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[. INTRGDUCTION

In many respects, algae would be ideal plant components for a

bidlogically~based closed 1ife support system, since they are eminently suited

to the closely coupled functions of food production and atmosphere
regeneration. This idea was clearly recognized by an earlier generation of

scientists (see, e.g., Bioregenerative Systems, NASA SP-165, 1968). A similar

program 15 being carried out in the USSR (Gitel'son, I., et al., Problems of

Space Biology, Vol. 28, Experimental Ecological Systems Including Man, NASA
Technical Translation F-16993, 1975).

Work carried out during the course of our CELSS project was devoted to
several aspects of the (steady-state) continuous culture of algae. Our
efforts have been primarily devoted to the culture of Scenedesmus obliquus, a
physioiogically well-characterized green aiga with good growth
characteristics, and Spirulina platensis, a nutpritionally well-characterized
blue-green alga with Tess favorable growth characteristics.* Because of the
differences in culturability of these two organisms, we have been using
Scenedesmus as a model and control for the culture of the (possibly) more
valuable Spirulina. In the following sections, we describe the results
obtained in our CELSS-related studies. A formal description of some of this
work has been prepared (see Appendix II).

- e . -

“We have also successfully maintained several other organisms of interest in
continuous culture, namely:
1, Chlorella vulgaris, an alga closely related to Scenedesmus, but which

does not display rapid light-driven 0, reduction, and thus may dissipate
NO,™ as N,O.
3 2

2. Chlorella sgrokiniana, an alga studied earlier under NASA auspices by
R. Krauss ét al. This alga has a very high growth rate, but is reported
to volatilize large amounts of N03'.

3. Anacystis nidulans, the only efficiently transformabie alga currently
available. {Genetic transformation, i.e., molecular gene transfer,

provides an efficient means to incorporate desirable traits into an
organism.) .
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IT. DESCRIPTION OF CULTURE APPARATUSES

The three systems currently used to maintain continuous cultures of algae
are shown in Figs. 1-3. A1l of these systems operate as turbidostats. Thué,
in order for these systems to function properly, the algal culture must be
homogeneous, so that a constant beam of 1ight reaches the 1ight detector. The
three systems differ in geometry as well as in various other parameters. The o
characteristics of each apparatus with respect to light, gas dispersion,
contamination, volume, density, temperature, and filament aggregation are
shown in Table I.

Each of these systems has its advantages. The reaction vessel seems to
be the most effective system for growing cultures of Spirulina platensis (see
below). The large airlift is by far the best apparatus for measuring light
efficiency.

o

O TR

Because of its unusual and distinct morphology, Spirulina has proven more
difficult to culture than algae that are uniceliular or form very small
colenies. Spirulina tends to clump during culture; the antidote, rapid
stirring and high gas feed, results in foaming. The design and construction
of the culture system shown in Fig. 3 was a direct response to problems
encountered during our Spirulina culture experiments. We have found that the
most effective means of maintaining homogeneous cultures with this organism is
a combination of adequate agitation and a NaCl concentration of > 2 g/L. (The
most widely used medium contains a concentration of 1 g/L NaCl, which allows
aggregation to occur.) We should note that the tendency of Spirulina to clump
is not without its advantages; this alga can be readily harvested from a
culture by merely lowering the ionic strength by dilution.

Yt e g

fapek- bty

Our earlier studies used the culture system shown in Fig. 4a (exploded)
and Fig. 4b (assembled). As is evident from Fig. 4a, the system is of modular

pr = S Py e

construction for easy maintenance and repair. Components in contact with the
algae are made of machinable polycarbonate plastic or Viton, both of which can
be sterilized by autoc]aving or by rinsing with ethanol. According to the
results of tests using Scenedesmus and Chlorella, neither material caused

toxic or other undesirable effects (e.g., cell adhesion). These results

[ £y -



Light source

Light chamber [C-E 3

dte Ll -

u

Density detector

Luer-lok fittings

\

Septum—m.

M

5=
N /

Glass IOInt\\. 4l

) .~ Algae chamber

|“),—Water facket

FTALT Tar T

‘E.lu_!!‘fa

Gas outlet

Overflow tube

Gas Inlet

Figure 1, '"Large Airlift" continuous culture apparatus

5

- e gy

o {\‘ PRI SRS LA S B

(s 1y ket 2 Mo T

e " it oyt i




s fladium inlat

Gos quﬂet

Glass Jolnt

-

Ha20 outlet Querflow tube

e e

L

.!'.-I 1 !E'!

Water jacket
Density detaector

Algae chamber

I;l
&
&

7]

LIGHT W @& LIGHT

! |

| [
I
= j
Bk
H 7
lrfjl/J ~

Luer<lok fittings !
ok

"l HoC injet

Fritted bottom ——)= "}

Gas inlet —

Alr fliter

Figure 2. "Small Airlift" continuous culture apparatus




ORIGINAL PAG
OF POOR QUALITY

Algae sampling

Medium inlet
/

tuba

LIGHT ’ | | ‘ LIGHT

Light detector

H,0 jacket

Air bubbler
Algae chamber

Figure 3. "Reaction Vessel" continuous culture apparatus

(&)



ORIGINE T2 0 2
OF POOR QUALuiY.

é

~ ;"’,(_,.- HIO Watt QrosLamp
—m

Ll I
‘ o"-—-_‘ From putrient madium tasaryen
‘l\"q\‘

4l \===;§?
l" \\
g ey Nutriant madium gampling ¢ utieg

avetilow 1e1sryor

Qangity
conirol sensor

~
\ Cosiing tiid fram thermat
o twguiatar
- A -
s -;93 T From gas
mizer

Algal harvasting outiat

Figure 4. Diagram of constant cell density
a) exploded, and b) assembled.

f[‘ :
\E‘?:
/7]

apparatus (CCDA):

e =

o

o ——



Light

Gases and
Frit Clogging

Filament

Aggregation

Contamination

Yolume

Effective
Cell Density

Table !

Culture Maintenance Characteristics of

the Three Continuous=-Culture Apparatuses

Large Airlift
(Figo 1)

Small Afrlift
(Fig. 2)

Reaction Vessel
(Figo 3)

Easily
measurable

Good dispersion
but some clogging
on CO, may occur

Some c¢lumping

None
Autoclaved due
to detector

11 with stir bar
= 895 ml with
madification

2 Ut

Algae other than

Spirulina can be

grown very densely

Bifficult to
measure

Good dispersion
but ¢logging

on G0y accurs
Continual

None

= 400 ml

< Large airlift

Bifficult to
measure

Poor dispersion
No clagging

Minimal

Cannot he

2 iiters

< Small airlift
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agreed with earlier findings. However, during the course of our studies with
this system, we encountered problems with maintaining sterility (when desired)
and structural integrity. We therefore began using the glass systems
described above.

