t  au toeoenobia .  Divis ion  in to  doub le t  au tocoonobia  did 
n o t  occur  a t  t h e  cu l tu re  cond i t ions  used .  4 '  = 1' - -  course  of  t he  f o u r t h  i nduc t ion  of  nuc l ea r  
d ivis ion wh ich  is t he  first  i nduc t i on  for the  n e x t  eel1 cycle (in fol lowing figures it  is label led as  
1'). 1, 2, 3 - -  course  o f  consecu t ive  nuc lea r  d iv is ions  (2, 4, 8 nuclei) .  4 ~ 1 - -  course  of  t he  
nuc lea r  divis ion wh ich  is f irst  of  t he  n e x t  cycle (in following f igures it  is labelled as  1). 5 - -  course  
o f  l ibera t ion  of  au tospo re s  (in fol lowing figures i t  is label led  as 4). Subsc r ip t s  1 a n d  2 a t  t he  
n u m b e r s  des igna te  curves  be longing  to t he  first  a n d  second cell cycle, respect ively .  

The  significance of  the  t e r m  " i n d u c t i o n "  for va r i ous  r ep roduc t ive  processes  was  exp la ined  
a n d  t he  m e t h o d  for i ts  a s s e s s m e n t  was  descr ibed by  ~arLiK et al. (1972): The  induc t ion  of  nuc lear  
a n d  cellular  d ivis ion was  assessed  b y  a modi f ied  vers ion  of  record ing  t h e  "po t en t i a l  cell n u m b e r "  
or ig inal ly  devised by  WA~KA (1959) a n d  ex t ens i ve l y  used  b y  TAMZYA et el. (1961 ). The  procedure  
cons i s t s  in r e m o v i n g  samples  f r om t he  p a r e n t  cu l tu re  a t  regu la r  in te rva l s  a n d  i ncuba t i ng  t h e m  
in t he  da rk  un t i l  all t he  divis ion processes  i nduced  are  t e r m i n a t e d .  The  n u m b e r  of  d a u g h t e r  
cells t h u s  fo rmed  (or, in our  case, also t he  n u m b e r  of  t he  nuclei  appea r ing  w i t h o u t  s u b s e q u e n t  
cell division) is referred back  to t he  t ime  w h e n  t he  s amp le  was w i t h d r a w n  f rom the  cul ture .  
I n  a n a l o g y  t he  " i n d u c t i o n "  va lue  of  t he  c o n t e n t  o f  some  cellular  c o m p o n e n t s  (DNA,  R N A ,  
s t a r ch )  was  d e t e r m i n e d  on da rk  i n c u b a t e d  samples .  
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Fig. 2. The effect of  the dark period s ta r ted  at  various stages of  the cell cycle on the nuclear  
and  cellular divisions and their  inductions.  
A and  B: The same paren t  oetuplet  popula t ion  darkened early (A) and  late (B). The s t anda rd  
t ime of  darkening would be a round  the 14th h. Culture conditions: ~ = 0.11 h-Z; t = 30 ~ 
Ee ---- 150 W m -2. C1 - -  a fast  growing popula t ion  darkened after  the quadrup le t  induct ion 
was  te rminated .  When  cell division was  terminated,  ano ther  fast  growing cycle was  s ta r ted  (C~). 
D - -  a twin  popula t ion  to t h a t  shown in Cz grown in light unti l  the end of  the oetuplet  cycle. 
The same diagram of nuclear  events  is d rawn  twice to make  compar ison  wi th  bo th  C1 and  Ca 
possible. 4a - -  percentage of released oetuplet  autoeoenobia,  4b - -  percentage of  released quadru-  
plet  autoeoenobia.  For  the labelling of o ther  curves see Fig. 1. The meaning  of segments  a and  b 
is explained in the text.  

