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1. I N T R O D U C T I O N

1.1. INTRODUCTORY STATEMENT

The sunisthemajor source of energyforlifeonearth. About onehalfofthe totalradiationenergyreceivedontheearth isin thevisiblepart ofthespectrum and
can be used inphotosynthesis. Byway of modern agriculture it ispossible tofix
1-2 %of thephotosynthetically activeradiation, calculated on ayearbasis. Only
a small part of the year a closed crop surface exists. During this period, conversion of light energy is much better, reaching values of 5-10%. The trend of
the investigations found in literature is that longer periods of closed crop surfaces result in higher yields per unit area, cf. ALBERDA (1962), BROUWER (1962),
GAASTRA (1962), DE W I T (1959, 1966).
Selection of special varieties may result in prolonging the period of optimal
light utilization. Although the total yield/unit area will improve a little bit in
this way, a light energy conversion much higher than 5-10% is rather improbable.
Algae were believed to be better producers than higher plants. They offered
advantages on higher plants:culture conditions were rather easy to maintain,
they had a short generation time, and their nitrogen content could be very high
(2-11%) as compared with 1.5% in maize (cf. KRAUSS, 1953).
It seemedattractive,therefore, tocultivatealgaeonalargescaleasa source of
food, especially to deal with the food shortage which exists in several parts of
the world. A lot of investigations about mass culturing were carried out during
the period 1945-1955, but after that interest waned (cf. BURLEW e s . 1953).
Yield values were disappointingly low which made algae less attractive as economicfood producers. At someplaces they are used for thebiological oxidation
of metropolitan wastes. Theproduction of algal material isa matter of secondaryimportance inthesecases;theycanbeusede.g.as cattle fodder (cf. GOLUEKE
and OSWALD 1964).In some East-European countries and inJapan, research on
algal mass culture is still done, especially with the purpose to obtain a cheap
protein source.
In order to provide the basis for a discussion of the possibilities of mass
culturing of algae it seemed unavoidable to pay more attention to theculture requirements of the algae. Therefore, it seemed worth while to carry out a thorough investigation concerning the influence of external factors on energy conversion in masscultures. In thiswayit should bepossible to predict yield values
throughout the growing season and to give maximum levels for light energy
conversion under natural daylight which should betheultimate aim.
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1.2. SURVEY OFTHELITERATURE

An excellent survey about the efficiency of photosynthesis is given byKOK
(1960). Theoriginal and later measurements of thequantum yield for photosynthesis asmeasured by WARBURG and his school were discussed in the light of
new material collected by EMERSON and LEWIS (1941), KOK(1948), SPRUIT and

KOK (1955)andothers.
WARBURG and NEGELEIN (1922, 1923)estimated the quantum yieldforphotosynthesis at 0.25by way of manometric methods. However, there are strong
arguments to support the assumption that in these measurements transistory
effects, suchasalarge C0 2 -gush inthefirstsecondsofthe lightperiod may have
interfered andhave made thedata less reliable (cf. EMERSON and LEWIS, 1939,
SPRUIT and KOK, 1955).
RABINOWITCH surveyed the maximum quantum yields EMERSON and LEWIS
obtained forgreenandbluegreen algae(cf. RABINOWITCHpp. 1095).The general
tiend was that maximum quantum yields of 0.10 and lower were obtained.
WASSINK (1946) measured quantum yields for 0 2 -production in horticultural
plants reaching values ranging from y = 0.023 up to 0.092. GAASTRA (1959)
measured photosynthetic rates with theinfrared analyzer atvarious C0 2 -levels.
An average quantum yieldof0.10 wascalculated forturnip, tomato andcucumber.
In practice, high quantum yields are only obtained at low light intensities.
For thecucumber leaf GAASTRA (1962) found that photosynthetic activitywas
rather constant at lowlight intensity, butvaried strongly at higher light intensities.
Maximum photosynthetic efficiency canonly beexpected at lowlight intensities. Athigh light intensities, thediffusion ofC 0 2 from theairtothe reaction
centre in the cells may become a limiting factor. The large variation in the
'mesophyll resistance',(cf. GAASTRA, 1959, 1962)isone ofthefactors considered
inexplaining thevariation ofthephotosynthetic activity athigh light intensities.
THOMAS and HILL (1949) calculated an efficiency of 16%for alfalfa under
light limiting conditions in the field. GAASTRA (1962), using mercury light
and leaves from different plant species, estimated themaximum photosynthetic
efficiency to be 12.5%. Both authors used normal air, i.e. with 0.03% C 0 2 .
Even with closed crop surfaces, lower values for theefficiency of light energy
conversion during the growing season are reported, viz.4 - 9 %for sugar beet
(GAASTRA, 1958, 1962), and 6 - 7 % for grassland (ALBERDA, 1962). WASSINK
(1948)calculated theefficiency incropplants over thewhole season tobe2%or
less. WASSINK'S figures differ from theones mentioned above since also periods
withanincomplete leafcoverageofthesoilarenecessarily included.
It maybe asked whether maximum efficiencies of light energy conversion in
photosynthesis andin growth are equal. KOK (1952) measured efficiencies for
growth in unicellular algae in a WARBURG apparatus in sodium light, using
diethanolamine asa C02-buffer. Thealgae were suspended inculture solutions
with ahighanda low nitrogen content. Photosynthesis, respiration, andenergy
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fixed were determined during the experiment. This enabled a comparison between the efficiencies for growth and photosynthesis. The efficiencies for growth
varied largely, depending o n environmental conditions. The best growth efficiencies were comparable with the maximum photosynthetic efficiencies of 2 0 - 2 5 %
in suitable culture solutions.
V A N OORSCHOT (1955) estimated the production rates of Chlorella in stirred
solutions of 300 1volume, using natural daylight; there was no temperature
control. He calculated the fixed energy by multiplying the daily production with
the average caloric value of the material (measured in a caloric bomb). Dividing
the fixed energy by the incident energy, he obtained the net photosynthetic
efficiency which was 1-4 %.
A decrease of light intensity by screening algal mass cultures resulted in better
light energy conversion, ranging from 4 . 5 % at 8 4 % daylight to 7.7% at 2 5 %
daylight. The reason for this improvement is that light saturation of the photosynthetic apparatus in a single cell is already reached at 0.05 cal •c m " 2 - m i n - 1 ,
whereas the maximum photosynthetically active radiation (400-700 va\i) in the
daylight amounts to 0.5-0.6 cal •c m " 2 - m i n ~ 1 . Exposing a single cell to natural
daylight thus gives a saturation of photosynthesis for a large part of the day,
and therefore a low efficiency of energy conversion, VANOORSCHOT (1955)
found energy conversions of about 8% in KOLLE dishes exposed to the south
under an angle of 45 degrees. Probably, this is due to a better gas flow and a
more suitable dimension of the culture vessel in relation to the volume of algal
suspension cultivated in it.
ANSELL C.S.(1963a, 1963b) studied the efficiency of energy conversion of
Phaedatylum cultures in fertilized sea water. Using flue gas to reduce p H and to
deliver the necessary C 0 2 , they arrived at efficiency values ranging from 3 . 0 4.4% for Phaeodactylum and 1.0-1.3% for Tetraselmis. These figures are comparable with those obtained by VAN OORSCHOT in 3001outdoor tanks.
For the cultivation of algae several culture methods have been devised.
TAMIYA (1957) reviewed this subject until 1957. Algae have been cultivated in
open ponds, trenches, boxes, or in closed circuits of some lucitematerial through
which the suspension is driven by a p u m p . Settling of cells is mostly prevented
by shaking or rotating the suspension or by bubbling a gas mixture of air and
C 0 2 through it. A research group in Czechoslovakia devised an open system in
which algae are pumped on a glass platform which inclines a few degrees. On
their way down, the fall is broken by vertical sheets. In this way the suspension
becomes turbulent like water in a cascade (PROKES and ZAHRADNIK, 1969,
1970). N o t all culture systems used proved to be successful. Experiments with
open systems deal with losses of C 0 2 , especially when the suspension is violently
shaken. The group of DAVIS, C.S. (1953) investigated several types of culture
vessels; e.g. bottles (5 gallons): production rate 4.8 g-m~ 2 - d a y - 1 , shaking
machine: production rate 8.2 g-m~ 2 - d a y - 1 , plastic and glass walled tubes:
production rate 4.5-11.7 g - m - 2 - d a y - 1 .
Increase in turbulence resulted in nearly doubling the growth rate: from 25.2
to 43.2 g •m - 2 - (12 h r ) _ 1 . This experiment, performed in a closed system with
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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small losses of C 0 2 anda good shaking device, indicated that also at high light
intensities high energy conversions arepossible.
By shaking a suspension, a flash effect isintroduced which especially improves
the light energy conversion at high light intensities. MYERS and GRAHAM (1959,
1961) attempted to overcome the difficulty of too high a light intensity in natural light fields by the use of diffusing cones. I n this way,the light energy is
distributed over a large surface. Inthebest examples, efficiency reached 10% of
the incident energy, using small vessels with reflecting side walls and light entrance from above.
Chlorella has a rather low saturation level for photosynthesis ranging from
16,000to 36,000 ergs •cm~ 2•sec" 1 . Light adaption was associated with changes
in chlorophyll content (cf. VAN OORSCHOT, 1955; STEEMANN NIELSEN and J Ö R -

