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ABSTRACT
™~
™~
~

e

S Depth—dependeﬂf“ehgnges in light quality occur in naeural

| . . ' . , . .

waters. In spite of this only a minor fraction of light quality '

i : : ‘ . ) ' .

" related studies of algae have been done in this context, mainly using
marine algae. This'étudy represents an attempt to analyse the impact

-,
~

of restiicted portions of the visible spectrum on the growth,~photo-

synthesis, chemical composition and carbon metabolism of freshwater

aldgae.  Four unicellular freshwater algae were grown in egqual inten-

sities of white, blue, qreeh and red light. The intensity (550 uW cm_z)

and spectral disfribution of these light sources simulated conditions
3 ' N - \

-

in the lower part of the photic zone of natural waters. In the case

of Chlamydomonas reinhardtii and Chlorella vulgaris, - the complete

* ,__ o - -
spectrum of white light was more effective for growth than any part of

1

it. The growth rate of Navicula pelliculosa and Anacystis nidulans

L4

was highest in red light.

-
.

Photésynthetic rates of the .two green algae were highest in
blue or réd light grown célls and. lowest in green light gf&wn cells.
A—Bimilar.pattern o; phbtosyﬂzhetic adaptation was cbserved in Naviqula
tpéugh green light adapted Ceils had hiéher phdtosyntheﬁic rates than

‘ si%ilarly adaéted.green'algae. Rates of photosynthesié‘héfe highest in
~*'”iéa light adapted Rnacystis and uniformly low iﬁ blue or green light
adapted cells. All fogr algae showed incre;sed photosynthetic efficiehcy
foilowing adaptation when compared to white light adapted cells exposed

to the same light source.

This was not reflected in large changes in the total pigment

iv
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Eontent of the two green algae. However, blue light grown green aléae

showed increased light absorption in the blue part of their in vivo

. absorbance spectra. Chlorophyll g_content was highest in red and

green light grown Navicula. Blue and white light grown diatom cultures
were visibly browner and had a higher total carotenoid: chlorophyll a

ratio than green or red light grown cells. The phycocyanin content of

blue light grown Anadxstis was 32% of the total cellular protein and -

resulted in visibly blue cells. The phycocyanin content was 4.5-fold .

lower in red light grown cells and suggests that sémémsort of inverse

chromatic adaptation had occurred.

, No strong effect of light quality on the protein, carbohydrate,

1

nucleic acid or lipid content of ;these algae was observed. Slightly

higher levgls of prdtein in blue light grbyn cells of the two green g

N,

algae and Anacxgéis were reflected in lower carbohydrate:protein ratios

when compared to cells grown in red light. The minor changes in chemical

composition observed may reflect changes in chloroplast structure indubedL

4

by adaptation to restricted spectral wavebands. E

The photesynthetic carbon matabolism of these algae during

14C02—incorporétion'was followed by partitioning the cells into water-,

chloroform- and insoluble fractions following hot eﬁhanol extrhctibn.

Most radioactivity was found in the soluble fractions of red light

grown cells of Navicula and the two green dlgae. This situation was

: ¥
reversed in blue and white light grown cells where 14C—activity was

higher in the insoluble fraction. These results suggest that light’

-

quality may account for similar depth-dependent increases in the radio-

activity of the insoluble fraction observed during 14C—uptake by marine
: ‘ T N



and freshwater phytoplankton. ! - R

kY

Extracellular release as a percentage of total 14G-fixatidn'
.was < 5% for all algae. - Extracellular release was lowest in red light
and highest in white or blue light. No direct relationship between

the size of the soluble fraction and extracellular release was observed.

The low extracellular release in red light grown cells was striking

14

sirice soluble ~ C-activity was high under these conditions.

