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A large var ie ty  of cul ture media  has been described for the growth of 
photosynthe t ic  microorganisms in  the laboratory.  Exac t  da ta  on growth 
rates, however, are relat ively scarce. Moreover, papers conta in ing such 
informat ion  do no t  always reveal this by  their  title. 

Since it  appeared desirable to ob ta in  quan t i t a t i ve  in format ion  abou t  
growth characteristics of algal s t rains used in  our laboratory ,  we deter- 
mined  growth rates of our organisms under  various condit ions and, when 
possible, compared our results with da ta  given by  other authors.  

This paper  also includes a survey of growth rates  of photosynthe t ic  
microorganisms reported in  the l i terature.  As far as we know no such 
summary  has been publ ished since MY~I~S' review (1953). 

Culture technique 
The organisms used in our experiments were cultured in glass vessels closely 

resembling those described by Koc~ (1953) except that they were closed by means of 
aluminium caps, and that the side tubes for gas supply constituted fixed parts of the 
vessels instead of being attached by rubber tubings. The diameter of the main com- 
partment was about 35 ram, its height 31 era. Usually the vessels contained about 
150 ml of liquid culture medium. Up to seven of the vessels were placed in thermo- 
stated perspex water baths filled with distilled water. The temperature in the vessels 
was constant within ~= 0.3~ The baths were placed in wooden boxes, painted white 
inside, and equipped with tubings for supply of gas and of cooling water. The water 
baths remained free of algal growth, perhaps because of an inhibitory effect of the 
copper cooling tubings or because algae are unable to adhere to the perspex surface. 
The culture vessels were fixed to the rear wall of the boxes by means of clips. The 
whole set-up is shown in Fig. 1. 

The culture vessels were illuminated by banks of 1--5 Philips TL 20W/32 
"warm-white" fluorescent tubes. These banks could be replaced by tungsten lamps 
if desired. Unless otherwise stated the algae were gassed with a mixture of dry air 
and 4.5--5.50/0 C02. I t  was found that evaporation was negligible below 40~ at 
higher temperatures a small correction was made. Cotton plugs in the upper parts 
of the inlet tubes intercepted contaminations. The flow rate of the gas mixture 
usually was 15--30 ml/min and could be regulated for each vessel separately by 
means of a needle valve. For some organisms (Porphyridium, Navicula) it was neces- 
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sary to prevent sedimentation on the bottom of the vessels either by using flat- 
bottomed vessels equipped with a magnetic stirrer or by leading a strong s~ream of gas 
through vessels with a conical bottom. 
The gassing was started as soon as the 
cultures were placed in the water bath 
after inoculation. Growth lags, which 
were observed with many organisms, 
may at least partly have been caused 
by this procedure. Cultures for which 
growth data are reported in this article 
were Mways inoculated from liquid 
mother cultures. As far as we could 
ascertain, growth occurred under 
aseptieal conditions. 

Since, by reflections inside the box, 
the culture vessels received illumination 
from all directions, the light intensities 
were measured by means of a eylindrieal 
lux meter. This consisted of a photo- 
resistor (Philips ORP 30, from which 
the glass bulb had been removed) 
mounted horizontally in a translucent 
white perspex cylinder of 30 mm dia- 
meter. To approximate the actual 
illumination conditions at the place of 
the ceils the bottom and top of the 
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Fig. 1. Culture appara tus .  C culture vessel;  
A a lumin ium cap;  P cot ton  plug;  2, T need]e'~aive; 
W w a ~ e r  ba th ;  L fluorescenb lamps.  F a r t h e r  

de~ails are g iven  in the  bex~ 

cylinder were blacked. I t  could be immersed in the perspex water bath. The meter 
was calibrated in unidirectional light by means of an AEG type K lux meter. 

Measurement  of the growth constant  K 

An exponent ia l ly  growing cul ture is defined as one for which the 
following equat ion  applies: dN/dt = k ' N ,  where k is a constant ,  t is the 
time, and  N is the n u m b e r  of cells or any  q u a n t i t y  proport ional  to this, 
as e.g. the a m o u n t  of dry  mass or of a certain cell cons t i tuent  per un i t  
volume. After in tegra t ion  one obta ins :  

k -- Clog N2/N~ 0.69- 2tog N~/N1 2.30 �9 1~ N~/N~ 
Q - -  t i  - -  to: - -  t i  = Q - -  t i  . . . . . .  (1) 

The growth rates of exponent ia l ly  growing cultures have been report- 
ed in the l i terature  in  various ways : as "qog uni ts  per hour"  (K1) ' or per 
day  (K2) ; as "1~ uni t s  per day"  (Ka), '">log uni ts  per day"  (---- "dou- 

blings per day" ,  K), or as the "doubl ing t ime in  hours"  (T1) , or in  days (T2). 
Throughout  this  paper  growth rates will be expressed in  K, the n u m b e r  
of doublings per day. 

