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FOREHORD \ .

These studies are a cuontinuation of a project designed to
investigate the physiological reflection of environmental change on a
group of algae of diverce characteristics and taxonomic position. This
is pevt of an overall program concerning the relationship of structure
to function with specific reference to locations and roles of
photoactive pigments.

Many different photosynthetic organisms successfully coexist in
nature and the demand for these organiasms as research tools has greatly
increased in the past few years. This expanded Interest has made it
important to understand physiological ada; .ation of the living unit to
environmencal change. Yet, although the diversity of algae has led to
many specialized investigations, only a limited number of algal types
have been studied.

With reference to the specifi: area covered by this report, there
are few standards on whichk to base experimental designs. Results are
often blased by inadequate control of the test organism zince in many
cases algae are only “treated” with illumination of various wavelengths.
Little is known of the actual effect of light quality on the potential
levels of processes involved in algal physiology.

The work cuvered in tlis report was performed by the Charles F.
Kettering Research Laboratory, Yellow Springs, Ohio under Contract
Number DA 19-129-AMC-565(N). Dr, Thomas E. Brown was the Official
Investigator.

The U. ¢ Army Natick Laboratories' Project Officer was Mr. Robert
0. Matthern. The Alternate Project Officer was Dr. Mary Mandels. v

i1




List of Tabler . . . . .

List of Figures . . . .

Adbstract . . . . . .

Introduction . . . . . .

The Influence of Light

The Influence of Light
Composition . . . . .

The Influence of Light
Fixation .

® s s e e o

The Influence of Light
Photosynthesis . . . .

The Influence of Light

The Influence of Lignt

Apparatus and Methods

TABLE OF CONTENTS

* ¢ ¢ 8 s 4 e v o =

Quality on Growth .

Quality on Pigments

and

Pigment

® 8 & & o ¢ * & © + s & s s ¢ o »

Quslity on Photosynthesis and cls

® o & & & 3 s+ & 6 9 * s 2 ¢+ s o+

Quality on the Enhancement of

@ » ¢ 3 2 s e 3 e

Quality on Metabolic Products . .

Quality on Respiration

A. Maintenance Culturing . . . . . . .

B. Monochromatic Light Culturing . . . . .

Pigment Det:rirination

A. Spectroscopy . . .

e e o & e ® & « ¢ o

B. Chromatography . . . « « « & « & + o« &

Photosynthes!: and Respiration Measuremsnts

Cell Modificutione . .

.« .

A. Cell Volume (Size) . . . . . . .

Results and Discussion .

€ & + s e e s s @

Chlorella sorokiniana (7-11-«05) . .

iil

.

[ ———

Fage No.

ix

xiv

13
13

20

21
21

26




TABLE OF CONTENTS (Continued)

Nitzschia closterium ., . . . . . . . . . . . o ¢ v
Summation of Results for 17 Algal Species . . . . . . ..
Production of Tar-Red Absorbing rigmentation . . . . . . . .
Wavelength Dependence of Respiration . . . . . . . « . . .
Conclusions . . . . . v ¢ ¢ ¢ v 4 o o ¢ 0 e s s o s e 4 s
Literature Cited . . . . . ¢« . ¢ & v ¢ ¢ v v v o v 0
Appendix A - Photomicrographs of Typlcal Forms of the Algse

Appendix B

Appendix C

Apperdix D

Appendix E

Stvdied Accompanied by Descriptions of Norimal

Material and Cells Grown ‘. Monochromatic Light .

Absorption Spectra of Whole Algal Cells Grown
in White Light . . . . . ¢« + ¢« « ¢« o « o 4 &

This Section Includes Tables for Preparatior of
Culture Media for Growth of the Individual
Algae L] L] . . . . . L] . L] L] L] . - . - . £ . > °

This Section Includes Tables of All Rates of
Photosynthesis Measured, Uncorrected for
Respiration . . . . . . . . . . . . « &

This Section Includes ''Contour" Plots of
Photosynthesis and Respiration Capacities of 17
Algal Species Following Growth and Meoasurement:
in Monochromatic and White Illumination . .

iv

Page No,
26

57
61

62

64

121

139

157




Table

11

I11

v

VI

Vil

VII1I

1X

X1

LIST OF TABLES

Title Page No,
Algal Species Studied . . . . . . . .. ... .. .. 2

Tcransmission of Interference Filters and
Corresponding Major Absorbing Pigments . . . . . . . . 3

Growth and Pigmentation Data for Cklorella
gsorokiniana (7-11-05) as a Function of the
Wavelength of Light Used for Growth Illumination . . . 28

Photosynthesis ~ Oxygen Evolution with Chlorella
sorokiniena as a Function of the Wavelength of

Light Used for Growth and Subsaquent Measurement

of Photosynthesie Rates . . . . . « ¢« o . ¢ ¢« o« « + & 32

Regpiration - Chlorella sorokiniana - Oxygen

Uptake as a Function of the Wavelength of Light

Used for Growth and Illumination Immediately Pris:

to Respiration Measurement . . . « & « « o s o o & o & 33

Growth and Pigmentation Data for Mitzschia
closterium as a Function of the Wavelength of
Light Used for Growth Illumingriom . . . &« « . . .+ .+ . 36

Photosynthesis ~ Oxygen Evolution with Nitzschia

clogsterium as a Function of the Wavelength of

Light Used for Growth and Subsequent Messuremant

of Photosynthesis Rates . . . . . « . . « ¢ v ¢ 4 « & 40

Respiration = Nitzsc:.ia closterium - Ox; gen lptske

as 2 Function of the Wavelength of Light Used for

Growth and Illumination Immediately Prior to

Resgpiration Measurement . . . . . . . . . . . . . . . 89

Growth of Aigae in White and Monochromatic Light
of Equal Incident Energy as Percent Over Inoculum
Based un ul Packed Cells/ml Culture ., . . . . . . . . &2

Crow.n of Algae in White and Monochromatic Light
of Equal Incident Energy as Percent Iver Tnoculum
Based on Cell Counts/ml Culture . . . . . . . . . .. &

Figment Svnthesis or Algae Grown in White and

Moncchromatic Light of Equal Incident Energy as

Optical Densities of Whole Cell Suspensions of

5 vl Packed Cells p2r ml Hp0 Through a 10 s Light

Path . . . o v v e e e e e e e e e e e e e e e e e e &4

v




LIST OF TABLES (Continued)

Table Title Page o,
’
X1l Individual Synthesis of Pigments Resulting From

Growth of Algae in Monochromstic and White Light . . . 46

XIIX Changes in Accessory Pigments in Comparison Witn
Chlorophyil a as Effected by Growth of Algae in
Monochromatic and White Illumination . . . . . . . . . 47

X1v Photosynthesis of Wavelengtn-Adapred Algae (Growth

and Measured Oxygen Production at Same Wavelength) . , 49
Xv Maxioum Rates of Photosynthesis of Algae as

Effecied by Monochromatic and White Illumination

for Growth and lfeasurement . . . . . . . . . . + « « . 50
Xvi Respiration of Wava2length-Adapted Algae (Growth

and Prior Illumination for Assimilation at Same

Wavelength) . . . . . ¢ v v ¢ 0 v o o v e e e e 53
XVil Maximum and Minimum Rates of Respiration of Algae

Effected by Monochromatic and White Illumination

for Growth and Measurement . . . . . . . + + ¢« o « o & 54
XVIII Recommanded Light Sources for Algal Studies

(Wavelengths are Inclusive, not either/or, Unless .

80 Stated) . . . . . L . . e e e e e e e e e e e e 58
XIX Amphidinium 8p . . . . . . . . ¢ ¢ o . .00l e e 122 «
XX Botrydiopsis alping vigcher . ., . . . . . . . . . .. 123
X1 Chlamydomonas reinhardii Dangeard (+ s*r.} . . . ... 124
XX11 Chlorella pyrenoidosa Emerson®s stv . . . . . . . . ., 125
XX111 Chlorella pyrenoidnea 7~11-05 Hi-Temperature

Strein (C. sorokinians) . . . . . . . . ... .. .. 126
XX1Vv Chlorococcum wimmer{ Rabenhorst . . . . . . . . ., . . 127
XV Cryptomonas ovata var. Palustris Pringsheim . . . . , 128
XXV Euglena gracilig Kledbs "2" Strain . . . . . . . . . . 129
XXV1I Gloeocepsa alpicola (Lvngd.) . . . . . . . . . . . .. 130

vi




Table
xviil

XXXI1
XXXIII

XXXIV

Xxxvi
XXXV1I
XXXvIiIii
XXX1X
XL

XLI
XLII
YLIIL
XLIV
XLV
XLVI
XLVII
XLVIII

XLIX

LIST OF TABLES (Continued)

Title

Hitzechia closteriuwm (Ehr.) W, Smith .,

Ochromonas danica . . . . . . ¢« ¢« 4

Phormidium luridum var. Olivacea Boresch .