GENSEN, 1962)although no significant change in maximum rate of photosynthesis or growth was found ( K O K and VAN OORSCHOT, 1954; STEEMANN NIELSEN

and JÖRGENSEN, 1962). By selecting newstrains with a higher saturation value,
it would perhaps be possibleto improve the yieldper unit surface. SOROKIN and
MYERS (1953) isolated a high temperature strain of Chlorella with an optimum
growth temperature of 39°C. It wasexpected that this would beconnected with
higher light saturation levels, which, however, wasnot the case. Light saturation of photosynthesis didnot increase significantly whereas thegrowth rate at
39°C was 1 5 % higher as compared with a 'normal' Chlorella at optimum temperature.
Temperature adaption, in order to obtain strains with a higher saturation
level, proved to be successful in Chlorella in the range of 20 to 40°C (cf. VAN
OORSCHOT, 1955). Yield values forcells adapted to 30°or40°C reached the same
maximum level at the same light intensity, whereas the maximum yield measured at 45° was sub-optimal. K O K a n d VAN OORSCHOT (1954) investigated
several Chlorella and Scenedesmus strains, including SOKORIN'S high temperature strain in outdoor experiments. They did not find significant differences in
yield between thedifferent strains.
Summarizing, we conclude that one of the best means to diminish the disadvantage of t o o high a light intensity in natural light fields is a n efficient
stirring system. It isfeasable that theefficiency of stirring at a certain speeddecreases with increasing layer depth inwhich thealgae arecultivated. W edidnot
find experiments inliterature, designed toexplore theoptimum relation between
stirring velocity and layer depth, although more knowledge on this subject
might beimportant for designers ofculture vessels.
A lot of physiological data have been collected after the introduction ofthe
synchronous cultures, by TAMIYA et al. (1953a). Aprogrammed light and dark
regime enabled these investigators to obtain a cell mass with uniform physiological properties, dividing in the dark a n d enlarging in the light. T h egrowth of
simple green algae, such as Chlorella and Scenedesmus, but also that of other
species appeared to be cyclic and could be reproduced numerous times after a
synchronous cell mass was obtained. A necessary requirement is a high light
intensity which saturates the photosynthetic apparatus. Several investigators
4
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used the new technique, which proved to he very successful. We refer here to
SOROKIN (1957,1958; 1960a, b, c; 1961 ; 1964); LORENTZEN and RUPPEL (1959),
METZNER and LORENTZEN (1960), PIRSON and LORENTZEN (1958), PIRSON
and RUPPEL (1962), SENGER (1961, 1967). Although differences in technique caused many controverses, some of the experimental results which are
well established may be mentioned here:
1) Temperature influences the duration of the growth cycle, a decrease in temperature causes an increase (cf. TAMIYA c.s., 1953a).
2) In principle, light energy determines the number of daughter cells. A minimum dry matter production or light exposure isrequired, before cell division
starts (cf. MORIMURA, 1959).Provided the exposure is long enough, the number
of daughter cells increased with increasing light energy input up to a certain
maximum. Too low a light energy input or too low a temperature can disturb
the synchronization, especially when the number of nuclei in the various cells is
not uniform (cf. TAMIYA, C.S., 1961). The maximum rate of photosynthesis
varies during the cycle. Maximum photosynthesis increases during the first
hours of light till an optimum is reached, and declines after that. Somewhere in
the middle of the dark period, cells brought back into the light give the lowest
maximum levelfor photosynthesis (cf. SOROKIN, 1960a, 1960b).
SENGER and BISHOP (1967) reported that, under conditions of light limitation,
differences in photosynthetic efficiency could be observed in synchronous cultures of Scenedesmus obliquus-T)3.Photosynthesis and photoreduction of this
strain, suspended in WARBURG buffer no. 9, were measured in a differential
respirometer. Absorption of the suspension was measured in a RIEKE sphere
using indian ink and methanol extracted cells as controls. The quantum requirement for photosynthesis (measured as 0 2 -evolution) was 10.7 for cells
which had received 8hours of light, and 16.6on the average for cellswhich had
received 16hours of light. On the contrary, the ability to assimilate C 0 2 of H 2 adapted Scenedesmus, poisoned during the experiment with DCMU, was not
affected by the duration of the illumination;the quantum requirements in both
cases mentioned above were 19.6and 21.0 respectively. The authors concluded
that thephysiological 'age' ofthecellsaffects theactivity ofphotosystem II.
Models constructed to explain phenomena in synchronous systems as given
by TAMIYA, SOROKIN and LORENTZEN, arehelpful to understand the interplay of
external factors in non-synchronous mass cultures of algae, but cannot be applied directly. Disturbing factors may be: 1)peculiarities of culture vessel and
technique; 2) variation of light intensity in natural light fields, in comparison
with a constant energy input in synchronous systems; 3) changes in spectral
composition of the incident light in natural light fields; 4)the variation of daylength in nature.
The present investigation intends among other things to contribute in
bridging the gap between laboratory experiments and semi-controlled experimentsinthefield.
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1.3. SCOPE OF THE INVESTIGATION

Some examples of discrepancies between the maximum photosynthetic efficiency and the actual growth efficiencies under the best conditions one could
provide in the field, were mentioned. KOK'S determinations of the maximum
quantum yield and the growth yield (1952) indicated that differences in the pretreatment of the material could influence thegrowth yield.
The question can be raised whether the rather fragmentary knowledge collected already has a general value. It seemed worth while, therefore, to investigate the influence of external factors on algae cultivated in different types of
culturevesselsboth inand outside the laboratory.
Effects of the composition of the culture solution on growth are described in
literature for some special cases. In general, these solutions wereused by several
investigators using different culture vessels.Data concerning algalgrowth in the
same solution but in different culture vessels are scarce. Experiments about the
composition of the culture solution are described in Chapter 3. The optimum
composition of the culture solution in relation to the type of culture vessel and
the light intensities applied is discussed. Influences of inorganic precipitates
owing to preferent consumption of certain ions and the effect of organic additions ongrowth were studied.
The influence of light intensity on photosynthesis is well known. In large cultures, the light field is difficult to describe which necessitates a lot of investigations before anything can be concluded. Chapter 4 starts with an attempt to
define the light field under natural conditions. In growing cultures cell and pigment concentration vary constantly. It is necessary, therefore, to work at a
constant optical density, or in a certain concentration range. Experiments,
designed to explore the relation between daily incident radiation and growth
rate or energy conversion had to fullfil these requirements. Starting the experiment each day at a fixed cell density, it was possible to estimate the amount of
energy conversion per day. A large number of these data were used to estimate
the net photosynthetic efficiency throughout the growing season. Finally, the
effect of altering layer thickness, influencing the average light intensity in the
vessel,was studied.
Day length, varying largely in the temperature zones, may interfere with the
yield. In chapter 5, experiments dealing with the effect of day length on energy
conversion are discussed.
Chapter 6describes the influence of temperature on growth rate in algal mass
cultures; the results will be compared with those of DAVIS et al. (1953) who
found that different day and night temperatures influence the growth rate.
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2. M A T E R I A L A N D M E T H O D S