F rom equat ion  (1) i t  is seen t ha t :  

K = K1 �9 24/0.69 = /(2/0.69 = Ka .2.30/0.69 : 24/T a ~- 1/T 2 

Growth was measured by determining the absorbaney at 680 m/~ in 10 mm 
euvettes in a Zeiss PMQ II  spectrophotometer of samples taken aseptically from the 
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cultures, Opal glass was placed behind the sample and reference cnvettes in order to 
minimize scattering effects (SmBATA 1958). A correction for scattering was made by 
subtracting the measured absorbancy at 740 m# where no plant pigments absorb. 

I t  has often been discussed whether the absorbancy gives a reliable measure for 
the number of cells in a sust~ension. Since Beer's law ~pplies for ~ suspensian up to 
a relatively high concentration (DvYs~Ns 1956), the absorbancy is proportional to 
the concentration of the pigment(s) absorbing at the wavelength of measurement. 
Thus, as long as the average pigment content of the cells remains constant, the 
absorbancy is proportional to the number of cells per unit volume. During non- 
exponential growth the average cell properties may vary with time (cf. e.g. GRIF- 
~ITHS 1963, and, for synchronously dividing cell populations, Nr~EI et a]. 1954), so 
that the shape of the growth curve depends upon the method of measurement, 
During exponential growth, however, the average cell characteristics may be pre- 
sumed to remain the same, so that the absorbancy measurements will yield the 
same K as cell counts or dry weight determinations. The growth constants reported 
in this paper are based on experiments in which the absorbancy of the algal suspen- 
sion increased exponentially four- to twentyfold, indicating that the requirements 
mentioned above were at least approximately met. 

Results 
With  the equ ipmen t  described above a series of exper iments  was done 

in  order to tes t  the rel iabi l i ty  of the cul ture technique.  F ig .2  shows a 
typical  growth curve of the blue-green alga Schizothrix calcicola demon- 
s t ra t ing a duplicate  exper iment ,  in  which two cul ture  tubes  were inocu- 
la ted with the same n u m b e r  of cells per u n i t  volume.  I t  can be seen t ha t  
the two exper iments  yielded near ly  ident ical  results. Also with other 
organisms dupl icate  cultures usual ly  gave results which corresponded 

within  a few per cent  (cf. Fig. 4 for Cyanidium caldarium). 

There are several indications that the decrease and eventual cessation of growth 
of Schizothrix and other organisms to be mentioned below was, at least at the highest 
light intensifies applied, due mainly to ~ change in the composition of the medium 
such as exhaustion of one or more of the components or accumulation of autotoxic 
excretion products rather than to mutuM shading at increasing population den- 
sities (cf. MY]~s 1953): 

1. We estimated that the average intensity of visible light in a culture, which 
had been grown at optimal conditions and at the highest light intensity applied, and 
which had reached its maximal density, was more than 300/0 of the incident inten- 
sity for Vischeria stellata and ChloreUa pyrenoidosa, and more than 50o/0 for Por- 
phyridium aerugineum and Navicula minima. 

2. As will be seen below, for Chlorella ellipsoidea the final density was widely 
different for different media (Fig. 5). 

3. With Schizothrix calcicola we found an about three times lower growth rate 
upon reinocnlation in old medium, from which the cells had been removed by centri- 
fugation after the end of the exponential growth phase. A similar result was ob- 
tMned with Chlorella ellipsoidea in the medium of TAMIYA (see below). 

4. Linear growth as reported by MYx~s (1953) was only observed in cultures of 
Schizothrix calcicola, Ankistrodesmus braunii, and Anacystis nidulans for periods of 
1 --3 days. 

Incidentally results were obtained which were not in accordance with the usual 
ones. In most such cases technical troubles may have been responsible. I% should, 
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however, be kept in mind that also biological (e.g. genetical) factors may cause 
changes in growth patterns of cultures. Although infections in the cultures often 
reveal their presence by changing the appearance of the culture, they may stay un- 
noticed when no microscopic control is effected for some time. There may, moreover, 
also occur changes in the cultured material itself (KRAss~n~I~:ov 1963; l~Evss~z 
1963), resulting in unexpected characteristics where apparently nothing has changed. 

In  the following sections the results obtained in our experiments will 
be grouped after the organisms studied, which are ranged taxonomically 
after the phyla following SrLVA's scheme (1962). The values of K present- 
ed are the average of 3--10 measurements;  the s tandard deviation usu- 
ally was between • 5 and 10~ . 