Results 

Since a more detailed map of cell cycle markers for chlorococcal algae 
is still lacking, we have proposed to use the successive nuclear divisions 
and their inductions (SETLIK et al. 1972) for the basic characteristic of the 
cycle. The progress of a given nuclear division or any  other event  in the 
population is characterized by a variability tha t  results in the sigmoidal 
cumulative curves (Fig. 1). We call them starting t ime distribution (STD) 
curves for the respective process, since they reflect the distribution of cells 
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F i g .  3. The variations in the content of D N A ,  R N A  and starch in the cells (A) and diagram 
of nuclear events (B) in a fast growing population divided at the end of the light period into the 
L D  and LL variants. Culture conditions: ~ = 0 .10  h - l ;  t = 30  ~ E s  = 150  W m - 2 .  
A :  1 - -  R N A ,  2 - -  s t a r c h ,  3 - -  D N A ;  l a ,  2a ,  3 a  - -  the course of syntheses in population growing 
in light (LL cycle); l b ,  2b ,  3 b  - -  corresponding processes in the population darkened at the end 
of the cycle (LD cycle). B: Labelling of the curves as in F i g .  1. 

into classes characterized by different times in the cycle when the process 
starts. 

Fig. 1, A through H, shows pairs of STD diagrams for synchronous popu- 
lations of Scenedesmus grown at low (A through D) and high (E through H) 
growth rates, which were split at the end of the first cycle into two cultures 
each, one grown further under the standard light-dark (LD) synchronizing 
conditions and the other in continuous light (LL). In all variants lights 
were switched off in the LD cycles at the moment when autospores release 
started in the population. 

No effect of continuous illumination on the liberation of daughter coenobia 
can be seen in any case. If  the time period separating the first division of 
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nuclei (STD curves I t  and 12) is examined*, it is found to be shorter in 
the LL cycles of all variants. The curves 12 are shifted forward over a distance 
tha t  is shorter (A, B, and G, H), of equal length (E, F) or longer (C, D) 
than the dark interval. This can be understood in view of the following 
facts: (1) During the period of protoplast  fission the rate of many synthetic  
processes is depressed. (2) The darkened cells make some progress in their 
development at  the expense of material and energy reserves (starch) so 
that  starting the next cycle they  are further on the developmental  scale 
but  without  reserves, which they must  replenish. (3) The 'dark  interval also 
causes some retardation in the start  of the development of autospores lib- 
erated in the dark. The factors mentioned under (1) and (2) tend to make 
the advancement  of the first nuclear division in the LL cycle less than the 
length of the dark period in the corresponding LD cycle, while factor (3) 
works in the opposite direction. The resultant effect will therefore depend 
on the relative importance of each of these components in a particular case. 

The distances between the midpoints of homologous STD curves of 
nuclear division are about  the same in the LD and LL cycles, and the same 
is true in general of the corresponding induction curves. The conspicuous 
extension of the 1'2 -~ 2'2 and 12 -~ 22 intervals in the LL cycle D as compared 
with these intervals in the LD cycle C is not (only) the result of the absence 
of the dark interval; the same dilution rate was applied to the LD and 
LL cycle and, as a result of dilution of LD cycle during the dark period, 
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Fig. 4. The rates of chlorophyll 
synthesis (1) and dry weight 
accumulation (2) in the LL 
variant of the octuplet culture of 
Fig. 3 (part A). Nuclear events 
and autospore liberation are shown 
in part  B. Labelling of the curves 
in part  B as in Fig. 1. 

* Whenever the distance of two $2[/. ~ttrves is considered without  further specification in 
this paper, it is the distance of their midpoints that  is m e a n t .  
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the LL cycle begins with a higher density. In other variants this fact was 
part ly compensated by  one step dilution at the time when autospore release 
became terminated. In cycle C this dilution was omitted. On the other hand 
the greater distance between curves 1~. and 2" in the LL cycle F as compared 
with the second LD cycle E is the consequence of the different conditions 
to which autospores released in the dark and in the light are exposed. The 
competence of the cells to enter nuclear division if incubated in the dark, 
traced by  the induction curves, results from both the developmental  stage 
of the cell and its accumulated energy reserves. The autospores released in 
light are rich in the latter, but  are not much more advanced developmentally 
than the autospores in the dark. Consequently, if incubated in the dark 
(as for the assessment of induction) they show up as potentially more de- 
veloped. I f  growing further in the light, they have to put  the energy influx 
from photosynthesis into growth and development,  while the developmentally 
advanced autospores after the dark period divert more of it into stored 
reserves. Thus, after some time of growth in light both types of cells become 
less different as to their capacity for further development in the dark. 
Accordingly, the position of the second induction curve (2") is not very 
different in the corresponding LD and LL cycles. 