Photorespiration was initially estimated from the rate of

14CO2 release into Co,-free air from 14C-labelled cells. In all algae,

rates of 14C0'2 release both in the light and the ‘dark were highest
following or during exposure to blue or green light. 14CO2 rélease rates

14

CO.- release method seriously

were lowest in-red or white light. The 5

- underestimates the magnitude of phdforespiration. By measuring fhe
- . s [

i

differential influx of l‘2CO¢2 and 14CO2 in a closed éystem in-white light
the rate of photorespiration as a percentage of the ;écoz-fixatidn rate
was oalculated. -These calculated values ranged from 17 to 32% fof
Navicula and the two green algae énd from 10 to 26% for Anaczstis; fhe
effect of light quality on photorespiration and dark respiration suggeéts

that these processes may be more important than extracellular release

for the carbon econcmy of phytoplankton deep in the photic zZone.
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; : . INTRODUCTION l\ o

1. The Underwater Light Climate

1.1  iIntroduction

1

Solar radiation is the gtarﬁiﬁg point for aleenergy.floﬂ
through the biosphere‘(379). About one half of the solar engrgy_influx‘
takes place in the visible portion of the solar radiation spectrﬁm
(wavelengths betweén 400 and 700 nm)}. This'portiéh of the solar
radiation spectrum is photpsyntheticélly available radiaiioﬁ (PAR)AQnd
can penetrate almost without loss do&n to the earth's surfacef except
where clouds are present {322, 331). APAR controls ﬁhe'primaéy produc-

tivity, the rate-at which plants photosynthetically convert carben

U
Poatld

dioxide and water into organic matter, of terrestrial and aguatic plants.
The absorption of solar energy outside the visible range aﬁé its dis-
'sipation-as heat also has profound effects on the thermal étructure,
watef mass stratificatiqn and cirtulation patterns of lakes and oceans
(247, 373).

For the purposeé of thiscreviéw only the influence of-the
solar radiation spectru@ron the agquatic component of the biosphere will
be conéidered.‘

In the aquatic environﬁent the iﬂterception-énd £apture of PAR
by aguatic plants occﬁrs in a thih.laﬁer called the photic zone. The
thickness Qf'this layer’ is limited by the aepth to which incident light
can penet£a£e and maintain net growth,of aqﬁatic plants. Fréely suéj
pended unicellular algae or phytoplankton are responsible for ﬁost primary
productivitf in the oceans and deep lakes (235). In rivers, shallow

bodies of water and around the margins of the bceans and large lakes,

'+

-1 -
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benthic or attached alﬁ%é ér aquatic vasgula? ﬁﬁcrophytes mék- large
" and important contributions td'primarj productivity-(ZlS, 373?j\fﬁﬁff;
primdiy érqductivity ip natural waters is directiy;controlled by the
intensity and spe&tnal quality of the_gvailablé light, temperature and
the repléiiéﬁment of the maj;r.ﬁutrient ions coﬁtaining nitregen and
phosphorus can be limiting facto;s (235, 390, 373). |

The PAR 1ncideﬁt on the sirface of the photic zone varies in
intensit&;_spectral qual;tyiand daylength orlphotoperiod. Apart from_
being-é major factor directly contralling‘primary rroduction vié:Photo—
ynthesis,-this complex underwater. light climate also influences the
pho oﬁiolbgy of algae and aquatic plants. This would include the chemical
composition, grqwtﬁ rate and bhotomqrphoggnetic processes such as changes
in growth form, ?hotomovément and production of reproductive structures
of algae and aquatic plants (134, 271).

To better understand and appreciate the underwater light climate
controlling aquatic productivity, the physical brdcesses affecting the.
épectral ir;adiance 6f ﬁAR'incident on and penetrating.thg photic zone

will be described.

1.2 The solar irradiance spectrum incident on' the surface of the
phctic zone

The amount of direct solar energy per unit time incident on

) e :
the earth's atmosphere is” called the solar constant. Recent evidence

Suggests'that it has a value of about 1.94 cal crn_2 min_l {107, 331,
343). Solar radiation Penetrating the atmosphere'is attenuated by
adsorption,rreflection'and scattering by molecules of oxygen, ozone,

carbon dioxide, and larger particles such as water droplets, dust and

other particles in the size range of the incoming radiation (161, 211,
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331, 373). A major factor controlling both the intensity and spectral

distfibution-of solar energy reaching5the earth's surfacé is the

P

angular helght of the sun 1nc1dent to the earth (107, 331, 373). Solar'.