Anacystis nidulans (Richt.) Drouet was obtained from Miss Dr. 
W. TER~S~A, Physical Labora tory  of the State University, Utrecht.  I t  
was grown in medium C of KRATZ and MYErs (1955) to which, when 
50/0 C02 in air was supplied, 0.840 g NaHC03 per liter was added to com- 
pensate for the p i t  effect of the higher C02 pressure. With 0.5 ~ C02 and 
about  7,000 lux K was 2.7 doublings per day at  25 ~ C, light probably not 
being saturating. At 41~ and 15,000 lux K was 4.7. With 5o/0 C Q  K 
was the same as reported by  KnATZ and MYEns (1955) : 2.9 at  25~ and 
10,000 ]ux, and 5.7 at  30~ and 13,500 lux. At 41~ however, K was 
3.6 at  15,000 iux. As with 0.5~ CO2 this value is much lower than tha t  
found by K~A~z and MYnns. Perhaps our strain has par t ly  lost its thermo- 
philic characteristics because of permanent  storage of the stock cultures 
at  room temperature.  

Schizothrix calcicola (Ag.) Gore., strain T X  27, a filamentous blue- 
green alga, was given by Dr. B. KOK, Baltimore. Dr. F. DnounT, Phila- 
delphia, kindly identified this algal strain known to us only as " T X  27" 
as Schizothrix calcicola. The medium in which it was grown was communi- 
cated privately and was prepared by dissolving in a final volume of 
1,000 ml: CaC12, 60 rag; MgS0~ �9 7H20, 150 rag; NAN03, 500 rag; K N Q ,  
500 mg; KI-I~PO 4, 250 mg; F%(S04)3, 0.4 rag; Tris (Sigma 7--9) buffer, 
500 mg;  10 ml of a micronutrient solution, which was obtained by  dis- 
solving in 1~000 ml: (NH4)61V[o:024 �9 tI20 , 530 rag; FeCla �9 6tI20 , 300 mg; 
Z n S Q  �9 7K20, 66 rag; 1KnC12 �9 4~20 ,  430 mg; Co(NQ) 2 �9 6H20, 1.5 rag; 
CuSO4 �9 5H20, 0.47 rag; H~B03, 3.4 g, and ethylene diamine tetraacetic 
acid disodium salt (Na2EDTA)~ 3 g. After autoclaving the p H  of the 
medium was 7.7. A slight tm%idity was formed, but  vanished upon 
gassing with air and 5 ~ CQ.  

At 25 ~ C and 15,000 lux K was 3.0, at  6,000 lux 2.7, and at  2~000 lux 1.5. 
At 30~ and 6,500--14,500 lux K was 3.4 (Fig. 2). l~owever, at  this tem- 
perature the cultures had a rather bleached appearance and sometimes 
unpredictably died off, except for a few cells which gave rise to a second 
increase in cell number. Probably only a fraction of the cell population 
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was able to adapt  itself completely. At 25 ~ C the cultures were much more 
strongly pigmented, while no unexpected dying off was ever observed. 

When 800 lux of incandescent light was added to 1,500 ]ux of fluores- 
cent light, K was 3.0 at 25 ~ C. Incandescent light appears to be utilized 
more efficiently than fluorescent light. 

S S  ...... 
--/ J / / / "  

Fig.2.  Growth of S c h i z o t h r i x  calcicola;  �9 �9 ~nd o o a t  30~ and 6,500 lax;  �9 �9 ~t 
25~ and 6,500 ]ux. The ordinate  gives the logar i thm of the ~bsorbaney of  ~ i cm l~yer ~t 680 m~ 

Porphyridium aerugineum Geitler, Pringsheim's strain, List hr. 1380/2 
of the Culture Collection of Algae and Protozoa at  Cambridge, England, 
was obtained from Dr. E. A. GEo~Gn. I t  was grown in a medium origi- 
nally formulated by  PIZCTZCnR and PROVASOZI for Cyanophora paradoxa 
(private communication), which had the following composition: 
FeCla.6t~20,  1.9rag; CaC] 2, 27.7mg;  MgS0~ .7H20 ,  100rag; KC1, 
30 mg ; ammonium acetate, 200 mg; potassium glycerophosphate, 55 mg ; 
vi tamin B12, 1 #g; Tris (Sigma 7--9) buffer, 333 rag; 10 ml of " P I I  Metal 
Mix" micronutrient solution; all dissolved in a final volume of 1,000 ml 
distilled water. The " P I I  Metal Mix" solution was prepared by  dissolving 
in 100 ml distilled water: H3B03, 114 mg ; 5{nCl~ �9 4H~O, 14.4 mg; ZnSOa, 
2.2 mg; CoCI 2 �9 6H20, 0.44 mg; FeCI a �9 6H20, 4.8 rag; ethylene diamine 
tetraacetic acid disodium salt (Na2EDTA), 100 mg. 