I t  may appear unexpected that  in the second cycles of all LL variants 
the STD curves of nuclear division inductions run consistently less ahead 
of STD curves of nuclear division than in the corresponding LD cycles. 
Shorter distance between the induction of nuclear division and its actual 
occurrence in the cycle means less available reserves in the cells and/or 
slower growth rate. Both conditions characterized the LL cycles as compared 
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with LD reference cycles in the experiments described here. The dilution 
rate was the same in both alternatives and in the LD cycles dilution continued 
even during the dark period. Thanks to the higher average irradiation 
obtained over the whole cycle the concentration of the LL population 
increased to higher values than in the LD cultures even in those experiments 
in which a one-step dilution was undertaken at the time when autospore 
release was terminated. 

The variance of all STD curves is considerably greater in the LL cycles 
than in the LD cycles (Fig. 1) thus indicating the incipient desynchronization 
of the population. Hence the synchronizing effect of the dark period consists 
in retarding the development of the more advanced cells relative to the less 
advanced ones, i.e. the earliest released autospores begin the next cycle 
with a greatest lag in development while the latest are least retarded. The 
validity of this s tatement  is illustrated e.g. by Fig. 1A and lB. The tops 
of curves 21 and lo. characterizing the late cells are at  a similar distance 
in the LDL and the LL cycles, while the bot tom part  of curve 12 which 
represents the most advanced subpopulat ion starts in the LL cycle much 
earlier than in the LD cycle. The difference is still more pronounced with 
the corresponding induction curves 2'~ and 1' in which the enhancement  in 
the bo t tom parts amounts to nearly half the time intarval separatin.g the 
tops of the two curves. 

In continuous light the most advanced autospores (Fig. 1B) need about  
half the time required by  the tardiest ones to develop from the second 
nuclear division in the first cycle (curve 21) to the first nuclear division 
induction (curve 1~) of the second cycle. The advanced autospores nearly 
reach this point in the first light period of the LDL cycle and, evidently, 
they  manage to complete the rest during the dark period so that  a very 
small amount  of light in the next  cycle makes them competent  to nuclear 
division. They are therefore only halted in development by  the dark period. 

This differs from what  is seen in other parts of Fig. 1. Curves in parts 
C and D indicate clearly that  apart  from the delay of further development  
for the length of the dark period, the latter causes a definite lag in develop- 
ment at the start  of the light period. Curve 1~ in the LDL cycle does not  
start  immediately upon light is turned on but  some four to five hours later, 
which is more than the time required by  the advanced autospores released 
in light to proceed from 21 to 1;. A very similar effect is observed with the 
fast growing octuplet*) cycle in parts E and F of Fig. 1. Both these cycles 
(C and E) also demonstrate tha t  retardation caused by the dark period is 
the  same for cells that  entered the dark period before first nuclear division 
was induced in them as for those cells for which the darkening came after 
this point. The second nuclear division and its induction are in both  cases 
traced by  smooth curves (2~ and 2e) which in their bo t tom parts  include 
cells starting the second light cycle with two nuclei. 

The same may be observed consistently in all similar cycles, e.g. in those 
shown in Fig. 2A and B. The latter demonstrate in addition that  the time 

*) In the following text. two-, four., and eight-celled coenobia will be also eallecl doublets, 
quadruplets  and octuplets, respectively, and the consecutive divisions will be designated in the 
Bame way. 
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at which the dark period starts has no appreciable influence on its synchroniz- 
ing effect. In Fig. 2A lights have been switched off five hours earlier than 
in Fig. 2B. In A, there is a small proportion of binucleate cells in the four- 
celled coenobia (15%) while in B more than one half of cells in the purely 
octuplet  population are binuclear. Except  for this difference, or in spite of 
it, the course of nuclear events in the subsequent cycles is similar. The first 
cycle illustrated in parts A and B of Fig. 2 was preceded by  one darkened 
at the time (most often used in our experiments) when autospores release 
started in the population. The situation obtained after the dark period is 
intermediary to that  for the second cycles in A and B. 

A logical extension of the last experiment is the very early darkened cycle 
in Fig. 2C. The lights were switched off as soon as the quadruplet  induction 
(curve 2') was terminated in the tardiest cells. Consequently, a population 
consisting of four-celled coenobia is present at the start  of the next  cycle. 
When it was made to grow at a high specific growth rate (through high mean 
irradiation density) the course of events was hardly different from that  in 
the first cycle, which started with octuplet  coenobia. For comparison the 
twin-population from the first cycle tha t  was darkened after octuplet  in- 
duction is drawn (twice) in par t  D of Fig. 2. I t  is also interesting to compare 
the early darkened, fast growing cycle (Fig. 2C) that  yields quadruplet  
coenobia with a quadruplet  yielding~ slow growing cycle, which can be 
darkened only upon the release of the first autospores. 