Phormidium persirinm . . . . .. . . .
Porphyridiva asrugineum, Geitler . . . .
Porphyridium cruentum (Ag.) Naeg . . . .
Sphacelarig sp . « - « . « .~ o . . .

Iribonema sequale Pascher . . . . . . .

Ampnidinium gp . . . . . . o000 0.

Botrydiopsis alpina . . . . . . . . . .

Chlamydowongs reinhardff . . . . . . . .

Chlorella pyrencidosa . . . . . . . .

Chlorell- -~orokiniana (7-11-05) . . . .

Chlorococcum wimeeri . . . . . . . .

Cryptcmonsgs ovats . . . . - .« .

Euglzsns gracilis . . . . . . . .

Gloeocapsa alpicola . . . . . . . . ..

Nitzs-“ia clostert

Ochromonag danfca . . . . . . . . . .,

Phormidium luridum .

Phormidium persicinua

Porphyridium gerugineum

vii

Page No.
131
132

133
134

133

137
133
149

141

149

1540




LIST 7,7 TABIRS ‘Contimud)

Igble Title Page Nc,
L Porphyvidium cruentwm . . . . ... ... ...... 15
LI Sphacelaria sp . . . . . . .. .. .. ... .. ... 155
LII Iribonems gequale . . . . . .. .. .. ....... 15

vitd




v

-

Pr—

10

11

12

13

14

LIST OF FIGURES

Title

Storage and Maintenance Facilities for Algas on Agar
sl‘nt * . L] [ ] L ] . . * . . . . * L] - L] » [ ] . - - L] » L4

Maiatenance and Experimental Facilities for Shake

cul tul‘.l & e & ® @ 9 e 5 8 @ 6 e ¥ & 0 e & s 2 b+ 8 .

Culture and Harvesting Glessware . . . . . . . . , .

"3oda-Bar’ Arrangement of Stock Solutions for

Preparation of Culture Media . . . . . . . . . . « &

Overall View of Mercury and Tuugsten Source

POIYChrmtOl'l . » e o . o * * e * o & o o . L L

Closeup of Mercury Sourze, Water-Cooled Polychromator
for Blue and Giecii Wevelengths . . . . . « ¢« + ¢« &« . &

Closeup of Tungsten Sources, Air-Cooied Polychromator
for Red Wavelengths and White Illumination . . . . .

FPlask Arrangement for Exposurz of Algae to

Monochromatic Light . . . o &+ ¢« &+ & ¢« ¢ o o ¢ o o &

Corlier Blectrorics Model B Counter with Particle
Size Distribution Plotter . . . . . « 4 4+ ¢ o o &

Cary 14 Spectrophotometer with Scatter Attachment

(in Poreground) . . . . . v . . 4t e 4 b b6 e

Bquipment for Measuring Photosynthesis and
Respiration ss a Function of Wavelength of
Sirmiltaneous or Prior Illwrination . . . . . .

Closeup of Cell and Pvoka for Illumination of Algae
with One or Two Wavelengths of Light During
Photosynthesis and Respiration Measurements

Typical Oxygraph Tracings cf Oxygen Chenges with

Phormidium persicinum During a Series oif Alternating

Monochromatic Illumination and Dark Periods . .

Typical Distribution Plots of Algal Cell Volumes
Obtained with the Coulter Counter . . . . . . ., .

ix

LI

Pags No.
. 9
. 10
. 11
. 12
. 14
. 15
. 16
. 17
. 18
. 19
. 42
23
. 24
25

i el

A—A,[,_‘-L

oy

y DU P




Figvre
15

16

17

18

19

20

21

22

23

24

26

27

LIST OF FIGURES (Continued)

Titla

vrowth of Chlorella sorokiniana as a Function of tue

Wavelengcth of Light Used for Growth Illumination . . .

Content of the Major Photoactive Pigments of

Chlorella sorokiriana as a Functinn of the Wavelength

of Light Used for Growth Illumination . . . . . . .

Selected Absorption Spectra of Equal Density Whole
Cell Water Suspensions of Chlorella sorokiniana
Grown in Monochromatic or White Tllumination . . .

Comparison of Photosynthasis and Respiration Rates
Between White-Light Grown and Wavelength-Adapted
Chlorells gorokinigna . . . . . . . .. .. . ..

Growth of Nitzaschia closterium as a Function cf the
Wavelength of Light Used for Growth Illumination , .

Content of the Major Photoactive Pigments of
Nitzschia Closterium as a Function of the Wavclength
of Light Used for Growth Illumination . . . . .

Selected Absorptior Spectra of Equal Lensity Whole
Cell Water Suspensions of Nitzschia closterium Grown

in Monochromatic or White Illumination . . . . . . . .

Comparison of Photosynthesis and Kespiration Ratec
Between White-Light Grown and Wavelength-Adapted

Nitzschia closterium . . . . . .« « &+ o + ¢ & &« « &+ &

Absorption Spectra of Subcultures of Gloeocapsa

alpicola From Continusd Exposure to 680 nm

Illumination « . . ¢« . & ¢ ¢ ¢ ¢ o o o o o s s « o »

Far Red Absorption in Nitzschia closterium as a
Function of the Wavelength of Growth Illumination

Abzorption Spectra of Subcultures of Nitzschia

closterium in Green Light and a Difference Spectrz

Betweaen Samples With anl Without Far Red Absorgtion

Ampaidiuium sp, X 2600 . . . . . . ..

Botrydicpsis alpina, X 2600 . . . . . . .

Page No.

27

29

30

31

35

37

38

39

56

59

60

69

P e e R s




Yigure
28

30
31
32
33
34
35
36
37
38

39

47
48

49

LIST OF FIGURES (Continued)

Title
Chlgmydomonag reinhgrdi, X 2600 . . . . . . ..

Chlorells pyrenoidoss, X 2600 . . . . . . . ..

Chlorella surokiniana, (7-11-G5), X 2600 . . . .

Chlorococcun wimmeri, X 2600 . . . . . . . . . ..

Cryptomonas ovatg, X 2600 . . . . . . « . . ..

Euglena gacilis, X 000 . , . . . . . .. . ..

Gloeocapsa alpicola, X 2600 . . . . . . . . ..

Ritzschia closterium, X 2600 . . . . . . . . . .

Ochromonas danica, X 2600 . . . . . . . . . . .

Phorm{dium luridum, X 2600 ., . . . . . . . . . .

Phormidium persicinum, X 2600 . . . . . . . . .

Porphyridium aerugineum, X 2600 . . . . . .. . ..

Porphyridium cruentum, X 2600 . . . . . . . . . .

Sphacelaria sp, X SC0 . . . . . . . . . . L0 ...

Tribonema aequale, X 2600 . . . . . . e e e e e

Amphidinfwm 3p . . . . - . . . . . 0.0 L0

Botrydiopals alpina . . . . . . . . . . . . .

Chlamydumonas reichardi . . . . . . . .. e e e e

Chlorella pyrenoidwsa . . . . . . . .

Chlorells sorokjniana (7-11-05) . . . . . .. . ..

chlorococcur wimmeari . - . . . . . . . . . . .

Cryptomonas ovata

xi.

Page No,
73

75

85
g7

a9

u3
95

“7

108

109

o g v

e |

-

e

ol Bincnds




Figure

50
51
52
53
54
55
56
57
58
59
60
61
62

€3

66
67
68
69

70

Euglena gracilis . . . . . . . . ¢ ¢« v o ..

Gloeocapsa alpicola . . . . . . ¢ . & ¢ ¢ .

Nitzschia closterium . . . . . . ¢« « » . &

Ochromonas danica . . . . . « « . ¢« & & « &

Phormidium luridum . . . « . « ¢« .+ . .

Phormidium persicinum . . . . . . . . ..

Porphyridium serugineuwm . . . . . . . ..

Porphyridium cruentum . . . « . ¢ & « .+ «

Sphacelaria sp . . . . . . . . ¢ . . . .

Tribonems sequale . . . . . . . . . . ..
Amphidinium sp - Photosynthesis . . . . .

Amphidiniur sp - Respiration . . . . .

Botrydiopsis alpina - Photosynthesis . . .

Botrydiopsis alpina - Raspiration

Chlawydomonas reinhardtii - Photosynthesis

Chlamydomonas reinhardtii - Respiration .

Chlocella pyrencidosa - Photosynthesis . .

Chlorella pyrenoidosa - Respiration

Chloreiia sorokinians - Photosynthesis .

Chlorella sorokiniana - Respiration

Chlorococcum wimmeri - Photosynthesis

Chlorococcum wimneri - Regpiration .

xifi

.