At 21~ K was 1.4, independent of light intensity between 3,500 and 
15,000 ]ux (Fig. 3). I t  was necessary to use a magnetic stirrer to prevent  
settling down of the cells at  the bot tom of the vessels. 

Cyanidium caldarium Geitler, List nr. C-14.1.2 of the Laboratory  of 
Comparative Biology of the Kaiser Foundation Research Insti tute,  l~ich- 
mond, California, was provided by  Dr. M. B. A L L ~ .  I t  was grown in the 
medium mentioned in the 1960 edition of the "List  of Cultures" of tha t  
laboratory.  This medium is the same as tha t  given by  ALLn~ (1959) 
except tha t  (NI-Ia)2SO 4 has been replaced by an equal amount  of ~NHdCI, 
and tha t  0.01 mg Co per liter has been added to the microelements. Data  
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concerning growth of Cyanidium are scarce in the literature. FUKUDA 
(1958) reports a doubling time as long as about 3.5 days at 45~ and 
10,000 lux. ALLEN (1959) states that at 25~ and 6,000 lux Cyanidium 
doubles its weight about daily. Moreover, she claims the optimal tempera- 
ture for growth of Cyanidium to be in the range from 45--50~ 

, ;  
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:Fig.3.  Growth of Ankistrodesmus braunii (o -o)  a t  2 2 ~  and 4,500 lux; of Vischeria stellata 
( . - ,  . )  a t  25~  and 7,500 lux; and of Porphyridium aerugineum ( ~ - - - ~ )  at 21~ and 3,500 
lux,  K-vMues of  Vischeria given in the ~ex~ were calculated from the first linear parts of  the graphs 
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F i g .  4. Growth of Cyanidium caldarium at 41 ~ C aad 3,300 lax ( x 
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X),  a t  47 .5~  and 2,900 lux 
o) ,  a n d  a t  47 .5~  and 5,400 lux ( * - - . ) ;  and of Aravicula minima at 21~ and 1,700 lux 

(4 ~) and at 25~ and 17,000 tux (A A) 

At 47.5~ we found a K of 1.3 independent of light intensity in the 
range of 3,000--9,000 lux; K was 2.4 at 39--41~ and 3,000--t4,000 lux 
(~ig. 4). It seems likely that under our conditions the optimum for growth 
of Cyanidium was at temperatures below rather than above 45 ~ 0. 

Navicula minima Grum, Tanada's strain, was obtained from the Cambridge Col- 
lection (List hr. 391). It was grown in TA~DA'S (1951) and in yON DE~tr~:~'s (1949) 
media. Both media contain soft extract. The cultures were usually gassed with air 
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without extra CO 2. A strong stream was blown through vessels with conical bottoms 
to prevent sedimentation. Preliminary experiments indicated that about the same 
growth rates were obtained in both media; since vo~ DE~CFFER'S medium gave a 
somewhat higher final yield, and since it was much more simple to prepare it was used 
exclusively for the rest of the experiments. 

We found growth rates of about 0.7 at 21~ and 1,700--5,000 lux, and of 1.4 
at 25~ in the range of 4,000--17,000 lux (Fig.4). These values, however, are 
uncertain because of a large scatter in the experimental results. 

Vischeria stellata (Chodat in Poulton) Paseher, received from Dr. 
TERPSTRA, Utrecht, was grown in a modification of Bristol's medium, 
communicated by Dr. T]~I~I'STRA and having the foUowing composition: 
in a final volume of 1,000 ml distilled water were dissolved: NaNOs, 
250 rag; NaC1, 25 rag; CaC12, 25 mg; MgSO a �9 7H20, 37.5 rag; K2HPO ~, 
37.5 rag; KH2P04, 87.5 rag; proteose-peptone, 1 g; FeC1 s 1 ~ 0.1 ml. 

At  20~ and 16,000--21,000 ]ux K was 0.87, though Vischeria some- 
times failed to grow at this temperature, a phenomenon for which we have 
no explanation. At 25~ and 5,000--12,000 lux K was 0.70 (Fig.3). 

An~;istrodesmus braunii (Naeg.) Collins, strain Marburg, was supplied 
by Dr. E. KESSLEI~, then at Marburg~ and grown in the medium of 
KESSL~ et al. (1957). Its growth constant K was 2.3 at 25 ~ C and 12,000 to 
14,000 lux. At 22 ~ C and 5,000 lux K was about the, same (Fig. 3). This value 
is much higher than that  of CZYaA~ (1963) of only 0.45. I t  was observed 
that an increase of the inoculated quantum of cells caused a decrease of K, 

a phenomenon also found by P~ATT (1940) for Chlorella vulgaris and by 
OST~HNI) (1949) for Scenedesmus quadricauda, but not by vo~ DENFFE~ 
(1949) for Nitzschia palea. 