The following general s tatements  can be deduced from the above results. 
When a population growing in the light is darkened, cells of all age groups 
develop further at the expense of their reserves. The maximum progress that  
reproductive processes can make in the dark is three nuclear divisions plus 
the corresponding cellular divisions (of. the bo t tom part  of curve 4~ ---- 1~, 
in Fig. 1G and the top part  of curve 3' in Fig. 2, Be). The rate of processes 
in the sequence leading to nuclear division is about  the same in the dark 
as in the light (demonstrated by equal distances of homologous STD curves). 
The occurrence of a given nuclear division step (e.g. from 2 to 4 nuclei) 
can be postponed somewhat in the light as compared with its position in 
the dark, if initiation of the next division step takes place in the light (cf. 
Fig. 2, C1 and D). This has a retarding influence on some processes in the 
nuclear division sequence. 

The variabili ty in the rate of processes leading to initiation of nuclear 
division among the cells in the population is greater than the variability 
of the actual rate of these processes. Tlds causes e.g. the consecutive nuclear 
division inductions to desynchronize more (the STD curves to get flatter) 
than the actual nuclear divisions (cf. Fig. 2, B1 and Be). The last s ta tement  
suggests that  apart  from being more variable the time required to ac- 
cumulate sufficient reserves for a given nuclear division sequence is much 
shorter than the time necessary for its realization. A particularly suitable 
example is again provided by Fig. 2B. At the end of the dark period separating 
the two cycles (Bt and Be) a fairly heterogeneous population of autospores 
is present. The most advanced cells corresponding to the lowest part  of curve 1 
are binuclear and most probably bigenomie, nearly prepared to divide their 
two nuclei into four. The meal~ cells in the population are either binuclear 
and with unigenomie nuclei (just below the horizontal segment of curve l) 
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or uninuclear and bigenomic (just above the horizontal segment of curve 1). 
Finally the tardiest  cells, characterized by  the u tmost  tops of the STD curves 
are uninuclear and unigenomic. For both uninuclear and binuclear bigenomic 
cells the reserves required to realize the nuclear division step are acquired 
in the time interval (a); the time interval (b) is the additional time that  
unigenomic cells of both types  need to accumulate reserves for another 
genome duplication and the corresponding transcription and translation 
processes. Both curves 1' and 2' are rather steep since the cells were aligned 
to a state with more or less exhausted reserves at the end of the dark period. 
Curve 3' shows that  the fast cells (bottom) acquire reserves required for 
the next  nuclear division much faster than the slow cells (top). One can 
assess, of course, only the competence to divide that  is so much advanced 
in the fast cells. Evidence to assume tha t  it is also the initiation proper that  
starts earlier in the fast cells comes from such situations as illustrated e.g. 
in Fig. 1B, D and E (comparing curves 21 or 31 and 12). In any case the 
enhancement of actually performed steps, e.g. nuclear division, is less than 
that  of their induction (in the advanced cells as compared with the ta rdy  
OIleS). 

Fig. 3 shows the changes of DNA, RNA  and starch amounts  per cell in 
a fast growing octuplet  yielding synchronous population that  was split at  
the end of the cycle into a darkened subpopulation and another growing 
further in the light. As can be expected, the light and dark curves for starch 
content display the most dramatic difference in their course. In the dark 
the reserves become exhausted to the negligible amount  characteristic of 
the autospores. In the light the slight retardation of starch accumulation 
at the time of protoplast  fission (see caption to Fig. 3) is followed by  further 
increase and a depression corresponding to tha t  seen in young autospores 
at the start  of the cycle. In both situations this depression occurs at  the 
t ime of vigorous RNA synthesis. The latter is also retarded at the time of 
protoplast  fission, but  afterwards, it runs much faster in the light than in 
the dark. Nevertheless, even the dark increase is substantial  showing that  
the genomes in the autospores go on with transcription. As a result, a new 
wave of DNA replication is apparent ly initiated in a fraction of the popu- 
lation. Increase in DNA for the period analyzed is about  the same in the 
two variants although a somewhat  different course is observed. 