Page No.
111

112
113
114
115
116
117
118
119

120
158

159
160
161
162

163

165
166
167
168

169

L &




Figure
72

73
74
75
76
77
78
79
80
81
82
83

84

c
[228

e <]
=~

88

89

90

41

92

u3

LIST OF FIGURES (Continued)

Title
Cryptomonas ovata - Photosynthesis . . .
Cryptomonasg ovata - Respiration . , . ,

Euglena gracilis - Photosynthesis . . .

Buglens gracilis - Respiration . . . . .
Gloeocapsa alpicola - Photosynthesis . .

Gloeocapsa alpicola - Respiration . .

Nitzschia closterium - Photosynthesis .

Nitzschia closterium - Respiration . . .

Ochromonas danica - Photosynthesis . . .

Ochromonas danica - Respiration . . .

Phormidium luridum - Photosynthesis . .

Phormidium luridum - Respiration . . . .

Phormidium persicinum - Photosynthesis .

Phormidium persi_inum - Respiration . .

um sérugineum - Photosynthesis

Porphyridium aerugineum - Respiration

Porphyridium cruentum - Photosvnthesis .

Po:prhyridium cruentum - Regpiration

Sphacelaria sp - Photcsvnthesis

Sphacelaria sp - Respiration .

T:iboneme aequale ~ Photosynthesis

Tribonewa aequale - Respiration

x111

Page No.
170

171
172
173
174
175
176
177

178

b
~J
\0

181

182

183

184

185

186

187

188

189

190

191




ABSTRACT

Seventeen species of algae representing ten taxonomi: divisions
were individually grown in white light and light of nine ac¢perate 10 nm
bandwidths corresponding to the major absorption peaks of kiown
photoactive pigments. Energy levels of the incident light were
equalized through the entire series, approximating 15,000 wrgs cm”
sec”", Measurements of growth, pigmentation, photosynthesls,
respiration, and where possible, morphology and structure were made
following seven to ten days continuous exposure to the ligi" regimes.
The rates of photosynthesis and subsequent respiration weis determined
uging the same full lighc regime as for growth, Light enhircement
characteristics and wavelength requirements are shown for tiese
parameters and compositions of specific illuminatiua source: are
suggested.
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Introduction

The problea, as advanced in the Forward, is that of a lack of inforzation
surrounding physiological eff&ctm of envirommental change, Light(durstion,
intensity, and quality), being the most important factor in the success of
photosynthetic plants, is of primary concern, Earlier (10) we showed the in-
fluence of light in¥ensity on the physiology of algae and a logical sequal was
& study of the effects of light quality. The final results of such a study are
reported here,

The objectives of this program are to prcvid& information which can be
useu to standardize handling techniques for algae and to serve as the substrate
on which experimental designs can be based, The information gained through
iight quality effect studies can be used in many ways:

l. to determine specific light requirements of measured parameters for

individual algae.

2. to denote the biological eiznificance of light absorbed by the different

pigments.,

3., to control algal "esponse in specified areas,

L, to act as a guide !n devel:iying efficient illumination sources for use

with specific pigmcat types or gruups of algae,

The algal species chosen (Tab. I) ire picked both for ease in handling and
to represent differing pigment compoeitions since changes due to light must come
about via light absorbing molecules, Specific absorption maxima for given pig-
ments will vary between algal species and vith culture conditions. The inter-
ference filters chosen for this work (Tab. II) were a best compromise anti-
cipating these fluctuations.

Although publislied studies indicate considerable interest in effects of
light quality on algal physiology, fewv direct comparisons have been made between

speci~~, The current atudy attempts to fill this gap.
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Table 1

Algal Stscies Studied

Division Name Color and Form
”
Bacillariuphyta Nitzschia closterium golden, unicellular
Cnlorophyta Chlorella pyrenoidosa green, unicellular
Chlorella T-11-05 (C. sorokiniana) same
Cidorococcum wimmeri same
Chlamydomonas reinhardi sane, motile
Chrysophyte Ochromonas danica golden, unicellular,
motile
Cryptophyta Cryptomonas ovata browa, unicellular,
motile
Cyanophyta Gloeocapsa alpicola blue, unicellular
Phormidium luri‘um blue, filamentous
Phormidium persicinum red, filamentous
Euglenophyta Euglena gracilis green, unicellular,
motile "
Phaecphyta Sphacelaria sp. dk. brown, branched
filamentous .
Pyrrophyta Amphidinium sp. graybrown, unicellular,
motile
Rhodophyta Porphyridium aerugineum blue, unicellular
Porphyridium cruentum red, uniceilular
Xant hophyta Botrydiopsis alpina green, unicellular

Tribonema aequale

yallow
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Table 11
*

Transmission of interference filters and corresponding

major absorbing pigments

Transmission Major
peak mm absorbing pigments
4os Carotenoids
L4o Chlorophyll &
e 520 Astaxanthin
sLo Fucoxanthin-Peridinin-Phycoerytkrin
560 Phycoerythrin
620 Phycocyanin
s
630 Phycocyanin-Chlorophyll ¢
640 Chlorophyll ¢
650 Chlorophyll b
670 Chlorophyll a
Ran
710 Far red chlorophyll et.al, forms
White

4

2" x 2" Baird-Atomic, Inc., blocked against infra-red

Used with Chlorococcum wimmeri only

“an

One or the other used depending upon algal species

Le -




The following paragraphs cite and briefly describe the work of others pertinent

to the subject area of this paper,

The influence of 155ht gualitx on growth,

Many studies of individual algae have been made which sought the effects of
wavelength on growth or cell division, Two studies, typical ol these, spanning
thirty years of investigation are Meier with St{chococcus bacillaris (31) ana

Kowallik with Chlorella (27).

The influence of light quality on pigments and gig&ent conggaition.

The visible tendency of some algae to chromatically adapt to differing
qualities of light has been the cause of”ﬁiny studies concerned with pigmen-
tation as light.

The works cf Brody and Emerson (6) and Brody and Brody (7) show the changes
in phycoerythrin/chlorophyll a ratio of the red alga Porphyridium cruentum when
grown in various wavelengths of light. They suggest thetthe thalli of red slgae,
freshly harvested from their natural habitat, are relatively équivalent to green-
light grown materisl (7). Although the resulting change in pigment composition
speaxs against classical chromatic adaptation, intensity of {liumination must
be considered (6).

Karlander and Krauss (24,25) studied Chlorella vulgaris grown in monochro-
matic light and found stimulation of pigment formation but not of growth, in
comparison with dark grown controls. Apparently no comparison was made with
cells grown in white illumination, 3Based on nutritional requirements, there
is considerable difference between Chlorella species (36), This can be seen,
in the present paper, to extend to wavelength response even though pigment
compositions are essentially the seame,

Although their test material was wheatroots, it is of interest to mention
the work of Bjorn, et al (4) with wavelength response. Formation of chlorophylls

& & b as well as cell length and number are correlated with wavelengths of
-4-
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irradiance. This is coupled with controls exposed to white illumination and

dark. The effccts appear to be exaggerated Chlorella responses, |
With respect to blue-green algae, Hattori and Fujita (18) and Fujita

and Hattori (15) have shcwn that, following strong vhite pre-illumination,

chromatic light can direct the composition of pigments in Tolypothrix tenuis.

They also shov the order of wavelength effectiveness, Although the positive
evidence presented here for clromatic adaptation is in opposition to the
findings of Brody and Brody with Porphyridium cruentum (7), the methods used
were significantly different. In ad&ition. Jones and Myers (23) shov that
large changes in the Chlorophyll a/phycocyanin ratio of Anacystis nidulans

can be produced by quality control of illumination.

L
The influence of light gualitx on ghotoszgthesis and C1 fixation,

The most general phenomana with respect to wavelength influence on photo-
synthesis is that of the in-fficient use of light absorbed by the red maxima
of chlorophyll a, This anomoly has been discussed by Franck (14). Discussions
of pigment-photosynthescis response 4o wvavelength of illumination together with
action spectra of photosynthesis by individual algal species, are scattered
throughout the literature, Typical of the former is & discussion of Cyanidium
caldarium response (M,B. Allen, 1) and of the latter, the photosynthesis action

spectra of Ulva lactuca and Trailliella intricata (Halldal, 17) and of several

marine species (Haxo and Blinks, 21).

Concerning Clh fixation, Cayle and Emerson (11), using Chlorella, found
that greater specific activities in amino acids occurred with blue illumination.
Hauschild, Nelson and Krotkov. more thoroughly investigated this effect (19)
and found that it is specific for blue light affecting both the rate of photo-
synthesis and the path of carbon whether it is given beforn or during the

period of Ps measurement (20),
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The _influence of light guality on the enhancement of photosynthesis.