2.1. ALGAL STRAINS AND THEIR PRECULTIVATION

The speciesused during this study were Scenedesmusand ina few experiments
also Chlorella-A (isolated by KOK). Scenedesmus was reisolated in 1962from an
old Scenedesmus-D3 strain already present in the laboratory (denoted as Scenedesmussp.K4).
In 1966, some fresh Scenedesmus strains were isolated from wild forms
(strains K22 and K15). The K4, K15 and K22 strain did not differ significantly
in morphological and physiological propeities. They were cultivated on BEYERINCK agar slants. During the investigation, two ways of precultivation were
used. Until the end of 1964,an inoculum from the agar slants was brought into
a flask containing 100 ml of a solution of the composition: 12.6 mM K N 0 3 ,
10 mM MgSOv 7H 2 0, 9.3 mM K H 2 P 0 4 , 8.3 mM glucose, 2.9 mM sodium
citrate, 3 ppm FeS0 4 . The algae were grown for 4 days in a light cabinet, at
30°C in fluorescent light. The light intensity at the surface of the culture solution was about 0.7 x 104 ergs • cm - 2 - sec - 1 . Thereafter, the algae were decanted and resuspended in sterile water. From this suspension 5ml was taken
and inoculated into a flask containing 300ml of a solution of the composition:
10mM K N 0 3 , 2 mM MgS0 4 ,1 mM K H 2 P 0 4 , and2mlof a solution containing
3g FeS0 4 ,2gsodiumcitrateand 1 gEDTAper litre, to which 1 ml Absolution
and 0.1 ml B7-solution (cf. ARNON, 1938) was added. The flasks were placed on
the rocking table at 30°C for 3days. They were illuminated continuously from
below by 4 'daylight' fluorescent tubes (40W / 33 PHILIPS). The light intensity
at the bottom of the flask wasabout 2 x 10*ergs • cm - 2 - sec - 1 . Air containing
5% C 0 2 , filtered through sterilized cotton wool, was continuously bubbled
through the suspension at a rate of 1.5-2.01/flask/hour.
After theend of 1964,theprecultivation wassimplified by omittingthegrowth
in the solution containing glucose. Tests indicated that in this way the growth
rate did not decrease. The danger of infection was also smaller. Experiments,
described in literature indicated that Chlorella metabolizes glucose quickly
whereas Scenedesmus stored it in a metabolically inert product (cf. GRIFFITH,
1961). The procedure runs as follows. Algae were taken from the agar slants
and suspended into a flask containing 300 ml of a solution of the composition
10mM K N 0 3 , 2mM MgS0 4 , 1 mM K H 2 P 0 4 , 1 ml Absolution and 0.1 ml B 7 solution. The lowphosphate concentration proved advisable for a rapid start of
growth. The flasks wereplaced on the rocking table, at a constant room temperature of 23°C. Illumination from below warmed the suspension up to 30°C.
The light was provided continuously by 5 fluorescent tubes (PHILIPS TLM
125W/33RS). The light intensity at the bottom of aflaskamounted to 7 x 104
ergs • cm" 2 ' sec" 1 on the average. Aircontaining 4%C 0 2 , and filtered through
cotton wool, was continuously bubbled through the suspension at a rate of
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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2.4-3.1 1/hour. After 4 days, the cell concentration was 1-2 pd packed cell
volume per ml suspension. From this suspension, 5ml was taken with a sterile
pipette and introduced into a flask containing 300 ml suspension of the same
general composition but with 15mM K H 2 P 0 4 whichproved to exert a buffering
effect, favourable for continued growth.
The flasks were placed on the rocking table and treated as described above.
After 3days, thecellscould beharvested; the cell concentration then amounted
to 5-7 ji.1 packed cell volume/ml suspension.
For reasons of simplicity, culture solutions are coded in the rest of this paper.
A key isgiven here:K N 0 3 = symbol N, MgS0 4 = S, K H 2 P 0 4 = P, NH 4 C1 =
A, N H 4 N 0 3 = AN, urea= U. Numbers behind the symbols, and separated by
dots, denote the concentration in millimoles. So: NSP 10.2.1 is the culture
solution already mentioned above, in which the algae are inoculated directly
from theagar slants.
Thick inoculates start growing in NSP 10.2.15. The buffering action of the
H 2 P0 4 -ions provides a good growth up to a cell concentration of 11 \il/m\ (at
thispoint pH = 6.8-6.9). Afurther discussion willbegiveninChapter 3.

2.2. CULTURE VESSELS AND TECHNICAL EQUIPMENT

For the experiments, the algae were cultivated in various types of vessels, e.g.
a) 11Erlenmeyer bottles containing 300 ml culture solution. The experiments
were made on a rocking table (amplitude 2 cm, 90 times/minute). Temperatures in the range of 20-40°C could be maintained within ± 1.0°C.The flasks
were illuminated from below by 4 PHILIPS fluorescent tubes (TL 40W/33). The
light intensity at the bottom of a flask, measured with a photocell calibrated
against a MOLL thermopile,was in therange of (2.5-3.6) x 104 ergs •cm" 2 sec - 1 . Air from a compressor and C 0 2 from a cylinder weremixed with the aid
offlowmeters in the composition: 95%air + 5 %C 0 2 . The gas stream was introduced into aflaskthrough a sterilized glasstubeprovided with a small cotton
plug;this tubepassing through thecotton plug in the neck of the bottle.
b) Fernbach bottles containing 500ml solution. The experiments were made on
the rocking table. Air containing 4% C 0 2 , filtered through cotton wool, was
continuously bubbled through the suspension.
c) All-glassculture tubes with a volume of 650-750 ml,consisting of thiee concentric mantles. Through the outer mantle, water at constant temperature
waspumped; temperatures in the range of 15-40°C could bemaintained within
± 0.5°C. The algae were cultivated in the middle mantle. The thickness of the
layer amounted to 0.5 cm on the average. Air containing 4% oi 5% C 0 2 was
pressed through a glass filter into the algal compartment. Above the surface of
the algal suspension was an overflow, used as a gas outlet only. The inner compartment contained a PHILIPS fluorescent tube (30W TL/34), the light intensity
ofwhich wasmeasured withaphotocell, calibrated against a MOLL thermopile.
8
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d) Tubes, closed with cotton plugs, in a thermostated water bath. Settling of
the algae was prevented bycontinuous bubbling ofair + 5% C 0 2 through
thebottom ofthe tube into the suspension. The temperature could be maintained inthe range of 10-50°C ( ± 0.5°C). Through one ofthe glassfront panelsof
the water bath illumination wasprovided by4 PHILIPS fluorescent tubes (TLMF
120W/33RS). Thelight intensity at thesurface of the culture tubes wasmeasured with a photocell, calibrated against a MOLL thermophile, and amounted
to 2.8 x 104ergs • c m " 2 - s e c - 1 .
e) 501 demonstration modelsof 'MIELE' washing machines (cf. WASSINK, 1959).
Each machine consisted of a perspex vessel and topand a stirring device,
alternately movingtoandfro. Aircontaining 4% or 5%C 0 2 was continuously
bubbled through thesuspension byway ofaplastic tube with holes, atthebottom ofthe container. During thesummer months, thewashing machines were
placed outdoors at a spot facing the south. In this position thepossible'sun'
hours were from 7.30-18.00 hours M.E.T. Thetemperature could be adjusted
by way ofan electric coil with amaximum capacity of2200W,while duringhot
days,the machines werecooled with tap waterifnecessary.
In winter, themachines wereplaced indoors inthelaboratory. Each machine
was illuminated from above by a PHILIPS HPLR mercury lamp. Thelight intensityatthesurface ofthe suspensionwasmeasuredwithaphotocell, calibrated
against a MOLL thermophile. In some experiments, 2 PHILIPS HO2000, 450W
mercury lamps and reflection screenswereadded forillumination from aside.

2.3. MEASUREMENT OFTHE ENERGY CONVERSION IN GROWING CULTURES

Growth of the algae wasmeasured in different ways e.g.,asincrease in cell
number, increaseinpacked cellvolume orincreaseindry matter.
Cell-numbers were estimated by counting in a haemocytometer (SCHRECK
withimproved double NEUBAUER ruling). Ineach count, theaveragecell number
withitsstandard error was calculated.
Packed cell volume was estimated bycentrifuging samples in 10ml TROMMSDORFF tubes for 10minutes in a HOMEF centrifuge at 1130 g.

