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INTRCDUCTION

Investigations of algal growth in nutrient solutions have been
pursued since 1871 when Famintzin (25) added inorganic salts to
cultures of algae being used for studies in development. The research
requiring the use of artificial cultures has been varied. Smith (8L),
Chodat (1L, 15), Pringsheim (77), and Bold (5) have cxtensively uti-
lized unialgal cultures in developmental morpholozy and taxonomy.
Emerson (21), Varburg and Hegelein (95), and Burk et al.(12) invegti-
goting quanbum yields bascd thelr conclusions on the data from algal
cultures. Hutner (L0), Gunderson (33), and van Cverbeek {%3) have
used such cultures to study growth factors and vitamins bobh produced
and required by the algae. DBrammon and Bertsch (7), Yin (58), and
Kylin (L7) have determimed the influcnce of auxins., Chu (17, 18),
Hopkins (39), and Gerloff, et al.(30) have studied mineral mubrition
by varying the mutrient solution at arbitrary levels or by employing
the familiar triengle technigque {Prati, 71) and measuring differences
in growth in an effort to determine 8 bast solubtion or & best balance
of principal ions. DTmerson (22) has measwed the effect of catloms
in increasing or decreasing the cuanbun yiclid in photosynthesis.

Scott (81) in following growth also analyzed the alpal meterial pro-
duced. Hetchum (L1), and Ketchum et 2l.(L2) in studies on nitrogen
uptake from different levels werc the first to analyze both cells
and mecdium for this clement. Urganic mubtrition has been studiced ex=-
tensively by lyers (54).

Turing recent years the possibility of more efficlent utilization
of solar energy for the production of carbohydrates has been discussed
by Dandels (19), Riley (77), and Transeau (90). Basing his calculation



on the work of iArmold {(27) with Chlorells Daniels (19) admits the
possibility of a maximum possible photosynthetle efficiency of 20%,
Transeau (90) had previocusly calculated the efficiency of the corm
plant to be, at best, l.4%. Therefore the utilization of algae as a
source of food has caught the imagination of meany. Yin (99) has
strongly urged the ubilization of algae as a food source. His opti-
mistic calculations based on yields with Chlorells show a possible
production of L tons of dry substance per acre in eight days, half
of which would be carbohydrate.

Speehr and 1dlner (86) have studied Chlorella grown in culture
solutions of wvarying amounts of nitrogen. They have introduced a new
term for organic carbon compounds called the R value vhich is a state-
ment of the degree of reduction of carbon obtained in that compound,
It is given in an arbitrary scale of 100 bebween the points of O for
carbon dicxide and 100 for methane and can be computed by the followe
ing formila based on analyses:

ne [ Fc X266 v (AHX7.936) - 0] X100
396.9

This value is unigue. It can be applied to mixtures as well as to

pure compounds. Lthe higher the R value the greater the reduction of
the carbon compounds amalywed and the greater the amount of stored
energy. FProtein, carbohydrate, and 1lipid content can be calculated
from the R value if the nibtrogen amalysis is also known. Irom such
caiculations the effect of warious environmental factors on photo-
synthesis can be determined. It was observed that high 5 values were
only produced when the nitrogen supply was at a2 minimum. Cells con-
taining from 8.7% to 58% protein were produced by variations in the



nitrogen level. The direct production of such high rrotein moteriols
by plants might obviate the use of animal intermediates in the future.

Prior to the initistion of the work presented in this paper =2
project was ectablished by the Carnegle Institute of Washington to sew
cure basic data concerning growth in mass in & closed system. A brief
description of the experiments wagz published in 1950 by Cook (9).

The general literature concerning algal growbh has been thoroughly
reviewed by Kufferath (b,é), Bold {6), Brunel et al. (9), and Pringshein
(75). Additional reference to pertinent literature will be found where
it applies to problems confronted in the text.

The purpose of thls study was to gain information concerning the
limiting factors which would affect the growth of algae if they were
to be produced in large amounts. In designing the experiment conside
eration was given to the general type of equipment which might be used
on a2 commercial scale. Though no attempt was made to erect a pilot
plant the equipment used was to secure data in the dimensions neces-
sary for the erection of such a plant. A primory decision was whether
to grow the algeae in an open systen or in a closed bacterial-free
systen. The former was chosen for several reasons. First, since the
early work of Beijerinck (L) most studies of algal growth have been
in small, sowcalled pure, unialgal cultures. Though initiation is sime
ple, great difficulty is inherent in maintaining such cultures and
applying necessary sampling routines. This difflculty maltiplies as
the size of the culture increases. Such a complication, a continuing
problem in the commercial growth of Penicillium, is discussed by

Foster (26). Several methods other than a closed asceptic systen were
developed for its production prior to the enginecring accomplishment



which made sterile culture possible. Second, if solar enerzy is
finally to be used the efficiency of illumination would be reduced

by confinement to a closed system. There is no maximum limit 4o the
amount of light which can be utilized. The greater the intensity the
greater the yield. Third, no data are as yet available concerning

the feasibility of growth in such an copen system nor has work been
accomplished showing the possible effect of contaminants in such equip-
ment. Cook (9) points out the meed for information comcerning the
growth of Chlorella or cother algae in an open system.

The size of the culture was limited to 100 liters at a minimum
and LOO liters at a maximum because the large volume of solution needed
for analyses made i% advisable 4o have the culture large emough to
prevent serious error caused by sampling. The conbtimious centrifuge
system envisioned to prevent reduction of available light as the cell
concentration increases would also require considerable volume for
efficient operation.

The employment of a new techmique made imperative the inductive
approach. A total of five experiments was completed, ranging from two
to three weeks each depending upon the information desired. An effort
vas made to secure a growth curve with the highest possible rate by
varying certain factors in the enviromment. The changes in growth
were reflected in the status of the culture solutions as determined
by pertinent analyses.



JATERIALS AND METHODS

Variation and non-reproducibility of resulis from early studies
have resulted from the growth of algae under epvironmental conditions
which vary with the investigation. Variations in any one of the
following will give information dependent cn the unique set of condi-
tions prevailing at the time of the experimsnt:

(1) light -=- intensity, duration, spectral distribution,

(2) temperature.

(3) carbon dioxide supply — amount, concentration, and
duration.

(L) water supply =-- inorganic and organic nutrients, and
bacterial contaminmation.

Two essentially different systems are available for regulation
of the two physical factors usually causing the greatest wvarlation,
viz., light and temperature. First, light can be supplied by a
constant artificial source close to the culture solution and the solu-
tion kept at a constant temperature by direct refrigeration or by
surrounding the light source with a water bath, or a combinstion of
these as used by lyers (57), Scott (81), Ketechum (L43). Seccond, the
light source can be held in an air-conditioned chamber where the
ambient temperature is controlled by a thermostat and where radiation
passes directly to the culture, The latiter system offers the advant-
age of obviating the loss of light due to glass or water screens and
avolding fogging due to cvaporation in a closed system. A controlled
environment chamber was constructed as shown in fig., 1 to take ad-

vantage of the latter system.



Filg. 1. A dagremmatic, percpectlve view of the controlled
enviromment chamber and principal equipment. To identify individual
pieces of equipmeont refer Lo the following key.