Thus far, all algal specics studied for enhancement of photosyntbesis, have
not shown this phenomenon. Failures are unexpliainad except for the suggestion
by McLeod (34) that it is due to adverse cell prehistory. Nevertheless with
three different growth stages of Chlorella pyrenoidosa and C. vulgaris, he
found enhancement but not with Amphora exigus, Naviculs minma, or Ochramonas
sp. Govindjee and Rabinowitch did find ££;t Naviculs minma exhibited en-
hancement (16). At low light intensities, McLeod (33) was able to show
enhancement for Phormidium persicineum and Botrydiopsis alpina. The 1list
of species exhibiting Ps enhancement has been increasa2d by Fork (13) to in-
clude Cryptopleurs crispa, Drouetia rotata, Endarachne binghamise, Porphyra
perferata, and Ulva sp., With some of these‘snhnncement is slight caused
probably by the thick thalli of the multicellular marine forms.

The general mechanism of enhancement (as exemplified by Chlorella) has

heen elaborated by Myers and Graham (32) following the earlier observativns

of Emerson and Chalmors (12).

The influence of light gualitx on metabolic groaucta.
That metabolism and the resulting products cen be significantly altered by

growth in different wavelengths is shown in the case of protein production by

Chlorella pyrenoidosa (Kowallik, 28). In this instance, blue light (450-

490 mm) provides the greatest enhancement of protein production.

The influence of light quality on respiration.

It was stated earlier, based on work with Chlorelle, that: "No evidence
for photostinclation of oxygen uptake vas.obtaincd in any experiment where
vhotosynthesis was uninhibited”", (A.H. Brown, 8). Since then light stimulated
respiration of algae has been shown by severel workers, Kowallik (29,30)
recently produced action spectra for light enhancement of respiration of a
yellow mutant of Chlorella vulgaris indicating blue illumination the most
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effective, Karlaader and Krauss {26) have shown a light requiresent for
heterutrophic growth of the ssme speciss, In addition, Vidaver (37) has
shown a similar action spectrun for Ulva lobats which he relates to pigaent
system I.

On the uther hand, Hoch, et al (22) have shown an inhibition of oxygen

uptake in Annczﬁtin pidulans vhich is wavelength dspendent.
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Aggaratus and Methoig

‘fhe experimental design included duplicate measurements in addition to
complete duplication of each growth series. Therefore & four-fold dupli-
cation of individual measuremerts vere made for each alga.

A. Maintenance culturing:

Agar slants and liter liquid cultures of each alga were continuously
raintained (Fig. 1,2). If supplementary gassing vas necessary, algae were
growvn in 2800 ml low-form Pyrex culture flasks with built in side arm and
gassing tubes, otherwise @ither 2800 ml Fernbach or two liter wide-mouth
Erlenmeyer flasks were used (Fig, 3). Cultures vere agitated on plutform
shakers illumineted from below by Westinghouse daylight fluorescent lamps
with intensity controlled by neutral plastic screening. The temperature
vas held at 25°C. by baffled room air conditioning units. Growth atmo-
spheres of either 1 or 5 percent CO2 in air were provided from high pres-
sure tanks premixed to an accuracy of > 0.1 percent. Culture medis,
conditions of culturing and sampling data are indicated on the culture
sheets for each alga. "Scda bar" arrangement for media preparation is
shown in Fig. L.

B, Monochromatic light culturing:

No single, practical source of illumination was fcund which could allow
contintous operation (7-1k days) at high intensities through the entire
visible spectrum. Therefore, twe sources and two polychrometors were
designed:

1, Scurce for blue and green wavelengths: GE A«H6 high pressure

mercury lamp, water cooled,

2; Source for red wavelengths and white light: GE DGH 750 W pro=

Jection lamp, air cooled,

oy

e ol _aes

-

re

h Gy Y|




sjueig 18y uo 2eBIY 103 SIFITIIOEL

adue!

@3uley pue 23vis1S

:1 2an314




£31I031N) IMBPYS I0J BITITIJOv4 [viusmiradxg pus

@OURPUIIUTER

7 »1nByz

10




I3pTOH pu® Iqn], JusYydS pu®v 1anvg *

A8814 2ansodxg Iy3py ‘(viuvaurivsdxy -
Ase1g Juisseqg

Buyssen UON-NEBT4 YdeqUIAZ

O € ®W O R/

218mE8815 BullsvAl®y pPUR Bin3iyn

‘g 3infyy4

1




BIPIW 2In3IRJ JO uoylviedaly i0J SUOTINOS H203§ Jo Juawadreily  1eg-BPOS,,

I danRp g




The polychromators and accessories (Fig. 5,6,7) allowed wavelength iso-
lations and provided gassing facilities and aggitation with megnetic stirrers.
Since decay of the mercury lamp was more rapid than the tungsten source, the
latter polychramator was geared through an autamatic variable resistance
coupled with photosensors to allovw artificiel decay at the same rate thereby
continuously equalizing the light inteasities during the full experimental
run. Initial intensities were equalized by use of neutral density filters
and varying distance fram the light source, Absolute intensities and in-
tensity moiitoring wes accompiished by the use of a Y,5.I.-Kettering Radioc-
meter (Y,S.I, Médel 65). This instrument reads directly in erga/cm-esectl
independently of wavelength (see Fig. 11). Wavelengths were segregeted by
use of interference filters listed in Table II.

Custom made, (Kontes) 500 ml flasks were inoculated frcm maintenance
cultures., These flasks were designed with flat sides for ilijuminatiea,

a wall to housc a magnetic stirring bar and gassing tubes senarable for

ease in cleaning (Fig. 3,8). The algae were grown with contiiuous stirring,
and if neede¢, gassing in monochromatic and white light of equal energies
incident on the samples. The period of time chosen allowed several
generations 1.0 occur in the moderately growing samples yet without allowing
either tooheavy growth in the rapidly gr-~ving samples, or cell breakdown in
tha slow or aon growing samples. All strains were grown at 25°c.

Growvth wvas ascertained both by celi counts and packad cell volumes,

Co'? counts were made using 8 Coul.cr Electronics Modal B Counter (Fig. 9).
Packed cell volumes vere found using 3 ml aliquots in graduatcd Bauer anc
Schenk cerebrospinal protein centrifuge tubes (I ig, 3}, Centr.fugatiorn to

constant volume was accar- . ished at 1930 x 3 for ©0 ain.

Pigment Jdetermination:

A, Opectroscopy:

Absorption spectra were ottainel with a Cary 14 recording spzctrophoto-

meter ejui-~ed with scatter attacnmert {Fig. 107, Hesults using th.s unit
)
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Figure 8: Flack Arrangement for Exposure of Algae to Monochromatic Lizht
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compared with those of other mathods are descrilt 7 .1er and Park (35)
and the advantages discussed. Relative pigment conteut was determined

by measuring absorption peak heights and suttracting backgroand absorption
at 740 rm. This technique is similar to that used by Brody (5). Sempleo
for pigment determination consisted of whole ce. . centrifuged from their
media and resuspended in distilled water or in 1 M sucrose (for rapidly
settling cells). Speci{{g densities used are noied on the culture sheets

t 3

for each alga, A ten mu light path was consistently used.

B. Chromatography:

As an assist to determine alterations in pigr ~ ~ompositon,
thin layer chromatographic analysis was routinely .-un for each sample.
For qualitative separation,pre-layered Eastman Koda. “o, Type K301R2 sheets
were used (silica gel G without fluorescent indicator). For prepscsative
chromatography, glass plates were layered with 250 m/u silica gel G. In
a few cases B inkmann pre-activated chromatotubes were used.
Procedure:

1. Separate cells “rom media by least force and time necessary.

2. Rinse cells with distilled water and centrifuge as above.

3. Resuspend in boiling methancl (10 ml/25 ul cells),

L, Centrifuge and repeat methanol extraction if cells are not clear,

5. Evaporate total supernatent to i-2 ml,

6. Dilute and rinse with a minimal volume of acetoue,

T. Apply to subsirate.

8, Develop with Petroleum ether: Benzene: Acetone: EilLyl acetate

(3:2:1:1).