Dry matter content of the suspension estimated by centrifuging four samples of 100or200 mlfor 10minutes at 2770ginan A.H.T. centrifuge. Thereafter, cells were resuspended in distilled water and again centrifuged for
10minutesat2770g. Thereafter, cellsweredriedfor24hoursat70°Cand 15 cm
Hg pressure. After that they were transferred to an exsiccator andallowed to
dry further and cool over silicagelfor 12hours. Finally, theywereweighed ona
METTLER balance, withanaccuracy of ± 0.1 mg.
Calculation of the photosynthetic efficiency. Photosynthetic efficiency was
determined in these experiments as the total energy fixed during a certain
period, divided bytheincident energy.Thefixedenergywasdetermined bymultiplyingthedrymatter increasewiththecaloricvalueofthematerial asmeasured
in a bomb calorimeter. KOK(1952) estimated thecaloric value of Chlorellaas
Meded.Landbouwhogeschool Wageningen 73-6 (1973)
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5.6 kcal/g dry material. The average ash content amounted to 10%. Also for
Scenedesmus, the caloric value was estimated as a reference.* According to
SPOEHR and MILLNER (1949),the degree of reduction of organic material can be
expressed as the amount of oxygen required for the oxydation of 1g ash-free
dry material. When the most highly reduced compound CH 4 receives a value of
100 on the reduction scale, the degree of reduction R of any compound can be
expressed as the percentage of the degree of reduction of methane. When the
material consists of c%C, h%H, o%0, n%N, the Ä-value amounts to: R =
0.668c + 1.989Ä - 0.250«. VAN OORSCHOT (1955) calculated the combustion
energy of 1 gdry weight as0.14 x R kcal.
Micro-elementary analyses of 4 Scenedesmus samples were used to estimate
the Ä-valueand the combustion energy of 1 g ash free dry material, being 5.1
kcal/g ontheaverage.
In the outdoor experiments the incident energy was measured with a KIPP
solarimeter attached to a KIPP micrograph with an integrator. The amount of
light between 400 and 700 nm, the region important for photosynthesis, may
vary between 45 and 55% of the total global radiation (cf. RABINOWITCH,
1945; REESINCK and DE VRIES, 1942). We therefore assumed that the photosynthetically activepart of the total global radiation was 50%.
The incident energy on a geometrically complex surface as that of a washing
machine could not be obtained directly, because also the side walls had to be
taken into consideration, and had to be 'translated' into an effective contribution to extension of the horizontally illuminated surface. For this purpose, we
compared the growth rates in washing machines under light limitation. In one
machine the vertical part of the wall was darkened up to the surface level of the
algal suspensionwhereastheother machinereceivedlight overthewhole surface.
Under light limitation the growth rate per unit time isproportional to the light
energy absorbed. Therefore, the ratio between the growth rates in the partially
darkened machine and inthemachine in which thetotal surface was illuminated
wastaken torepresent theproportionbetween theilluminatedsurfaces considered as horizontal planes. This can be expressed as:
Prod. tot. ill.: Prod. ill. hor.plane = Surface total: Surface hor. plane.

* The author ismuch indebted to Prof. Dr. H. J. DEN HERTOG for kindly carryingout the
micro-elementary analyses in hislaboratory.
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3. T H E I N F L U E N C E O F T H E C O M P O S I T I O N O F
T H E C U L T U R E S O L U T I O N ON G R O W T H

3.1. INTRODUCTION

Detailed information about the mineral nutrition of Scenedesmus isgiven by
ÖSTERLINDT (1949). KUZNETSOV and VLADIMIROVA (1965), with Chlorella,
determined theuptake from an N0 3 "-containing culture solution (as described
by TAMIYA, 1953b). The highest uptake per gram dry weight was found for
nitrogen; uptake of P, Mg, and K were of the same order of magnitude. The
nitrogen uptake of Chlorella sp.-K remained stable under conditions of light
limitation and high cell densities (1-10 g/1suspension). The uptake of nitrogen
depended on the culture conditions, and was high in vessels with active growth
and lower in vessels with lower growth rates (cf. KUZNETSOV and VLADIMIROVA, 1964). Nitrogen deficiency resulted in a lower level of energy conversion
(cf. VAN OORSCHOT, 1955; BONGERS, 1956). Growth in media containing
N H 4 + , yielded higher energy conversions than growth in media containing
N 0 3 - (cf. KOK, 1952).
It isawellknown fact thatpH increaseswhen algaearecultivated in solutions
containing N 0 3 ~ , while pH decreases in cultures containing NH 4 + (KRAUSS,
1953, TAMIYA, 1953). For this reason, TAMIYA proposed to apply nitrogen by
way of urea; pH would then be more stable, and magnesium and phosphate
would not precipitate. DAVIS et al. and TAMIYA et al. (1953) successfully used
urea in mass cultures of Chlorella. Growth rates were about the same in media
containing urea and nitrate (cf. DAVIS, 1953).The TAMIYA medium as improved
by KUZNETSOV (1967) contained macro-elements in concentrations proportional to those in the algal biomass, while nitrogen was given as urea. The
cultures appeared slightly unbalanced in K and S; however, on the whole the
relative amounts of the macro-elements remained the same after excessive
growth. Other sources of nitrogen, such as aspartic acid, glumatic acid and
alanine were tried by ALGÉUS. Glumatic acid gave the best results, although
growth was rather slow (cf. ALGÉUS, 1951).
The work of KUZNETSOV and VLADIMIROVA (1965) showed that light limited
growth of Chlorellastrains was highly independent of the salt concentration in
the medium. The nitrogen uptake, however, was not the same in different culture vessels and probably depended on the average energy flux received by the
cells. Therefore, the incident energy and the geometry of the culture vessel may
be of interest in relation to the optimal culture solution. Data concerned with
the relation between the optimal culture solution and the dimensions of the
culture vessel are scarce in literature. The medium used by the Russian workers
waswelladapted for intensive cultivation, it contained high salt concentrations.
We have tried to find out the optimal composition of the culture solution for
our special types of culture vessels, from the view-point of attaining the maxiMeded. Landbouwhogeschool Wageningen 73-6 (1973)
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mum energy conversion, and have investigated which other environmental
factors areimportant indetermining theenergyyield.

3.2. INFLUENCE OF KNO3-CONCENTRATIONS ON GROWTH

The optimum KN0 3 -concentration for the growth of some Scenedesmus
strains was determined on the rocking table. In the course of the work it sometimes was necessary to reisolate the original Scenedesmus sp. because contamination had occurred. Thegrowth rates of the related strains (called K, K4, K15,
K22 and K23 in the following), showed no significant differences. KN0 3 -concentrations ranged from 0 to 30 mM, while Sand P remained at 2 and 1millimolar respectively. In our notation, the solutions would be denoted as NSP
0-30.2.1. Growth was measured as the increase in dry weight in 3days in continuous light with an intensity of 6 x 104 ergs • cm _ 2 -sec _ 1 . The results of 3
experiments with Scenedesmus sp. K23 showed optimal production rates of 425
m g - l _ 1 - d a y _ 1 with NSP 5.2.1. With higher N0 3 -concentrations growth
ratesdecreased to 355mg •1 _ 1 - d a y - 1 , arelative decrease of 16%(cf. fig. 3.2.1.)
Preliminary experiments with Scenedesmus sp., strain K, showed the same
optimum concentration for K N 0 3 . The pH shift during the experiments was
from 5.8 at the start to 8.8-9.2 at the end of the experiment. The pH tended to

Production rate
-1
-1
in mg. I •day
400

300

200

100

10

20

30
mM KN0 3

FIG. 3.2.1. Drymatterproduction ofScenedesmussp.,strainK23, asinfluenced bytheKNO3concentration. Cultures on the rocking table in 1 litre erlenmeyer flasks, each containing
300mlsuspension.Temperature30°C.Growthwasmeasuredover3daysinthreeexperiments;
eachpoint isan averageof 12determinations; inoculation density0.10(/.1/ml.
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Production rate
in mg. L . day
600

500

400

300 -

200 -,

100

mM KN0 3

FIG. 3.2.2. DrymatterproductionofScenedesmussp.,strainK23,asinfluenced bythe KN0 3 concentration.Culturesontherockingtable;flaskscontained300mleach.Inoculationdensity:
0.30(il/ml, temperature 30°C. Growth wasmeasured over 3days,algae were resuspended in
fresh medium each day. Two parallel experiments;each point is an average of 8 determinations.

