
Planta 63, 83--98 (1964) 

From Tyeo Laboratories, Waltham, Mass., and Harvard University, 
Cambridge, Mass. 

INTERACTIONS B E T W E E N  DAYLENGTH AND LIG H T 
INTENSITY IN THE GROWTH AND CHLOROPHYLL 

CONTENT OF A CETA B U L A R I A  CREN ULA T A  

By 
JOHN TERBOItG~ and KENNETH V. THIMANN * 

With 9 Figures in the Text 

(Received June 22, 1964) 

Introduction 

Of the environmental variables regulating the development of 
higher plants one of the most important is the day]ength. Research 
with algae, however, has given the impression that  their performance is 
remarkably unaffected by the length of the daffy light period, the few 
observed effects being, for the most part, explainable in other ways. 
True photoperiodism is typically characterized by: (a) induction, or 
continuation of the effect after transference to non-inducing photo- 
periods, and (b) sensitivity to short breaks in the light or dark periods. 

Several reports of effects exerted on algae by the lengths of light and 
dark periods occur in the literature. LEAGUE and G ~ E v ~ c ~  (1955) 
found that  the number of gametangium pairs counted in randomly 
selected microscope fields of Vaucheria cultures was considerably higher 
in those given 18-hour photoperiods than in those given 8-hour photo- 
periods. Similarly, MOT,LE~ (1962) found that  the ratio of plurffocular 
to nniloeular sporangia produced by the brown alga, Ectocarpus, could 
be increased by increasing the daylength at 16 o C. However, both 
authors were able to raise the performance of their short-day cultures to 
that  of the respective long-day cultures, in the first instance by adding 
glucose and meat peptone to the medium, and in the second by increasing 
the light intensity. In neither case was it possible to alter the short-day 
behavior by introducing light-breaks in the middle of the dark period. 
The effects of daylength on gamete germination in Ulothrix/lacca and 
on gamete production in Ulva lactuca and U. thuretti reported by HrGEN 
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and FoY•, respectively (vide L]~VERING, 1960) may also be attributable 
to differences in light quantity between treatments, though they do 
merit further investigation. 

What appeared to be an absolute requirement for an alternating 
light-dark regime was described for the filamentous green alga, Hydro- 
dictyon, by PIgso~ et el. (1954) and PIl~SO~ (1957). They found rhythms 
in growth, photosynthesis, and respiration which were trainable to a 
variety of light-dark regimes. Respiration was suppressed in the light 
and went through a maximum a few hours after the beginning of a dark 
phase, a finding which was used to account for the failure of growth in 
continuous light. By this interpretation the requirement of Hydrodictyon 
for a periodic regime would be a consequence of an interaction between 
its endogenous rhythms, and not a manifestation of true photoperiodism 
in the sense in which it operates in higher plants. 

GOLV]~KE (1962) studied the effects of a range of photoperiods varying 
from 10 to 24 hours per day on the efficiency of conversion of absorbed 
light energy to dry matter  in Chlorella. Although short photoperiods 
resulted in somewhat higher efficiencies, they were less than 20% above 
those found in continuous light. GOLVEK~ observed no qualitative 
effects of daylength, either on the photosynthesis or the growth char- 
aeteristics of Chlorella. 

In studying the interactions of light and temperature on the growth 
and morphogenesis (gametangium formation) of several species of 
Acetabularia, BET~ (1955a) measured the growth in photoperiods of 
from 1 to 24 hours per day. The rate of stalk elongation was strongly 
dependent upon the duration of the illumination received up to 12 hours 
per day. In an at tempt to determine the optimal photoperiod for growth 
he calculated the e[[iciency of growth as the elongation produced by 
120 light hours under various regimes. His results, however, did not 
reveal any consistent relationships. Out of 10 experiments the maximum 
efficiency was found at a photoperiod of one hour in 2, at 12 hours in 
2 and at intermediate levels in the other 6. Understandably, no at tempt  
was made to draw conclusions from these results, which will be considered 
further in the discussion. 

Although none of the studies mentioned above suggests that  true 
photoperiodie effects occur among the algae, this possibility has been 
reopened by three recent developments. 