B

-- Thite, polyethylcne-lined vats conbainime L0O liters at
maximam

-~ Rheostat combtrolled stirrers with glass propellers
-~ Sintered glass aspirator at end of carbon diexdde line
-- Pneumatic air compressor

-= Constant-=delivery diaphragm valve

-= Iiguid carbon diordide cylinder

-= Cold water line

~~ Hot water line

-= Glass cooling coil in cold water bhath

-= Catlon-anion exchange column

Air conditioner and thermostat

-~ lin swibtch box

~= Individual bank switches

~= Iinc for right Tluorescent bank

~= line for left fluorescent bank

== Idne for right incandescent bank

== Line for left incandescent bank

e .20 millenmp ballasts

-- Top view, right reflector board, normal position
-=- Tluocrescent tubes

-« Incandescent bulbs ‘

Chain and turn~buckle support for the reflector board
Siphon line to centrifuge

¥ == Bagket chemlcal cenbrifuge

Y -~ Reservoir

4 =e Centrifuzal pump and returp line Yo tank

AA «= Recording hypro-thermograph

BE ~- Door to chamber
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The chamber which housed the equipment had a floor area of 98 sq.
£t. The slopinz roof was a feature of the avallable space and not of
the deosign. The entire interlor of the chamber was painted white with
titanium dicxide paint for mavimum reflection. The concrete floor vas
sealed by & speclal grey cement floor paint and covered with linoleunm.
«he concrete tile walls and ceiling provided sufficient imsulation for
the study. However, 1t is recognized that cork insulation over the
entire wall surface would have glven cvon more steady environmental
control.

Illumination close to the maxdvun for combinmuous artificial light
was secured from two similar panels of sixteen, #w~foot fluorescent
siim-line tubes (7e~T=12), L500 White, mounted onc=qguarter inch apart
giving a combined vattage (per panel) of 940C watis. In addition,
twelve ¢J-watt incandescent bulbs, giving a wattage of 7200, were
mounted eveniy in three rows each A0 om. apart. The value of balanced
combinations of incandescent and fluorescent lamps has been discussed
by Parker and Borthwick (sli). The LE0O Vhite fluorescent tube pro-
vides a radiation peak for blues and the incandoscent provides a
similar peak in the red so that maximum radiation approaches the
absorption peaks of chlorephyll and the action spectrum for photo-
synthesis. In order %o prevent overheating of the room the sixbtcon
Gensril Dlectric Tulomp ballasts (59-G-9L%2), rated 2% 130 milleamps
each, were mounted outside the room seven inches apart and far enough
from the wall to allow adequate ailr circulation. The reflector boards
were 1/L inch masonite mounted on steel frames and suspended by chains
anchored in the ceiling girders. Changes in elevation of the frame
above the surface of the tanks could be attained by shortening or

-



lengthening of these chains. Final adjustment and leveling was
achiceved by the use of turn-buckles. The reflector beoards were
painted with titanium dioxide white-gloss for macirmm reflection.

The intensity and distribution of illumination are shown in tables I
and II and by figure 2. The readings are in new candles (#0) measured
with 2 carefully stendardised Veston Illumination Heter (lodel 75s).
The readings were taken at the beglaoning of the third culture. The
decrease in illumination after Culbures F‘Qur and Tive was negligible,
This slow decline, aftor the initial drop, 1s in agreement with the
cbgervations of Parker and Bortlnvick (&:55') on Ceneral Dlectric slim-
line 7-8 lamps. The illumination cduring the first 100 hours for
Zluorescent tubes is seoverzl hundred foot candlcs above that of the
prolonged intensity, the decrease thereafter lg slight wntil a sudden
drop-off which can be easily detected by the light meiter. The initial
high intensity was removed by burnming the tubes for seven days prior
to the first culture.

The temperature was conbtrolled by two Remington Frofessional Aire
Conditioners (lodel 8) with a cooling capacify of 9020 b.t.u. per hour.
Both alr-conditioners were mounted three feet from the floor in the
fromt wall of the chamber each opposite a bank of lights. Cooling
coils and fans were directed into the chamber. The compressor, how=-
aver, wvas entirely outside the chamber so that operating heat could
be dissipated. The Tluctuation in ambient temperature was pelc} within
2.5° F. by two White-Rodgers Temporeture Comtrols, Type 201, Ihmber 8,

Style Gle# A constant record of ambilent btomperature vas kept on a

#The temperature in the culture tanks fluctuated cven lessz, owing
to the high thermal capacity of water.



TABIE I

LIGHT INTENSITY IN FOOT CANDIES PLOTTED ON 4 GRID
OF THIRTY CENTIICTER SQUARES FOR THE ILFT VAT.

A. At the Bottom of the Vat

700 900 1000 1000 1000 900 700 500

800 ~———1000 1200 1300 ——1300 —1100 800 500

800 1100 14,00 1500 1500 1300 ~—==900 500

£00 800 1000 1100 1100 900 700 L20

500 00 700 700 700 700 500

W
3
[}

Be At Surface level of the Culture When Filled to 300 lLiters

7C0 800 900 1000 1000 200 800 ——n00
|

|

800 — 1000 1300 1300 1300 ——1200 9200 00

800 1300 1500 1600 1600 ~—1400 1000 600

700 e 11,00 ——11,00 1500 1500 1300 1000 £00

00 500 11.00 1200 1200 —11.00 —-800 500

Loo 500 £00 £00 6500 600 500 400




PABIE IX
LIGHT INTENSITY IM FOOT CANDIES PLOTTED ON A GRID
OF THIRTY CENTIIETER SQUARES FOR THE RIGHT VAT.
A. At the Bottom of the Vat
#00 700 900 1000 1100 — 1000 800 00

00 =——— 1000 1300 1400 — 14,00 1400 1000 700

300 500 700 800 800 700 QOO 500

B, At Surface level of the Culture When Pilled to 300 liters
700 900 1000 1000 3100 —=1000 800 #00

700 1000 1300 14,00 1400 1200 1000 700

700 ——12C0 1600 1700 1700 —1500 1100 800

500 1200 1500 1600 ——1600 —11,00 1100 700

600 ——— 1000 1200 1200 —1200 ——1000 800 600

Loo 500 700 700 700 700 600 Lo




Fig. 2. Distribution of light at the swrface of the wvat
£4lled $o0 300 liters. (A) is the left vaty (B) is the right
vat., Ordinates are in foot candles; the abscissae are in
centimeters. The use of the third dimension prevents constant
coordinates which must be estimated in perspective.
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Frieze hygro-thermograrh {ilodel 59L). Daily readings of actual water
temperatures were also recorded.

The construction of suitable vats presented several problems,
First, 1t was essential that the vats be large enough to meet the masxi=-
mam capaciky of 00O liters, but still be light weight and easily handled.
Second, thay must be white in order to offect maxiomum light reflection.
Larly experiments in glass containers painted white or black on the
cutside chowed that the cell count of Chlomlla aftcr seven days was
twenty times greater in the white containers than in the black. Third,
that the lining of the tanks would be chemically inert. Fourth, com-
plete removal of all cells and organic material from each culture had
to be readily attained. Several materials including glass, stainless
steel, and galvanized steel with water proof paints were considered.
In order to meet the requirements the tanks were comstructed of 3/L
inch water-resistant plywood painted whiite with titanium dloxide gloss
enamcl and lined with a single sheet of transparent, four mill;, poly-
ethylene plastic sheeting. This material proved to be eminently
satisfactory for 1t was water-proof, completely inert, easily folded
into the plywood containers, and inexpensive enough to be discarded
after cach culture.

The inside dimensions of the tanks, 117.6 cm., wids by 170 cm.
long by 22 cm. high, made each five centimeters in depth egual to
100 liters of solution. The vats were mede smaller than the panel of
Idghts above them so that the highsst light intensity and most even
ddstribution could be atiaincd.