stabilize around thesevalueswhich may beattributed to large quantities of C 0 2
bound in C 0 3~~ and H C 0 3~. It ispossiblethat theoptimum KN0 3 -concentration depends on the amount of biomass present. Therefore, we designed a
similar experiment as described above with a three times higher inoculation
density (0.30 (il/ml). To prevent exhaustion of N 0 3 ~ from the solution, cells
werecentrifugea once a day, and resuspended in fresh medium. Also in this experiment, thegrowth rate washighest with 5mM K N 0 3 (cf. fig. 3.2.2).
Comparingfigure3.2.1andfig.3.2.2,weobservethat thegrowth rateat 5mM
K N 0 3 ishigher when theinoculation density isincreased. When N 0 3 "-concentrations above 5mM wereused, the relative decrease ingrowth rate was21%at
most. The inhibition of the growth rate by high KN0 3 -concentrations is of the
sameorder ofmagnitude.
We investigated the possibility that a higher N0 3 "-concentration might be
toxic by osmotic action. Themedium NSP 7J.2.1,in which N 1\ represents N
given as K N 0 3 , was used as the basic culture solution. Besides K N 0 3 , the culture solution was enriched with KCl in the concentration range: 0-32J mM.
This experiment on the rocking table was repeated twice. The temperature was
30°C, continuous lightwithanintensityof6 x 10 4 ergs • cm" 2 - sec - 1 wasused.
The average daily production rate decreased only slightly at KCl concentrations of 12| rnM and higher (cf. fig. 3.2.3). The average production rate in NSP
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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Production rate
in mg.f1,day"1
500

400

300 -

200

100

10

20

30
mM KCl added

FIG. 3.2.3. Influence of the osmotic value of the culture solution on the production rates in
Scenedesmus sp.,strain K23.Cultures on the rocking table, 3daysincontinuous light. Light
intensity 60,000 ergs • cm - 2 - sec - 1 . Temperature 30°C. Basis culture solution NSP 7£.2.1.
Osmotic value of the solution increased by adding: 0, 2£; 1\\ 12J; 22\ and 32£ mM KCl
(solidline);comparative amounts of KN0 3 only (cf.flg.3.2.2):broken line.

30.2.1 was 90% of the one in NSP 7J.2.1, whereas the production rate in NSP
7£.2.1 + 2 2 | mM KCl was 94% of the production in NSP 7^.2.1. The trend of
both curves was nearly the same. The experimental data suggest, that the decreased production rate above 1\ mM K N 0 3 may well be interpreted as an
osmotic phenomenon.
Growth rates in media with different nitrate concentrations were tested in
other types of culture vessels:culture tubes with a diameter of 3.0 cm in a thermostated bath, and in 'continuous culture tubes' (described in METHODS). TO
prevent N-deficiencies, thecellswerecultivated during short periods. Part of the
cellsuspension wasused for dry matter determinations, therest of thecellswere
brought into newmedium. Average growth ratesexpressed asg • 1~'• day~ 1 did
not differ significantly for the culture media used. The energy conversion is
slightly better in NSP 5.2.1 and 10.2.1 than in the rest of the culture solutions,
but thedifferences areinsignificant (cf. Table 3.2.1).
Growth rates were also determined in 100mlvessels with a diameter of 3cm
placed in a thermostated bath at 30CC. Light wasreceived from a bank of 5TL
fluorescent tubes (120W, PHILIPS TLMF/33RS). The light intensity at the surface of theculture tubes was 6.4 x 104ergs • cm" 2 - sec - 1 . Nitrogen concentration was varied between 3and 30 mM. The increase in packed cell volume was
taken as ameasure for growth. Thegrowth constants were about the same in all
treatments. This means that the KN0 3 -concentration had no influence on the
growthrateunder thissetofexperimental conditions(cf. fig. 3.2.4).
14
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TABLE3.2.1. Growth rates for Scenedesmus sp., strain K23,over periods of 7 hours; continuous light; 30°C. Media: NSP 5.2.1; 10.2.1; 20.2.1 and 30.2.1. Growth rates expressed as
g -l"1- day" 1 . Incidentenergyintherangeof(3-4) x 104ergs •cm - 2 - sec - 1 . Initialcelldensity
1.0(zl/ml.Culturesin'continuousculture'tubes.
Daily production rate (g •day l-

Medium
NSP

9/10

5.2.1
10.2.1
20.2.1
30.2.1

10/10

13/10

1.08
1.08
0.99
1.19

1.14
1.22
1.06
0.97

I" 1 )

Average

22/10

0.73
0.71
0.70
0.75

Average

production
energy
rate
conversion
1
Cg-day-M- )
(%)

0.96
0.92
0.87
0.97

0.88
0.69
0.74
0.98

8.0
8.1
7.3
7.0

4.U

3.0

O
v
-

,-,
<y

-

-o

2.0

1.0

i

i

i

!

1

1

1

1

1

10

1

1

1

1

20

1 1
30

mM K N 0 3
FIG. 3.2.4. Growthratesfor Scenedesmussp., strain K23, inrelationtothe KN03-concentration. Cultivation in 100ml vesselsin a thermostated bath at 30°C. Growth period 15Jhours.
Media:NSP3.2.1;5.2.1;10.2.1 ;20.2.1 ; 30.2.1.Inoculation density0.13fxl/ml,0.17fil/ml and
0.26[xl/mlpackedcellvolumepermlrespectively.Lightintensity 6.4 x 104ergs • cm - 2 , sec"',
continuous light. Growth constants were calculated from TROMMSDORFF values with the
formula :
,., 24 T Trommsdorffvalue endexperiment
Kg = — x In
/
Tromsdorffvaluestart experiment
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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3.3. THE EFFECT OFTHE MgS04-C0NCENTRATI0N ON GROWTH

The influence of the MgS0 4 -concentration on the average daily production
rate of Scenedesmus, strain K23,wasinvestigated on the rocking table.
Starting with the optimum N0 3 "-concentration and a variable MgS0 4 -concentration, the average daily growth rates in: NSP 5.0.1, 5.1.1, 5.2.1, 5.5.1,
5.10.1 and 5.20.1 were estimated. Small amounts of cells were inoculated into
1 1 erlenmeyer flasks, and grown for 3days in continuous light at 30°C. The results are presented in fig. 3.3.1. This is an average of 4 parallel experiments. A
rather weak optimum was obtained at an MgS0 4 -concentration of 2 mM. At
higher MgS0 4 -concentrations the average daily growth rate slightly decreased,
or washardly affected under thegiven set of experimental conditions.
SincepH increased inthecourse of theexperiment, owing to the consumption
of nitrate, the Mg + + was liable to precipitation withphosphate ions at pH7.1.
In such casesacid was added, sincethere was a chance that the MgS0 4 -concentration would be sub-optimal at higher pH. However, this was not done in the
present experiment, but the culture solution was buffered by increasing the
KH 2 P0 4 -concentration to 15mM (pH = 4.8). Average daily growth rates were
investigated in three experiments on the rocking table. One experiment was
continued for three days, two others for four days. The illumination was continuous, the temperature amounted to 30°C. The media used in the experiment
were: NSP 10.0.15, 10.2.15, 10.5.15, 10.10.15. The results from these experiments are demonstrated in fig. 3.3.2. At MgS0 4 -concentrations in the range of

Production rate
in mg. L".day"1
500

400

300

200

100

10

20

FIG. 3.3.1. Growth rates for Scenedesmus sp., strain K23, in cultures on the rocking table.
MgS04-concentration were varied. Media: NSP 5.0.1; 5.1.1; 5.2.1; 5.5.1; 5.10.1 and 5.20.1.
Duration experiment 3days,temperature 30°C,continuous light. Initial concentration 22mg
drymatterperlitre.
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FIG. 3.3.2. Growth rates of Scenedesmus sp.,strain K, as influenced by the MgS04-concentration ina buffered medium.Growth ratesestimated overa 3daysperiod: O
O;growth
ratesestimatedovera4daysperiodintwoexperiments: O
O.Experimentsontherocking
table,continuousillumination, temperature30°C.

2to 10mM theaveragedailygrowth rate remained nearly thesame or decreased
a little. Since the absorption ofthe incident light wasimcomplete, the growth
rate wasa function ofthebiomasspresent.Thisexplainsthedifference in average
dailygrowth ratebycellscultivated for threeand four days.
A comparison offig.3.3.1 and 3.3.2 shows that the optimum MgS0 4 -concentration is 2 mM MgS0 4 . Since the Mg + + remained mainly in soluble form in
buffered media, and the optimum concentration is equal in buffered and non
buffered media, wemayconclude that thereisnoinfluence of precipitate formationunder theconditions oftheseexperiments.