Chlorella ellipsoidea Gerneck, strain Japan AO02 (Tamiya), List 
hr. 211/le of the Culture Collection at Cambridge, England, was cultured 
in two media given by WATANA~E (1960) and indicated MBM (Modified 
Bristol Medium) and MC (Medium for Chlorella) respectively. In  both 
media K was about the same: 3.6 in MBM, 3.4 in MC, at 25~ and 12,000 
to 15,000 lux. The final yield, however, measured either as absorbancy or 
as cell number, was 3- -4  times higher in MC than in MBM. Our mean 
value of 3.5 corresponds very well to that  of TAMIYA (1958). Applying 
Tamiya's  medium (HAsv~ et al. 1957) however, also when 1 mt of Arnon's 
B 7 trace element solution was added (cf. TAMIYA et al. 1953), we found a 
growth constant K of only 2.3 at 25~ and 4,000--13,000 lux. Moreover 
the final yield was at high light intensities about 20 times lower than in 
WATA~A]~E'S MC medium (Fig. 5). 

Chlorella pyrenoidosa Chick, strain Emerson 3, was also obtained from 
the Cambridge Collection (List nr. 211/8h). I t  was grown in the same  
media as C. ellipsoidea. In  ~VVATANABE'S MBM and MC media K was 2.7 
and 3.1 respectively in the range of 25.5--27.5~ and at light intensities 
of 12,000--15,000 lux. About the same values were found by G~LLOWAr 
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and KRA~SS (1963), by  PHILLIPS and MYERS (1954), and by SOROKI~ and 
KaAVSS (1958) for somewhat different media. The highest yield was again 
obtained in MC medium. 

For a number  of organisms we tested the constancy of the growth rates 
with intervals of several months. No indications of changes were obtained. 

- /  

-2 

-3 i __ t I ' 
0 I Z 3 /4 s D~ys 5' 

l~ig.5. Growth of Chlorella ellipsoidea at  25~ in MC ( a - - a ,  15,000 lux), in 3s ( o - - o ~  
12,000 lax), and  ia Tamiya 's  mcdimn + B7  ( .  . ,  13,000 lax) 

For Schizothrix calcicola at  30~ K values of 3.5 and 3.2 were found with 
a 2 months interval. K ofPorphyridium aerugineum at  21~ was 1.3 and 
4 months later 1.4. With a 7 months interval K ' s  of 1.3 were found for 
Cyanidium caldarium at  47.5~ For Vischeria stellata a K was found of 
0.66 as compared to 0.57 21/2 months earlier, both at  25~ Chlorella 
ellipsoidea, finally, had at  25~ in TAMIYA's medium a K of 2.3, and after 
5 months of 2.3 again. All values cited above were obtained at light satu- 
rat/on. 

Review of growth rates 
The table is a list of growth constants as obtained in the experiments 

reported above, and as deduced from data presented by other investi- 
gators. Such a list may  be useful for comparison of results obtained and 
as a som-ce of information for future culture experiments. 

We included in the table the highest growth rates we found for every 
species listed. For  some organisms growth constants reported in other 
publications were added in order to give some indication about the 
stability or variabili ty of growth characteristics of the species involved. 
K values are those given by the authors (recalculated t o  doublings per 
day i f  necessary), or were newly calculated from growth curves presented. 
In  the latter ease only curves were used, which showed exponential 
growth over a t  least twice the doubling time. Only phototrophically 
growing organisms have been included, and only continuously illuminated 

Arch. Mikrobiol., Bd. 50 9, 



i8  H. HOOGENgOUT and J. A.~EsZ: 

cultures were taken into account. Thus, synchronized cultures have been 
omitted. Il lumination was assumed to have been continuous if it was not 
s tated otherwise. 

Without  making an exhaustive search of the literature we included 
every species of which we found data  answering the criteria exp]ained 
above. The organisms are grouped taxonomically after the phyla. 

To the table some additional remarks may be made : 
Bacillariophyta. Wood (1958) claims for Thalassiosira aestivalis 

doubling times of only 1/2 hr., corresponding to a K of 48. However, no 
data are given concerning the conditions under which this explosive 
growth took place. A frequently used diatom, Nitzschia closterium vat.  
minutissima, is listed under its proper name Phaeodactylum tricornutum 
(LEwIx 1958). Some of the literature referred to in LEwI~ and GUIL- 
LARD'S review (1963) was not available to us, so perhaps some data have 
escaped our attention. 