Photosynthesis and Respiration measurements:

The rates of photosynthesis and —~espiration were detarmined using tle

same regime of incident light which was used for growth of the particular

-20_
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alga., The light energy for these measurements was equalized at 12,000 ergs
cm'2 sec"l by neutral density filters and checked with a Radiometer as
previously described. The measurements were made at 25°C, using a Gilson
Medical Electronics Model K Oxygraph which was adapted for use with a Y.5.I.
No. 5331 Clark polarographic type oxvgen probe (Fig., 11). Use of this
teflon nembrane prcbe allowed measurements in growth medis without the
poisoning effect which occurs with the Gilson naked platinum electrode,

A plastic cell and twin light units were designed to allow expcsure of
algal samples to light of single or iwo simultaneous wavelengths (Fig. 12),
The illumination sources were 150 W GE type 1958 lamps. Generally each
series required the use of newv lamps. As with growth, wavelengths were
segregated by interference filters listed in Table II,

Semples consisted of whole cells centrifuged from their growth medium
and resuspended in 2-3 ml fresh medium at densities indicated on %the in-
dividual culture sheets. A partial, typical, Oxygraph tracing is shown
in Fig. 13. Measurements were made on two aliquots of each growth condition
alternating respiration (dark) w.ii photosynthesis (light) through the
entire gseries of wesvelengths and white light. The sequence of wavelengths

wvas reversed for the second aliquot,

Cell Modifications:

A, Cell voluzme {size):

Alterations in cell volume were determined through use of the Couliter
Counter with attached volume distrioution plotter, A typical tracing is
showa in Fig. 14. Microscopic examinatioas of each sample were made and
observations recorded, to ascertain any gross structural changes, If
changes were observed color photomicrographs tere taken using & Zeiss
Ultraphot 11, Klectron microscope examination of the lamellae of the

photosynthetic apparatus has not yet been possible,

- 21
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Pigure 12:

Closeup of Cell and Probe for Illumination of Algae with One

or Two Wavelengths of Light During Photosynthesis and
Respiration Measurements

.
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Results and Discussion

Results for 15 individual algal species have been presented in progress
reports 1,2 and 3, The current (firal) report containz data for two addi-
tional algae plus summary tables of results in each measurement category
for all species. Lastly, tangentisl studies which have growm out of this

program are discussed,

Chlorella sorckinianas g[-ll-le;

This species of Chlorells is similar to C. pyrenoidosa except that it
has a higher temperature tolerance, Both species axhibit physiological
activity in light absorbed by chlorophyll 2,(650 m) comparable to or ex- '
ceeding that in light absorbed by chlorophyll = (680 mm). In line with
the current measurements, the greatest diffsrence found between the two
species is the greater growth response of g;'gzvokininnn to 640 mm light
(Fig. 15, Tab, III).

With C, sorokiniana, the synthesis of both chlcrophylls a & b appears
to be enhanced with illumination absort:i by chlorophyll b alone (Fig. 16,
Tab. III)., Absorption spectra (Fig. 17) show also that cells grown in il-
lumination of 650 nm more nearly maich (in terms of pigmentation) those
grewn in white light than do cells grown at 680 nm,

" = pattern or photosynthesis rates is typical for green alzae (Fig.
18, Tab., IV), Respiration rates clearly shov a wavelength depando$co and
will be discussed lat®r, While white light grown cells show little or no
respiration respcnse to wavelengih of iliumination, the wavelength adapted

samples exhibit a wavelength dependency (Fig. 15, Tab,V.]),

Nitzschia closterium:

The pigmentation of N_closterium, typicai ror diatcms, (s Jdaminated
Ly fucoxenthin, However, in terms of growth, synthesis of pigments, photo-

synthesis and respiration, fuccxanthin ajparently pia;s a direct role of
- b
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Figure 15:

Growth of Chlorells sorokiniang as a Function of the Wavelength
of Light Used for Growtih Illumination
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Table III

Growth and pigmentation data for Chlore.la sorokiniana (7-11-05)

as & function of the wavelength of light -

used for growth iiluminstion. 1

Inoculum: 0.1 11 packed cells/ml ; j
Ircident energy: 11,500 ergs em™? sec™! . 3 3
2 1 q

Energy absorbed: ergs cm™“ sec™~ taken at 162 hours
Run time in hours: 228

Pigmentation: Optical densities of suispensicns! having a density of 1 " packed

cells/ml
Growth Packed Cell ct. Figmentation
illum. energy cell vol, per ml Chl. & Chl, b 676/
(rm) absorbed ul/ul (x 10%) 676 om 654 m 654
Los refrac- 0.32 280 0,50 0.35 1.43
tion
Lo 0.20 603 0.79 0.58 1.36
of
540 0.12 329 0.61 0.kl 1.49
media
560 and 0.18 T46 0.62 0.41 1.51
of
640 cultures 0.53 2176 0.62 2.42 1.48
in
650  validated C.h2 1453 0.70 ). ks 1.56 q
680 resultns 0.46 1573 0.63 0.39 1.62
710 0.08 776 0.68 0.46 1.48 i
white 0.29 LT 0.70 0.49 1,43
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OPTICAL DENSITI

Pigure i6:

Content of the Major Photoactive Pigments of Chlorella

sorokiniana as a Function of the Wavelength of Light Used for

Growth Illumination
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Figure 18:
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Comparison of Photosynthesis and Respiration Rates Between

White-Light Grown and Wavélength-Adapted Chlorells sorokiniana.
Wavelength Adaptation Refers to Growth and Process Msasurement

at the Same Wavelength of Simultaneous or Prior Illumination
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Table IV

Photosynthesis
Oxygen evolution with Chlorella sorokiniana as a function of the wave-

length of light used for growth and subsequent measuremant of photosynthesis

rates.

‘g . 6.6 8.2 7.8 5¢5 6.1 5.3 6.7 4.6 bo 7.8
\g: 710 2.1 3.1 2.8 2.7 1.8 2,0 2.2 1. 1.k 3.0
3 680 3.2 16,7 15.6 15,1 12,4 13,2 12,6 11.1 11.6 17.0
é 650 > 148 12,9 12,5 10,8 10.6  10.5 7'.8 8.2 1k,2
5 640 1.2 148 13.0 12,0 10.8 9.4 9.8 7.7 8.2 15,0
§ 620 9.4 13.2  10.7 9.0 8.6 9.1 9.0 6.6 6.7 12.8
g 560 5.6 8.1 5.5 4.9 4,7 4.6 4,5 3.2 3.8 7.9
S50 w6 66 b5 k2 38 36 3.6 22 26 5.9
; k4o 7.2 8.4 8.0 7.0 5.2 S.h 5.3 L7 b2 7.3
E L05 5.2 6.8 6.2 5.6 3.8 L,b b5 3.3 3.3 6.2
o bos ko 5h0 560 620  6k0 650 680 710  Wh.

Growth illumination (mm)
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Table V

Respiration
(Chlorells sorokiniana)

Oxygen uptake as & function of the wavelength of light used for growth

and illumination immediately prior to respiration measurement.

ul Oxygen/hour/ml packed cells (x 103)

SR |

_33-

‘rowth illurination (nm)

__ ¥Wh, 3.6 6.3 4.8 b6 b2 4,0 6.6 5.6 4.8 5,9
5 710 3.5 6.0 4.6 50 3,5 3.6 63 5.0 L5 5,8
5 680 4,1 5.6 L& 5,5 3.8 5.1 6.7 5.9 5.7 5.9
£ 650 ko 5.7 bS5 5.5 3.9 4S5 6.7 5.7 5.1 6.0
5 640 4,0 5.8 4.8 5.5 3.9 kb4 6.b S.u 4.8 5.9
% 620  b,0 5.6 kA 53 3.7 k2 6.5 5.3 b6 6.0
; 560 3.8 6,7 b, 4,9 3.4 3,8 6.1 51 45 5.8
g 540 3.7 5.6 b2 5.0 3.4 3.5 6.2 48 L5 5,6
Subo 4,0 5.7 b5 5.5 3.7 b0 6.5 56 a2 5
g 405 3.6 5.7 4.6 2.2 345 3.8 6.3 ek
ko Lo 5k “'"‘560 620 640 65C 680 710 Wh h
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little or no significance. Chlorophyll ¢, although present in only smail
smounts, is of greater importance,

Growth response to monochromatic illumination is maximal in light
absorbed by chlorophylls & and ¢ wita the former being of greatest sig-
nificance (Fig. 19, Tab, VI). A comparison of packed cell volume and
cell count curves show that cell division is more strongly influenced
by wavelength than cell growth.

Although pigment synthesis is maximal in light absorbed by chlorophyll
¢ .Figs, 20,21, Tab. Vi), the respornse of both photosynthesis and respira-
tion to monochromatic light is maximal in light absorbed by chlorophyll

&a. Response to vhite illumination is remarkably poor (Fig. 22, Tabs.

ViI end VIII),

Summation of results for 17 algal species:

Tables IX and X summarize growih response to monochromatic light
as influencing packed cell volume and cell count, Maximum rates are
noted in both cases, In general, blue illumination appears to be of
significance only with the algae containing chlorophyll & alone or
chlorophylls & & b as the major pigments, The dominance of
phycoéyanin N phyoerythrin and chlorophyll a is readily apparent,
Chlorophyll ¢ is important in growth response but the involvement of
fucoxanthin is questionable,

With respect to pigmentation, Tables XI, XII and XIII summarize
the effects of the growth regimes, Blue wavelengtihs are found to be
of particular significance ia seven instances while growth in white il-
lumination is adequate for pigmentsynthesis in four cases,

In only two cases did 680 nm light (absoroved by chlorophyll &)
significdantly enhance pigmentation even chlorophyll & itself, This,
agalin, pointe up the general lack of efficiency with which light absorbed

by chlorophyll a is utilized.
_34-
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Table VI

Growth and pigmentation data Jor Nitzschia closterium

as & function of the wavelength of light

used for grovth illumination.