10
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UIl, LIGHT UTILIZATION EFFICIENCY

CHARACTERISTICS GF CULTURED SCENEDESIIMS CELLS

Figure 5 illustrates the:linear relationship between the dry weight of
the cultured ceils (my/rl), their cell number {(cetis/ml), and their
chlorophyll content ( g chi/ml) obtained when the cell culture system of
Fig. 1 was operated at varying cell densities. These data indicate that the
relationships between cell mass, cell population, and chlorophyll/cell are
constant over the range of culture conditions tested. Thus, the cells do not
appear to be changing or adapting to differences in growth rate or light
intensity during these experiments (see, e.g., Myers, Proceedings of the
I8P/PP Technical Meeting, Trebon, 1970}, The slopes of the two 1ines
(computed by standard statistical techniques) are 2.8 x 107 cells/mg dry wt
and 48.3 g chl/mg dry wt, respectively. This corresponds to 1,73 x 10~6 D!
ehl and 3.6 x 10~3 g dry ceil mass per cell,

PRODUCTIVITY AND LIGHT EFFICIENCY

Fiqure 6 11lustrates the relationships between culture productivity
(Tower panel) and light utilization efficiency {upper panel) vs dry weight
observed in a series of experiments in which Scenedesmus was maintained in the
continuous culture system shown in Fig. 1. (See also Table II.} The
productivity vs dry weight curve rises linearly until the cel) density reaches
a level at which 1ight becomes limiting ( 1.4 mg m~lor 48 g chl ml'l).
At this point, 89% of the photosynthetically active radiation (PAR) 1is being
absorbed. In the initial linear portion of the curve, productivity is limited
by cell growth at the given light intensity. The slope of this initiai
portion reflects the maximun dilution rate of the system (dimensions of m]
hr"l), In the present instance, this rate is 65 ml hr‘l, which corresponds to
a doubling time of 13.8 hr. This fairly low growth rate (about half the
maximum growth rate generally observed at this temperature) reflects the
rathier low intensity of the light source { 10% of full sunlight at the inner
wall of the algal cuiture chamber). These low incident intensities are a main

11
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contributing factor to the high light-utilization efficiencies obtained in

this system, since the cells are never driven into 1ight saturation (see
below).

The slope of the line drawn through zero and any point on the
productivity curve corresponds to the dilution rate, and therefore the
doubling time and growth rate, at this peint. The productivity curve rises to
a value of 58 mg hr'1 at I mg ml'l, which is 80% of the maximum
theoretical productivity ( 20% on an energy basis; see, e.q., Radmer, R. and
B. Kok, in Encyclopedia of Plant Physiology, Yol. 5, New Series, pp. 125-135,
A. Trebst and M. Avron, eds., Springer-Veriag, Berlin, 1977}. One would
predict that the productivity would gradually decrease at very nigh cell
densities, since increasing amounts of bjomass {with finite and significant
maintenance energy) would be supported by a constant amount of absorbed
incident light ( 97% absorption at 2.5 mg ml'l). However, it is not
practical to obtain such data in the present system.

The upper panel of the figure shows the efficiencies* of absorbed and
incident light as a function of cell density (dry weight). The efficiency
with respect to absorbed 1ight (solid line) appears to be a steadily-
decreasing {1inear ?) function of cell mass, reflecting 1) lack of light
saturation due to the low incident intensity (see above), and 2) the
significant maintenance energy required by the (increasing) biomass. If we
assume the reality of the linear relationship, the maximum efficiency of
absorbed light in this system is 19%. The slope of the line, 1.28% (mg/m1)'1,
reflects losses due to maintenance energy, which is probably linear over the
rather narrow conditions tested. Since 100% efficiency corresponds to 0.0064
W ohr mg‘l, the maintenance energy is 8.19 x 1075 W hr mg'l, and one would

predict that the culture would reach Tight compensation at a dry wt of
14.3 mg m "L,

*These light efficiency measurements contain the following primary sources of
error: 1) a small volume at the bottom of the culture ( 10% of the total
volume) that is not significantly illuminated; 2) the overflow cell density
is only 89% of the reactor density; 3) the 1ight measurements represent the
average of a somewhat asymmetrical cylindrical light field; and 4) room
1ight was not excliuded (¢ 3% of total incident light). A1l these errors are
relatively small, and the more significant ones tend to cancel.

15




The efficiency with respect to incident light (dotted 1ine) reflects the
balance batween 1ight absorption and utilization (the initial ascending phase)
and losses due to the cellular metabo}ism (descending phase). In the present
system, the maximum 1ight utilization efficiency occurs at 1.7 to 2.0 mg m1'1
dry wt. The descending phast becomes identical to the "apsorbed light" curve
at high cell densities.

RELATIONSHIP OF LIGHT INTENSITY TO
TURNOVER OF THE PHOTOSYNTHETIC APPARATUS

Ine of the primary limitations of most photosynthetic organisms is that
they do not perform well in strong light (e.g., full sunlight). The photo-
synthetic apparatus operates somewhat like a lens; approximately 200 "light-
harvesting” chlornphyll molecules transfer 1ight energy to a reaction zenker,
with a corresponding increase in the effective 1ight intensity per center,
Consequently, efficiency can be very high in weak 1ight, but drops off rapidly
at intensities approaching that of bright sunlight, due to the rather slow
{ms) turnover of the dark reactions (see, =.g., R. Radmer and 3. Kok, op.
cit.).

Figure 7 is an idealized cross sectional diagram of our algal culture
system. The light flux values (in units of photosynthetically-active quanta
cm'zs'l) were measured in the absence of algae. Note that they closely follow
a 1/r relationship, suggesting that the total flux is conserved (except for
losses due to reflection and absorption by the glass wa1ls)‘during its passage
through the concentric cylinders.

A rough estimate of the light flux per reaction center can be made as
follows. Qur data indicate that Scenedesmus has a specific absorption
coefficient of ~ 0.6 1 cm™> g'1 over the spectral range of 400-700 nm
(specific data not shown), and a chlorophyll content of 4.8% (Fig. 2; see also
J. Myers, in Encyclopedia of Chemicai Technology, pp. 33-51, R. Kirk and D.

Othmer, eds., Interscience, NY, 1957). Note that 0.6 1 cm™t g'1 correspe~ds

to {0.6){1000 cm3) em™ g™! or 600 cm? g”'. Thus, the equivalent specific
absorption is 1.2 x 10% cm? (g ch1orophy11)'1, which is about 10% of the

extinction coefficient observed at the absorption maxima. Since one g

16
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chloraphyll = 6 x 1020 motecules, the molecular cross section (= extinction
coefficient) is 0.2 x 10710 ¢p? (chlorophy1} molecu1e)'l. :

The maximum quantum flux that the algae are subjected to is 1.4 x 1016 hv ;
em? s71 or 0.28 hv molecule™! s™t. Since each reaction center is connected to ;
~ 200 chlorophyll molecules (see above), the maximum quantum flux will result f

in the transfer of ~ 60 hv s'1 to each reaction center.

This value is well below the generally accepted maximum reaction center
turnover rate of -~ 100 g7l (Radmer and Kok, op. cit.). Thus the photo-
synthetic dark reactjons are able to keep pace with the light flux, the system
does not become ljght saturated, and high 1ight efficiencies can be obtained.

18




IV, NITROGEN UTILIZATION EFFICIENCY

Krauss et al., [Proc. 2lst Plenary Meeting, Committee on Space Research
(COSPAR), 1978] reported that a significant fraction of the NO;™ nitrogen
provided to Chlorella cultured in a “"recyclostat" was lost, probably as NZO'
The release of this gas into the atmosphere of a closed system could cause
grave problems for the air regenaration system, as well as contribute to a
lack of closure of the nitrogen cycle.

Because of these earlier results, one of our goals was to determine the
nitrogen balance of Scenedesmus cultures, and specifically, whether compounds
such as NoO were excreted into the medium. Our initial approach was to deter-
mine the nitrogen levels of the nutrient medium, cel)-free efflux, and
harvested algae.

The results of these experiments (Table III) show surprisingly good
agreement between added and recovered N (average 100.5% recovery) and suggest
that the nitrogen entering the culture (as NO4”) was either incorporated in
the algae or appeared as N03' in the efflux supernatant. We have had no
indication to date that the nitrogen is lost by the system. Although these
results do not prove that there is no nitrogen loss, they do suggest that any
loss must be small (e.g., < 1%}, at least for NO3~.

Because our data obtained with Scenedesmus point to a very low production
of nitrogenous by-products, we have not attempted to determine Ny0 directly.
(Current data indicate that the No0 concentration in the gas stream would be
too low to monitor directly.) We have observed only traces of NO,™ (< 1 ppm)
in the effluent supernatant.

19
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Sample

Nitrogen Utilization Efficiency of Scenedesmus

TABLE I11.