Chrysophyta. Data  concerning growth of Ochromo),cts malhamensis 
(MY~s  and GRAJ~A~ 1956) have been omit ted regarding the subordinate 
role photot rophy plays in this alga's nutrition. 

Chlorophyta. The highest growth rate reported for Chlordla pyrenoidosa 
is tha t  by C L ~ D ~ I ~ G  et al. (i956), who obtained a K of 4 in continuous 
culture. This value, however, is based on the s tatement  tha t  the alga 
"doubled every 6 hr.",  an indication too inaccurate to include this rate in 
the table. Many more growth rates of Chlorella species and strains can be 
deduced from the data presented by WI~OK~:~ (1948), and by SeRIFT and 
SPROUL (1963). 

As the table shows the high growtlh rates of photosynthetic bacteria 
are equalled by  some algal species. Apar t  from WooD's (1958) scantily 
documented data  for ~wo diatoms, these rates are confined to more or less 
thermophilic species of the Cyanophyta and Chlorophyta. Such rapidly 
multiplying species seem most  promising for studies demanding large 
amounts of cellular material  to be produced in a relatively short t ime 
span. 

In  many  instances growth rates have been reported in the literature 
which are considerably lower than  those obtained by  other investigators 
with the same species. This not only accentuates the importance of a care- 
ful choice of the culturing conditions, but  it also demonstrates tha t  a low 
growth rate, albeit the highest ever reported for a certain species, is not 
necessarily also the maximal  one ; i t  may  well be tha t  no optimal medium 
has been composed as yet. Moreover, apar t  from the composition of the 
nutrient solution, also the temperature,  CO~ supply, and light intensity 
may  not have been optimal. With respect to this last factor may  be said, 
tha t  in many  publications no indication is given whether the light inten- 
sity applied was saturating or not. 



Growth r~tes of photosyathet ic  microorganisms 19 

Table. Growth constants of photosynthetic microorganisms, expressed as the number o/ 
doublings per day 

Under  " I l lumina t ion"  + means s~turating,  - -  non-saturat ing intensities, and  ?: 
unknown. Under  "lV[edium" s means synthetic,  n non-synthetic.  Media are classiiied 
as non-synthet ic  when they contained undefined components such as sea water, soil 

Cyanophyta  
Agmenellum 

quadriplaticum 

Anabaena eylindrica 

Anabaena variabilis 

Anaeystis nidulans 

Anacystis nidulans 

Cylindrospermum 
sphaerica 

Gloeotrichia echinugcttc~ 
~lIicrocystis aeruginosa 

Z~ostoc ~useoru~n 

5,Tostoc muscorum 

Schizothrix calcicola 
Synechococcus lividus 

Synechococcus spec. 

Synechocystis spee. 
Tolypothrix tenuis 

Rhodophyta 
Porphyridium 

aerugineum 
Porphyridium cruentum 

Cryptophyta  
Cyanidium caldarium 

Pyr rophy ta  
Gonyaulax polyedra 

Gymnodinium splendens 
Peridinium spec. 
Prorocentrum gracile 
Prorocentrum micans 
Proroeentrum mictzn8 

extract,  peptone, yeast autolysate etc. 

K Tempera- Illuml- I]V[ediuln I 
ture in ~ nation I / 

l I 

8.0 39 ? 

0.96 25 -r 

3.9 34.5 

11.5 41 

2.9 25 + 

0.17 25 ? s 

0.20 26--27 s 
1.6 23 ~ s 

3.1 25 s 

2.9 32.5 s 

3.4 30 s 
8.5 52 s 

9.9 45 ? n 

8.0 37 * 
4.0 38 + 

21 + s 
21 --  s 

39--41 + s 

21.5 ? n 

20 n 
18 n 
18 n 
25 n 
20 n 

1.4 
2.5 

2.4 

2.1 

0.92 
0.90 I 
0.83 I 
0.71 

0.45--0.63 

Reference 

VAN BAs and 
IV~A~LE~ (1963) 

ALLE~ and A~NO~ ~ 

(1955) 
KRATZ and  ~[YERS 

(1955) 
KRATZ and ~u 

(1955) 
KRATZ and  M~YERs 

(1955); this paper  

VENKATA]~AMAN 
0958) 

Z~KNI)E~ (1963) 
McLAcHLAN and 

GORHAS'[ (1961) 
CLENDENNII~G et al. 