1. In studies with the red alga, Porphyra tenera, IWASAKW (1961) and 
IWASaK~ and MaTStrDaI~A (1963) found that  its life cycle could be regu- 
lated by daylength. The development of this alga consists of two 
phases having different growth forms. One, the filamentous Conchocelis, 
is found during the summer months in the vicinity of Japan and, cultured 
under long days, produces only the Conchocelis colonies. The other 
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phase, a leaf-like thallus, occurs during the winter months and in culture 
grows well in short days (8--]1 hours). Given long days, however, the 
thallus shrivels and eventually disintegrates, releasing "carpospores" 
which germinate to form Conchocelis colonies. These then may produce 
two types of sporangia, one in continuous light or long days, another 
in short days. Spores from the former germinate to produce additional 
Conchocelis colonies, while those from short-day sporangia develop into 
the thallus form. These responses pertain to wide ranges of temperature 
and intensity and appear truly photoperiod-speeifie. Unfortunately, 
the authors' results are largely qualitative and do not include the above 
classical tests for photoperiodism. 

2. The sensitivity of other red algae to photoperiod is implied by the 
recent finding of FRIES (1963) that  Goniotrichum and Acrochaetium 
formed spores in a 12-hour regime but did not when given 18, 23, or 
24 hours of illumination per day. 

3. The discoveries of HAUPT (1959) and HAUPT and TI~IELE (1961) 
that  chloroplast orientation in Mougeotia and Mesotaenium, respectively, 
is a red, far-red reversible reaction indicates the occurrence in algae of 
phytochrome, the reversible pigment operative in photoperiodism of 
higher plants, and opens the question of its physiological role in the 
thallophytes. 

Among the green algae, Acetabularia has played a prominent role in 
studies of growth and morphogenesis, particularly with reference to 
RNA and protein synthesis (cf. VA~DE~HAEOHE, 1963). For this reason 
and because of its large size and stepwise development, this alga appeared 
ideally suited for an investigation of photoperiodic effects. Moreover, 
BETtI'S suggestive but  inconclusive data on growth efficiency posed a 
need for a systematic study of its light physiology. 

The present paper deals with the interactions of light intensity and 
daylength in promoting the elongation of Acetabularia crenulata cells 
in the phase of development prior to gametangium formation. I t  brings 
to light a definite dependence of growth on photoperiod and considers 
the relationships between the efficiency of growth and the daily irra- 
diance as varied by intensity and photoperiod. A later paper will deal 
with the action of light on the morphogenesis of this alga. 

Materials and Methods 
The experiments described here utilized unialgal, but not axenic, cultures of 

Acetabularia crenulata. This is one of the species used in the well-known grafting 
experiments of HXM~E~LI~G (1953) and others. Stocks were grown essentially 
as by HXM~E~LING (1944) and BETH (1953) in Erdschreiber medium in cotton- 
stoppered Erlenmeyer flasks at 230 and given 8 hours of white light daily aS 300 to 
500 ft--c. Continuous growth was maintained in these cultures by periodic transfers 
to fresh medium. 
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In order to minimize variation in performance all the cells for each experiment 
were selected from a single stock culture. Suitable cells were isolated on the basis 
of their size, appearance, and ease of measurement. Variation in initial length was 
always confined within a 2.0 mm range. The number of cells in a growth run 
varied with the experiment from 20 to 32. 

Normal ly ,  growth was measured as the increase in stalk length,  bu t  

in a few eases to ta l  cell volumes were es t imated  f rom measurements  of 

length and mean d iameter  by assuming a cylindrical  shape. Since the  

growth ra te  follows an exponent ia l  t imecurve,  the only realistic measure  

of growbh is a logar i thmic one. Accordingly,  the  t ime required for a cell 

to double its length  or volume,  or the  f ract ion of a doubl ing per  un i t  of 

t ime,  has been used throughout .  Ra tes  of doubling in length were 

calculated f rom the elongation in 6 to 10 day  intervals  and represent  

the mean  values for two or more such intervals .  

At the cell densities employed in these experiments (never more than 0.8 grams 
fresh weight per liter of medium) depletion of nutrients does not result in a decreased 
growth rate for 14 days or more. Accordingly, samples were transferred to fresh 
Erdschreiber every 6--10 days, at the time of each growth measurement. Bubbling 
air through light-saturated cultures failed to augment the growth, as did the addi- 
tion of NaHCQ. This is in agreement with the finding of AnL]S~ and A~olv  with 
Anabaena (1955) that CO s limited the growth of unshaken cottonstoppered cultures 
only after tissue densities exceeded 6 grams per liter, or more than V times the 
maximum attained in our experiments. 