Nitrogen (mg/1)

Medium

339
293
290
290

Supernatant

216
120
123
122

Algae

127
171
171
168

Rerovery

(%)

101,2

99,3
101.4
100.9
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V. LONG-TERM CULTURE

We maintained continuous Scenedesmus cultures in the apparatus shown in
Figs. 4a and 4b for about 4 months before voluntary shutdown., The cultures
were monitored dafly for packed cell volume (PCV), chlorophyll, dry weight,
reproduction rate, and pH, and intermittently for glycolate, total N, and
microbial contamination. Representative data from these long-term experiments
is shown in Fig. 8. Note that the culture system displays good lang-term

stability. The complete data record for these experiments is given in Tables
[V and V.

We addressed the interrelated topics of algal by-product excretion and
microbial contamination by periodically assaying the culture superpatant, To
date, we have detected no significant glycolate (< 1 ppm of this primary algal
gxcretory product), or excreted carbon (< 25 ppm) while our cultures wera in
the steady state. Parallel microbial assays in some cases indicated a low
(0.1 - 0.01%) non-algal biomass that did not change appreciably (with time)
with respect to amount or species composition (see also Tables IV and V).
These findings suggest that microbial contamination should not be a
significant problem in such cultures bacause 1) the algae seem to excrete-

little or no organic compounds; and 2) microbial populations, even when
praesent, do not take over the culture.

21
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it

A

DPata Obtained During Continuous Culture of Scenedesmus with Urea

TABLE IV,

Density
Dry Call Contam=~ Refarencs
Dates pl PCY Cul, Beproduction Waight Counta inacion and Other
{oumber {nunber Hocas
(1981) (ul/ml)  (ug/ml) (ml/hr) (mg/ml)  cella/wl) bact/ml)
Aug 20 6.25 9.0 88 52.4 2.4 1.965
21 6.25 9.0 90 54.8
2% 6.25 8.5 88 2.28 8.0x107
25  6.15 9.0 84 55.8 2.38
26 6.15 8,5 85 58.2 2.32
27 5.9 8.0 79 59,4 2.32
28 6.0 8.0 88 55.4 2.4
31 5.9 8.0 80 2.16 8.0x107
Sap 1 5.9 8.0 84 57,5 2.21
2 5.35 9.5 120 50.0 2.63
3 5.95 9.0 109 57.5 2.43 9.5x107
4 5.9  10.0 112 49,4 2.76
8 6.0 9.5 111 2.54 2.92x106
9 6.0 10 i15 2.72
10 6.8 9.5 49,1 2,55 B.95x107
11 6.0 10 120 2.85
14 6.1 10 109 2.64 2.25x106
15 6.1 10 109 46.5 2.57
16 6.0 10 102 2.55
17  5.95 13.5 133 2.98
18 6.0 11.0 123 49.4 2.79
2 5.5 12,0 107 2,69 7.26x107  2.6x106
22 5.7 11,0 107 40.0 2.92
23 5.7 10 104
24 5,55 11.0 104 50.7 2.72
25  5.65 10.0 104 46.5 2.86
28 5.65 8.5 112 2.48 #.65x107
29 5.4 8.5 98 50 2.46
30 5.3 8.5 99 51.9
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Table IV. (Continued)
Dansity
Dry Cell Contam= Beference
Data pH PCY Chl. Reproduction Weight Counts ifoacion and Othar
Nocas
(nunbar {oumber
(1981} (ul/ml)  (pg/ml) {ml/hr) {mg/ml) cells/ml)  bact/ml)
Oct 1 5.4 9.0 103 51.9
2 5.3 8.0 104
5 5.5 7.5 96 2.28
6 545 7.5 104 50 2.25 1.2x106
7 5.3 7.5 96 §2.5 2.29 6.75%107 2.110
8 5.4 8.0 118 53.8 2.36
9 525 8.0 120 47,9 2.21
12 5.8 8.5 118 2423
13 5.7 8.0 104 52,2 2.23
14 5.7 8.0 115 50.0 2.23
15 5.8 8.5 117 45.6 2.21
16 2.30
19 5.7 8.0 109 2.28
20 5.5 8.5 115 42.5 2.27
21 5.6 9.5 117 39.4 2.20
22 5.8 9,5 124 45.0 2,30
23 5.7 9.0 115 46.9
26 5.75 8.0 110 2,40
27 5.7 8.0 101 47.2 2,15
28 5.5 7.5 110 48.8 2.25
29 5.2 7.5 103 48.8 2.15
30 5.3 7.5 112 48,1 2.24 6.09x107
Nov 2 5.6 8.0 117 2.13 8.47x10°
3 5.65 8.0 112 48.1 2.22
4 5.75 7.5 115 50.0 2.14
5 5.8 2.17
6 8.0 109 2.23 7.3x107
9 5.8 12.5 190 3.05
10 5.85 7.0 107 46.9 2,02
11 6.0 7.5 109 41.2 2.05
12 5,85 7.0 104 46.5 2.07
13 5.75 8.0 107 45.2 2.16 2.47¢107
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Table 1v. {Continued)
Danaicy
Dry Call Contan— Bafarence
Date pH PCY Chl. Reproduction Weight Counta ination aud Qthar
(oumbar (number Hotes
(1981) (ul/ml) (ug/ml) {zl/hr) (mg/ml) cella/ml) bact/ml)
Nov 16 6.1 7.0 107 2.0l
17 6.0 7.0 107 06,7 1.98
18 5,8 7.0 109 50.3 2.05
19 5.7 7.5 112 48,5 2.14
20 2,05 7.9x107
23
W 5.7 7.5 116 43.3 2.21
25 5.7 7.5 112 4444 2.12
0 5.5 7.0 112 2.11 1,85x106
Dec 1 5.4 7.0 110 45,5 2.09 7.78x107
2 5.5 7.0 104 48.1 2.00
1 5.4 7.0 110 42.5 2.01
4 5.4 £a0 96 45.3 1.92
7 5.6 6.5 96 1.92
8 5.6 7.0 107 43 2.01 2,53x106
9 5.6 7.0 113 37.5 2.09
10 6.0 6.5 96 43,5 1.93 2.06x106
14 5.8 645 100 1.85
15 5.9 6.5 104 50 1.85
16 5.8 6.5 104 84,2 1.83
17 5.7 6.0 98 46.9
2 6.l 645 36
25
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TABLE V

Data Obtained During Continuous Culture of Scenedeswus with NOS

Density
Dry Call Contam= Bafarence
Data pH pCY Chl. Reproduction: WHeight Counts joation and Other
Nocas
(number {numbar
(1981) (wh/ml)  (pg/wl) (ml/hr) {mg/ml) cells/ml) bact/ml)
Aug 20 7.7 8.0 57 5849 1.93 2.4
21 7.5 7.0 62 67.9
24 1.7 7.0 54 1.35 4.15x107
25 7.65 7.0 56 62.4 1.78
26 1.7 1.0 57 61.8 1,74
27 1.7 7.0 59 54.7 1.37 RNOq in-
creased co
20 a4
28 1.7 6.0 61 65.8 1.44
3L .6 5.0 52 1.2 2.3x207
Sep L 7.5 5.0 49 71.9 1.223
2 7.7 8.0 91 58.1 1.81
3 7.8 9.0 109 51.3 2,02 3.35x107
4 7.65 7.0 79 61.3 1.69
8 7.7 6.5 86 1.66 4.05x106
9 7.65 7.0 86 1.66
10 7.5 6.5 55.4 1.61 3.49x107
11, 7.8 6.0 107 1.70 2.32
14 7.8 6.0 90 170 3.53x106
15 7.75 7.0 91 56.1 1.77
16 7.7 7.0 85 1.69
17 7.8 7.0 91 1,64
18 7,15 7.0 86 48.2 1.8
21 7.6, 7.0 94 1.83 4.73x107  5.26x106
22 7.8 7.0 9 53.1 1.77
23 7.65 7.0 87 ‘ 2.48
26 7,65 7.0 96 53,3 1.77
25 1.7 7.0 94 55.3 1.84
28 7.0 7.0 101 1.74 4.67x107
29 7.4 6.0 89 61.9 1.72
30 7.3 6.0 83 6143
26