A supply of 5 carbon dioxide~ine-air mixtures is usuvally obtained

for studies of this sort by mixtures prepared at the fachory., Such a
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mixture was used for Culture Two only. The rapid exhanstion of the
cylinders and the cexponse thereof prompted development of another
nethod. Pure carbon dloxide was allowed o pagss from a standard gas
cylinder at 2000 1b. pressure into the reservoir of a Curtis Air Com-
progsor (liodel T-10l). ‘hen the desired percentage of carbon dioxide
had been delivered to the tank, as determined by the mresmmre gauge,
the flow was cut off and the remaining pressurc was obtained by run-
ning the compressor 4o £ill the rescrvoir to capacity at 150 1b.
pressure. 4 tank thus £illed would deliver an cven flow of carbon
dloxide-in-air through sinbercd glass aspirators for approximmtely
eight hours, after which time it was azain filled by 2 nmeasured amount
of carbon Jloxide and alr. Delivery into the tanks was regulated Wy
& constant flow diaphragm valve shown in figure 1.

Tater for the cultures was passed through a columm of cation-
anion exchange resins in a Bantam Demineralizer, removable cartridge
type (lodel VD-1-DR). ILxcept for Cultures One and Two no mater was
introduced inte the vats if it showed a2 resistance of less than
230,000 ohms/cc. OSuch wader is frecr from condaminants than distilled
water wsually avallable in the laboratory and it can be producad
rapidly. It is cspecially wvaluablc in that copper and othoer heavy
metals bave been efficiently removed by the oxchange resinm. The use
of an ion exchange columm, however, does not remove bacterdal contami-
nants. Despite the fact that an open system was uscd it was desireble
%0 reduce initial bioleoglcal comtamimation to & minimum. Tor Culiure
Three and laber culbures water from the hot water line was used, This
water was delivered from the tap at 70° C, four floors above the

boilers where it must have been heated close to 100° ¢. This water



was pasged through 300 cm. of pyrex glass coil immersed in a2 cold
vater bath shown in figure 1 prior to passage through the exchange
column. After initial £illing of the tanks water for replacement was
stored in 18~-liter carboys so that additions necessary to replace
evaporation could be measured.

In oxdler that the information secured from the initlal cultures
conld be compared to earlier work the nutrient solutbtion was a modified
Enop's solutions using the following salis:

Ga(ﬁeq)ﬁ.hﬂza—--——--* 100 grams

g 50), « 7H0 = 25 grams

KHPO) == m === === = - 25 grams
FeClB--------------O.Zgram
Water to make 300 liters.

The above solution has been ased successfully in more routine cultures
than any other. A calculation of the individual ions in p.p.m. and
me.2./Le is given in the tables of mineral analyses. This solution was
used in Culbures One, Two, and Three, but was modified in Cultures
Tour and Five.

A major problem in culturisg algae in containers of anmy dimensions
iz their tendency to secttle. In order to prevent this sedimentation
two glass propellers run by Fisher Versatile Stirrers (Type NHSE-11-R)
at the maximum rate of 5000 r.p.m. were employed in each tank. The

rapid cyclosis prevented sedimentation except in the corners where an

#¥Bold () has emphasized the inaccuracy and confusion found in
citations of culture media by reference to the author. It is necessary
that the composition as well as the "ordginal® user be cited. By way of
illustration the above composition is commonly called Detmer's solution.



additional stirring wvas perlodically applied with a third glass
stirror run at 5000 rop.fme

The organicm seloched for these oxperiments was Scenedesmus

obliquue Turp. (Kutz)e It was secured from the stock of pure cultures
at the Woods Hole larine Biological Ilaboratory. The strain was maine
tained in a2 stock nutrdent solution and on agar. Inoculation for
each succecding mass culbture wag oblained from stock cultures derived
from the preceding mezs culture and maintained until needed in Detmer's
solution. Iach inoculation contained enmough stock culbture to provide
an initial concentration of 1000 cells/ce. in the tank. The inocu-
lations were from stock cultures of similar age, though Uhran (92)
observed little difference in rate of nitrogen upbake and growth using
inoculz from cultures &s ruch as one year old. The amount of stock
culture added per 300 liters was between 50-100 cc.¥ Growth was
followed once or twice d2ily by means of cell counts, using a lovy-
Hauser Hemocybtometer counting 100 squares on the improved lebauwer
ruling. This is considerably more than necessary for statistical
significance. Growth was concomltantly followed by per cent trans-
mission in a Fisher Slectrophotometer using 2 7425 filter. A formula
vas derived for comverting from cell count to transmission, but for
all caleulations diroct cell count was used., ITrn Culbures Four and
Tive the cell count wac supplemented by dry weight determinatlons

of 100 ml. samples of cultures. These samples were centrifuged,
washed with distilled water, and centrifuged again., They were dried

*Pratt and Fong {73) maintain that Chlorella produces a growth
inhibiting substance which is manifest iX lesser growth when large
inceule arc used. The minute size of the inoculum should minimize
such an effect if present in Scenedesmus.




in an oven &at ?Qo C. for 1A hours and transferrced to & Ca::}?l.2 desiceator
ané allowed to cool for four hours prior to weighing.
Apalyses
Routine determimations of pH were made at least daily with a Beck-
mn glase electrods pil meter. The conductivity was determined by means
of a comventional conductivity bridge. Baciterial counts of the waber

for Cultures Four and FTive werc made using the method im Scott (82).

hj

‘or Cultures Threc, 'our, and Five, 400 ml. samples of the solubion
were taken cvery other day. The sampies were contrifuged bo remove
the cells and decanted inbo 500 mi. botiles for storage. In order to
prevent biological modification of the sample one cc. of & 1500 p.p.m.
solubion of mercuric chloyide was added to ecach sample giving some-
what more than the lethal concentralion of 5 pepem. ¢ given by Salle
(78).

& serdes of wmethods for inorganic amalysic was tested. After

-

experimentation the fqllowing weore sclected aco bedng most applicable
to thic study:

Potacsigs.

The Perkin Elmer Flame Photometer (52-C) was used for
potassium determdnations. The readings were taken balanced
against a Lithium internal standard as described in the manmual
for the flamc photomcter (59). The method was hi@hjy sensi-
tivc and an error of less then | 27 is cutimated
Calciume

The soap titration method given by Burgess and Breazeale
{11) was uscd for Culture Three. coulbs were onbirely un-

satlsfactory in samples contalning all ions though reasonable
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accuracy was secured for knowns containing only calcium and
magnesium. For Cultures Four and Five the Ferkin Elmer Flame
Photometer was employed with good results, though the error
was probably greater than for potassiunm,
Hagnesium.

For Culture Threc magnesium was determined by means of
the soap titration method of Burgess and Breazeale (11).
This method was not satisfactory, so the Titan Yellow lethod
of Peech, }Hichael, and English (~8) was employed for Culturses
Four and Five. This method also proved unreliable. Something
in the samples interfered with the proper formatlon of the
lakes and the results are questionable. IlRgnesium was con-
gidered to be the only element for which a betier method of
analysis would be desirable.
Nitrate.

The classical Devarda lethod modified by the use of a
long water condenser rather than the usual air-cooled condenser
as given by lepper et al. (L8) proved completely satisfactory.
Phosphate.

The method of Lindmer (L9) was modified by the omission
of the 2.5 ¥ sodium hydroxide solution usually required to
prevent excess acldity.

Sulfate.

The determination by the Benzidine liethod as given by
Reitemeier (75) was employed without modification.
Chlorids.

The silver nitrate titration as gilven by Lepper et al,
(L8) was employed for chloride.



Bicarbonate and Carbomate.
This determination was made in Culture Three along with

the routine analyses. However, in order to secure greater
accuracy in Cultures Four and Five the carbomate-bicarbonate
tdtration was performed immcdiately after taking the sample
and centrifuging. The method is given by Lepper et al. (L8).