Experimental conditions were provided in two types of light rooms with con- 
trolled temperature and humidity. One, maintained at 250 C, contained a bank of 
continuously operating daylight fluorescent tubes which gave intensities of 300 f t--c 
down to 12 ft--o depending on the distance from the source. I t  was calculated 
that 1 It--c-hour of this light was approximately equivalent to 144000 ergs/em ~. 
Desired photoperiods were imposed manually by placing the flasks in light-tight 
boxes for the specified periods each day. Two other rooms operated at 23 ~ C and 
were programmed for daily light periods of 8 and 16 hours. The light sources in 
these were combined batteries of tungsten reflector-flood and mercury vapor 
lamps (General Electric RC 400) from which we were able to obtain intensities 
from 62 to 900 ft--c. Water temperatures in the flasks were maintained at ~3 ~ 
during the light period with the aid of heat filters where necessary. 

Light intensities were measured with a special photocell having a hemispherical 
cap designed for gathering di~use incident light (WAssI~K and va~ D]s~ S e ~ ] ~ ,  
1951). Readings were taken with a Weston microammeter and converted to foot- 
candles by calibration with a Weston I I I  exposure meter. 

Chlorophyll determinations were carried out on samples of cells whose growth 
had been followed for a month or more under the specified regimens of light inten- 
sity and photoperiod. After harvesting, small groups of 5--8 cells were blotted 
on filter paper and weighed to 0.1 mg on a Roller-Smith torsion balance. These 
were then extracted in the dark at 40 C with 2 nfl aliquots of methanol. Two one-day 
extraetions sufficed to remove all the red-absorbing material The absorption 
spectra of the combined extracts were measured in a Per]tin-Elmer model 350 
spectrophotometer. The ratio of the extinction at 661 m# to the fresh weight of 
tissue extracted gave a relative measure of the total chlorophyll concentration. 
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Experimental Results 
1. Cell volume as a function of cell length. Acetabularia crenulata 

grows and differentiates normally in continuous light or in a wide 
variety of light-dark regimes (B~T~, 1953, 1955a and b). Prior to 
gametangium (cap) formation the cell consists of a thin cylindrical 
stalk having at its basal extremity a small (simple or branched) rhizoid 
or holdfast. Growth in volume results from the expansion of both the 
length and girth of the stalk. Increase in length occurs at a small apical 
growth zone while radial enlarge- /.5c 
merit takes place along the entire r~r~3 
axis of the eel1. A doubling in length /.zs 
is accompanied by a constant 7 to 
8-fold increase in volume over the 

/.00 
cell length range of 5 to 22ram 
(Fig. 1). This relation holds for ~0.7s 
plants growing under both long-day 
and short-day conditions (circles ~o.~'o 
and crosses respectively in Fig. 1). 
Thus the fraction of a doubling in 

0E5 
length occurring per day is a pro- 
portional measure of overall growth 
at any cell length and is a valid 
parameter for comparing samples 
grown under different light regimes. 

2. The rate of growth as a func- 
tion of the intensity of illumination. 
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Fig. 1. Cell volume as a function of cell 
length during growth trader 8- an/[ 16-hour 

photo]periods. Daylight fluorescent 
illumination, 300 f t - -c ,  250 O 

The relation between growth rate and light intensity at 250 was measured 
in continuous fluorescent light at intensities between 12 and 300 f t - - e  
(Fig. 2). A strongly light-dependent relationship holds below 55 f t - -c ,  
while between 55 and 300 f t - -c  the growth rate increases only another 
28%, indicating that  the threshold for growth saturation lies near 
70 f t --c .  Extrapolation of the steep linear portion of the curve to the 
abscissa gives an estimate of 8 f t - - c  as the compensation point for 
growth. 

The results of a similar series of measurements carried out at 23 o 
with the combined tungsten-mercury light sources and employing 
photoperiods of 8 and 16 hours are shown in Fig. 3. Under the 16-hour 
regime growth was saturated at 62 i t - -e ,  the lowest intensity available, 
and was independent of intensity above this value up to 900 f t - -c .  
Considering the somewhat different spectral composition of the light 
sources and a temperature difference of 2 ~ these results closely parallel 
those in Fig. 2 from the continuous light regime. The lower growth 
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rates in the present case are probably attributable to the difference in 
temperature. 