Variation in the rate of dry weight (W) and chlorophyll (Chl) synthesis 
for the LL subpopulat ion of this experiment is shown in Fig. 4. On the rate 
curves the depression of synthetic act ivi ty during protoplast  fission is bet ter  
seen than on the concentration curves of Fig. 3. The maximum rate of W 
increase coincides with the fast R N A  synthesis in Fig. 3, while the rate 
of Chl synthesis increases steadily, proport ionately to the amount  of R NA 
present. What  course of d [W]/dt  and d [Chl]/dt can be expected in a LD 
cycle is shown in Fig. 5. The data  come from another cycle than data  of 

A: 1 - -  photosynthes is  measured  at  105 W m -2 PhAR,  2 - -  photosynthes i s  measured  at  50 W 
m -2 PhAR,  3 - -  respirat ion;  la,  2a, 3a - -  rates  of syntheses  of the popula t ion  growing in light 
{LL cycle), lb ,  2b, 3b - -  rates of syntheses  of the popula t ion  growing in dark (LD cycle). 
B : d iagram of nuclear divisions, their  inductions and autospore  liberations. Labelling of the curves 
as in Fig. 1. C: 1 - -  the rate of chlorophyll  synthesis  per ceil (l(Chl/cell)/dt: 2 - -  the rate  of dry  
weight  accumulat ion per  cell d(~V/cell)/<lt; la, 2a - -  LL cycle, lb ,  2b - -  LD cycle. 
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Fig. 4, and the degree of synchrony was bet ter  in this case. As a result, 
the drop in both rates at the time of protoplast  fission is more pronounced. 
Since the minima on the curves occur still in light, it is clear that  their 
depth has nothing to do with the ensuing dark interval. 

The rates of W and Chl svnthesis for a population split at the end of the 
cycle into a light and a dark variant  are compared with the rates of photo- 
synthesis in Fig. 6. The synthetic rates show similar relations as in the fore- 
going examples except for the fact tha t  the d [Chl]/dt curve also goes through 
a maximum coinciding with tha t  on the d [W]/dt  curve. We have shown 
earlier (BERgOVS. et al. 1972) that  the minimum in photosynthet ic  act ivi ty  
(PSA) occurring at the end of the light period of the cycle parallels the 
frequency of cells in the population in which protoplast  fission occurs. 
Fig. 6 shows that  there is little difference in this variations of PSA between 
populations that  divide in the dark and in light. From the comparison of 
parts A and C of the figure it can also be deduced that  the increase in the 
PSA up to the level equal to its maximum in light also occurs in the dark 
where no appreciable synthesis of Chl takes place. This process therefore 
represents only a recovery of the photosynthet ic  apparatus present in mother 
cells. The steeper increase of curves 1 and 2 (part A) in the upper par t  of  
the double wave reflects the formation of new portions of the chloroplast, 
as indicated by  the peak of Chl synthesis rate (curve 1, par t  C). 

Fig. 7 illustrates the changes of starch content in the split population 
of Fig. 1 C and D. I t  is remarkable that  cells whose growth is strongly 
limited by  light accumulate nevertheless a substantial amount  of starch 
through nearly the whole cycle. The temporary  increase in the induction 
values for starch occurs just  at the time when the induction to the second 
nuclear division starts in the population. I t  appears that  cells which have 
not  sufficient reserves for the whole nuclear division step do not a t t empt  
it and stop in development while still containing noticeable reserves. 

Fig. 8 presents data  from an experiment in which analyses of DNA, R NA 
and protein were made during the whole course of a LL cycle. The LD cycle 
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Fig. 8. The variat ions in the content  of DNA, RNA and protein in the cells (B) and diagrams 
of nuclear events for a synchronized population (A) and one in which one dark t ime was omit ted 
(C). At  the beginning of the dark  period a fast growing octuplet populat ion was split into an  
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A: Nuclear events in the DLD cycle. B: Syntheses of RNA (1), protein (2), and  DNA (3) 
in the  s tandard  DLD cycle; dashed curves with primed symbols trace the course of syntheses 
in the continually i l luminated variant .  C: Nuclear events in the LLL cycle. Labelling of the curves 
in par ts  A and  C as in Fig. 1. 
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Fig. 9. Variat ions in the content  o f  R N A  
in Scenedesmus cells in an octuplet  cycle 
t ha t  was  darkened after  the light periods 
of  various lengths. Culture condit ions:  