RESULTS

Execept for envirommental factors, modified as described specifi-
cally for each, all cultures were maintalned under the same constant
conditions., I!®mximum light intensity as plotted in figure < was
maintained for all culbtures. The radiation measured on a General
Electrie Radiation lieter was C.2 gram calories per cm. per second in
the highest central area of illumination and graded off to 0.1 gram
calories per cm. per second in the areas of lowest intensibty at the
edges of the tank. The temperature was held at 21° C, and did not
vary more tham 1.5° I', above or below this point. The depth of solu~
tions was mainteined at 15 cm., giving a total volume of 300 liters.
The Knop's solution was modified only im Cultures Four and Five. The
water supply for Cultures One and Two was introduced directly to the
cation-anion exchange column and delivery was not allowed to fall
below 100,000 ohms. In Cultures Three and Four, however, hot water
was utilized and was allowed to fall to only 200,000 ohms. For con-
venience in review the presentation of results attalned from each
experimental culture is followed by a brief discussion which presents
the information considered necessary for the steps teaken in the sub-
sequent cultures.

Culture One. The purpose of the first culture was to establish

the general growth curve with pure carbon dioxide supplizd at brief
intervals of time each day. It was not expected that maximm yleld
would be secured in this mamner, but information was secured which
demonstrated the effect of rapld growth on a culture solution.

The growth curve and data for changes in pH are given in table
IIT and figure 3.
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TABIE ITI

CELL COUNTS, TRANSMISSION, pH, AND ADDITION
OF PURE CARBON DIOXIDE FOR CULTURE ONE .

Days after “ Per Cent Hours 8{32

Inoculation Cells/ec X 10” Transmission  Added pH
156 17.1 16,0 0.0 9,0

17 18.5 15.0 0.0 1043

m 1?05 1500 Q5 10.3
175 15.0 8.3

19 21,0 1.0 040 92

20 20.0 13.0 10.0
13-.0 1.0 909

21 21.0 33.0% 8.5
35.0% 1.0 9.1

22 21.0 35,08 00 8.8

#ihere two readings are recorded, the first is at 9330 4. U
the second at 9:30 P, i,
ading taken from one part of culture sample diluted with
one pert of water.



Fig. 3. The growth curve and pH changes in Culture One.
Bars represent additions of pure CO, for a period of usually one
hour (see table III). Solid lines and circled points plot ob=-
served pH changes. Dotted lines connecting points represented
by "I" were plotted from information taken from subsequent
cul tures.
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Growth is deleyoed for geveral days after inoculation. During this
poriod the cells, slnost all of which exist singly. -re observed to ine
croase in size from es maell as 3 ¥ 1L microns to reach a sive of & X 19
microns. This increase in size wus observed in a1l culiures prior to
the first division and in 2 lesser degree prior to subsequent divisions.
The normal course in eoll growth was for a single cell to grow in voluwe
and then to divide into four autospores which, growing in sige, muribured
the mother cell wall end formed a coencbe of four undted cells. These
remainad united in colony form wntil each had abtained an intermedizte
size, alter which the colony separated and the cells lived singly until
divizion ogoured again. As the cultures aged, a greater percentage of
cells was found in the coenobe form. After the lag phase in growth the
increase in population was exbtremely rapid. It was not until Cultures
Four and Five that the precise contour of the rate owve was established.

The mechanism of the common lag period prior to a rapid rate of
division has Leen investigatod Ly Yomod (53) for a considerable mumber

of mleroorganisms. e has caneluded thab tle duration of the lag noriod
is shortensd Ly increocsed gize of inoculysm which, In twrn, elther 2llows
for colloldal adsorbidon of tomic trace elements or introduces biologie
cally synthesized substences necessary for growbh. Iilgh light intensity
may have had an additdonal affect in prolenging the lag phase as has boen
shown by Meyers (5L, 56) in experiments with light intensities ranging
from 10,000 foot candles down. In additionsl experiments Meyers (55)
points out that photogymthesis may increase wntil limdted by the dark
reaction at about 3Y0 foot candles depending onm intensity of prior culture
but that growth is not stimlated by intensities sbove 10C foot candles.
Intensities above 100 foot candles therefore may czuse secretion into
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the solution or storage. In order to keep the culbures similar, no effort
was nade to reduce this lag period by increasing inoculun size or reducing
initizl light.

Soon after dhe inditiation of division fluctuations were oboorved in
the pH of the solution after addition of the periodic supply of carbon
dioxide. By readings taken before and after the application of the gas the
curve chovn in figure 3 for pil fluctuation was plotted. It was apperent
that anions were being mch more rapidly removed from solution then cate
ions. The anion thus removed was most 1likely nitrate as demonstrated by
Uhran (92). The offect ol removal of anions by the cell was accentuated
by the fact that phosphate precipitates at hdgher pH values. The datza cone
Tirmed that of Sphoer and Iilner (06) showing increase in pH in the solu=
tion supplied nitrogen by means of HO3. Of especlal interest is the speel
of removal of the carbon dioxide swpply. 4t the higher pH values the cor-
bon dioxide must have existed primarily as bicarbonate which served as a
bulfer balancing the surplus cations and holding the pil near 7.5. Upon
rvemoval of the source of cavbon diowdde, however, the algae were especlolliy
efficient in active absorpition of the carbonate ion oven though the pi
thereby created was injurious.

Carbon dioxide has bsen frequently supplied to culiures of algee in
the form of bicarbonates vihiich can be utilized effectively for photosyme
thesis. It was considered possible that the intermittent addition of pure
carbon diomdde for iimmted periods would form sulficient bicarbonstes bo
adequatcely supply tho cells during the periods when the gas was not being
delivercds The growih curve for the first culturc (fig. 3) suggests
that tlis method is unsatisfaciory unless the carbon cioxide is delivered
at intervals which are frequent enough to hold the il below 7.l.
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Fig. L. Comparative growth mg for Culbures One, Two
Three, and Four plotted from hesocytomet s Two,
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T was calewlated fron observed concentrations and not Trom z swoothed
curve. I therefcre gives the number of 4imes the population doubled
durin~ a tine interval of 24 hours. The rate shomd a remarkable rise
efter the first four days but then dropped off immediately. The rise
was so sudden and so ropid during the first few days that the shane of
the early pord of the curve was uncertain. This portion was accurately
izternined in later erxperimesnts. The conductivity chanmes are shown in
table IV. If it is assumed that the 8@2 supply is producinz enourl: bLie
carbonate ions to veplace the anlons absorbed, the reductleon in conduc—
tivity should reflect the toitzal removal of cations if the pii is held
constant. ‘fxny sudden drop In the conductivity should be apparent in a2
sudden rice in vil. This actually occurred on the ninth day efter inocuw
lation when corbon dlomdde in the cylinder became exhousted and there was
a six hour lapse nrior o the installation of & second tank.

e growth curve of Culture Two plotted in IJigure i was considered
to be normal and comperes favorably with those secured by Xetchun (42
and ¢ ~terlind (62).

tulture Theee. Information secured fron Culiures Tme and Two

sarested that data concorning the minerel nutrition of the organisns

would he cssential if o steady growth rote were to be mointained o

#+Uonversion of common logs to logs to base 2 ie achieved by the
following:

T o

logp I = Jogip U X 3.32



any considerable period of time. The composition of the mubrient
medium could not be permltted to change if a steady state were to be
attained. In order to determine the amount and rate of removal of
all mineral nmutrients from solution an amalysis was made to determine
progressive removal of all ions exeppt Fe. In order to increase the
precision of the analysis it was decided to allow no water showing a
resistance of less than 200,000 ohms to reach the tank., In additionm,
water heated to 70-80° C. was utilized to reduce the amount of foreign
microorganismal contamination. Carbon dioxlide mixtures were supplied
by the compressor system rather than from prepared tanks. Delivery
was even and contimuous except on the eighth and tenth days when
apparent clogging of the diaphragm valve slowed the carbon dioxide
supply. The amount of carbon dloxide delivered to the tanks was
increased from 5% carbon dioxide-in-air to 10% carbon dioxide-in-air
after the fifth day The growth curve i1s plotted in figure L, and
the growth rate in figure 5. The growth curve is essentially the
same as that for Culture Two except that it is displaced considerably
to the right and only about half as many cells were produced at the
end of fifteen days by Culture Three. This caused some concern but
the difficulty was not resolved until the examination of curves in
the early part of Cultures Four and Five.