Performance in 8-hour days differed in two respects from that  in 
16-hour days. The rate of elongation was limited by light intensity up 
to 225 It--c,  and above that  value it remained constant at only two 
thirds the rate in 16-hour days. The slower growth in the 8-hour regime 
cannot be accounted for on the basis of light quantity, si,lee at 900 f t - - e  
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Fig. 2 and  3. The  ra te  of doubling in length  of A. crenulata ceils as a funct ion of the incident  
l ight  in tensi ty .  Fig. 2 : continuous dayl ight  f luorescent  i l luminat ion,  250 G. Fig. 3 : 8- an d  

16-hour photoperiods;  t ungs t en  anti m e r c u r y  v ap o r  lamps,  23--2~ ~ C 

the elongation rate was only 65% of that  in the 16-hour regime at 
62 f t - -c  where only one eighth as much light was received per day. These 
results show that  under low intensities and short photoperJods growth 
is limited both by the i n t ens ' i t y  a n d  d u r a t i o n  of the light received. When 
large daily light dosages are given in 8-hour periods, however, o n l y  the 

d u r a t i o n  of the light period is limiting. 

3. The growth rate as a function of photoperiod at different intensities. 
A second type of saturation curve for growth may be obtained by varying 
the photoperiod at constant intensity. At 300 f t - -c  which, as shown 
above, was well over the intensity required to saturate the growth rate 
in photoperiods of 8 hours or more, the duration of the daily light period 
was rate-limiting below about 12 hours and above this level had no 
effect (Fig. 4). Under these conditions the  minimum photoperiod which 
supports growth is a little less than one hour per day. When intensities 
were employed that  are growth-limiting when given continuously 
(55 and 25 f t - -c  in Fig. 4), growth was strongly dependent on photo- 
period up to 24 hours per day. Again, with shorter photoperiods growth 
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is limited both by the intensity and duration of the illumination, as it 
was in the 8-hour regime below 225 f t ~ c .  Extrapolation of these curves 
to the abscissa gives estimates of 12--15 hours for the minimum daily 
light periods required to support growth at the respective intensities. 

Thus the rate of elongation of A. crenulata can be limited either by 
the intensity or the duration of daily illuminagion periods, or by both 
or neither depending on how these variables are manipulated (see Fig. 5). 
Intensity alone is limiting only with continuous light of less than approx- 
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Fig .  4. The r a t e  of d o u b l i n g  in  l e n g t h  of A.  crenulata cells a t  i n t ens i t i e s  of 25, 55 a n d  

300 f ~ - - c  as a f u n c t i o n  of pho tope r iod .  D a y l i g h t  f luo rescen t  i l hun ina t i on ,  25" C 

Fig .  5. L i m i t i n g  a n d  n o n - l l m i t i n g  l i g h t  r eg imes  for  t he  a u t o t r o p h i e  g r o w t h  of A.  crenulata. 
P o i n t s  co r r e spond  to  the  r eg imes  r e p r e s e n t e d  in  F ig .  2 - - 4  

imately 70 f t - -c .  Duration of the photoperiod alone can limit the 
growth only when photoperiods of less than about 12 hours are coupled 
with intensities of 150--300 f t - -e  or more. Both duration and intensity 
of illumination are limiting at intensities below 55 f t - e  in periods of 
less than 24 hours, or at intensities up probably to 300 400 f t - -e  in 
very short periods. When moderate to high intensities are given for 
periods longer than t2 hours neither factor is limiting. Data relating 
the rate of growth to the total irradiance received per day in different 
photoperiods will be presented in the next section. 

4. The efficiency of growth as a function of the daily irradianee. 
The data presented in Fig. 2, 3, and 4 can be recalculated to give the 
growth rate per unit of light energy (i.e. the fraction of a doubling in 
length produced by 1,000 foot-candle-hours of irradiance) as a function 
of the total daffy irradianee. The resulting curves represent the eJ/iciency 
o/ incident light in producing cell enlargement. 
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In continuous light the efficiency of elongation reached a well- 
defined maximum at irradiances corresponding to intensities of 30 to 
70 f t - -c  (Fig. 6). Under these conditions the growth saturating inten- 
sity was approximately 70 f t --e .  Thus the highest growth efficieneies 
were found in the upper part of the  limiting intensity range. Below 
25 f t - -c  the efficiency fell off with great steepness to zero at the com- 
pensating point for growth, and above 70 f t - -c  it decreased by a factor 
of about 2 with each doubling of the intensity. 
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Fig. 6 and  7. The efficiency of g rowth  of A. crenulata ceils (expressed as tile f rac t ion  of a 
doubling in l eng th  produced  b y  103 f t - - c - - h r s  of i l luminat ion)  as a func t ion  of the dai ly 
q u a n t i t y  of i l lumination.  Fig. 6: continuous dayl ight  f luorescent  i l luminat ion,  250 C. 
Numbers  beside points indicate  the  t ight  in tens i ty  ( f t - -c) .  Fig. 7 : var iab le  daylength ,  
same i l luminat ion as Fig. 6; n u m b e r s  beside points indicate  the  photoperio4.  Curves 