Table V. {Continued)
Denaity
Dry Cell Contam- Refereance
Data pH PCV Chl. Raproduction Welght Counts ination and Qther
NHotesg
{oumber (numbar
(1981) (ul/ml) (ug/ml) (ul/hr) (mg/ml) cells/ml) bact/ml)
Gt 1 7.4 6.0 83 59.4 6.65x100
2 7.4 6.0 78
5 7.3 6.0 78 1.52
6 7.2 6.0 78 S4.4 1.50 6.67x106
7 7.0 65 78 60.6 1.52 3.8x107 2.600
8 7.3 6.0 78 5643 1.54
§ 6.4 6.0 78 60.0 1.42
12 5.5 4.5 43 1.20
13 5.5 4,0 43 52,2 1.14
14 5.25 3.5 35 5%.3
CLEANED AND RESTARTED + SAME CONDITIONS
23 1.4 7.0 92 45.1 2.70
26 7.5 7.5 104 2.13
27 7.3 8.0 112 47.9 2.13
28 7.3 8.0 117 47.5 2.15 8.25x107
29 7.0 8.0 103 48.8 1.99
30 6.6 7.5 110 48.8 1.91 6.25x107  2,73x106
Nov 2 6.2 7.5 110 1.90
3 6.3 8.0 107 48.8 1.96
4 6.4 9.0 117 47.5 1.99
5 1,90
6§ 7.8 9.0 105 1.89 4.2x106
9 6.6 9.0 110 1.98
10 6.4 9.0 96 43,1 1.85
11 6.6 8.0 120 40.6 1.86
12 6.45 8.0 101 49.0 1.74
13 6.7 8.0 99 49.0 1.87 6.33x106
16 6.55 8.0 106 1.86
27
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Table v, (Continued)
Density
Dey Call Contum- 2eference
Date pH PCY chl. Reproduction Weight Counts ination and Othar
Notes
{numbar (number
{1981) (ul/ml)  (pg/ml) (ml/hr) (mg/ml) cells/ml)  bact/ml)
Nov 17 6.7 8.0 115 46.7 1.88
18 6.7 8.0 112 47.9 1.96
19 6.5 8.0 96 50.9 1.32
20 1.85 5.52x107
23 6.b 8.0 114 1.84
24 6.4 8.0 116 50.0 1.95
25 6.3 8.0 120 6649 1.93
30 6.4 8.0 115 1.94 2.17x106
Dec 1 6.3 8.0 113 47.3 1.85 5.62x107
2 6.3 7.0 114 43.8 1.84
3 6.2 8.0 104 49.4 1.84
4 6. 7.5 98 48.5 1.75
7 6.0 7.0 100 1.75 _
B 6.2 7.5 107 45.5 1.77 5.51x106
9 6.3 7.5 113 43.5 1.81
10 6.0 6.5 93 49.Q 1.75 1.01x107
14 5.7 7.0 98 1.77
15 6.2 7.0 100 46.3 1.74
16 6.3 7.0 107 44,8 1.76
17 5.6 6.5 98 46.3 1.76
21 6.3 7.5 99 49.5
28
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VI, SEARCH FOR PLASMIDS IN SPIRULINA

Although it is a good source of protein, Spirulina platensis 1s deficient

in the amino acids lysine and methionine.

The intent of this project was to

locate a plasmid in Spirulina which could be used as a vector to clone genes

for amino acids, thus making Spirulina a more valuable food source. Plasmids
have been is¢lated from other filamentous blue-green algae such as Anabaena

variabiiis, Nostoc strain MAC, and Plectonema boranum (Lambert and Carr, 1982,

Arch. Microbiol. 133, 122-125),

GENERAL PLASMID PREPARATION

Axenic cultures of Spirulina platensis were obtained by the methods

described in Appendix A.

The general approach for the préparation of plasmids is to 1) break open
the cells, 2) remove cellular debris and chromosomal DNA, and 3) isolate the
extrachromosomal plasmid DNA, which can then be visualized on an agarose

gel,

Procedure

100 m} Spirulina cells
grown in 2% C02 in air
¥
Incubate with 5 mg/m1 lysozyme

¥
Incubate with 2% SDS
+

NaCl precipitation and
centrifugation for 30 min
4
Extraction with phenol
Extraction with chloroform/
isoamyl alchol
+
Volume reduction with sec-butanol
4
Ammonium acetate and
Ethanol precipitation
4
Dry and resuspend DNA in buffer
Run on gel

29

Below is a flow chart outlining the steps of the Spirulina plasmid
preparation described by Lambert and Carr.

Purpose

Cell lysis {breaks cell wall)

+
Completes cell lysis
(bursting)
¥
Precipitates cell walls,
organelles and most of chromosomal
¥
+
Removal of proteins

¥
Concentrate DNA

+
Precipitate DNA

¢
Visualize DNA
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Samples of DNA were run on horizontal agarose gels using Tris-borate
buffer and a voltage gradient of 3-5 V/ecm. When the DNA reached the opposite
edge of the gel (visualized by an added dye), the entire gel was stained with
ethidium bromide {a substance which intercollates into double stranded nuclaic
acids and fluoresces under ultraviolet light) and photographed.

Figure 9 shows a gel of a sample of DNA from the plasmid preparation
described above {lane 2). The gel showed a smear of chromosomal ONA and some
RNA (the large smear at the bottom of the gel), but no plasmid bands. (On a
gel, a plasmid will appear as a bright band, often against a background of
chromosomal DNA which is usually a smear running the length of the gel.) In
this gel, there are plasmids from a different alga in lanes 8 and 9,
approximately 2.5 cm from the top of the gel.

TREATMENT WITH RESTRICTION ENZYMES

Often, in order to visualize a plasmid on a gel, it is necessary to
digest a sample of the DNA preparation with a restriction enzyme. These
enzymes cut the DNA strands, forming many fragments which migrate to diffarent
regions of the gel according to their size. Restriction enzymes cut both
plasmid and chromosomal DNA, but since a plasmid is small, it will only be cut
in a few places, thus forming several bright bands against a background of
chromosomal DNA fragments (laddering effect}. (It is important to digest
chromosomal DNA, because a chromosomal smear could .mask a plasmid band.)

We attempted to digest the DNA from the Lambert and Carr preparation with
the restriction enzyme Xho I after incubation with RNase and proteinase.
(Both RNA and some proteins will inhibit the action of the restriction
enzymes.) However, the digestion of the DNA was unsuccessful; i.e., there was
no laddering. Most likely, the restriction enzyme was inhibited by something
in the preparation -- e.g., proteins, algal pigments, or polysaccharides.
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Figure 9.

ORIGH .
OF POOR QUALITY

123456789101112

Electrophoretic separation of a plasmid preparation

(0.7% agarose gel, run at 50V for 2 hr). Spirulina DNA

is in lane 2. Lanes 3 through 11 contain DNA from

different strains of Anacystis, a glue-green alga. Note

the plasmid bands in lanes 8 and 9. Lane 1 and 12 contain
DNA fragments of known sizes to serve as molecular weight

markers.
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SARKOSYL TREATMENT

The preparation of Lambert and Carr produced less DNA than expected from
the amount of cells used, probably due to incomplete lysis, Spirulina has a
tough polysaccharide sheath surrounding the cell walls which may not be
sensitive to the lysozyme-SDS treatment. Preliminary tests showed that a 30-
minute incubation with Sarkosyl {(an anionic detergent) resulted in significant
cell wall disintegration. When the cells were incubated with Sarkosyl prior
to treatment with lysozyme and SDS, DNA recovery was increased at least
twofold, which indicated that the Sarkosyl improved cell lysis.,

Figure 10 shows the results of a large scale (4-2) plasmid preparation
(derived from Lambert and Carr) after treatment with RNase, proteinase, and
solvent extractions to clean the DNA. Prior to running the gel, the ONA was
incubated with BAM HI, another general restriction enzyme. The gel showed
some DNA, but no chromosomal digestion or plasmid bands. Two more sets of
solvent extractions removed most of the protein, but digestion by restriction
enzymes was still inhibited (data not shown)., Extended dialysis (up to 3
days) with large pore size dialysis tubing markedly improved the purity of the
DNA (as determined by Asgo/Pogp) but did not noticeably increase restriction
enzyme digestion.