Values of pl, conductivity, and growth rate are found in table VI
showing close similarity to those determined for Culture Two.

The inorganic amalyses presented in table V confirm the deductions
from the information presented for Cultures One and Two. It was recog=-
nized that refinement in amalytical technigue for subsequent cultures

would give more accurate information concerning removal of ions, but
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TATE VI

Rt ey

3o Py e s Lo o .
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C U UUCTIVITY, AUD GROSH RATSS FGR CULICAS THREE

T — , : S—
?igiuzizzgn Cells/cc X 106 T?zﬁzmgzzian pH Ce?§§;t€v>§y gzgzﬁ?x)
. hots
5 .0 100 5.1 65.0 ees
1 o0 100 Sel 6li.0 0.0
2 .1 99 5.9 6.0 3.32%
3 .1 99 5.9 6L 0 3.32¢
L o5 91 6.8 65.0 2453
g 2.9 71 8.0 62.0 2.1:2
6 1.5 67 Telt 57.5 0.66
7 6.7 57 7.2 59.0 0.55
3 9.6 iy 9.9 50,5 0.52
9 12.0 38 Tk 52.0 0.38
10 10.6 g2 8.5 18.2 0,057
1 12.8 Ls2 7.4 50.0 0. 08
12 13.8 138 T4 L7.0 o.aaﬁ
13 15.2 Lo® 7.5 LS.3 0. 06
1, 16.1 388 7.6 Ll 7 0.21
15 19.0 51P 7.6 16.5 0.20
16 19.8 530 7.3 7.0 0. 174
17 2h.1 51P 7.4 5.0 0.17
18 2.0 ZoP 7.5 W5 0.00
20 22.2 soP 7e5 2.5 0.00

Menotes overare T colouloted Tor 2 period of LE hourcs
dieading from one part of solution diluted with one part of water.
b:*?,eading from one narit of solution diluted with two parts of water.



general trends are apparomt. Contrary to the information obtained by »
Hoagland and Davis (3 on litella, potassium vas only slightly absorbed,
decreasing C.3 m.c./L. for the entire run. Caleium and megnesium also
showed 1itdle roduction except for the considerable dip from the eighth
to the fwellfth day. This can e readily attribuited to the faillure of
the carbon dioxdide supply and rise in pil at this time. Carbonates
formed must have been calcium and magnesium carbonates that were essenti-
ally insoluble. ¥With the lower pH restored the calcium and magnesiunm
ware rebuwrned to the solution, as showm by amalysis., Nitrate removal
was cxcephtionmally rapid, almost all of it belnz removed after only ten
days., It is to be noted that growth contimues long after the nitrate
supply is exhausted. There apparently is a luxury consumption of
nitrogen during the carly phases of growbth which allowed for continued
division when nitrate would otherwise be limiting. Thosphate removal

is rapid and abrupt. The decroase, however, camnob be comstrued to

be uptake for, as Bushrer (10) has showm, at thoe highor P values most
af the phosphate is in the form of insoluble ”‘}{P{ 31\1 which precipitates

ag Insoluble salts. A better estimate of upteke, glven by sxitrapolat-
ing to zero, is presecnted in later amalyses. Dulpbate removal is

Idpear throughout the cultwre. The large Tigure obtained for the sixe
teenth doy is not in 1ine with the gensral tremd. Analysis on
subsequent cultures indicates that this figurs is in error. Chloride
shows no change in concentration. The test is sensitive and would

show even a slight change., The data suggest that chloride is actively
excluded from the cells., The carbomabe~bicarbomate balance is a
function of the p which in bum is determined by the rate of the carbon
dioxide uptake by the cells as well as the rate of delivery of the



carbon dioxdde to the solution. Osterlind (52) has demonstrated that
a concentration of 2-10 mieromoles of bilcarbonmate is sufficient for

rapld growth of Scenedesms. Lt lower pH values, however, it is not

possible to increase the bicarbomate in solution no matter how rapid
the delivery of carbon dioxide.

A review of the mineral amalyses indicates that removal of all
ions except nitrate is so slow that an addition of this ion at the
proper peoint to compensate for its rate of reomoval would maindain a
favorable mubtrient background for a considerable period of time unless
uptake of the other ions changed with the new balance obtalned. From
these data it was calculated that the addition of approximately one-
half the original nitrate concentretion be added when the cell count
reaches 10 x 107, The pi would then be expected to drop back to near
5, if readjustment to the origimal concentration was accomplished.

Cultures Four and Five. In ordsr to follow the j.eads suggested

from Culture Three, two identical tanks were prepared, each to be
handled initially in the same way, and to be followed by the sanme
analyses, The addition of the nitrate in the amount calculated was
expected to remove the limiting factor e&used‘hy uptake of this ion
from solution. At least for a limited period, this would leave only
ope major limiting factor to be dealt with -~ the reduction of light
available per c¢ell wnit caused by the inorease in cell concentration.
In order to remove the latter limitation it was essential that the
cells be taken from scolution as fast as they were produced., A peint
was reached where the division rate multiplied by concestration gave
a maximm figure. A sedimentation-clutration system had been tested

on sarlier culbures but proved to be too slow for removal of the cells.
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Instead a chemical, basket centrifuge with a solid stainless steel
head im 2 porcelain, draimage chamber was used. The culture solution
passcd to the centrifuge through o siphon which could be regulated
for rate of delivery., The cleared solution was returned to the vats
by means of & centrifugal pump.* Such & system worked exceptiomally
well showing a removal of approximately 957 of the colls from the
solution. Under conditiens of low nlirogen supply, however, the
gystem vas not nearly as effective for the lower specific gravity of
the high 1ipid cells interfered with the rabte of separation., This
cbservation is in agrecment with the informmtion procured by Sposhr
and Hiner (84).

It was also decided that daily determinmations of the bacterial
count of the cultures should be made. Im order to minimize contami-
nation in the tanks prior to incoculation they were irradiated
conbinvously during initial filling with guarts, mercury-arc ultra-
viclet lamp, The £illing of the tanks took approximately lg;; hours.
They werc allowed to stand 2L hours prior to inoculation. Howover,
five days afbs? the cultures were inoculatced not only was therc no
sign of growth, but all of the original inoculation had disappeared.
According to Duggar (20) lethal effects of ultra~violet irradiation
do not aifect the media in any way. He disagrees with the conclusions
of Bedford, reviewed by Duggar (20), who has maintained that there

#The contrifugal pump was made of monel metal which is an alloy
of nickel and copper. To check for possibility of contamination by
copper, mutrient solutlon was recirculated through the pump for one-
half hour after which it was tesited by the micro-method of Center and
MacIntosh (13) for copper. MNo trace of copper was dotected.



is considerable lethal action caused by the formation of peroxide in
solution. I% ig recognized that the 1% hours of rediation in a closed
chamber is unusual, However, there is no doubt that thers was most
effective destruction of the cells under the circumstonces cither from
the rapid break-down of GS or Hggg in solubtion under high light inben-
sity. The odor of 03 was easily discernablc at the curfacc of the
water. This secms the more likely source of nascent oxygen probably
causing the destruction. The solution was replaced and fresh tanks
rrepared without the benefit of ulitra«viclet stordilization.