represent  exper iments  a t  three  intensit ies,  250 C 

Similar curves are plotted in Fig. 8 for cultures given 8- and 16-hour 
daily light periods. Since the lowest intensity used in these experiments 
was 62 f t --c ,  only the descending portions of the curves are seen. Com- 
parisons between the two regimes at equal irradiances show that  the 
elongation efficiency was 43 to 49 % higher in 16-hour light periods. If, 
on the other hand, equal intensity is the criterion for comparisons, then 
the efficiency was 36 to 41% higher in the 8-hour light periods at all 
intensities above 225 f t - -c .  At the lowest intensities used, however, 
the short-day regime appeared slightly less efficient than the long-day 
regime in promoting elongation. 

The last statement is illustrated more convincingly by the experi- 
ments of Fig. 7 in which a range of daily irradianees was obtained by 
varying the photoperiod at different constant intensities. At 300 f t - -c  
the most effective photoperiods were about 8 hours, at which elongation 
was nearly three times as efficient as in continuous light. But if the 
light intensities were those which would have been limiting if given 
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continuously, then the reverse was the case, maximum efficiency using 
55 or 25 ft-c being obtained in continuous light. The introduction of 
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Fig. 8. The efficiency of g rowth  of A .  crenulata  cells (expressed as the  f rac t ion  of a doubling 
in l eng th  produced  b y  103 fV--o--hrs ,  of i l luminat ion)  as a funct ion  of the  dai ly  quan t i t y  
and  of the  in tens i ty  of i l luminat ion.  Squares ,  g rowth  in 8-hour periods;  circles, g rowth  in 
16 -hour periods;  dashed line, g rowth  in 8 -hour periods p lo t ted  against  l ight  in tens i ty  ( f t - -c) .  

Tungs ten  and  m e r c u r y  v a p o r  lamps ,  23 ~ C 

dark periods of only 2 or 4 hours 
resulted in appreciably lower 
values, particularly at  25 f t - -c .  
I t  follows tha t  the most efficient 
photoperiod for promoting the 
elongation of A. crenulata depends 
on the light intensity. Low 
(growth-limiting) intensities are 
most effective when given con- 
tinuously, while higher intensities 
are most efficiently employed for 
shorter photoperiods. The limit 
of this trend appears to fall at  
about 8 hours at intensities of 
300 f t - - c  or above, since the 
relative advantage of this photo- 
period was not further increased 
by  intensities up to 900 f t - -e .  
On the other hand, a given quantity 
of illumination is always most 
continuous light. 
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Fig. 9. The  chlorophyll  con ten t  of A .  crenu- 
lata cells g rown for 1 m o n t h  or more  u n d e r  
the  indica ted  regimes, plotted as funct ion 

of the light intensity. Tungsten and 
mercury vapor  i l lumination,  23 o C 

efficient for growth when given as 

5. Chlorophyll content as a function of the daily irradiance. During 
these experiments it became apparent  tha t  cultures growing in short 
photoperiods were more densely green than those grown in longer days. 
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The relative chlorophyll contents of groups of cells grown for a minimum 
of one month at various intensities in 8- and 16-hour photoperiods are 
shown in Fig. 9. Within each of the regimes the chlorophyll content 
varied with intensity over nearly a 3-fold range. The actual intensity 
range within which this "adaptabi l i ty"  was manifested, however, 
depended on the photoperiod, the half maximal chlorophyll contents 
being at 550 f t - -c  in the 8-hour regime and at 100 f t - -c  in the 16-hour 
regime. In addition to this intensity-dependent adaptation, the chloro- 
phyll content of cells grown in 8-hour photoperiods was considerably 
greater than in those given 16-hour photoperiods over the whole inten- 
sity range studied. I t  can be seen in Fig. 9 that  at no intensity (above 
225 f t--c)  does halving the intensity in a 16-hour day produce as great 
an increase as halving the daylength. Thus the effect of photoperiod 
on A.  erenulata is to regulate not only its growth rate but also its 
pigmentation. 