CASSE PROCEDURE

Because of the difficuities encountered with the procedure of Lambert and
Carr, we tested the procedure of Casse et al. {J. Gen. Micro. 113, 229-242,
1979), which is especially designed to isolate large plasmids often removed
with the chromosomal DNA. This preparation does not rely on centrifugations
of DNA at high speeds, as most procedures do; instead, the DNA is cleaned with
a series of salt-saturated solvent extractions.

Figure 11 shows the gel obtained with samples of Spirulina DNA prepared
according to the Casse procedure. Again, we observed no plasmid bands.
Although no DNA was present, there was a significant amount of RNA, indicating
that the cells were lysed. It is unlikely that the DNA was damaged, since
this procedure is reported to be very gentle.
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Figure 10,

ORIGINAL |
OF PO

Electrophoretic separation of a plasmid separation

(0.7% agarose gel, run at 50V, 2% hr). Spirulina DNA
from a modified Lambert and Carr preparation that
included treatment with Sarkosyl to aid in cell lysis.
DNA in lane 2 has been incubated with Bam HI, and in
lane 4 with Xh0 I. Untreated DNA is in lane 3. Lane 6
shows DNA markers.,
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Figure 11,
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&« pUH 24 ope

Electrophoretic separation of a plasmid preparation
(0.7% agarose, 50V, 2'; hr). Lanes 4 and 5 contain
Spirulina DNA from the Casse preparation. There is no

chromosomal DNA, but the presence of RNA proves that

the cells were lysed. Lanes 6 and 7 show Anacystis
chromosomal DNA and plasmids isolated by the Casse
procedure. The plasmids are identified by arrows.

Lane 3 contains ) DONA marker.
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As a positive control, the same Casse procedure was used on a 2-¢ culture
of Anacystis nidulans R2, a unicellular blue-green alga known to contain two
plasmids, pUH24 and pUH25. As shown in Fig. 7, this preparation was very

successful in isolating Anacystis plasmid DNA; large amounts of different
forms of both plasmids were observed.

CONCLUSTON

We performed six different plasmid preparations on our strain of
Spirulina platensis over a three-month period. (This effort was not initiated
in vacuo; we have extensive experience in isolating plasmids from other olue-
green algae.) The fact that we have been unable to detect plasmids in
Spirulina, while at the same time routinely isolating them from other blue-
green algae, leads us to conclude that our Spirulina strain does not contain
any significant extrachromosomal material.

Qur strain of Spirulina platensis has been "in captivity" for a long
time, and since it is not under any environmental pressure to maintain
plasmids, it may have lost them. I[f deemed appropriate, we could screen
Spirulina strains recently isolated from nature for endogenous plasmids.
Genetic transformations do not require the use of endogenous plasmids, but are
often made easier by their presence. Further work along these lines will
await feedback from NASA.

35

I e e ab——i

.
I L

o e e

.jr___?_meu__
M L e



APPENDIX A: METHODS

OPERATION OF GLASS CULTURE SYSTEMS (FIGS. 1-3)

These continuous culture systems are based on the earlier work of several
other groups, notably Myers and Clark (J. Gen. Physiol. 28, 103-112, 1944);
also, Kuhl and Lorenzen (in Methods in Cell Physiology, Vol. I, D. Prescott,
ed., pp. 159-187, Academic Press, NY, 1964); and Ammann and Lynch, {Appl.
Microbiol. 13, 546-581, 1965). A primary goal of the design and construction
of our culture systems was to provide a means to control and monitor important
physiclogical parameters, such as light flux, 1ight absorption, temperature,
and growth rate. Another important consideration was our goal of constructing
a system that was harvestable on demand. This latter requirement precluded
the use of a chemostat system; instead, we use the turbidostat system
described below.

Figure 1 is a diagram of the culture apparatus that has been most
frequently used in our laboratory. The culture system is made of transparent
glass and consists of three concentric, cylindrical chambers.

The innermost chamber houses the illuminating source (a standard 40-watt,
cool white, high-output, fluorescent bulb). The middie chamber, with a volume
of 890 ml and a width of 1.0 cm, contains the algal culture. Temperature
control is provided by a refrigerated bath (Neslab RTE-4; + 0.01°C temperature
control from -30°C to +100°C) which circulates water through the outermost
chamber.

Cell density is maintained by monitoring the light transmission through
the culture using a photoconductive cell (Clairex CL604L). The output of this
photocell is amplified, integrated (to remove the ac component from the
1ight), and digitized. This value is then compared to a preset digital
reference. When the processed photocell output exceeds that of the reference
for 4 s, a peristaltic pump is turned on for a preselected period of time
allowing for the addition of medium to the culture. A corresponding volume of
suspension is displaced from the algal chamber via the overflow tube. After a
latent time of 40 s to allow for mixing of any newly added medium, the
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monitoring cycle is reinftiated. Turbidity 1s monitored and controlled by a
microcomputer (SYM-1, Synertek Corporation) and ancillary electronics built in

house. With this microcomputer system, efght culture systems can be
controlled sifdltaneously.

Either air or COp-enriched air is admitted through the fritted bottom of
the culture module at a flow rate of about 800 cmslmin; this flow rate is
sufficient to provide relatively rapid mixing and prevent cell settling.

The culture systems shown in Figs. 2 and 3 use identical control systems
to that of Fig. 1. The three systems differ primarily in their yeometry.

The culture systems used earlier, shown in Figs. 4 ard 5, employed an
analog system constructed in-house to control the cell density. In this
system, the output of the photocell is amplified, integrated (to remove the ac
component from the light), and compared to a reference voltage. When the
processed photocell output differs sufficiently from that of the reference for
several seconds (we generally used 4 s}, a modified Teflon solenoid valve
(Valcor 51C58T34-1D) is triggered to admit a preselected amount of nutrient

(about 6 ml) to the culture. After a latent time {40 s) to allow for mixing,
the monitoring cycle is reinitiated.

Measuremants of Cell Characteristics

Chlorophyll was determined by adding an aliquot of algal culture to a 1:1
mixture of Triton X-100 and 5% KOH in MeOH, heating at 63°C for 3 min, and
centrifuging. Optical density was measured at 645 nm. Packed cell volume
(PCV) was determined by centrifuging (clinical centrifuge, high speed) 1 ml of
algal culture in a modified hemotocrit vessel. Cell density was determined
using a Coulter Counter Model TAII with PCAII accessory. Dry weight
determinations involved filtering a 10-m] aliquot of algal culture through
glass fiber filter (approximate retention 2.6 um), rinsing thoroughly with
distilled water, and drying at 110°C. (The filter paper was dried overnight
at 110°C prior to weighing; dried samples were cooled to room temperature in a
dessicator before weighing.) The growth rate of the culture was determined by
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measuring the volume that overflowed during a defined time period {(usually
16-24 hr). The productivity {mg/hr) of an algal culture is defined as the
product of the dry weight (mg/ml) of the culture and the overlow rate (ml/hr).