The grovth curve for Culture Pour is presented in flgure l and
table VIT. The curve for Culture Five is not plotted but is essentl-
ally cimilar te that of Culture Tour until the time of centrifugation
when dry weight determinations were made instead of cell countc as
presented in table IZ. The curve for Culture Five vas behind that
of Culture Four for several days, but the count had become approxi-
ately equal before centrifugation.

As the curves were being plotted from daily counts and anslyses
i1t was immediately apparent that the growth was progressing at only
ope~half the rate of Culture Three which in turn wag only about one-
half that of Culture T™wo. HNone of the physical and envirommental
conditions ves different and so the causc wan sought in the chemieal
enviromment. An apparcat dilution factor of one-hall with each sub-
sequent culture secemed cbvlious.

The problen of introducing micronutrientc wms considered prior
to the f;rst culture., Thch of the literature {(Snoehr and lner (85),
Bold (5), Pringshein (75), ete.) has recorded success without the use

of trace elements. Imercon and Lewis (23), Treleass and Trelense (91),
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TABLT VIT

s CJ;KI‘.Z"?, TAIISITIO IO, i,

CODUCTIVITY, [ GROVE DATES IO CULTRE ouss:

Dawm after P Per Cent umductiv;rl,ty Growth
Inoculation Cells/cc 7 10 Tranemission  pi (x X 105 zate (R)
(mhs'°)

0 . 00L ' ceee
001 100 50 61.0

L « 001 3.0
« 302 100 Se1 61.C

2 « 001 (e 0
o 0L 100 Sel 65.C

3 OO J.0
« 00 100 Cel £3e 5

™ :: 10 98 r)’. gi 600 0
;,: . 3.;10 - 3 . {)Q

6 «550 5 5 2.32
1. j’j 3 7‘5 5- ? 59‘ 5

7 1.910 1.6
1. 850 66 7.1 58.G
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11 2. 000 Gelhy

3.020 LL Gal 5040
3
1% 34010 e 00
2.720 Lz Sl 5640
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TAZLE VIT

CELL COUNTS, TRANSMISSION, pil,
CONDUCTIVITY, AND GROWTH RATES FOR CULTURE FOUR#

Per Cent Conductivity Growth

Days after '
Inoculation Cells/ecc X 10P Transmission pH (X X 10°)  Rate (7)
(mho's)
1L 7.550 0.76
8¢ 720 28 7e6 57.0
15 13.240 0.8l
15. 200 19 8.1 58.0
16 164200 0,26
19.040 18 7.0 5heS
17 204 860 038
23.5410 13 7.5 52.5
18 23,760 0. 26
25.1410 12 7.5 L8.5
19 28,920 0.26
30.720 9 7.9 L9.5
20 33.900 0.26
Ll.920 232 8.1 L6.0

#fhere two readings are recorded, the firet is for 9:30 A. M3 the
second for 9:30 P. M.

Speading from one part of solution diluted with one part of water.

cl-h moeo/I;o iﬁ'm_g aﬁdﬁd.

dprace elements added.



CELL COUNTS, TRANSMISSION, DH,

TAHLE VIIT

CONDUCTIVITY, AND GROWTH RATES FOR CULIURT FIVE*

Days after

Cells/cc X 10°

Per Cent

Conductivity

Growth

Inoculation Transmission pH (¥ X 105) Rate (X)
(mhots)
O * wl Se e
. 002 100 5.0 61.0
1 L001 0.0
«003 100 5.1 60.2
2 .001 0.0
«O0L 100 Sel 6l1. 0
3 «003 1.58
005 100 5.3 61.0
Iy <009 1.58
L1l 98 5.2 é1.5
5 o) 2.1
070 97 8.5 61.0
<550 90 6.4 58.7
? 10390 20 {?s‘f
1,627 73 6e7 58.5
i 1.920 : 0.L9
1.07C 67 7.1 59.0
98 1.480
110 78 Te? 59.5
10Cs® 1.130
1,090 80 Le2 63.5
11° 1.070
« 710 2l o2 59.0
129s® 1. 010
1,272 70 7.9 o,
138 2,020
2.230 78 Te2 58.5



mATIYY vIIT

CELL COUNTS, TRANSIISSION, vH,
COXDUCTIVITY, ANHD CROWIH ZATES ”OR CULTUEE FIVE®

Days after 6 Per Cent Conductivity  Crowth
Innculation Cells/cc X 10 Transmission pH (¥ x 105) nate ()
(mhots)
Lf 3,200
1.820 83 7.2 25,0
158 2. 290
1.L50 87 Te& 5640
16E 1.680
1.030 23 Te? 55.0
17f 1.180
1.070 91 7.3 56.5
188 1,210
« 320 95 Tl 51.0
19 . 000
1.130 87 75 52.0
20t 1.1:20
1.070 85 8.0 52.0

#Whore wtwo read:‘t.ngs are recorded, the first is at 9:30 A. 1L.; the
second at 9:30 PJIL
cl.h m.e./L. INNO; added.
dTrace elemnts added.
€Six hours of centrifuging
J-I:‘.:i.gl:ri:. hours of centrifuging.
ETen hours of centrifuging.

bpgelve hours of centrifuging.



L3

TABLE IX

COLPANATIVE INCREMENTS IT7T GRAIS
DRY WEIGHT POR CULTUIES FOUR AND FIVE

Total Dry Weight in CGrans

Days after In Cultare In Culture Centrifuged from oL produced
Inoculation Four Five Cultare Five by Culture Fivex
3 L5.9 3.2 11316 L8.3
9 67.8 37.5 11.5037 63.2
10 61.2 28.2 9.173% 63.2
1 63.2 17.7 £.1159 60.7
12¢ 63.9 1l.1 10,134y 62,2
13 95.7 17.7 23.1250 oh.1
1 198.6 18.9 32,9761, 128.1
15 131 20.L 1c. éﬁmb 1l8.5
16 11.6 12.3 11072 191.6
17 1&33.5’ 17.7 £.1312 162L
13 165.6 .1 73392 166, 7
19 202.5 22.5 veos 183.7
20 209.7 15.0 1.8 193.0

The total produced by Culture Five is a gsurmation of the weight in
the tank determined by 100 ml. ssuples plus the weight removed by all prior
een‘hr%fugaﬁiaxm listed in the fourth columm of this table.

“Trace elemeats odded.



and Arnon (2), on the other hand, have demonstrated the indispens-
abllity of additional micronutrients. Two variables seem to account
for the conflicting resulis in these cases. One 1s the water supply
and the other is the purity of the chemicals. It seemed desirable to
forego addition of the clements unless they were demonstrated to bo
limiting in these experiments. Execellent comparative results with
Culture Two indicated that the curves were better than average and
that no additional elements were needed. The appearance of the dilu~
tion factor, much as observed by Steimberg (87) in fungl, however,
mede the possibility of deficiency of trace slements highly likely.
Prior to decision to add micromutrients the 1l.L m.e. of nitric acid
rer liter calculated from earlier curves wag added. There was no
increase in' eiths:;- growth or growth rate. On the twelfth day after
inoculation, zinc, manganese, and boron were added in the amounts
suggested by Trelease and Trelease (91). The immediate readjustment
of the growth curve to conform to that obtained in Culture Two is
shovm in figure L. The growth rate shows the reflescted increase as
plotted in figures L and 5 and in tebles VII and VIII. Copper was
not added at this time because of the indefinite information con-
cerning its limits of toxicity.