Inoculum: O.4 pl packed cells/ml

Incident energy: 12,750 ergs ™2 loc-l

1

Energy absorbed: ergs en"? sec™! taken at 188 bours

Run time in hours: 240

Pigmentation: Optical densities of suspensions having a density of 5 ul packed

¢ells/ml

Growth Packed Cell ct. Pigmentation
11lunm, energy cell vol, per ml 6Tk 632 532  6T4/  6TH/
(nm)  absorbed ul/ml (x 103) cnl. s Chl. ¢ focx., 632 532

4os 1.30 1.16 656 3b .1k .23 2.43 1,48

540 .85 9l 361 26 A1 A6 2,36 1,62

560 1.05 1.0 676 .34 14 20 2,83 1,20

620 .55 1.12 775 .30 11 .18 2,73 1,67

630 1,15 1.32 2016 .68 2k o34 2.83 2,00

640 .85 1.37 1990 ok .17 27 2.59 1,63

650 1.23 1.65 2910 L6k .25 .38 2.56 1,68

680 .98 1.60 3232 .Sk .20 31 2,70 1,7h4
white .20 1.06 T4 .39 .16 20 2.4 1,62
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OPTICAL DENSITIES
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Selected Absorption Spectra of Equal Density Whole Cell Water
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Figure 22: Comparison of Photosynthesis and Bespiration Rates Between
White-Light Grown and Wavelength-Adapted Nitsechia closterium.
Wavelength Adaptation Refers to Growth and Process Measurement
at the Same Wavelength of 3imultansous or Prior IllumiLaticm
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Table VII

Photosxgthelil

Oxygen :volution with Nitzschia closterium as a function of the wvave-

length of light used for growth and subsequent measurement <f photosyathesis

rates,

ul Oxygen/hour/ml packed cells (x 103)

Growth illumination (nm)

- 40 -

EWhite 2.0 2.3 1,2 1,1 1,5 2.6 2.1 3,2 2.6 1.5
5: 680 3.7 k.6 2.3 3.0 3.4 5.6 %5 7.2 55 3.3
-:f 650 2.4 3.2 Lb 1.8 1.9 3.9 2.6 L6 3.b 1
g 640 2.4 3.4 14 19 21 3.9 2,7 47 3.6 2.1
g 630 2,3 3.5 1.4 19 2,1 3.8 2.8 4k 3.5 1.9
E 629 2.3 3.1 1.2 1.8 1,9 3.3 2.6 bes 3. 1.8
é 560 1.8 2.4 1,0 1.4 1,3 2,7 2.1 3.5 2.2 1.5
; 540 22 2,9 1.1 16 1.6 2.9 2.3 38 2.8 1.8
§ b 2.5 2.9 1.k 1.8 2.1 2.8 2.8 o 2.9 1.8
5 uos 1.8 21 09 1,5 1,3 2,1 18 2,3 1.9 1.b
bos  hwe sk 560 620 &30 64O 650 680  White

. A—-*-L.L .




Teble VIII

Resgiration

(Nitzschia cloatorlul)

Oxygen uptake as a function of ithe wavelength of light used for growth

and illumination immediately prior tov respiration measuremen®.

ul Oxygen/hour/ml pecked cells (x 103)

Growth lllumination (nm)

’g* White 1.1 1.3 1.3 1.1 0.9 1.8 1.6 2.5 2,1 1.4
; 680 11 13 L3 L3 L0 19 Lo 2T 21 Lk
5 650 1.0 1.+ 1.3 1,3 10 2.1 1.6 2.6 2,2 1.5
§ 640 1.1 1.4 1.2 1.3 1.1 1.8 1.6 2.6 2,2 1.5
g 630 1.0 1.4 1,2 1,3 11 LT 1T 2.5 2,2 1.3
z’ 620 1.1 1.4 .2 L4 1,0 1,6 1.7 2.1 2.2 1.4
g 560 1,1 1.4 12 1,5 1.0 1.8 1T 2.7 2.1 1.5
E 540 1.1 1.0 1,2 1.5 1.2 1.6 1.7 2.5 2.2 1.5
; Lko 1,1 1,5 1.3 1,5 1,2 1,8 1.9 2.4 2.1 1.6
E Los 1.2 1.6 1.3 1,6 1,1 1,7 18 2.3 2,2 1.6

Los Lo 540 560 620 630 640 650 680  White
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Pigment ratios are not stable even with respect to that of Chlorophylls a & b,

Pigment amounts vary independently of each other each with its own dependeace
upon vavelength.

Since vhotosynthesis and respiration were measured using several vave-
lengths of light with each sample of several growth regimes, summation of
data becames cumberscme. T-bles XIV and XVI provide the date for species
grovn and measured in the same wavelength; tables XV and XVII show the three
highest values for pzotosynthesis regardless of vavelength combinations
and the highest ard lowest values for respiration. Maximum rates of res-
piration and photosynthesis do not coincide, Comparing tables XIV and XV,
it can be seen that considerable enhancement of photosynthesis occurs
through growth at one wavelength and measurement at another as opposed to
growth and measurement at the same wavelength-regardless of that wvave-
length, The pattern of this enhancement appears to be that of measurement
at wavelengths longer than the growth illumination rather than the reverse,
The major exception to this is Phormidium persicipnum whose pigmentation is
dominated by phycoerythrin and contains only a trace of phycocysnin., In
general the reverse pattern is true for maximum rates cof respiration,
being provided by measurement at wavelengths shorter than those of growth,

Maximum rates for the various algal types were found as follows:

Chlorophyll a & b containisg- growth at L40 measurement 680
Chlorophyll g'conttinh" - grovth at 630 measurement 680
Phycocyanin containing - grovth at 620 measurement 620-650

Fucoxanthin containing - no correlation to pig. absorp.

The effect of continued exposure to monochromatic light.
Due to the significent variation of pigmentation in Gloeocapss tlgicol&,

s series of sub-cultures wes set up in 680 pm ‘llumination. Fig. 23 shovs

that such additional sub-culturing and continued exposure to chlorophyll s

-48-




¢U'C  [0°0 1¢'0 [0°0 €10 === 070 Lsuu YO0 o0 Scu N AR
YT°0 ¥0°0 80°0 92°0 wZ'O --= 92°0 G0'0 80'0 GBS 59°0 “m eraeaneydg
9°1 - 0°¢ T'1 €°1 0°¢ v 1 £°1 8°1 €1 6°0 wnauanid unypyihiydiog
6°1 A+ L '8 1°¢ - 6°8 9°2 1 ¢ Lo 0°1 @nauidniae wnypjidydiod
£°2 ——— €°€ €Y 9°¢ Ly LS gy 9y S'1 1 @nuysysiad majpyEioyq
1°2 £°0 €°2 S°S Q°/ - $'9 0°Z 8°0 £°0 ¢*0 wnpyIny Wnprwioyd
9°1 1°0 rAd 3 L't 9°1 f—— S°1 z°0 £°0 9°1 9°1 EOTURP SYUCEIIYDQ
S°T -— §°S 9y L°z 8°¢ 6T v 1 1t 6°2 8°1 WNTI3ISOTD WFYISZIFN
$°0 — 6°0 1°1 11 AR § 01 L°0 z°0 rAd1] v°0 ®Tod}d1e vsdedoaorn
S°€ 8°s T°0T 0°6 9°g - 3°L 8°C 8°Z 1°9 gy s11y2ea18 vuar3dng
60 ——— 6'0 L0 6°0 9°1 L1 9°0 €°1 €1 9°1 e3BAD seuomoldhi)
z°1 L°0. vy €°¢ 0°¢ - 0°¢ 6°0 L0 0°'1 0°1 J49mayA WN2203010T7)
8L L2 | T°IT S°0f %6 -— 9°g 6°% Sy v'8 ' SO-T11-L wIr21014D
€ IT z°1 9°ST  €°8T 9°y1 ~—- ot 4 SV AL > AL > L°6 8°L BS0pFouUaiLd wrTaloTY)
8°Z S°0 €°8 1°9 0°9 -— 199 1°1 v°0 9°9 6°¢€ TPiBYUIILX seuomopimery)
€1 S*0 11 %0 8°0 -— 6°0 $'0 €°0 9°1 6°0 eujdye sysdoyphijog
$°2 — 9°2 £°C $°z S°€ L2 Lz n'g 8°¢ 9°1 *ds mnjuypyydwy