3.4. GROWTH MEASUREMENTS AT VARIOUS KH2PO4-CONCENTRATIONS

The influence of the KH 2 P0 4 -concentration on the average daily growth rate
was measured on the rocking table. Scenedesmus sp., strain K23,was cultivated
during 72 hours at 30°C. The KH 2 P0 4 -concentration was varied in the range
from 0 to 15mM, yielding media between NSP 7J.2.0 and 7|.2.15. To keep the
phosphate concentration fairly stable, the culture solution was renewed every
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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FIG. 3.4.1. Growth of Scenedesmussp., strain K23,asinfluenced bythe phosphate concentration.Culturesontherockingtableincontinuouslight,temperature 30°C.Averageproduction
rates: O
O; individual measurements: x .

day. Infig.3.4.1itappears,that theaveragedaily growthrateisoptimal at 1 mM
under thegivenconditions.
For some experiments on the rocking table, in culture tubes, and in washing
machines, the media NSP 25.2.1 or NSP 10.2.1 were used in order to avoid
renewal of the medium, although these nitrate concentrations were supra-optimal for growth (cf. section 3.2). In the first experiment, the CALVIN medium
NSP 25.2.1 was enriched with phosphate to the composition NSP 25.2.5. The
growth of Scenedesmus sp., strain K4, was measured in these media. Cells were
cultivated in washing machines at a temperature of 30°C over a period of 11
daysinthe open.Thegrowth curvesaregiveninfig.3.4.2.
The increase in dry weight was higher in NSP 25.2.1 than in NSP 25.2.5.
Significant differences in growth werepresent after a period of 3days. After the
second day of theexperiment, pH was always higher in NSP 25.2.1than in NSP
25.2.5. This also demonstrates the higher growth rate in NSP 25.2.1 because the
pH increase isdue to an unbalanced uptake of K + and N 0 3 ~ from the culture
solution. After some days, the cultures became somewhat turbid, at first in the
machine with NSP 25.2.1. It appeared that Mg + + interacted with the H P 0 4 ~ ions to form Mg H P 0 4 at pH 7.0-7.1. This drastically reduced the concentrations of M g + + and H P 0 4 ~ ~ in solution. Since the precipitate formation occurred in both culture solutions, we composed a culture medium with a strong
buffer action: NSP 10.2.15. When not all nitrate is taken up from the solution
the buffering is sufficient to keep pH below the point where precipitation of
U
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FIG. 3.4.2. Growth of Scenedesmus sp., strain K4, in washing machines as influenced by the
phosphate concentration. Experiments in the open, temperature 30°C. Culture solution NSP
25.2.1andNSP25.2.5,depictedas:•
• NSP25.2.1;and A
ANSP25.2.5.

MgHP0 4 occurs. Thus, the growth rates in NSP 10.2.1 and NSP 10.2.15 were
compared in cultures on the rocking table. The results are presented in Table
3.4.1.Three initialdensitieswere applied.
In Table 3.4.1 growth data of Scenedesmus with two P-concentrations are
compared in three otherwise unrelated experiments. In the 6 2 | hour experiment
no differences in growth rate between the two culture media were found. In the
24 hour experiments the growth rate in NSP 10.2.15 was higher than in NSP
10.2.1. It may be assumed that nearly all phosphate is precipitated in NSP
10.2.1(24hour series),but that in NSP 10.2.15solublephosphate isstill present
in excess in the culture solution. Available phosphate, which is equal to the
equilibrium concentration of MgHP0 4 in solution, would then determine the
growth ratein NSP 10.2.1.

TABLE3.4.1. Growth of Scenedesmus sp., strain K, in cultures on the rocking table. Culture
media: NSP 10.2.1 and NSP 10.2.15.Temperature 30°C; continuous illumination.
Number Averagegrowth Inocul.
of
rate
dens.
determin. NSP 10.2.1 NSP 10.2.1
(mg-1- 1 -day" 1 ) (mg-1" 1 )
(hours)

Duration

62i
24
24

8
8
8

450
730 ±19
437 ±11

Number Averagegrowth Inocul.
of
rate
dens.
determin. NSP 10.2.15 NSP 10.2.15
(mg-1- 1 -day" 1 ) (mg-1- 1 )

21
170
850
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7
7
7

445
995 ±43
597 ±26

24
180
900

19

28.9

1.10
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Date

FIG. 3.4.3. Growth of Scenedesmus sp., strain K, in washing machines in the open. Culture
media NSP 10.2.15 and NSP 10.2.1, temperature 30°C. Arrow: addition of diluted HCl in
NSP 10.2.1toapHof 5.3.NSP 10.2.1 :•
• ; NSP 10.2.15:O
O; courseof pHinNSP
10.2.1 :•
• and NSP 10.2.15: O
O.

Similar effects were observed inwashing machines. Scenedesmus sp.,strain K,
was cultivated in a machine with NSP 10.2.1 and NSP 10.2.15. Temperature
during the experiment was 30°C. As can be seen in fig. 3.4.3, the growth rate
was the same from 28/9 to 30/9. After that, the machine with NSP 10.2.1 had a
lower growth rate. Simultaneous pH measurements showed a pH increase in
both machines. The increase in pH in NSP 10.2.15 was smaller than in NSP
10.2.1,and pH did not exceed 6.5.In the machine with NSP 10.2.1,pH reached
7.0. Apparently, the slowing down of the growth rate in this medium was associated with the high pH. Acid addition (arrow in fig. 3.4.3) in the machine with
NSP 10.2.1. resulted in a resumed growth.

3.5. THE INFLUENCE OF DIFFERENT N-SOURCES ON GROWTH

The use of N H 4 + as a nitrogen source resulted in a pH decrease during the
growth period. In preliminary experiments, it was observed that at pH levels
below4.0thegrowth stopped, and thecellsturned brown.
20
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The growth rate in the media NSP 10.2.1 and ASP 10.2.1 at a temperature of
30°C was compared in washing machines. Cells precultivated on the rocking
table were divided in two parts. After washing of the cells in distilled water,
each sample was inoculated in the required culture medium. Productions were
measured once a day. Because the production rate per day varied, we totalled
(if possible) the daily productions. In some of the experiments the culture had
to bediluted sincecelldensitybecame too high. In suchcasestheNSP and ASP
pretreated cells were diluted to the same TROMMSDORFF level with fresh culture
solution. The resultsarecollected inTable 3.5.1.
It isevident from thetable that thenet photosynthetic efficiencies in the ASP
series werealwayshigher than in the NSP 10.2.1 series.On hot summer days the
covers were removed from thewashing machines to prevent overheating. At the
same time, however, C 0 2 escaped from the solution. This was concluded from
thefact that theASPseriesshowed an increase inpH whichisthereversal of the
normal course in this medium. Replacing the lid resulted in a decrease in pH.
The/>C0 2 in theculture solution normally isinequilibrium with the 5%C 0 2 in
the gas stream. It islikelythat the removal of the cover resulted in a lower equilibrium concentration of C 0 2 inthe solution. This may have influenced thelevel
of net photosynthetic efficiency during the periods 26/5-29/5 and 21/8-27/8.
The favourable effect of ammonium ions on growth, however, remained.
We investigated whether the enhanced efficiency values caused by N H 4 + salts, also existed in other types of culture vessels. Scenedesmus sp., strain K15,
was cultivated in 6 culture tubes during 3 days in continuous light. The temperature was 30°C. The media used were strongly buffered to prevent large pH
shifts during the growth period. Three tubes contained the culture medium
NSP 10.2.20, three tubes a culture solution with the following composition:
N H 4 N 0 3 - 5 mM, MgS0 4 -2 mM, KH 2 PO 4 -10 mM, K 2 HPO 4 -10 mM.
TABLE 3.5.1. Growth of Scenedesmus sp., strain K, in washing machines in NSP 10.2.1 and
ASP 10.2.1. Culture temperature 30°C. Productions are expressed as growth efficiencies.
Experiments inthe open. Irradiated surface = 'apparent horizontal surface' (cf. Section 2.3
and 4.2).
Expt.

Dates

Photos, active
radiation
(kcal - m " 2 )

Irradiated
surface
(m 2 )

Efficiency
NSP 10.2.1

Efficiency
ASP 10.2.1

(%)

(%)
5.1
5.5
6.5
4.9
3.5
4.9
6.4
4.3
3.7
5.2
4.1

64 B5
64 B6
64 B l l

18/3-21/3
25/3-26/3
20/5-22/5
26/5-29/5

3340
420
3051
4484

0.37
0.37
0.35
0.35

64 B15

23/6-26/6

2624

0.33

64 B19

21/8-24/8

4261

0.37

1.3
2.4
5.6
2.9
2.7
0.6
3.5
2.8

25/6-27/8

4380

0.37

3.0
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TABLE 3.5.2. The efficiency of Scenedesmus sp., strain K15, grown in buffered media containing KN0 3 or NH4NO3 asa nitrogen source. Experiment in 'continuous culture' tubes;
threedayscontinuous light.Temperature 30°C.Tubes2,3,5:KN0 3 ; tubes6,7,8:NH4NO3.
Light intensity(I0)in 104ergs • cm" 2 ' sec - 1 .
Tube
no.