The growth curve for Culture Three matches almost exactly that
obtained by Xetchum et al. (42). Culture Four even after the sup-
pression during the early part of the cwrve exceeds that of Xetchum
by approximately 10,000,000 eells per cc. Though not directly
comparable because of the differences in light intensity there seems
little doubt that their curve could be raised to a higher plateau by
the addition of the trace elements to the mutrient solytion. The



same postulate could certainly be applied to all work dome without
the addition of the trace elements. Even though water may appear to
supply sufficient micromutrients the spectacular effect here cbtained
viould certainly render conclusions based on such cultures open to
question,.

Mneral apalyses for Cultures Four and Five are presented in
tables X and XI, and figures % and 7 for Culture Four. The general
trend for cach ion is similar to that in the analysis for Culture Three.
dore precision wvas obtained for calcium by the usc of the flame photo=
neter. lagnesium analyzed using the Titen Yellow technique of Peech
and English (6#8) is still considercd unsatisfactory. The 1.4 m.e. of
nitric acid/L. added on the temth day 4is reflected in the amalysis.
This addition was more than enough to replace that taken ap by the
cclls., It is also reflected in the reduction of the pi to L.2 and
1.8 rather than the initial pH of 5.0. Uptake of the additiomal
nitrogen was extremely rapid in Culture Four but not as rapid in
Culture FPive. The cell counts and weights showing lower concontra-
tions of cells in Culture Filve indicated some injury due to the excess
addition of nitrate.

On the eighth day after inoculation, i.c., two days prior to the
introduction of the nitrogen, removal of cclls by centrifugation was
begun in Culture Five. At this point the populations of Cultures
Four and Five were almost equal, Culture Four being only slightly
smaller, During centrifugation an attempt was made to hold Culture
Four at the population of 1.3 X 1077 cells per cc., where the rate
rmltiplied by the concemtration was at a maximum, This quantity was
too low for it had been calculated from the curve for Gulture Three
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' DHORGANTC AMALYSES OF IS MEDIUM PCR CULTURE FIVE

Days after ppm on  ppm wi PR o ppm epn DG epR DM epm PPR em Dpm em pm em
Inoculation Lo

Calculated

Staxting L - _
Concentration 67 1.72 57.3 2.36 8,27 .68 175.0 2.82 50,0 1.084 32,5 o688 396 1ol cece seve oer soe  ene

68 L7l 96,0 2.80 6.0 .90 166.0 2.60 S7.0 1.00 32.8 .68 Ll.S 117 104 .17 0.0 0.0 %.0

o
2 69 176 SL.0 2,70 5.9 WL9 17h.0 2.80 S7.0 L0 3.8 .66 LY L17 10.L .17 0.0 0.0 5.1
4 66 L7h 53.0 2.69 59 W9 170 276 Ft L72 32.0 .68 LS LIB 9.8 .16 0.0 0.0 S.2
6 63 1.7k 53.0 2,65 7. .62 150.0 2.2 LB.0 1.52 30.0 .64 42,5 1.20 23.3 39 0.0 0.0 6.k
g 6 1.6L 52,0 2,60 5.0 .7h 113.0 1.82 LE0 .82 3.2 .' ; L2.5 1.20 6?. .11 0.0 0.0 7.1
10 6l 1.6L 52,0 2,60 6.6 W55 189.0 3.05 4LL.0 .30 29.8 .63 42,0 .19 L.3 .07 0.0 0.0 L.2
1 62 152 0.0 2.00 2.0 7L 1010 2.4 33.0 L0l 2.7 5;6 Lo 1.16 3.2 .52 0.0 0.0 7.9
1, 59 LUl L7.0 2.35 G0 .73 85 L3 2k W7k 222 W6 LLS LI7 9.5 LSB 0.0 0.0 7.2
16 29 L.01 L7.0 2,30 2.2 SO0 67,0 1.00 10.0 W60 23,0 W48 L2.0 L.18 121.2 1.99 0.0 0.0 T2
18 57 Lolib LGe0 2430 A0 W47 To.E 0 W82 7.8 W56 10,7 W1 L0 LIS 135.0 2.22 0.0 0.0 Tk

20 T3 1e30 LfeD 2430 (o0 67 30,0 L8 12,7 0 16.3 W30 41,0 1.15 U1 2,40 0.0 0.0 &0

#%in oquivalent per million {G.p.i) 15 a wit chemlecal equivalont welght of solude per million wmit wedghts of solution.
Concentration in @qzr}.velmtﬁ par rmillion is calcalated Ly d‘ivif}inw concentration in parts per million (p.p.m.) by the
chemical cambining weight of the substance or ian. This undt haos also beon called 'millis-equivalents per liter' and
'WW@WW' The latter tern is procise, ut the former will be in error if the specifiec gravity
of the solution is not exactly 1.0." A.S.T.M. Standards, 1510; part TII, page Shl.




T Fig. He. levels of prmzsal ions in solutionm afier the i‘:&mt, ninth,
and twenty-first -days of Culture Four.
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Fige 7. Removal of principal ions from solution during Cultures
Four and Five. Solid 1line is for Culture Four; dotted line is for
Culture Five. The line plotted for Culture Five is approximated from
dry weight determination where actual cell counts are upavailable.

No line for HO. removal is plotted in Culture Five for slight error
in appraximti%n would cause considerable arror in the curve.
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which was abnormal due to the absence of trace clements. CGrowth
after the beginning of centrifugation can best be followed by refer-
ence to figure L. Prior to the addition of the trace elements the
rate of growth in both tanks was essentlally the same even though the
population in Culture Five became inadvertently reduced below the rate
calculated for best efficiency. After addition of the trace elements
growth in both tanks was accelerated but the yield in Culture Five
exceeded that of Four for four to five days, as was expected, after
which it fell behind. Apparently the reduction of the cell count
below that necessary for optimum yield prevented contimied maxismm
growth.

Table XII gives the bacterial count followed for Cultures Four
and Five. No attempt was made to identify the bacteria represented.
It was observed that 75% or more of the bacterial colonies were of
uniform size and shepe and bright orange in color. Ixamination of
these cglonies showed f,hat this organism was 2 non-motile, non-spore
forming, gram negative, non-colonial, rod-shaped organism. The
characteristics are those of common agmphytic water bacteria of
the genus Flavcbacterium. The count increased graduslly until the

twelfth day when the minor elements were added after which it fell
suddenliy. The immediate drop in bactierial count could have been
caused by two factors. First, one of the ions added may have been
toxic to the bacteria. As mentioned earlier boron is toxic to
bacteria at relatively low concentrations. Secondly, the algae them-
selves may have synthesized a substance toxic to the bacteriz after
the introduction of the trace elements. The bacterial count did not
again show a major rise above that observed on the fourth day.



TARL: XIX
BACTERIAL COUNT FER DAY FCR CULTURES FOUR AND FIVE

M. oI ShTe I
3 ‘s
L 9 2
5 9 5
6 15 13
7 92 5L
8 27 L9
9 37 10k

10 139 85
11 195 39
12 120 50
13 1 6
1 B o
L4 12 &
16 6 9
17 4 L
18 L 5
19 6 2

no
<
b
-3
o




DISCUSSICH

The progressive adjustment of the physical and chemical environ-
ment in masg culture has shown the feasibility of growth in an open
systen under high light intensity. Iields obbtained are higher than
those of gaternnd (éié) and Ketchum (L2) plotted for Scenedesmus in

closed systems. They compare favorably with the maximum yields of
Cook (9) using Chlorella. The maximum growth obtained in this manner
was roughly one-tenth of that cbtained by Cook (9). Though no direct
comparison can be made, Chlorella vilgaris has been shomn to have a

mach higher growth capebility. Winokur (97) has cobtained a Chlerella
culture of 1,000 X 10” cells in the same period of time necessary
for a culture of LO X 10” cells for Scenedesmus in this experiment.