Discussion 
The rate of elongation of Acetabularia erenulata cells under a wide 

range of light intensities and photoperiods can be limited by light in 
three distinct ways. 

1. In the simplest case, with continuous illumination at intensities 
below 60--70 f t - -c ,  intensity was limiting, presumably because of a low 
photosynthetic productivity. 

2. When low to moderate intensities were given in a regime having 
a dark period, growth could be accelerated either by lengthening the light 
period or by raising the intensity. Such was the case in 8-hour photo- 
periods at light intensities less than 225 f t - -c .  Again, the basis of this 
type of limitation seems to be a deficient daily productivity. 

3. Growth limitation of a third kind was found when moderate to 
strong illumination (-->225 f t--c)  was given for 8 hours a day. Here 
only the period of illumination was limiting, the daily irradiance usually 
being more than adequate to sustain a higher growth rate if given in 
longer photoperiods. Thus short-day cultures grew more slowly than 
those given long days, even though they received up to 8 times as much 
light. Plants limited in this manner characteristically possess higher 
chlorophyll contents than those given long days at the same intensity 
of daily irradiance. 

The efficiency of growth per unit of incident light has been calculated 
as the fraction of a doubling in length produced by 1,000 foot-candle- 
hours of irradiance. This is a complex function, the value of which 
should depend on the relative contributions of three physiological para- 
meters; 1. absorptivity, 2. the quantum yield of photosynthesis, and 
3. the efficiency with which gross photosynthate is converted into 
growth, hereafter referred to as the "conversion efficiency". Optimal 
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growth efficiency is attained when all three functions reach a com- 
bined maximum. 

In continuous light, maximum growth efficiencies were found at 
30 to 70 f t - -e .  The relationship between efficiency and photoperiod, on 
the other hand, was less simple and depended on the intensity. Below 
approximately 70 f t - -c  continuous illumination was optimal, while at 
higher intensities the optimum photoperiod was shorter, reaching an 
apparent limit of roughly 8 hours above 225 f t--e .  At 300 f t - -c  the 
efficiency of growth was nearly 3 times greater in 8-hour photoperiods 
than in continuous light. In part  this difference is accounted for by the 
higher chlorophyll contents of cells grown in the shortday regime; 
however, growth efficiency might also depend on the availability of 
certain substances produced by light-independent processes. A dark 
period could allow such substances to accumulate and thus provide 
for a higher rate of photosynthesis than could occur in continuous light. 
Another possibility is that  the efficiency of photosynthesis may be 
regulated by an endogenous rhythm. Such a rhythm has been described 
for Acetabularia major by SWEENEu and HAxo (1961), but  its characteris- 
tics in different regimes were not investigated. In the case of Hydro- 
dictyon, rhythms regulate both growth and photosynthesis (PrRsoN, 1957) 
and must result in a cyclic fluctuation of growth efficiency throughout 
the day. 

Supra-saturating irradiances always resulted in sub-optimM growth 
efficiencies. For example, growth in the 16-hour regime was only 7 % as 
efficient at 900 f t - -c  as at 62 f t - -c .  This disparity probably reflects 
reduced values for all three of the parameters which influence the effi- 
ciency. For one, the chlorophyll content of cells grown at 900 f t - -c  is 
roughly 1/3 that  of cells grown at the lower intensity. Secondly, the 
quantum yield of photosynthesis is known to decrease with intensity 
above the saturating level (I~ABINOWITC~, 1951). And thirdly, low 
conversion efficiencies were indicated by the observation that  extra- 
cellular materials accumulated in cultures grown under high intensities. 
The release of organic substances has been noticed in diverse groups 
of algae given excess illumination (O'CoLLA, 1962), and it might be a 
mechanism for disposing of surplus metabolites under conditions where 
net productivity outruns the demands of growth. 

Working with several species of Acetabularia, BETH (1955a) Was 
unable to show a regular relationship between the amount of growth 
produced by 120 hours of illumination and the length of the photoperiod. 
The discrepancies between his results and ours, however, can probably 
be accounted for by differences in methodology. For one, a systematic 
error is inherent in BETh'S practice of comparing the net elongation of 
samples whose mean lengths were different over the period of measure- 
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ment. Since the absolute rate of elongation is strongly dependent on 
cell size, valid comparisons of growth between samples can be made 
only on the basis of the time needed for the size to double, i.e. the doub- 
ling rate (TEuBORGH, 1963). Moreover, judging from B~TH'S growth 
curves, he must have had to extrapolate to obtain a figure for the net 
growth in 120 light-hours from cultures given only 1 light-hour per day. 
I t  has been found in the present experiments that  cells placed in severely 
light-limiting conditions grow 2--3 times more rapidly in the first week 
than they do a month later. For this reason, an extrapolation of initial 
growth rates under such conditions is likely to result in a large overesti- 
mate of the steady-state rate. This may perhaps explain why, in two 
instances, B~TE found optimal efficiencies with a 1-hour photoperiod. 