ITYM 0TL 089 0S9 0%9 0£9 029 09¢ 0%$ oYY SOY aes1y

UOTIBUTUN] T Julawlaansead pue £u3OHw aua

*83y 103 vOUUNHhQOi

STT®° payoed
1-298 z-wd s3u2 QQ0°ZT

Ta/anoy/uadfxo [m aie eaeq
J8 apeuw sjuUdWIINSEDW SIsSaYjuksoloyd

*(Y38uarsaea swes 3v uop3onpoad uaBAxo paansesu pue yimoad) sedre paidepe-yjrBuarnraeam jo «5¥82Y3udsoloyy

AIX 31qel

- 49 -




he
§°C

089 ‘¢t
0gs ‘¢
1
.-

ge 0R9
31940 #FCOWOYIL

0°S

6°n ogs °t
099 °e
ng9 °1

JIPERIA WNII00I0THD

0° Lt

9°ST opg ¢
L9t 099 ¢
o9 ‘1

SO~Tl~1 vIT®IOTHD

6° 91 0 ‘¢t

0°61 0$9 -2

S0z 099 1
woopiocessd wyyelotTwd

0°6
8°6

099 °t

cg9 °¢2

A § 4 cg9 Y
jpawquiss swnowoplweTR)

we
Lt

6°e

SN

089
089
089
waidte eysdoyphay
89
0g9

1°n

.« o o « s
~ N™m SHNM

099
*ds Tnjuypudewy

3Tam 1) 9] 089 059 o%9 0€9 029

096 0%5 oy SOUw *sjusw
~sInsVen 84 JO; (wu)

giydustTeswa puw sedry

UOTISUTENTTT YAOJLP wu

*89Y J0J PIIDILIO)

Y3 SIV 433] - ICIEHNINEVIW DU YILO0IR JOJ

PUR djjem0agdoucw Sfq pe1d9lie sw aefre Jo a-«-onanhuoaona JO S99%J WNW]XWNH

AX 9Tq%]

STTed pexowd TE/Imoy/usBLxo Tu sv pIssoxdxe sajwr IsaqiTy seaxqy

UOTIPUTENTTT 93TTA




1t 095 ¢

£°¢ £t 095 pue OmG ‘2

n't 0% 1
manenzd anypyziqdic

L6 029 ‘¢

8°6 on9 °2
T°0T oy9 °%

weutPrres wnypyasndaiag

3 095 °¢€

"l 09¢ 2

9°L 09§ °T

et aed WRIDYTRION]

8°9 0s9 °f

nl o299 °2

9°L oy °1

WNETINY wnypywIrad

L 18 3 n€ weE ng9 v ons  f o3
S°n oC. 7

2°s o O PR §
W2ITOPP SWBC B TIVT

G*s oy €

9°S oy ‘2

2Tl oR9 ‘1

WOIIBINGTO WITSeLL Y

£t £°1 0ty pue 29 T

SE°T o%9 U 0EG *2

q°T £y "1

sTontdTe BSOS LPOTD

l°01 0gs ‘'t

2°1Y o3 ‘2

1°1t o9 1

S3I779%1R wusIPrg




&0

S$°0

"0

£°0

$°o

60

o9 ¢t
o1 4
ofy 1
sTnbav wwenoqQtlal

9z°0

92°0

g2 0

069 ve 029 °
oyS °
0g9 va® 059 -

£
4
1
ds wixereowid;

- 52 -




7°0 Lo §°0 9°0 Lo - - 9°0 70 £°0 $°0 L vlwnbav wvwsnoqyay
9%°0 gT'0 @2°0 28°0 66°0 == SO'T w0 HE'O  62°0 02°0 *de wyawrsnwydg
8°0 -~ g°0 9°0 8°0 g§°0 n°0 9°0 9°0 g0 L0 WN3UINID WNTPYIhYdaog
6°0 6°¢t 0°¢t S°¢ eg°e c'e 9°¢ 15 £°1 60 19 ¢ mauTFnise wmnyprakydlod
£°1 - 9°2 0°q €2 T°e g°c 9°1 LT 62 S°T wnuyrarelrad wnypymIouy
. 0°'T 1 ¢ £°T T°c e - - g°1 S°T 6°0 6°0 0°1 WNPIJINT ENTPIWIONG
6°n €t 9°9 L 0°S - - g*e [ 4 Lt AL | £°9 ¥OTIRD swUOWMOIYD(Q
%°1 -- 1°e 9°e 9°1 L't 0°T 1 § 21 S°1 2’1 ENYI3IB0TS wIYISZTYITY
20 - - 2'o €0 e°o £°0 £°0 £°0 20 €0 2’0 BIN33dTe wsdwdosorn
€2 n'e 9°¢ 9't 2’ - - g'e 9°e €2 6*z s°2 2¥TTowa® wuaring
‘T - - L § L £°1 It 0°t 0°1 8°'T 61 0°T ®3940 swuomoydAa)
01 & 0°t 0°¢ 9°2 - - L't T°'T 0°'T o°Y 0°T TIIEMIA WRII0D0I0TYD
6°S Sy 6°S L9 L - = L€ 6°n 2'n LS 9°t SO=TT~=L wYTd10TUD
9°n 9°2 Sy 2°s §*¢ = - S 0°'¢ 62 2’6 ¢°n ¥8CPTOURILd WTTROTYY)
T°2 \ 8°6 0°¢ g°e I°¢ - - £°€ 9°¢ G°€ £ ¢ 62 TEISUUIIL swUCWOPLINTY))
L0 9°1 1 T Nty - - 0°T 6°0 11 g'0 9°'C wutdre syesdoyphasoq
92 - - 9°t 0°q 2t n°t Le L2 0°€ ge a2 *ds wnruypygdwy
a3TUM oTL owmn c%9 049  0€£9 nz29 096 ons onn Son 81y .vn
UOTIBUTUNTTT JUSWO1sedW Jo7axd pue yYamord Jo; wu
*8TY32 paxoed Tw gad anoy xad paqwrTIwTsse ualixo ™
e vivq “°y.J98 2= 8819 000°2T sea woyjEUTIMYTI IOTIE  *(YIBUITMARA IR 1@

COTINTTWIS8Y J07 TJT4wUTUMTIT Jotad puwe q3nox?) asBrev pesdepe-yjBuersiwa jo uoyyeridsay

IAX ¥Tq%]

[Vl




o . - T

%ﬁ@%ﬁ?ﬁn«ﬁuﬁjﬁ} chc R oAt R RN L

: 60 60 60 9ITYA
vue 0g9*gpy ‘uym

6°1 0%9 pue ({9
- ‘029°0%S 0Ny Rvw
B32A0 sevuocwoldLu)

8°0 2IFYn "um
T ¢ c°¢t 0T, pue (g9 ‘xew
TA90mIIM WND3D2010TYD)

7°¢ 085 pue Qy¢ ‘ujm
L9 069 Pum (g9 -xew
SO0-T1~-¢ eil19401Yd

LA 4 095 pue Qyg “ujm
29 GOy -veum
230pTouairld s113101Y)

T°C ¥ITYM cupam
19 SOy -xew
Iplequial sepuomopimeyy)

- 54 -

{ s°e $°0 311YyA -ujpwm
: L1 01¢ "xew
; vrurdie sisdoypiijog

£°2 £°7 3ITYA “ujm
19 089 ‘xewm
*ds wajuypyyduy

SITYM OotL 089’ 0$9 0v9 0€9 0¢9 09¢ ors Oyy 50% TWHTTE 3Uuauwaansesw
10f1d @u pue ose83y(y

UOTIBUTUNTTT Yy3moa3 wmu

*STTe° payded Twm aad inoy aad pojejufsse uaBixo o
918 BlBQ ‘JUdWIINSEW pup Yjmoud 103 UOIIBATUN[[T IIFYm puw
dT32woxydoouom £q paidazjs 9v3[e Jo uojjyvafdsar Jo sajex TUNATUTA pue @WNWEXPK
IIAX @Tqel




oA

RN .

e e~

AITYs cuym
0°T Cl7 ‘xvw
e e o arenbae vusnoqrayg
91°0 Coesram cara
$0°1 Gog CAva
*ds errepoorydg
%°0 0%9 “uy.
0°1 0%S puz oyy ~xea
unjuanad umipr. {ydiog
6'0 ESREIY
pur g%y ‘g% “ujm
0% 0% o1 "x'a
wnauy3niae wnypralyd.riod
23fym cujym
oY 09 ‘XE4
wnuydysaad meypiwIoyd
311y N
pue Qy§oyy ‘urw .
5°2 096 "xewm '
WNETIAT @N[pIBIoYd
L 8 237ym *ujm
7°L 069 " <Ew
BOTUEP STUOWmCIYd)
6°0 IITLM "urw
Lz 089 Pu® 0Z9°09S ‘xew
WNTII3ITOTD BIYISZITN
0g9 “Jrw@
9°0 09¢ -~xeu
z100FdTe esdedoaoty

OT¢ “u1w

069 pue mwo CXPw
ST1Yoe1d RUBTILG




0SL 0oL 0S99 009 oG 00S
)
— 10
— 2’0
- ¢°0
— ¥°0
—~ G0
- 90
B wupso Y
Bupnyiogng DoLvcdoy
- 7 VI0JldTV vSdv0Z019 — L°0
- _ l ! —

BogIFUTENITL

w039 03 sansodxy penujjIuo) Wolj ¥[0OJd{?¢ ¥8AFOO0PO0[H JO seIANITROQng jo wiideds uojidiosqy

D G3MOVd 17€ ALISN3A WOILdO

-
-

w/ST

:z2 eandyg

36




>

absorbing light, enhances productior ~f phycocyanin while reducing chloro-

[/ -

phyil a. Subsequent sub-cultures lead to an apparent "fatigue effect” and

Sl bl T KRR i

N

reduction of both of these pigments, It is judged That there is a critical

time of exposure to single wavelengths which is specific for each crganimm,

beyond which only harmful effects will come about., Coupled pairs of vave-

lengths are therefore recommended (see Tab., XVIII) for long time growth § !

of algae in qualitatively limited illuminations, !