(1956) 
KRATZ and ~IYERS 

(1955) 
This paper 
DYER and GAFFOtCD 

(1961) 
PEARY and C.~STEZ~'- 

HOLZ (1964) 
VAN BAALEN (1961) 
UJ(AI et  al. (1958) 

This paper 
JONES et al. (1963) 

This paper  

SWEENEY and 

HASTINGS (1958) 
SWEENEY (1954) 
B~RKE~ (1935) 
B~RKER (1935) 

! BARKE~ (1935) 
KA~N a,nd FOGG (1960) 

2* 
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Table (Continued) 

K Tempera -  I l lumi-  ~ - 
ture in ~ na t ion  lvleamm }~eferenee 

Baeillarlophyta 
Asterionella [ormosa 
AsterioneUa ]ormosa 
Asterionella japonica 

Cyclotella meneghiniana 
Cyclotella nana 

DetonuIa con/ervacea 

Navicula minima 
Navicula pellicuIosa 
Nitzschia closterium 
Nitzschia palea 
Phaeodactylum 

tricornutum 
Phaeodactylum 

tricornutum 
S]celetonema costatum 

Stephanodiscus 
hantzschii 

TabeUaria /locculosa 
var. flocculosa 

Chrysophyta 
Isochrysis galbana 

Monochrysis lutheri 

Xanthophyta 
Botrydiopsis intercedens 

Burailleriopsis brevis 

Monodus subterraneus 

Polyedriella helvetica 

Tribonema aeqnale 

Tribonema minus 

Vischeria stellata 

Euglenophyta 
Euglena gracilis 
Eugtena ffracilis 

2 . 2 7 : . 4  

1.3~1.7 
0.34 
3.4 

1.4 

1.4 
2.0 
0.49 

' 2.1 

2.7 

2.4 
4.3 

1.7 

1,4 

0.80 

1.5 

1.5 

2.9 

0.93 

1.1 

0.70 

1.00 

0.87 

2.2 
1.9 

20? 
18.5 

18 & 25 

16 
20 

10 

25 
23 
15 

25 or 35 

19 

8 
20 & 30 

20 

2O 

20 or 25 

15 

25 

25 

25 

25 

25 

25 

20 

25 
25 

n 

n 
I t  

n 
I t  

n 

n 

s 

s 

n 

n 

n 

n 

s 

n 

s 

s 

+ s 

+ s 

§ s 

+ s 

+ s 

+ s 

+ n 

+ s 
+ s 

LUND (1949) 
TALLING (1955) 
KIIN and FOGG 

(1958a) 
McLAcHLi~ (1959) 
G U I L L A R D  a n d  

RYT~E~ (1962) 
GVILLAlCD and 

R:~T~E~ (1962) 
This paper  
L~wI~ (1957) 
~ Y T ~  (1954) 
yON DE~FFE~a (1949) 

SeENC~ (1954) 

U K E L E S  (i961) 
CuP.L and  McLEoD 

(1961) 

SwiLn (1963) 

CANNON et al. (1961) 

KAIN and FoGG 
(1958b) 

Dl~ooP (1961) 

B E L C H E R  a n d  

IV[ILLE~ (1960) 
BELCHEIr aitd 

MIU,E~ (1960) 
B E L C } I E R  a n d ,  

M I L L ~  (1960) 
BELCI=IE~ a n d  

MILLER (1960) 
BELC}IEIr a n d  

MILLE~ (1960) 
B]~LC~ER and 

M m L ~  (1960) 
This paper  

COOK (1963) 
C~AME~ and  MYEI~s 

(1952) 
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Table (Continued) 

K Tempera- Illumi- iVie dium 
ture in ~ nation 

Reference 

Euglena gracilis var. 
bacillaris 

Chlorophyta 
Ankistrodesmus braunii 
Chlamydomonas 

moewusii 
Chlamydomonas 

~nundana 

Chlamydomonas 
reinhardtii 

Chlamydomonas 
reinhardtii 

Chlorella ell@soidea 
Chlorella ell@soidea 
Chlorella luteovirldis 

var. aureoviridis 
Ch!orella miniata 

ChloreUa pyrenoidosa 

Chlorella pyrenoidosa 

Chlorella pyrenoidosa 
Chlorella pyrenoidosa 

Chlorella pyrenoidosa 
s~rain T X  7-11-05 

Chlorella saccharophila 

Chlorella variegata 

Chlorella vulgaris 
Chlorella vulgaris 

Chlorella vulgaris 
var. viridis 

Dunaliella tertiolecta 
Haematococcus 

pluvialis 
~u atomus 
Platymonas 8ubcordi- 

/ormis 

1.5 

2.3 

4.2 

ll.O 

3.8 

3.3 

3,6 
3.3 

0.56 
0.87 

3.1 

3.1 

3.1 
3,0 

9.2 

1.2 

0.86 

2.9 
2.5 

1.6 

1.0 

1.2 
0.7--1.3 

1.5 

25 

25 

I 25 
] 

}33.4--33.8 

25 

25 

25 
25 

22.4 
25 

25 

25.52_527.5 

25 

39 

25 

25 

25 
25 

18 

16 

23 
20 

16 

§ 

§ 

? 