Light Measurements

Light intensity was measured with an ISCO Model SR spectroradiometer
between 400-700 nm in increments of 25 nm; these data were integrated to yield
light intensity in units of uw/cmz. Measurements were made at eight points
around the cuiture apparatus, and the values averaged to correct for any lack
of symmetry. Light efficiency was calculated using the absorbed 11ght
intensity (cal/hr) and the biomass productivity, converted from mg/hr to
cal/hr, assuming a conversion of 5.5 cal/mg. ({See, e.g., R.L. Miller and C.H.
Ward, in Atmosphere in Space Cabins and Closed Environments, pp. 186-222, K.
Kammermeyer, ed., Appleton-Century-Crofts, New York, 1966).

Carbon and Nitrogen Analyses

A 10-ml volume of algal culture was centrifuged at 10,000 RPM for 10 min,
and an aliquot of the supernatant acidified with 0.05 ml concentrated HpS504/m
supernatant. Glycolic acid was determined by heating (100°C for 20 min) the
acidified supernatant in a 4-fold greater volume of 0.01% 2,7-
dihydroxynaphthalenediol in concentrated H,S0, (Calkins, Anal. Chem. 15:762,
1943). Absorbance was measured at 530 nm with a Cary 15 spectrophotometer.
Total excreted carbon was determined by measuring the chemical oxygen demand
of the supernatant {Oceanographic International Corporation's Standard Ampule

C.0.D. method). The nitrate concentration of the supernatant and growth media

were determined on a Dionex Model 16 jon chromatograph. Nitrogen analysis of
the freeze-dried algal pellet was done by an outside laboratory (Galbrajth
Laboratories, Knoxville, TN).
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Preparation of Axenic Cultures uof Spirulina platensis

S. platensis is a difficult organism to purify since bacteria can reside
within the polysaccharide sheath as well as in the surrounding medium.
Several attempts were made to purify Spirulina using standard methods before
we found one that was successful,

The method that produced axenic Spirulina platensis was adapted from T,
Ogawa and G. Terui (J. Ferment. Technol., Vol. 48, No. 6, pp, 361-367,
1970). Qur procedure was as follows:

1. Filter a 10-14 day old culture through an ethanol-sterilized
Whatman #540 filter (pore size 8 un) housed in a Millipore
filter assembly.

2. Transfer algae into 30 ml sterile media and resuspend.

3. Repeat Stap 1.

4. Transfer algae into > 150 ml sterile media and resuspend.

5. Homogenize algae filaments for 40 ¢ in an ethanol-sterilized
homogenizer assembly.

6. Repeat filtration as in Step L.

7. Transfer and resuspend as in Step 2.

8. Filter as in Step 1.

9, Transfer and resuspend in 80 ml sterile media.

10. Expose to ultraviolet radiation (8-W bulb) for 7 min at a
distance of 38 cm. Agitate culture during irradiation. After
irradiation, cover and store in the dark for 3 h (to avoid
photoreactivation of bacteria).

11, Dilute so that one drop contains one fragment of the algae.

Inoculate 98 test tubes containing 5 ml media with one drop of
the suspension and incubate in the light.

We found that Spirulina grew in 8 tubes, 4 of which were bacteria free.
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APPENDIX B

"Algal Culture Studies Related to & Closed
Ecological Life Support System"

Presented at
6th Annual Meeting of the Commission on
Gravitational Physiology
Lausanne, Switzerland

September 18-21, 1984
Wi11 be published in The Physiologist
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ORIGINAL PAGE 15
OF POOR QUALITY

ALGAL YJLTURE STUDIES RELATED TO A
CLOSEL ECOLOGICAL LIFE SUPPORT SYSTEH

R. Radmer, P. Behrens, E. Fernandez,
0. 0)1inger, and C. Howell

Martin Mariecta Laboratorias
Y450 South Rolling Road
3altfmore, Marylana 21227

Long-carm syltures of Scenedesmus abiiguus
were raintained in an annulae nr-iift column
operated a5 a turdbidostat. We abserved 3 |inear
relationsnip between the dry weight of the cultured
cells, their cell number, and thair chlorophy!l
sontant aver a arcad ~ange Af ell density at
constant t1luminatidn. Thus, the zalis did not
Appear %0 oe adapting te Ji 'farepces fn Jrowth rate
ar 'ight fintensity during these experiments.
Proguctivity +5 dry wi rose linearly uatil the cell
density reachen 3 level at Wnicn lignt becama
Timiting; at tnis point ~ dY% of the photo-
syntheticaily active radiacion (PAR) w35 daing
absorved. The maximum dflution rate of the system
corrasponded o 4 dounifng time of 13.3 he, about
half the maximum growecn rata jenerally observed ac
this temperature, Productivity at tha maximum was
~ 30% of the maximum thecretical productivity. The
rather low incidenc intensities {~ 10% of full
suntignt} were a main contributing factor to the
nigh light vtilization efficiencies abtained in
this system, since the cells were never driven inte
light saturation.

[n many respects, algae would be ideal plant
components for a biolagically-based closea life
support system, since they are eminently sufted to
the closeiy coupled functions of food production
and atmosphere regeneration.* In this communica-
tion, we report some findinys on the (steady-state)
continuous culture of Scenedesmus onlfauus, a
physiologically well-characterized green alga with
9004 4yrowth characteristics.

METHODS

Description of Culture Asparatus

Long-term -uitures were maintained 1n annular
air-1ift columns operated as turpfdostats. Thesc

* This idea was ¢lecrly recognized by an
earliar gensraticn of scientists (see, e.q.,
Bicregenerative Systems, NASA SP-165, 1968).
A similar program 1s being carrfed out in the
USSR {Gitel'son, [., et al., Problems of Space
Biology, Vol. 28, Experimental Ecological
Systems Including Man, NASA Techpical Transla-
tion F-16993, 1975).
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continuous culture systems are basad on the earlier
work of several other groups, notably Myers awd
Glark (J. Gens Physfol, 28, 103~112, 194d}; also,
Ruhl and Lorsnzen (1n Methods in Cel) Physiology,
Vol. [, D. Prescoutr, ed., pp. 159187, Academic
Prasy, NY, 1964); and Ammann and Lynen, (Appl.
Hicronfol, 13, S46-941, 1969), A primery yoal of
the design and constiuction of our culture systems
was to provide a means to control and manitor
important physiological parameters, such as ligng
flux, {lynt aosorpcign, Zemperature, and Jrowen
rate. Another important consideration was our goal
of constructing a systam that was narvestable on
demand. This latter raquirement precluded the use
¥ 1 chemostat system; fnstead, we Jsa the Sup-
hiuostat system gescribed dalow.

Flgure 1 15 a dfagram of the = )turs 2poaratus
constpyczad and ysed ‘n aur laporatory. The ul-
ture system is made »f transparent j1ass ing iope
sists of three <oncentric, syiinarical zhamoers.
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Figure 1.

The {npermost chamber houses the {1luminatiny
source {a standard J0-wact, cool white, nign-
output, fluorescent oulbj. The miodle chamoer,
with a volume of 89U m] and a width of 1.0 cm,
contains the algal culture. Temperature coatrol
is provided by a refriyerated bath (Neslao RTE-4;
+ 0.01°C temperature control from ~30°C to +i00°C)
which clrculates water through the outermost
chamber.

Cell density is maintained by monitoring the
11ght transmission through the culture using a
photoconductive cell {Clafrex CLEO4L}, The ocutput
of this photocell 1s amplified, {ntegrated (to
remove the ac component from the light), and dig-
itized. This value fs then compared to a preset
digital reference. When the processed photocell
output exceeds that of the reference for 4 s, a
peristaltic pump is turned on for a preselected
period of time allowing for the addition of medium
to the culture. A corresponding votume of suspen-
ston §5 displaced from the algal chamber via the
overflow tube. After a latent time of 40 5 to
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allow for mixing of any newly added medfum, the
monitoring evele is reinitiated. Turbidity 1is
monitored and controlled by a microcomputer (SYM=1,
Synertek Corporation) and ancillary electronfes
built in house. With this mic¢rocomputer system,
eig?n eulture systems can be controlled simuitapa-
ously.