Production of far-red absorbing pigmentation,
We found that the absorption spectra of Nitzschia closterium grown

in green light exhibited a shoulder absorbing at 708 mm., Allen, et al
(3) found 710 nm absorption in several UV-induced mutants of Chlorella
pyrencidosa and in illuminated Ochromonas danica (2). They found that
the absorption disappeared upon extraction and determined that any pheo-
phytin formation could not account for the degree of this absorption,

We confirm both ~f these observations, in the case of N, closterium,
Later, J.S. Brown (9) found similar absorption in dark-stored Q. danica
and dark-aged Euglena gracilis and observed that it does reside in the
chloroplasts,

Figure 24 shovs the formation of 708 nm absorption with respect to
wvavelength of green growth illumination in comparison to the lack of such
absorption in wvhite-ljzht grown material, This far-red absorption can be
enhanced, to the detriment of other pigments, by repeated sub-culturing in
green light (Fig. 25). A difference spectra indicating the specific ab-
sorption of this pigmentation is also shown. If cells of N. closteriuam,
shoving this pigmentation, are piaced in any vavelength of the visi..e
region other than green, the 700 mm absorption totally disappears vithin a
fev hours. This slgs was unique, in this respect, among the algae studied

under conditions of the project.
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Figure 24: Far Red Absorption in Nitsechis closterium as a Function of
the Wavelength of Growth Jllumination. White Light is
Bquivalent to Blue and Red Wavelengths.
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Waveleggth degendence of resgiraxion. ‘

! of .
That there is a vavelength dependence of respiration has been discussed
¥

in the introduction. The present work alloys a direct comparison of the
degree of this dependence between algae (f' les YVI and XVII), We have in-
vestigated this effect further with the colbrlosa alge Astauias }ggggb by
running a light quality growth series vitthhis alga and comparing respira-
tion rates with those of the other alga’;atudied. In no case did we find
an intluence of illumination wavelength, Earlier, hevever, we did show a
dependence of respiration rate with intensity of illumination (10). It
would appear that the presence of photoactive pigments or a photosynthetic
apparatus, or both, are necessary for the observed wavelength response of

respiration.

6l

-




Conclusions:

From this vork' ve can recommend specific campositiors of illumination
sources for continued growth and metaboliss of seventeen diverse algae;
such recommendations are offered in Table XVIII.,

At least one general observation can be made vhich opposes previous
views, This is, that Cyanophyts and apparently Rhodophyta instead of ex-
hibiting & broead physiological response to vavelengths of illuminstion
(relativelyindependent from wavelength) show greater limitation and hence
dependence thsn sny other grovp. Chlorophyll ¢ containing algse, on the
other hand, exhibit the greatest frecedom from wvavelength dependence. Could
this be a resson for the success and universal occurrence of diatcas?

Since it has been shown that significant snhancement of oxygen pro-
duction can be brought about by application of two different vavelengths
of light, the next logical step in boosting the diological cutput of algsse
and arriving closer to realiszation of the full photosynthetic potential of
these organisms is to grov selected pigment varying species in light of
wvavelong*hs maximally absorbed by each photoactive pigment present. Such
vork should be combined with that of light duration (continuous vs. inter-
mittent illumination). In continuous li;ht,colll are forced into organic
materials production over and above their normal needs for celi synthesis.
This stockpiling may well inhibit or slter the normal cyclic processes and
lead to reduced efficliency of energy utilization. Therefore, more e«fficient
use of applied light energy shouid come adbout through reducing this stock-
piling by intermittent {llumination.

It {s obvious that in some cases, due to the severe cc~ditions of
illum‘nation imposed on the algae in the current study, endogenous respirs~
tion {s greater than photosynthesis or net oxygen evolution. If this vere

direc*iy extrapolated to nature, such crganisas could aot survive. Hovever,

-62-




it ie equally otwvious (hat they do survive ia nature, The conclusion can
be drawn that the native metabolism of most, if not all, of the vild species
is a combination of both sutotrophic and hetcrotrophic forms. Many dif-
ferences betwveen charactaristics of wild and laboratory forms of any given

species may be due to forced autotrophise of the organiss in the laboratory.
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Photomicrographs of typical forms of the algae studied accompanied

by descriptions of normal material and cells grown in monochromatic 1light.

Fig. 26:
rig. 27:
Fig. 28:
Fig. 29:
Fig. 30:
Fig. 31:
Fig. 32
Fig. 33:
Fig. 3bL:
Fig. 35:
Fig. 36:
Fig. 37T:
Fig. 38:
Fig. 39:
Fig. boO:
Fig. uLl:
Fig. k2:

The photomicrographs were taken on a Zelss Ultraphot II microscope

Appendix A

Amphidinjum sp., X 2600,
Botrydiopsis alpina, X 2600.

Chlamydomonas reinharai, X 2600,

Chlorella pyrenoidosa, X 2600

Chlorelia sorokiniana, (7-11-05), X 2600,

Chlorococcum wimmeri, X 2600.

Cryptomonas ovata, X 2600,

Euglena gacilis, X 2600.

Gloeocapsa alpicola, X 2600,

Nitzschia closterium, X 2600.

Ochromonas danica, X 2600.

Phormidium luridun, X 2600,

Phormidium persicinun X 2600.

Porphyridium aerugineum, X 2600.

Porphyridium cruentum, X 2600.

Sphacelaria sp., X 500.

Tribonema aequale, X 2600.

Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page
Page

Page

using the antomatic exposure control and tungsten illumination.

69
Tl
73
75
T
79
81
83
85
87
89
91
93
95
97
99

101

The

L x S in. Tri-X sheet film used was process=d with D-76 developer.
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% Figure 26: Amphidinium gp., X 2600
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hidi .20

Brown oblong naked unicells with two unequal length fqum energing

from & girdle or deep furrow, A single chromatophore contains chlorophyll

& and peridinin as major photoactive pigments.

Growth 1llum:
Time:

Illumination
405 mm

kho

540

560
620
630
6u0
650
680

White

13,500 ergs @2 sect

240 hours

Description
normal golden brown appearance with zood motility.
seme as with 405 mm

Brass-colored cells with excellent motility tut smaller
than 405 or LUO nm cells.

Seme as with 540 nm except cells slightly smaller
Cells of normal color and size with excellent motility
Same as with 620 mm

Pale but active cells smaller than normal

Pale, sluggish, small cells

Same as 650 nm but with excellent motility

Average size cells with good color and motility

~J

=3

<
1

.
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Pigure 27: Botrydiopsis alpina, X 2600
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Botrydiopsis slpina \

Bright yellow-green, spherical free-living unicells of variable size,
Cell wvall thin in proportion to size. The cne or more chloroplasts contain
only chlorophyll & as & major photoactive pigment. Same "cells” may be :
Zoospores or aplanospores. :

Crowth illum: 11,000 ergs ca™> sec™t -
Time: 184 hours :
Illumination | Description
405 mm Clumps of 3-12 average sized cells of good color with ~5
percent ghost cells and a fev large green cells vith heavy
walls,
Lo Clumps of 6-12 cells of average to large size of good color

vith ~s 10 percent ghost cells. Some cells appear "pregnaat”
without signs of division interanally.

540 Clumps of 2-10 cells of average size of sl, pale color with
~ 20 percent ghosts, "Pregnant" cells noticed as in L4O mm.

560 Clumps of 4-8 cells of better color than 540 nm vithe 5 per-
cant ghosts--othervise as 540 ma.

620 Clumps of 1-6 cells of pale to good color and of variable size
vith ~ 15 percent ghosts, Some large green cells vith heavy
valls or containing daughter cells,

640 More frequent clumps end larger then 620 mm of better color,
othervise as 620 ma,