Io
(10 4 ergscm" 2 - sec)

2
3
5
6
7
8

3.04
2.19
2.72
2.61
2.63
2.63

Irradiated Photosynthetically active
surface
radiation
(cm 2 ) ( k c a l - t u b e - 1 )
475
494
474
479
485
479

82.24
61.61
73.43
71.20
72.65
71.75

Production

Efficiency

(g •tube" ')

Energy fixed
dry weight in
g/tube. 5.05
(kcal)

2.89
2.52
2.45
3.14
4.04
3.16

14.60
12.71
12.40
15.85
20.42
15.97

17.7
20.6
16.9
22.3
28.1
22.3

(%)

The results of thisexperiment are shown inTable 3.5.2. The average efficiency
in media containing K N 0 3 was 18.4%, and 24.2% in solutions containing
N H 4 N 0 3 . The relative increase due to ammonium ions then is 31.4%.This isin
accordance with the theoretically calculated efficiency increase of 30%(cf. KOK,
1952).
Another possible N-source was urea which does not cause large shifts in pH.
Growth of Scenedesmus sp.,strain K, inurea concentrations ranging from 0-25
mM was measured in an experiment on the rocking table. After autoclaving of
theculture solution a whiteprecipitate wasformed. It appeared that autoclaving
caused a pH shift from about 5.6 to about 9.0. Growth was measured over a
period of 3 days. Optimum growth was observed at 15 mM urea. After the
growth period, pH in the urea containing media was highest in the series with
10mM urea and decreased with increasingurea concentration.
The optimum nitrogen concentration seems to be higher in media containing
urea than in media with K N 0 3 (15mM against 5mM respectively). Since autoclaving could have interfered with these results, the experiments were repeated
with urea, sterilized through a bacterial filter, added to the autoclaved other
part of the solution. The urea concentration was varied within the range from
0 to 30 mM (USP 0-30.2.1). Determinations of the growth rate over a 3 days'
growthperiod from 4parallel experiments aredemonstrated infig.3.5.1.Aweak
optimum was found at 15 mM urea. Experiments with KNO3, described in
section 3.2, showed growth rates of 400 to 500 mg • 1 _1 - d a y - 1 , which is about
thesameorder ofmagnitude asthose obtained with urea.
It was of interest to compare the results obtained on the rocking table with
growth data in the open. Growth rates of Scenedesmus sp., strain K were measured in 3or 4washing machines. Thegrowth ratesin NSP 10.2.1and USP 5.2.1
were compared. The temperature was kept constant at 30°C. Repetition of an
experiment bysimplydilutingthecultureproved to bedifficult. After somedays,
22
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TABLE3.5.3. Growth ofScenedesmus sp., strain K,culture media containing KNO3orurea.
Experiments in 1963 and 1964 in NSP10.2.1 and USP 5.2.1; experiments in 1966 in NSP
10.2.15andUSP 5.2.1.Temperature 30°C.Experiments inwashing machines inthe open.
Period

Photosynthetically
active radiation
(kcal - m - 2 )

Efficiency
NSP 10.2.1
(%)

5775
2265
1915
3180
1025
2341
3133
6108

1.2; 1.4
2.1
3.4
4.0
2.0
-

1963 - 13/9 -16/9
24/9 -26/9
8/10-10/10
1964- - 20/2 -23/2
4/3 - 6/3
1966--22/8-25/8
25/8-28/8
7/9 -11/9

Efficiency
USP 5.2.1
(%)
0.8
1.8;1.9; 1.4
4.1;3.8
2.7
5.3
5.1
6.3
5.4

Efficiency
NSP 10.2.15
(%)

4.2
4.4
4.8

Production rate
in mg .I .day
500 r

400 -

300 -

200

100

20
m M Urea

FIG. 3.5.1. Growth of Scendesmus sp., strain K23, as influenced bytheurea concentration.
Cultures in flasks with 300ml medium ontherocking table. Duration of the experiments
3 days incontinuous light, temperature 30°C. Four parallel experiments.

the cells turned yellow or brown. The cause of this phenomenon could not be
detected. These experiments were repeated in 1966 with a small modification.
Here Scenedesmus sp., strain K, was cultivated in NSP 10.2.15 and USP 5.2.1.
The data from the experiments in 1963, 1964 and 1966 are presented in Table
3.5.3.
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The average net photosynthetic efficiency per day in the '63-'64 series was
2.5% for NSP 10.2.1 and 2.6% for USP 5.2.1. The average net photosynthetic
efficiency per day in the '66seriesamounted to 4.5%for NSP 10.2.15and 5.6%
for USP 5.2.1,showing that thealgaepreferred urea over nitrate.Thenet photosynthetic efficiency in general was higher in the '66-experiments than in the one
in 1963. This may have been partly due to animprovement of the experimental
conditions in the washing machines after 1963, when the heating coils were
isolated with plastic tape and plastic coating, preventing possible leakage of
Cu + + -ions. Moreover, the fact that the 1963-1964 experiments werecarried out
in less favourable seasonal conditions (shorter days) may have lowered the
efficiency values.
TABLE3.5.4. Growthratesfor Chlorella-A inwashingmachinescontainingNSP 10.2.15and
USP5.2.1respectively.Lightfrom abovefrom onemercurylamppervessel(HPLR400W).
Light intensity (6-8)x 104ergs• cm"2-sec -1 ; temperature 30°C.
Duration
(days)

Expt.

Culture
solution

66L18

NSP 10.2.15
USP 5.2.1
USP 5.2.1
NSP 10.2.15

66L19

Washing
machine

W3
W4
W3
W4

Drymatter
Relative
production
growthrate
1
1
(g-vessel" -day" )
(%)
2.61
4.49
3.60
3.22

100
139
138
100

The growth of Chlorella-A, a strain already used by KOK, was compared in
NSP 10.2.15and USP 5.2.1 in washing machines in an indoor experiment. Each
machine received light from above by one HPLR 400W mercury lamp. Cell
samples precultivated in NSP 10.2.15 were divided in two parts. One part was
stored incontainers at + 5°C,topreventphysiological changes.Thesecellswere
used for inoculation in experiment 66L19 (cf. Table 3.5.4). The other part was
used directly in experiment 66L18. These experiments lasted 2 and 3 days
respectively. Because the light intensity at the surface of the culture solutions
was not exactly the same (intheorder of (6-8) X 10 4 ergs • cm - 2 - sec - 1 ) each
machine received one timethenitrate containing medium, and onetimethe urea
containingculturesolution.Thecollectedgrowth rates(expressed i n g - vessel~*•
day - 1 ), could be compared per machine. The results are collected in Table
3.5.4.
If we compare the growth rates in NSP and USP respectively, it is seen that
urea stimulated the dry matter production;thegrowth stimulation amounted to
ca. 38%. The effect is comparable with the data given in Table 3.5.3, although
the relative increase in efficiency was smaller in the latter case. There may be a
difference between the two species of algae, but also the culture conditions
differ: outdoor experiments, and round-the-clock-illumination with a lower
energy input in the laboratory; rendering a direct comparison of the data in
Table 3.5.3and Table 3.5.4 uncertain.
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3.6. THE INFLUENCE OF ORGANIC ADDITIONS ON Scenedesmus GROWTH

Although Scenedesmus is an autotrophic organism, itmight well be that the
addition ofyeast extract orsoil extract would favour growth. To investigate
theeffect ofyeastextract addition, an experiment on therocking table (temperature 30°C)wasmade.
In apreliminary experiment the growth ofScenedesmus over aperiod of4
days was compared in the culture solutions: NSP 10.2.1 and NSP 10.2.1 + 0 . 1
or 0.5 g/1 yeast extract. The average production rates over 4 days were: 0.1523
g/300 ml, 0.1672 g/300 ml and 0.1628 g/300 ml respectively. Although growth
was higher in theyeast containing series,differences were not significant, due to
the variation inproduction rates. Sincelight intensity varied from place to place
on the rocking table, the same experiment with 3series of 4 flasks each was repeated;theduration was4days.Each day, theplaceofeachflaskonthe rocking
table was different, to secure that the average light intensity received per series
wasasequal aspossible. Theresultsarecollected inTable 3.6.1.