The chlorophyll content of A. crenulata cells has been found to show 
a dual dependence on the light regime. In short or long days the amount 
of chlorophyll per unit fresh weight of material varied inversely (over a 
3-fold range) with intensity. Similar intensity "adaptations" have long 
been known for higher plants (e.g. GVTHnI]~, 1929) and algae (e.g. 
MY~uS, 1946; MYERS and K~ATZ, 1955). Secondly, within the intensity 
range of 225 to 900 ft--c,  A. crenulata plants given 8-hour photoperiods 
possessed 50--300% more chlorophyll than did those given 16-hour 
photoperiods. Effects of daylength on the chlorophyll content of algae 
do not appear to have been observed previously, although there are 
several such reports for higher plants. The problem has received most 
attention from SIRONVAL (1957) and CgAILAKYAN and BAVnI~A (1957) 
who in most eases found that  chlorophyll levels in daylength-sensitive 
plants were higher in the regime that  promoted flowering. In view of 
exceptions such as the short-day plant, Cannabis sativa, which has more 
chlorophyll in long days (Smo~vAL, 1957), no generalizations have been 
proposed. Circadian rhythms also play a role in the chlorophyll meta- 
bolism of some plants. The chlorophyll content of Perilla has been found 
to rise and fall in a diurnal cycle and that  of Hyoscyamus was shown 
to be sensitive to the timing of lightbreaks in an extended dark period 
(BONNnCG, 1959). 

The effect of daylength on the chlorophyll content of A. crenulata 
can not be due to differences in the quantity of light received in the 
long- and short-day regimes. Moreover, it is of greater magnitude than 
the fluctuations observed in the diurnal rhythms of higher plants. 
Whether the effect can be modified by inserting supplementary doses 
of light into the regime remains to be determined. 

Finally, the question remains as to whether the limitation of growth 
by the duration of the daily light period is intrinsically a photoperiodic 
phenomenon or is the consequence of a period-limited photosynthetic 
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productivity. The first of these possibilities was tested in a variety of 
experiments in which the dark period was interrupted with white, red, 
or far-red light or preceded by red or far-red light. None of these treat- 
ments significantly enhanced the growth of period-limited cultures. 
The second was tested by measuring the Q1o of elongation in experiments 
in which the temperature differential between samples was imposed only 
during an 8-hour daily light period. The resulting Q~0's were as high as 
2.1, and not appreciably lower than those found in long days; this 
suggests the interpretation that  growth proceeds predominantly in the 
light. Thus, the amount of growth in an 8-hour period might be limited 
by the amomlt of photosynthate accumulated within that  period at a 
maximum, temperature-limited rate of photosynthesis. The rate- 
limiting process in growth under these conditions would, of course, be 
non-photochemical. On ~he other h~nd, the same conclusion would 
apply ff growth were regulated, either directly or via photosynthesis, 
by a light-trained diurnal rhythm. 

Summary 
The growth performance and chlorophyll content of Acetabularia 

crenulata have been examined under a variety of conditions of light 
intensity and photoperiod. This paper considers only the phase of cell 
enlargement which precedes gametanginm formation or morphogenesis. 
The cells are filamentous at this stage and increase in volume through 
simultaneous elongation at an apical growth zone and radial expansion 
of the entire axis. As the cells elongate from 5 to more than 20 mm the 
ratio of length to volume remains constant and is the same for cells 
grown under 8- and 16-hour photoperiods. Thus rates of growth in 
different light regimes could be compared merely by measuring the rate 
of doubling in length. 

The results show that :  
1. Growth at 23 or 250 can be limited by light in 3 ways: 1. by low 

intensities ( <  70 ft--c) under continuous illumination, 2. by both the 
intensity and duration of the daily light period at low to moderate 
intensities, and 3. at intensities above 225 f t - -c  only by the duration 
of the daily light period. Given photoperiods of 12 hours or more and 
moderate to high intensities of illumination, growth was entirely inde- 
pendent of the daily hTadiance. 