elevatlon varles markedly w1th the time of the day Oor season, ‘latitude

or altitude and is basically an expression of the length of the light

-

a

path through the atmbsphere.
Daylight or the total solar irradiance penetrating the atmos-

phere has two major components, direct solar radiation or sunlight and |

indirect solar radiation or skylight. The spectral distributich of sun-

light is the dominant cémponent of dayiight on clear dayé and is
mainly dependent on salar elevation. The air mass or density of the .
atmosphere w111 change the spectral quallty of dayllght on cleaf days
and has been classified into different air mass types on thls bas;s
(Moon (1940) cited in 17, 147). Most spectral shifts in the spectral
aistribution of solar radiatipn_can be expressed as a change in the
ratio of the blue. to EPe red part of the spectrum withla "hinge" poinf
. , ‘ ~ . .
centered near 560 nm (221). The largest changes in the spectral

quality of daylight occur ét low solar angles i.e. sunrise and sunset,

which has béen dubbed the "twilight".éffect (107, 146, 161, 211).

1.3 The sclar irradiance spectrum penetratlng the photlc zone
(the underwater light climate)

Water is a light absorbing and scatterihg medium. The spectral’

irradiance distribution of incident daylight is immediately attenuated

by true reflection and vertical backscattering by particles just below
its surface. The amount of light entering the water (downward ir--
radiance) is strengly influenced by solar elevation as long as sunlight

dominates the daylight. This dependence is removed when atmospheric

light is mainly diffuse, .i.e. overcast conditions or solar angles less
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btban 10° (14'), 159,. 290, 331, 373)';

. &he intensity and spectfal distribution of light benetrating
the water's surface are also further attenuated by absorption and scat-
tering processes. Absorption processes include thelabsobptidn éroper—.
ties of water‘itself abserptidn by’pissolved or colloidal organic
material (gelbstoff or “yellow subééance") and, absorption by living and
non-living partitulate matter (turbldity) {147 159, 290 331, 373).

Raylelgh scattering causes much of the shortwave attenuation
in clear waters. Thls scattering process lnc;eases rapldly at smaller
wavelengths.  The preseace of living and nonwEEV1ng suspended particles
also contributes to the scattering p;operties of natural waters. With
iﬁereasiqg depth the ifbadiance is redﬁced more or less logarithmica11§.

The "transparency" or amouet Qf.light thab can penetrate
natural waters is often described by its vertical extincticn coefficiebt
(k , K) which measures the removal of radlatlon with depth (147, 159,
290, 331, 373). This is analogous to the monochromatic extlnctzon co-
efficient-or-absqrﬁtivity used in spectrophotometry,-however, the
vertical extinction coefficient is based on a ﬁulticbromatie light-
soerce and most natural waters do not represent true solutions. This

vertlcal extinction coefflclent is strongly influenced by the presence

{dissolved organlc matter whlch absorbs maxmmally in the

blue part of ‘the specﬁfum), suspended sediment and phytoplankton.

various optical types of oceanic and coastal'waters have

been classified according to their spectral distribution underwater (159}.

In very transparent, blue oceanic waters, the peak wavelength of .

maximum irradiance (AHmax) tends to be in the range 440 to 475 nm.




The depth at which 0.5% of the surface ir;ddiance is reached tends to
be greater than 100 m, In blue—green coéstallwatgrs, the preéence of
Gelbstoffle;uses both a decrease in the‘depﬁh of maximum irradiance
. and,a réd shif£ of the XHmax‘into the wavelength range 475 to 515 nm‘.
In nearshore, esfuaring and shallowjeutrophié situatiogs which can
raﬁge in coiqur from ﬁery green to reddish brown,.the adsorption by dis-
solved organié matter and turbidity caused by Suspended‘sediment
and/or the standing crop of éhytoplankton can severély limit the
optical depth of the transmitted light and is a major cause of ;pectral
variation resulting in A greater than 515 nm. Typlcally, coastal
water type 9 (containing tbe mést Gelbstoff) reached 0.5% surface ir-
radiance at 7 m. In silt-laden estuarine waters, this poinﬁ is reacﬁed
les; than 1 m from the surface. The spectral distribution of light in .
freshwaters varies in a similar fashion to that of the marine e;viron-
ﬁenf. Earlﬁ’characterization éf the:spectral transﬁission properties
of natural waters was mélnly done with filters placed over submarine
photometers (15, 147, 159, 331) With the d;velopment of submarine
spectroradiometers and guanta metérs'more detailed measurements of the
underwater spectralrenergy (and quah;a} distribution havé been reported“
(123, 1e0, 211, 221, 300, 314, 317)