TABLE 3.6.1. Growth of Scenedesmus sp., strain K, on the rocking table as influenced by the
addition of0.1 g/1or0.5 g/1 yeast extract. Series A, B, and Cwere parallel experiments.
Temperature 30°C; duration ofthe experiment 4days; light intensity 6x 104 ergs• cm" 2 sec" 1 .
Culture
solution

(SP10.2.1
h0.1g/1
1-0.5 g/1

SeriesA

Average
series A + B + C
(mg-l _1 -day _1 ) (mg-l _1 -day _1 ) (mg-l - 1 -day - 1 ) (mg-l^-day - 1 )
401.0 ±73.4
365.0 ±43.9
409.0 ±59.0

SeriesB

SeriesC

424.0 ±46.0
389.0 ±46.0
375.0 ± 100.4

332.0 ±64.8
483.0 ±56.7
461.0 ± 107.0

385.7 ±12.5
412.3 ± 13.6
414.7 ± 12.9

Eachvalueinthe seriesA,Band Cis the averageof 4 determinations. On the
basis of 4parallels, significant differences ingrowth rate by way of yeast extract
can be noticed only in series C. Collecting all the results, it shows that the average production rates inNSP 10.2.1 with yeast extract are significantly higher
than in the control, although the increase in production is not more than 10%.
Weconcludethat yeastextract increasesgrowth, but isofminor importance.
Besides yeast extract, also addition of soil extract prepared according to
PRINGSHEIM waspreliminary tested. It did not show anyeffect ifused in connectionwith our culture solutions.

3.7. DISCUSSION

The experiments described in section 3.2 showed that there isan optimum for
K N 0 3 ataconcentration of5 mM inrocking table experiments; the growth
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rates declined about 15%at concentrations higher than 5mM. The situation of
the optimum remained the same when using higher inoculation densities(cf. fig.
3.2.2). The results in 'continuous culture' tubes, and in 100 ml tubes in a theimostated bath, on the other hand, showed that the situation may be different if
weuse other types of culture vessels. In 'continuous culture' tubes a decrease in
energy conversion was observed at higher KN0 3 -concentrations which, however, was statistically insignificant. No effect of the composition of the culture
solution on thegrowth rate wasfound in algal cultures under conditions of light
saturation ina thermostatedbath (cf. fig. 3.2.4).This showsthat theoptimum as
observed in our experiments on the rocking table, is qua position only valid for
this particular set of conditions. There is a difference in absolute growth rate:
the cultures on the rocking table produced about 400-500 mg • 1"'• d a y - 1 , the
algae in the culture tubes 1.0 g • l" 1 - d a y - 1 on the average. For the following
reasons it may be assumed that the cells in 'continuous culture' tubes received a
higher average light energy flux than those on the rocking table. The light intensity on the surface of the vessels on the rocking table was (4-7) x 104 ergs•
cm" 2 , sec - 1 , depending on the age of the fluorescent tubes. In 'continuous
culture' tubes the intensities were (3-4) X 104 ergs • cm - 2 - sec - 1 . The algal
compartment in the cultures tubes had a diameter of 0.5 cm, on the rocking
tablethealgallayerwas2.8cm(with 300mlper 11 flask).
The decline in growth rate at concentrations above 5 mM K N 0 3 showed
parallelism with the decrease in growth rate observed in experiments in which
the KN0 3 -concentration was kept at 7.5 mM, and the osmotic value of the
culture increased with KCl. It hasto be admitted that thedecline ingrowth rate
is slightly different with KCl as compared with that observed with K N 0 3 . This
might indicate that the toxicities of K N 0 3 and KCl differ. Apparently, the concentration of K N 0 3 is only toxic in those cases where the growth rate is low.
High KN0 3 -concentrations then might osmotically inhibit thegrowth rate.
Apart from the 'osmotic explanation' of the decrease ingrowth rate, an alternativeexplanation may beconsidered inrelationtotheobservations of KUZNETsov and VLADIMIROVA (1964)and BONGERS(1956). KUZNETSOV and VLADIMIROVA (1964) with Chlorellasp., strain K, tried three different types of culture vessels in which they found different growth rates under conditions of light dependency. The N0 3 "-uptake depended on the culture conditions. In vessels with
highabsolutegrowth ratesthe N 0 3 "-uptakewas also at its maximum.
BONGERS (1956) found a competition between N 0 3 - and C0 2 -uptake in
+
weak light. In the absence of C 0 2 the NH 4 -excretion which then equals
N0 3 "-reduction was the same in weak and strong light, whereas N0 3 "-uptake
in the presence of C 0 2 was higher in strong light than in weak light. Thus, in
our experiments high KN0 3 -concentrations might inhibit N0 3 - -uptake especially in cases inwhich thegrowth rate is low, for instance at low light intensity
in both thin and thick layers, or at high light intensity in deep layers. However,
from our experiments it cannot be decided with certainty whether differences in
cell behaviour towards nitrogen are due to the energy supply, which also depends on sizeand shape oftheculture vessel,or totheosmotic conditions.
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The nutrients MgS0 4 and K H 2 P 0 4 gave optimal yields above 2 mM and
1 mM respectively in cultures with optimal KN0 3 -supply on the rocking table.
In some cases the KH 2 P0 4 -concentration was increased to 15 mM to inhibit
the formation of precipitates of MgHP0 4 , that occur at pH 7.0. Under such
conditions growth rates at MgS0 4 -concentrations above 2 mM were independent ofthe MgS0 4 -concentration.Precipitateswereformed inwashing machines
under artificial light and inthe open when no buffering agent waspresent or pH
was not lowered by acid addition. A small increase in KH 2 P0 4 -concentration
to 5mM K H 2 P 0 4 was not sufficient to prevent precipitate formation. In washing machines thegrowth rate wasfound to be reduced inNSP 25.2.5as compared with 25.2.1 (cf. fig. 3.4.2). The increase of the KH 2 P0 4 -concentration to 15
mM was favourable both in washing machines and in cultures on the rocking
table at higher cell densities. The growth rates obtained in washing machines
are lower than those on the rocking table (100-200 mg • 1 - 1 >d a y - 1 and 400500 mg •l - 1 - d a y - 1 respectively). Nevertheless pH also increased in the washing machines. After the formation of precipitate, the growth rate declined in
cultures with 1and 5 mM K H 2 P 0 4 (cf. figs. 3.4.2 and 3.4.3). Apparently the
growth rate depends on theequilibrium concentration of Mg + + or ofH P 0 4 ~ ~.
Another possibility is that the uptake of other kations, as for instance Fe + + , is
limitinggrowth atpH values of 7.0and higher.
N H 4 N 0 3 as well as NH 4 C1 stimulated growth and enhanced net photosynthetic efficiency as compared with K N 0 3 , provided pH was controlled. The
elimination of the nitrate reduction step when ammonium salts are used probablyisthecauseofthis phenomenon.
SYRETT and MORRIS (1963), with Chlorella, showed that N H 4 N 0 3 application results in a prefeiential uptake of NH 4+-ions. Nitrate was taken up only
when nearly all N H 4 + was removed from the culture solution. In our experiments comparison of the growth rates in N H 4 N 0 3 and K N 0 3 containing
media resulted in a 30%higher energy conversion in the case of N H 4 N 0 3 (cf.
Table 3.5.2). KOK (1952) also calculated an increase inphotosynthetic efficiency
amounting to 30% in media containing ammonium salts as compared with
media containing K N 0 3 . The increase of 30%found in our experiments, therefore, is probably due to the uptake of the ammonium ion from N H 4 N 0 3 . A
second argument isthe decrease in pH observed in N H 4 N 0 3 containing media,
whichalsodemonstrates the NH 4 + -uptake.
Nitrogen in the form of urea was favourable for growth in washing machines
(cf. Table 3.5.3). The optimum urea concentration on the rocking table was 15
mM (cf. fig. 3.5.1). The absolute growth rates were comparable to those in
media containing K N 0 3 . The stimulatory effect of urea in washing machines
(cf. Table 3.5.3) was obvious only inexperiments in 1966.
BAKER and THOMPSON (1962) described the urea metabolism in N-deficient
Chlorellacells. They demonstrated that the amino acid labeling after ,C14-urea
addition wasdifferent from that observed with NH 4 C1. No urease activity could
be detected, a fact also supported by earlier work of WALKER (1952) and HATTORI (1957).This would imply that hydrolysis of urea did not occur in Chlorella.
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