§ 

? 

§ 
§ 

? 
? 

? 

§ 

§ 
§ 

? 

? 

? 

CRAMEI~ and MYERS 
(1952) 

This paper 

BERNSTEI~N- (1964) 

~ACIAS~ and 
EVPLEY (1963) 

S OI~OKIN and 
K~Auss (1958) 

I SAGEI~ an(] GRANICK 

(1953) 
This paper 
T~rY,~ et ah (1958) 

WI,~o~:vR (1948) 
SIt'RIFT and SPROUL 

(1963) 
GALLOW-~Y a n d  

KR~uss (1963) 
So~oKI~ and 

KRAVSS (1958) 
This paper 
PmLLII~S and ~YERS 

(1954) 
SO~OKIN (1960) 

S~RIFT and SPROUL 
(1963) 

S~RIFT and SPROUL 
(1963) 

SHRIFT (1960) 
SO~O~:IN and 

KRAUSS (1958) 

S~RIF:r and SPRovn 
(1963) 

MCLAO]=ILAN (1960) 

S~oss  (i960) 
RYT/IEI~ (1954) 

MoLAo~ILAN (1959) 
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Table (Continued) 

K tureTernpe~r~'in ~ Illumi-nation Medium l~eference 

Ncenedesmus costulatus 
var. chlorelloides 

Scenedesmus obliquus 
Scenedes~nus obliguus 

Scenedesmus quadricauda 
Nelenastrum westii 

Stichococcus spec. 

Sehizophyta 
Chloropseudomonas 

ethylicum 

Chromatium D 

Rhodopseudomonas 
spheroides 

l~hodopseudomonas 
spheroides 

Rhodopseudomonas 
spheroides green 
mutan~ 

l~hodospirillum rubrum 

2.0 

2.2 
2.2 

4.1 
1.O 

0.49--0.90 

3.3 

2.6 

10.1 

8.5 

10.8 
4.5--5.2 

24.5 

25 
25 

25 
25 

20 

30 

37 

34 

34 

34 
25 

BI~[STOL 1:~ O AOl:[ 
(1928) 

W~J~Er.r. (1961) 
SOROKIN and 

K~AUSS (1958) 
OSTSgLI~D (1949) 
VENKATAtCAMAN and 

NATA~AJAZ~ (1958) 
I~YTHE~ (1954) 

SYBESMA, unpubli- 
shed resu~s 

BENEDICT et ~l. 
(1962) 

LASCELLES (1960) 

i SISTI~O]Vl (1963) 

SIST~OM (1962) 
0R~E~OD et al. 

(1961) 

For algae about 800/0 of the growth constants lie in the range between 
0.5 and 4.0, and 650/0 even between 1.0 and 4.0. Two doublings a day is 
a growth rate not achieved by the majority of species listed. In  this 
respect, it may  be useful to point to the fact that  there exists for some 
species a great difference between doubling and generation times. E.g. 
after one generation Chlorella pyrenoidosa is, under certain conditions, 
capable of producing as much as 32 autospores (--. daughter cells) per 
mother cell (SE~GE~ 1962). Thus a generation time of 24 hr. corresponds 
to a doubling time of only 4.8 hr. and a K of 5.0. 

Summary 
1. Growth rates, measured under various conditions, are reported for 

Anacystis nidulans, Schizothrix calcicola, Porphyridium aerugineum, 
Cyanidium caldarium, Navicula minima, Vischeria stellata, An~istrodes- 
mus braunii, Chlorella ellipsoidea, and Chlorella pyrenoidosa in terms of the 
growth constant K during exponential growth. A description of the cul- 
turhlg and measuring techniques is given. The reliability of these techni- 
ques is discussed. 
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2. A l ist  of  K v a l u e s  is p r e sen t ed ,  c a l c u l a t e d  f r o m  g r o w t h  d a t a  g i v e n  

in  t h e  l i t e r a t u r e  for  v a r i o u s  p h o t o s y n t h e t i c  m i c r o o r g a n i s m s  (algae a n d  

bac te r i a ) .  

A c k n o w l e d g e m e n t s .  We thank all persons, who provided us with algal 
strains or with descriptions of culture media, as well as Mrs. M. E. VAN DIJK-SNOEK 
and Miss H. J.  vA~ DE~ Bosch, who skilfully assisted in all growth determinations 
executed. 
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