Either air or COp-enriched air 13 aw.itted
through the fritted bottom gr tha cuiture module at
1 flow rate of ooyt 3U0 em’/min; this flow rate s
sufficient to provide relatively rapid mixing and
pravent cell settling.

Measurements of Cell Characteristics

Chlgrophyll was <determined by addfng an
alfguoe of aigal culture ta 3 Vi1 aixture of Tritun
X-100 3pd 55 40H ‘n MeOH, niating 4t 53°C for 3
ninuces, and sentrifuging. Jdptical density was
measuyred at 845 am. Packed cell volume {(PCY) was
Jetermined 3y senterfuging ‘elinical Zentrifl v,
hign speed) i nl of 3lgal ulture 1n 1 mogi” ey
hemotocrit vassel. Cell density was totarmined
nsing a Coulter Counter Model TAIY witn PCALI
aceessory, Ory welght determinations {nvolved
f{ltering 2 0-ml 2liquot oF 1lgal culture through
3lass fiber 7iiter [approximate ratention 2.6 umj,
rins1ng choroughly with . scilleog water, ana arytng
4t 110°%. (The filter paper was aried overnignt 3t
110°C prior to weijming; dried samples were conled
%0 snom temperature {n 4 dessicator hefore waign-
fny.} The yrowtn rate of the culture was deter-
nined 3y neasuring che volume trat veptlowed
dquring 2 gefinea time pertod {usually 15-24 nr}.
The arodugsivity {mu/hr) of an 3lgal culture {s
defined is the product of the dry #eignt {mg/ml} aof
the sulture and the avertlow rate (mishr).

Light Measurements

Light {ntensity was measured with an 15C0
Modal SR spectroradiometer between 400-700 nm in
increments of 25 nm; this dara was 1nte95ated to
yield lighs intensity in unics of uW/em®, Hease
drements were made at d points around the culture
apparatus, and the values averaged to correct for
any lack of symmetry, Light efficiency was calcu-
lated using the absorbed light intensity {cal/hr)
and the biomass productivity, converted from mg/hre
to cal/he, assuniing a conversion of 5.5 cal/mg.
{See, e.9., R.L. Miller and C.H. Ward, {n Atmos-
phere in Space Cabins and Closed Environments, pp.
1d6-222, K, Kammermeyer, ed., Appleton-Century-
Crofts, Hew York, 1966.)

Carpon and Nitrogen Analysas

A 1U-ml volume of algal culture was centri-
fuged at 10,000 }PM for 10 min, 2nd an atiquot of
the supernatant 3cidified with 0.05 ml concentrated
Ha804/ml supernatant. Glycolic acid was determfned
by heating (100°C for 20 min)} the agfdified super-
natant in a 4-fold qreater volume of 0.01% 2,7-
dihydroxynaphthaletiediol In concentrated Hp50,
(Calkins, Anal. Chem. 15:762, 1943). Absaorbance
was measured at 530 nm with a Cary 15 spectro. *o-
meter. Total excreted carbon was determined b
measuring the cnemical oxygen demand of the super-
natant (Oceanographiic International Corporation's
Standard Ampule C.0.0. method). The nitrate con-
centration of the supernatant and growth medis were
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determined on a Ojonex Model 16 fon chromatograph.
Hitrogen analysis of the freeze-dried algal pallet
was done by an outside laboratory {Galbrafjth
Laboratorias, Knoxville, TH).

RESULTS AND DISCUSSIOR

Characteristics of Cultural Cdlls

Flgure = {1lustrates the linear relationsnip
between the dry waight of the cultured cells
{mg/m1), their ce)l number (cells/ml), and their
chlorophyl] content (g chi/ml}. These data
indicate that the relatfonships batween <all mass,
cell popuiation, and snloropnyll/ced) are constant
gvar the range of cultura <onditions fested. Thus,
the ceils do not appear %o be changing or adaoting
Lo F1fferances in groweh rate ar 'tgnt fntensity

it £
i
. o
' g
- 3.
£ o 1
'=' B I
5 )
3 |
3, 4a
¢
14
ORY WLIGHT imgimii
Figure 2,
& a Absarped I'gnt
B -
A —_——
g
E o i ]
— .
Wk proa,
- % i, mo losses
501 fl, .
. | §oe
= k4 []
£ ol 1 Wt ™~
g i ~
= ~
g &) b= ™~ “a
i
g x g n’]
I3 Slopa » J—..—i.‘
. F mg mi
al smine
« gilution rate
0
1 ] L 1 o 1

9 ] 7 1 ]
DRY WEIGHT (mginlh

Figure 3.

QRIGINAL PAGE IS
OF POOR QUALITY.

ot e

S

P gy =— 255

e T IV

R 3 et

g_m__ﬁ)_qm_‘____b...-



QRIGINAL PAGE iS
: OF POOR QUALITY

during these experiments (sea, 8.g., Myers, Pro=
ceedings of the IBR/PP Technical Meeting, Trebon,
1970), The slopes of the two lines (computed7by
st??djrd stacistica]4§e§hntqua?} are 2.8 x 10
celis/my dry wt and 48,3 ug chl/mg dr respecs=
:wely.J Thfs‘cnrresponds to I.isgx lﬂ‘gtﬁg cn?
and 3.6 x 10°° ug dry ¢el]l mass per cell.

Productivity and Liont Efficiency

Figure ) {1lustrates the relationships hetween
culture productivity (lower panel) and light utfil{-
zation efficiency {upper sanel) vs dry welght

nbserved fn a1 saries af axperiments in wnieh Scena-

105mus_ 4as maingainea !n the sontipuocus sulture
system snown 10 Siguee '. The proagudtivity vs dry
welgnt zurve rises linearly Jncil che cell density
*Baches 1 lev?l at waten ‘lght secomes 'imiting

e bod ong ml™t oar o~ 18 ug gh) mITHY, At zhis
potat, ~ 389% Jr the shotosynthetically actfve
radiatton (PAR} fs deing apsorpad. In the initial
Hnear porston aF %he zurvs, 3roductivity 1s
‘imiced 9y cell jJroweh ¢ she jiven lignt incens-
ity. The slope of tnis inftial portion rerlects
the max1me dilution racte of the system (dimensions
of m! hr'l). In the present Instance, this rate Is
65 ml hr**, which zorrasoonds to 3 douniing “ime of
1.3 e Thas fairly low Jrowetn rate fapout valy
the naximum jrowgh rate Jenarally apsarvea at %his
temperatuyre) reflects :ne ragher low intensity of
the 1ignt source |~ 10% of full sunlignc 4t the
faner #all »f tne 3algal sulturs chamoer’. These
low Incident fntansities dre & main contributing
factor to tha nign ‘{ght-ygilization arfviciencies
abtained in this 3ystem, since the cells are naver
drtven nco liyht sacturation 3ee Appendix;.

The slope of the iine drawn througn zero ing
any point on the proguctivity curve corresponds Lo
the dilution race, and therafore the Joudiing time
and growth rate, at this peint. The ?rcduc:ivity
curye rises to & value of ~ 88 mg hr™ at ~ 3 mg
ml~*, whigh is ~ 80% of the maximum théoretical
productivity {~ 20% on an enerqy basis: see, e.g.,
Raamar, R. and B. Kuk, in Encyclopedia of Plant
Physiology, voi. 5, Mew Series, pp. 125-115, A,
Trapsc ana M. Avron, 2ds., 3pringer-Verlag, 8erlin,
1977}, Jne would preaict that the productivity
would gradually decrease at very high cell densi-
ties, sfnce increasing amounts of biomass (with
finite and signiffcant maintenance enerqy) would be
supported by a ¢onstant amount of abs?rbed {ncident
lignt (~ 97% absorption at 2.5 mg mi~"). Howaver,
it is not practical %o ontain such data in tha
aresent system.