© Except for the large deep lakes (15 314) which are charac—
terized by maximum light penetration in the blue and blue-green parts
of the spectrum, most freshwater environments are relatively shallow and
strongly coloured by dissolved organic matter, particulate matter and
phytoplankton (15, 373). In eutrophic waters, light is rapidly at-

tenuated and 1% surface light levels are reached within 2 to 10 meters

(15, 160, 300, 317). High spectral variation occurs even in closely
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confluent’ bodies of Qater. McFarland and Munz (211} cite ah example
from Florida waters where ?hé ru#ty red Carrabelle River (maximum tiaﬁs~
mission from 550 to 700 nm) %lows into the green waters of Sa£nt Gedrée
Sound. The major causes of spectral variation:ip shallow éhd-highly
eutrophic Louéh Neagh wé}e dissolved organic matter and the algal
standing crop (160}. This resulted in rapid attenuation of the blue
part of.the spectrum and light absorﬁéé by photbsynthétic pigmenté
especially the chlorophyli a peak at 680 nm. Maximum light penexration(
occurred around 575 to 600 nm. An earlierlstudy in Japanése'lakes
showed the stroné influenge of a diatom bloom on the.ve;tical trans-
mission of the viole%, blue and red parts of the'spectrum {293). Surveys
of the underwater spectral distributions of 14 English.Lakes (317), 8

lakes in the Experimental Lakes Area, N. Ontario (300) and the Great

Lakes (15) clearly show a gradlent from relatlvely deep lakes trangmlttlng

mainly blue light near the bottom of the photlc zZone through lakes of

lntermedlate‘depth transmlttlng malQ&E\Eif?n light to shallow lakes trans-

mitting mainly green to red light. 8

1.4 Changes in the underwater llght ield with increasing depth
in the photic zone | ‘

p—4 The phfsical prdcesées attenuating.PAR in natural watefs have
béén described. Consider for, the moment the underwagef light field of
algal cells as depthlihcreases. The spectral distribution of vertically
downward irradiance is initially dependent on the spectral dis£ributi§n

of the incident surface light. In the upper meter or so of the photic

‘zone, algal cells are exposed to a downward spectral irradiance only

slightly attenuated from that at the surface. Underwater measurements

at sunrise show'that short-wavelength light becomes progressively more .

.

3
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passage through the upper 5 to 10 meters of the water. Wléh increasing

penetratlng than longwave 1ight as the day progresses, i.e. wlth in-
creasing solar~elevat10n (159). ‘Because of the disperse reflectance of

red and blue parts of the spectrum at the water's surface at low, solar
. Y . \__'_/ .
angies, it seems unlikely that variation in the red part of the spectrum

-

.during the'"twilight¥effect“ would have much impact on the underwater.

L

spectral distributipn of’yater deeper than l-meter. However, the
transient increase[in th£ blue part of the spectrum at sunset is of
. - ' Y

some significance. During twilight, the underwater spectrum in clear

oceanic waters is "blue-shifted" from a broad flat spectrum (450 nm to

600 nm) to a narrow one (450 nm to 500 nm) (211). Details in the da&e

»

light spectra caused by the sun's altitude and other factors t_nodifying

it on sunny days and during twilight are smoothed out and eiiminated by .

depth, phytoplankton and dissolved organlc matter cause the'distinctive
changes . in undegwater specttal curves which characterlse the, particular
body of sater. Thus in a eutrophic'"greenish“ lake, the underwater
"blue shift" during tﬁilight was only apparent in, the upper'2 meters; \\%‘,,
With increasisg depth, the characteristic\asymptotic radiance distributioh

of the lake wagef dominated (211); o ' e

A In the lower layers of the photic zone, algal cells encounter

a highly attenuated, speetreliy limited, asymptotic radiance distribution.
Thus the underwater climate of algal cells in all bdt the clearer,
o . . : : ;

shallow water can be- considexred a shade habitat of limited .spectral

distribution\(317) . :