It is probable that the efficieoncy attained herc could be greatly
improved within the gemetic limits of the species. Only about 0.5%
of the total radiation is trappod as chemical energy during the perdiod
of moximum yield. This approximation is based on the estimate that
all the dry weight is carbohydrate or equivalent in reduction. The
rapid rate of division obitained at the beginning of the cultures in
each of the experiments, if maintained or even approached for the
entire time of active growth, would greatly increase this yield. The
increase in the growth rate after the addition of the micromutrients
in Culture Four to near one with a cell concentration of 15 x 107
cells per cc. establishes a much greater capability for division at
higher concentrations than had been suspected. The sudden drop-off
in the rate curve after attaining a peak would be replaced by a more
gradual slope with the proper concentration of micronutrients from
the beginning. It cannot be established at this time what relation



the micromubtrients bear to the rate of growth and photosynthesls at
high light intensities experienced during the early part of each
culture when the cell concentration is low. Vhether the remarkable
upswecp in growth on the fourth day is all that can be expected or
whether it too can be accelerated must be determined in future work.

A major concern prior to the study was the deleterious effect
vhich might be expected from contaminants. OSeriocus reduction in
growth had been reported in earlier investigations and cultures are
often discarded if comtamimation is suspected. The cultures were
carefully cbaerved, therefors, to determine what comtamination
occurred aad what effect it might have, Contamination by fungl was
very slight, being evident in only a few of the early plates taken
for the bacterial cownt., The bacterial count as shown in table XII
is fairly high but showe certain possibilities for comirol by main-
taining the proper trace element background.#

The bacteria that did appear in the medla were primarily of a
saprophytic varlety that existed on material from dead cells or
perhaps on compounds secreted from the algae., Though mo finrl

#In tentative studies aimed 3% finding other compounds capable of
limiting the growth of bacteria without injuring the algae p-aminoe
benzenegulionylamide was tested in concentrations from 0001 I to .02 1.
Growth of the algas was halted completely at all concentrations, The
cells were killed at comcentrations above 004 ! but were still green
and somewhat enlarged in concentrations at and below ,00L i ~- though
there was no mmltiplication. The controls grew rapidly. It wes cbviocus
that this compound could not be used as a selsctive bacteriacids or
bacteriastatic, However, the inhibition of the growth of the green
plant by an amalogue of pera-amino-benzoic acld, which has been demop-
strated as specific for this growth factor (Stephenson (88), was of
capecial interest., It strongly suggests the presence of para-amino-
benzolc acld or folic acid metzbolism in the green plant -~ an identi-
fication of a vitamin not previously recorded.
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statement can be made, the recorded growth of the algae strongly sug-
gests that bacterisl contamination may not be a major doterent to this
type of system.

0f greater concern might well be infestation by other speciles of
algae. No algal contamination was observed until late in the growth
of several cultures =-- after the majority of the amalyses werc re-
corded, Im all cases the incidence of conteminant was wery slight,
at most 1 to 1000. There was no doubt that the characteristics

recorded vere thosc of a Scenedesmus culture. In 2ll cases bub one

these contaminants were diatoms. In a single instance, the last three
days of Culture Five, CWWE cells were ocbserved. /‘nimal cone

taminants were limited to one imfusorian which occurred to 2 limlted
degree at the end of Culture Three.

There is a distinct possibllity that 2 system may be discovered
which would allow for the selective growth of the algae or even possibly
a specles of algae in open system. Lither a selective chemical back-
ground or a rapid removal of the algae at an optimun concentration
seens promising to achieve this end. The centrifuge system can be
expected to remove the cell walls discarded upon liberation of the
autospores which are aplanosporic in formtion. These empby walls are
cbgerved in the sediment and are the major source of free organic
mtter in the media,

In order t0 allow for maximum efficiency, it would be necessary
to determine rate of return of elements in the solution to compensate
for those removed., All other envirommental factors cam be kept at a
steady state with 1little difficulty. Scott (81), lyers (57), and
others have achleved this end by removing both the medium and the cells
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regularly and adding enough fresh mutrient solution to replace the
loss. CThis method uses considerable amounts of water but is cxcellent
for many studies. It is recognized that scarcely enmough data exist
to calculate a megter formula for replacement of mutrients. However,
the following values have been calculated for the mineral amalyses
presented and give the replacement in f.c./ls neCcossary for the pro-
duction of a concentration of 100 X 109 cells per cc. starting with
a minor inoculation.*

Potassium == .05 m.e./L.

Galﬁium ——— .OO m.@./Lw

I&gnﬁaim - .05 msao/‘L.

Hitrate «= 1.05 m.e./L.

Phosphate = .08 m.e./L.

Sulphﬁt@ —— '10 wqﬁo/z'.

Chlﬁﬁde L QGQ m.@./l-ao

These requirements will vary with conditions of culture. By way

of cxample the nitrogen removal has been plotted against both time
and cell concembtration for both Culture Three and Culture Four in
figure 8. Culture Three with more minor elements available showed a
more rapid rate of growbth but absorbed less nitrogen per unit cell.
Culture Four, however, abzorbed leoss nitrogen per unld time but absorbed
far more nitrogen per unibt cell produced. The effect was as though
the efficiency of one or more of the minor trace elements increased
the cell's ability to absorb nitrogen but reduced the rate of growth.

Iinvestigation of this phenomenon should prove fruitful.

#The determination for POy, and Ca was made from extrapolating the
curve toward the ordimate. T glves & more accurate picture of the
rate of removal at the pH normal to the solubtion.



Fig. 8. The rate of removal of nitrate from the nutrient media
during Cultures Tihnee and Fowr, showing the effect of micromubrient
deficiency.



NOs INME /L

NOy INME /L

s 10 15
TIME IN DAYS

CULTURE THREE

-—_ ——

E\ CUL TURE FOUR
—o—

20

5 10 . 1)
CELLS/CC X 10

INFLUENCE OF MICRONUTRIENTS ON NITROGEN
UPTAKE

20



SULTARY AND COHCLUSIONS

1. Scenedssmus obliguus (Turp.) Eigtz. wag meintaincd in mass

culture in an open system in a cen‘!sr?lled exviromnment chamber providing
light intensity of 2000 foot candles, near the maximum for prolonged
artlficial iight, by utilizing a combination of incandescent and
fluorescent lamps,. )

2. Growbth was followed by means of cell counts, light transmlission,
and dry weight determinations. Both phyysical and chemical environ-
nental factors were adjusted in each subsequent culture %o produce
higher ylelds,

3. 4Analyses of culture media showed the progressive removal of
each of the major ions. Nitrate was removed from the media at a rapid
rate in contrast to the other ions. Evidence suggests that there may
be a lwaury consumption of nitrogem when available in sufficient
quantities., A tentative formula is presented for replacement of ions
during normal growth,.

L. \ lderonutrient deficiencies act to reduce growth bub accelerate
nitrogen uptake per ccll. Correction of the deficiencies is immedi-
ately reflected by rapid increase in the growth rate.

5. A continuous carbon dioxide supply iz shown to provide a
bicarbonate buffer system by replacing the mitrate anioms removed,
thereby mainbaining an electrostatically balanced gystem. In the ab-
sence of carbon dioxide the cells rapidly remove most of the available
bicarbomate causing a rise im pH %o inhibiting levels.

éi;. The growth of the bacterial population was followed and mesthods
for reduction of the bacterial count are discussed. ILfficient growbh



of algae in an open system is deemed possible.

7. Evidence is presented for the existence of the pare-anino-
benzolc acid -~ folic acid vitanin system in green plants.

8. A centrifuge system for maintaining the concenbtration of cells
at a level for maximm yield by contimmal harvest 15 introduced. Such
a gystem should provide for maximm efficlency as optimmm environ-
mepbal conditions are approached.
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