= 0.10 h - l ;  t = 30~ E ,  = 150 W 
m -2. Open circles - -  R N A  synthesis  in 
the light; la,  lb ,  le (full circles) - -  R N A  
synthesis  after  darkening;  ar rows indicate 
t ime of darkening.  Corresponding nuclear  
events  are shown in Fig. 2 C1 and  D. 

characteristic for the synchronized population is also represented. The 
nuclear events for the lat ter  are shown in part  A, those for the LL cycle 
in par t  C. The time scales are mutual ly shifted so as to obtain best fit of 
the  DNA/cell curves in both cycles. This condition is met when the start  
of  the DL cycle is fixed at about four hours after the start  of the LL cycle, 
i.e. when this population continues to develop in the light while its reference 
cycle was darkened. The amount  of RNA and protein approach similar 
values at the end of the period analyzed but their courses are far from co- 
inciding. The synthesis rates are lower in the LL than in the LD cycle. 
This would not be paradoxical, if stabilized populations in continuous culture 
were compared, one exposed to LD cycle, the other in continuous light 
and both growing with the same ~. Such a situation, however, does not prevail 
during the first cycle growing in light. In  the present case the primary cause 
of the deviation is perhaps again a greater density of the population in the  
LL regime resulting from the fact tha t  the dilution rate has not been in- 
creased to compensate for the dilution of the LD culture during the dark 
period. Otherwise the course of synthetic events in the dark and in the light 
is in agreement with all the results presented above. 

Discussion 

Perhaps the most striking and readily observable effect of the dark period 
is its synchronizing influence. This has two components in chlorococcal algae. 
The first is linked with the fact tha t  several nuclear cycles may  constitute 
the cell cycle. Consequently, the cells in the population may  be found in 
any of the n steps performed before cell division is reached under the given 
growth conditions. And they  have always sufficient reserves to reach the  
lowest state by division processes occurring in the dark. I t  appears tha t  
in Scenedesmus quadricauda more energy is required to pass from nuclear 
division to protoplast fission than in the various Chlorella strains. As a result, 
binuclear cells are often formed when processes run in the dark and reserves 
become exhausted. This may  happen either just upon the nuclear division 
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step or in the course of further development of the binuclear cell tha t  may  
even lead to the subsequent  genome replication. In such cases the population 
of the cells following a dark interval is anything bu t  homogeneous. 
I t  contains two different nuclear states each in two genomic states, i. e. four 
different genomic states altogether. The maximum number of genomic states 
tha t  can be present in the population is eight: four nuclear states (one, two, 
four and eight nuclei) and each in two genomic states again I f  such variability 
exists at  the end of the light period and the dark period ends with four geno- 
mic states, the variability becomes reduced by  one half. I f  the above highly 
variable population yields through division in the dark only uninuelear 
cells (with one or two genomes) the asynchrony drops to one fourth of the 
value before the dark interval. All situations actually encountered will fall 
between these two extremes, so that  asynchrony drops one half to one fourth 
through the division processes in the dark interval. 

The other synchronizing factor is the variable lag inflicted to autospores 
in various developmental  stages. I t  appears tha t  the lag is proportional to 
the  development  the cells have taken in the dark. One could speculate on 
an unstable component  essential for development whose amount  produced 
is proportional to the realized progress in transcription but  which is de- 
composed in the dark. In analogy with other cell cycle studies an unstable 
messenger or ribosomal RNA could be considered. Although some decline 
in the RNA concentration is occasionally observed in the darkened population 
(cf. Fig. 9), this is most often followed by  another wave of synthesis at  the 
time new autospores are formed. A net decrease in R NA amount  is therefore 
not  very important.  Another possibility is tha t  only inactivation occurs. 
The active state of the ribosomes is known to depend markedly on the energy 
charge in the cell (cf. BOULTER et al. 1972). The cells at the end of the dark 
period are consistently very poor in reserves. Therefore a fraction of the 
ribosomes present may  be found in the inactive state and it may cost energy 
to put  them again to work. 