The upper panel aof the figure shows the
efficlencies> of absorbed and incident light as a
function of cell density {dry weignt}. The effici-
ency with respect to absorbed 1ight (solid line}
appears to be a steadily-decreasing (i{near ?)

* These 1{ght efficiency measurements contain the
following primary sources of errcr: 1) a small
volume at the bottom of the culture (~ 10% of the
tota) volume) that is not significantly illumi~
nated; 2) the ovarflow cell density is only 89%
of the rrsctor density; 3) the 1ight measurements
represent the average of a somewhat asymmetrica)
cylindrical light fieid; and 4) room light was
not excluded (< 3% of total incident light). Al]
these errors are relatively small, and the more
significant ones tend to cancel.
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function of cell mass, reflecting 1) lack of light
saturation due to the low Incident intensity (see
above), and 2) the significant maintenance energy
required by the {incraasiny) biomass. [f wa assume
the reality of the linear relatfonsnip, the maximum
efficiency of absorbed {lght {n this systemlts

19%., The slupe of the line, 1.24% (mg/ml)”*,
reflects losser due to maintenance enerdy, which is
provably linear over the rather narrow conditions
tested. Since JOO% efficiency corresponas to
0.JU064 W hr my™*, the maintenance eneriyy 15 doiy «
10" W hr mg™', and one wauld predict that the

culture would [each tght compensation at a dry wt
of 14.3 mg ml ™4,

The efficiency w#ith respect o tncigent iignt
{dotcro line) reflects the 2alance between 1igat
apnsorption 4na Jtilization .the ‘nitial ascenaing
ahase) ina 'osses Jue to she :ellular mecapalrsm
(descending pnasat. [p %he aresent system, she
maximum tignt,utrifzacion arficiency accers iz .7
tc 2.0 myg mi~* dry wt. The Jescanaing ohase
bacomes ifdenticai %o <he "ipsorced ‘ignt" zurve it
nign <eill gensities.

Nitrogen Ut{lization Efficiency

Arauss 2t. 1i. [Prog. 25t 2Tenary “eeting,
Committee an Space esearen -CUSPARD, '978] «a-
ported that a srgnificant “raction of ne ‘047
aftrogen provided to Chlorella sultureo in 2
"recyclostat” was lost, orobaply as ‘ipd. The
release of this gas into cthe acmosphere of 3 <closag
system could cduse yrave proplems “or tne atr
reganeration system, as well as zantiinuce 0 2
Tack of closura of the nitrogen cycie.

Because of thesa aar!fer results, oJne 7 ur
goals was to getermine the nitrogen dalance of
Scenedasmus culitures, and specifically, whethar
compounds sucn as NoQ were excreted InLy Che
medium. OQur initial approach was to determine the
nitrogen levels of the netrient meajum, celi«free
efflux, anu harvested ajgae.

The results of these experiments (Taple [}
show surprisingly good agreement etween aduoga ind
recoverad N (average 100.5% recovery) ang suggest
thar. the nitrogen entering the culture {as NO;~)
was elther fncorporated in the algae or appedred as
NO;~ in the efflux supernatant. We have had no
{naicatian to date that the nitrogen i3 lost by ine
system. Althoucn these results do not prove that
there is no aftrogen loss, they do suygest that any
loss must be smajl {e.g., ¢ 13}, at ieast Vor 2057,

TABLE I
Simgle Aitraqen ‘ngit) tecavery
Meaium Suprrmataat tlgae 1
| 9 g 17 1.2
2 m 20 [H 9.3
] 290 2] th 0l
4 290 12 164 100w

Because our data obtafned with Scenedesmus
pofnt to a.very low production of nitrogenous by-
products, we have not attempted to determine Hz0
directly. (Current data {ndicate that the N0
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concentration in the yas strezm would be too low to
moniter directly.) We have observed only traces of
MOz (< 1 ppm} 1n the effluent supernatant.

Long=Term Culture

We maintained continuous Scenegesmus cultures
of this type for about 4 months berore voluntary
shut down. The cultures were monitored dafly for
packed rell volume {PCY}, chlorophyll, dry waight,
reproduction rate, and pH, and {ntermittently for
glycolata, total N, and mieroblal contamination.
Representative data from these long=tarm experi-
ments is shown in Figure 4, Note that the culture
system displays good jong-cerm stability.
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Figure 4,

de iddressed the interrelatea topics of algal
ay=-oraduct 2xcretion and micronial contamination 2y
periocaically assaying the culture supernatant. To
date, we have getected no significant glycolate
(<) ppm of this primary algal excretory product},
or excretad carbon (¢ 25 ppm) while our cultures
ware in the steady state. Parallel microbial
assays {n some cases fndicated a law (0.} - 0.01%)
non=-a1qal biomass that did not change apprecfably
{with time} w@ith respect to amount or specias
composition. These findings suggest that microoial
contamination should not be a significant problem
in such cultures because 1) the algae seem to
axcrete little or no organic compounds; and 2)
microbial populations, even when present, do not
take over the culture.

APPENDTA

Relationship of Light Intensity to

Turnover of the Photosynthetic Apparatus

One of the primary limitations of most photo-
synthetic organisms f5 that they do not perform
well in strong 1ight (e.g., full sunlight). The
photosynthetic apparatus operates somewhat like a
lens; approximately 200 "1ight-harvesting" chlorg-
phy11 molecules transfer light energy to a reaction
center, with a corresponding increase in the effec-
tive 1ight intensity per center. Consequently,
efficifency can be very high in weak 1ignt, but
drops off rapidly at intensities approaching that
of bright sunlight, due to the rather slow {ms)
turnover of the gark reactions (see, e.g., R. Rad-
mer and B, Kok, Tn Encyclopedia of Pliant Physi-
ology, Yn2l. 5, New Series, pp. 125-135, A. Trabst
and M. Avron, eds., Springer-Yerlag, Berlin, 1977},

a4

Figure b {s an {dealized cross sectional
diagram of our algal culture system. The light
Flux valugi (1n units of photosynthetically-active
quanta ¢cm"°s™%) were measured {n the absence of
algaa, HNote cthat they closely follow a 1/r rela-
tionship, suggesting that the total flux is
conserved (except for losses dve to reflection and
absorptfon by the glass walls) during its passage
through the concentric cylinders.
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Figure 3.

A rougn estimate of the lignt flux ser reac-
sfon center gan Je maee as follows. Jur ata
indicata thac Scenedesmus 2as 1 specific sosorntion
coefficient of ~ 0.0 | tm * 4”7 gver ine spectrai
range of 400-700 nm (specific data not shown), and
a chlopopny !l content of 4.3% (Figure 2, see also
J. Myers, in Encyclopedia of Chemical Techneiogy,
pp. 33-51, R. Kirk and 0. Othmer, edsI, ITterSC1-
enca, NY, 1957). Hote tgat 0.6 1 Em' g~* cotre-
sponas to {0.6) (1000 ¢m®) em™* g~ or 600 cm™ g~
ThHs. Ehe aquivalent specific absorption 5 1.2 «
107 zm* (g cnioropnyll}™Y, wnich is aoout 10% of
the extinction coerficient abserved at the apsgpa-
tion maxima. Since one g chloropnyll = 6 x iU
molecules, the molecular crosslsect on (= extinc-
tion coefflcfent) is 0.2 x 107*° cm® (chlorophyl]
molacuie)™ .

The maximum quantum glux that, :h? algae ara
subjected, to ls 1.4 x 1089 v 2072 571 op .28 o
molecule™ s” Since each reaction center {s
connacted to ~ 200 chlorophyl]l molecules {see
above), the maxjmum quintum flux will result in the
transfer of ~ 60 mv 37* to eacn reaction cancer.

This value is well below the yenerally
accepted maximum reaction center turnover rate of
~ 100 s™* {Radwer and Kok, op.cit.}. Thus the
photosynthetic dark reactions are able to keep pace
with the light flux, the system does not become
Jight saturated, and hign light efficiencies can be
obtained.
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