2. The efficiency of growth per unit of irradianee was maximal at 
photoperiods or intensities just below those which sufficed to saturate 
the growth rate. At intensities below 60--70 f t - -c  optimal efficiency 
was attained in continuous light, but with higher intensities the most 
efficient photoperiod decreased to an apparent limit of roughly 8 hours 
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above 225 f t - -c .  The var ia t ion of growth efficiency with photoperiod 
is discussed. 

3. The chlorophyll content  of A.  crenulata cells depended on bo~h 
the in tens i ty  and  the photoperiod under  which the cells were grown. 
At  any  in tens i ty  above 225 f t - - c  in 16-hour photoperiods, however, the 
effect of halving the photoperiod was much larger than  tha t  of halving 
the in tensi ty .  The efficiency of growth under  various condit ions is con- 
sidered in  relat ion to the corresponding chlorophyll contents  of the cells. 

4. The growth rate of A .  crenulata, while thus  sensitive to photo- 
period, does not  appear  to be subject  to photoperiodic control in the 
same sense as applies to higher plants.  

Zusammen~assung 
An Acetabularia crenulata wurden der Ablauf des Waehsbums und der Chloro- 

phyllgehalt bei verschiedenen Lichtintensit~iten und Lichtperioden untersuch~. In 
der vorliegenden Arbeit wird nur die Phase der ZellvergrSl]erung berficksichtig~, 
die der Gametangienbildung, d.h. der Morphogenese, vorangeht. Die in diesem 
Entwicklungsstadium fadengSrmigen Zellen vergrSl]ern ihr Volumen dutch Ver- 
l~ngerung an einer apikalen Wachstumszone und eine gleiehzeitige Ausweitung 
fiber ihre gesamte Lange. W~hrend die Zellen sich yon 5 mm bis aug mehr als 
20 mm verli~ngern, bleibt das Verhi~ltnis yon Liinge und Vohmen konstant und 
hat bei 1)hotoperioden yon 8 Std und yon 16 Std den gleichen Wert. Demnach 
konn~en die Wachstumsraten unter versehiedenen Liehtbedingungen durch ein- 
gache Messung der ffir eine Verdopplung der Liinge benStig~en Zeit verglichen 
werden. 

Die Versuche giihr~en zu golgenden Ergebnissen: 
1. Das Wachstum bei 23 o oder 25 ~ C kann durch Licht aug dreierlei Art begrenz~ 

werden: durch Dauerbelichtung mit niederen Intensiti~ten (unter 754 lx); 
dureh die Intensiti~t und die Dauer der tiiglichen Lichtperiode bei niedrigen und 
mittleren Lichtstiirken; schlie131ich bei Intensit~ten fiber 2422 lx lediglich 
durch die Dauer der t~glichen Liehtloeriede. 

2. Die Wachstumsleistung pro Bestrahlungseinheit erwies sich als maxima] 
bei Photoperioden oder Intensitiiten gerade eben unter denen, die zur S~ttigung 
der Wachstumsrate ausreiehten. Bei Intensit~ten unter 646--754 lx wurde die 
optimale Wirkung im Dauerlicht erreicht; dagegen erniedrigte sich bei hSheren 
Intensitiiten (fiber 2422 lx die wirksamste Liinge der Photoperiode ogfensichtlich 
aug einen Grenzwert yon etwa 8 Std. Die Abh~ngigkeit der Wachstumsleistung 
yon der Photoperiode wird diskutiert. 

3. Der Chlorophyllgehalt yon Acetabularia crenulata h~ngt sowohl yon der 
Lichtintensit~t wie auch yon der Photoperiode ab, unter der die Alge kultiviert 
wurde. Bei allen Intensit~ten fiber 2422 lx in 16 Std-Perioden war jedoch 
der Effekt einer I-Ialbierung der Periodenl~nge wesentlich gr6[~er als die Wirkung 
einer Erniedrigung der Lichtintensit~t aug die H~lgte. Die Wachs~umsleistung 
under verschiedenen Bedingungen wird in Beziehung zum entsprechenden Chloro- 
phyllgehalt der Zellen betrachtet. 

4. Obwohl sich demnach die Wachstumsrate yon Acetabularia crenulata gegen- 
fiber der Lichtperiode emptindiich zeigt, scheint sie nicht im gleichen Sinne einer 
photoperiodischen Kontrolle unterworfen zu sein wie die hSheren Pflanzen. 
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