In any case R N A  synthesis in the cells dividing in light runs very fast as 
soon as it passes the temporary  depression accompanying the period of proto- 
plast fission. In combination with high energy supply from photosynthesis 
and from high reserves this may  constitute a condition of Ugh activity. 
On the other hand at  the beginning of the DL cycle (cf. also S~.TLIK et al. 
1972, ZACrfLEDER et al. 1970) a slow start  of R NA synthesis is often observed 
and energy supply is also sluggish. 

The striking retardation of all synthetic  processes during protoplast  fission 
is interesting since in other eukaryotic cells this condition usually accompanies 
mitosis (cf. MITCrrISO~ 1971), which is as a rule t ightly coupled with cell 
division. This coupling is dissociated in cells of Scenedesmus quadricauda 
in which as a rule protoplast  fissions set in only after the last nuclear division 
occurred. I t  appears, therefore, that  the major par t  of the inhibition of 
synthet ic  processes is linked with protoplast  and not  with nuclear division. 

Turning back to the questions raised in the introduction it appears tha t  
our results provide a least definite answer as to the pr imary process in the 
sequence of synthetic events which are affected in the dark. This will require 
further experiments; some suggestions for their planning may  come from 
the evidence presented in this paper. 
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Populace Scenedesmus quadricauda, kontinuAln6 kultivovan6 v ehemostatu a synchronisovan6 
obdobimi sv~tla a troy jsme vystavili trval6mu osv~tleni. Siedovali jsme jeho vliv na prflb6h 
syntetiek~eh a reproduk6nich pochodfi b~hem obdobi, v n~m~ kultura b#vA zatemn~na a jew 
v prfib~hu nAsledn6ho bun~6n6ho eyklu. Sou6asn~ jsme analysovali populace dale synehroni- 
sovan6. UkAzalo se, ~e sled bun55n3~ch pochodfl a jejich vzAjemn6 vztahy zflstAvajl na sv~tle 
v podstat6 stejn6 jako u zatemflovan6 kultury. Stejn~ jako u zatemflovan6 kultury doehgzi 
na trval6m sv6tle k poklesu ryehlosti makromolekulArnieh synt6z a fotosyntetick6 aktivity 
b~hem dSleni protoplastu. Synchronisa6nl efckt obdobi troy u chlorokokAlnieh ~as spo6ivA 
v obnovovAnf pom6rnii dzk6 v~vojov6 variability synchronisovan6 populace. Variabilita ve 
stupni v3~voje so u dee~in~eh bunSk na konci obdobf troy sni~ujo a pohybuje so obvykle v rozp6ti 
jednoho jadern~ho cyklu a n a n e j v ~ e  v rozp~ti dvou cyklfl. V~e nasv~d6ujo tomu, ~.e u autospor, 
uvoln~n#eh ve tm~, doeh~zi na po6Atku dal~iho cyklu k zadr~eni v3~vojov3~eh pochodfl, kter~ 
je tim v6t~i, 5ira v~tii fisek v#voje autospory pf.ecttim prod61aly ve tm6. 

BOOK REVIEW  

O'CoNI~OR, M., WoonFom), F. P. : Writing Seientifie Papers in English. -- Elsevier-Excerpts 
Medics - North Holland, Amsterdam-Oxford-New York 1975. 108 pp. Dfl. 21.00. 

The rapid progress of science is reflected in an upsurge of valuable information supplied by 
scientific papers. The presentation of the reports, however, is often not adequate to their content; 
their value is depreciated by stilted, verbose and inaccurate writing. 

The European Association of Editors of Biological Periodicals (ELSE) jointly with its Style 
Manual Committee have presented the first of a series of manuals whieh should provide the 
writers of scientific papers with instructions and advice of how to prepare papers of required 
standard. In nine chapters, wittily written, successive steps are outlined that  the writers will 
take from planing a report to its final proof reading. 

The book is complemented by five important  appendices, containing Units of measure and 
their abbreviations, General abbreviations and symbols, Abbreviations used in biochemistry 
and taxonomy; the last appendix that  brings a list of expressions to avoid and those to prefer 
will be particularly welcome by scientists whose mother tongue is not English. The Committee 
intends to prepare companion booklets with guidelines for special language groups and for the 
different scientific branches. Bibliography of references cited and recommended additional 
reading and a subject index arc enclosed. 

The book should be on the shelves of every research institute and the suggestions given 
should be followed by all "who want readers to understand, remember and even enjoy their 
papers".  

J. ~ A T S ~  (Praha) 