1.5 Chapges in the quanta versus energy distribution of PAR
underwater

//’ The primary act of photosynthesis is photochemical and is
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initiated by quanta absorbed by the photosynthetlc pigments in plant
-

cells. The flux of quanta in the spectral distribution of PAR reachlnq

algal cells 1nlthe,photic zone is therefore'of greatef,Significance

thah -the energy flux which is.normally measured The deﬁelopment and

"1

_use of detectors for measuring quanta flux 1n the last decade or so has

'1ed to a re-evaluatlon of the 1mpact of the spectral dlstrlbutlon of

Ve

underwater 1lght on the product;v;ty of the various algal and_aquatlc

plant groups (123, 211, 221). S

: ; . .
‘The amount of energy per quantum ig wavelength dependent as

expressed in the following equation
E = hv = he/A ()

where E = energy content of one quantum at ‘wavelength A; A is expressed

in nm; h is Planck's universal quantum constant (6.626 x 10-3? Joules

é-l); v = freguency in eycles S-l, and ¢ = the veldcity of light-
.(2.9979 x 1017‘nm s“l)Ja;EEis relationship may also be expressed as the
number .of quehta per unit radiant energy i.e. q;.xan’c:a.m—z._swl/'W.mm2

ar A . Ahe o : (2)

. In nature, relatively broad wavelength bends_ef'PAR occur, therefore,

for polychromatic rafiant energy, the number of quanta per unit energy -’

must be integrated over the wavelength'region being-investigated.
Within a given wavelength band, .a measurement of speetral irradiance

dE(A)/dA(W.mfz.nm—l)t the total quanta, EQ(quanta m_2;s_l) or the

total enexgy EW(W.m—2)~éan be obtained using the following eguations;

¥
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where Rl = 400 nm and kz = 700 nm for_PAR. The number 6f:qqant;.§er ; §
unit energy is given by_ﬁhe‘ratia éf eéuation (3’ to equation (4). :This
is called thelé;w ratio-(ZéO); The Q:W ratio will vary with chaﬁging-'
. spectral’ energy diétributiéns‘in.the atmosPﬁére and‘wifh'debth in the .’
various optical types of water. ' | | ‘
.Mo;él and Smith' (221) usiné\a-spectroraﬂidmeter}'confirmed
that there was very little variatioh in fhe Q:W'ratio of étmoépheric
radiatioh in ﬁhe\PAR.wavelénéth region and'obfained'an average value

18 1 -1 Y '
guanta s ~.W .. In a. study of the Q:W ratio in a

of Q:W = 2.77 x 10
variety of oceanic and coastal waters, the ratio varied as a function
of depth and optical water type. With increésing depth Q:W approached

or less constant value. For blue water$\$} = 400 to 475 nm),

_ Hmax .
: 18 -1 -1
‘value was low, typically 2.35 + 0.13 x 10 quanta s ~.W .

For blue-green waters (AHmax = 475 to 515 nm), Q:W was 2.5 + 0.13 x 1018 ///}

anta s ~.W . and for green or discoloured waters (leax'= 515 nm).
-1

X 1018 quanta s—l.w . While estuaries and other

silty wa e‘ were not gﬁined,-watérs with.high;lﬁhai.were expected to

have high Q:W ratios. The "red-~shift" of Aﬂmax is correlated with

v

chlorophyll content of the water. When chlorophyll'is addéd to clear

water, AHma# approaches asymptotically the wavelength region (560 to 570 nm)

where chlorophyll a has minimum:absorption'and absorption due to water
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itseif'iegiﬁs:té'increase_rapidly'(221).. Publishedmspectral.extinction

curves ‘and’ spectral‘photon 1nten51ty curves from eutrophlc estuarlne
and lake smtuatlons support the 1dea of hlgh Q:W ratlos in hlghly pro-

ductlve waters (15.'160, 317).

“Interestingly, for monochromatic radiant energy, blue light -~

(2.014 x 1018 éuante;=s_l;w-; at 400 nm) has about 43% less quanta per

unit energy than red'liéhﬁ:(3.525 x 1018 quanta. s-;,w_l at 700 nm},

whereas the range of Q:W fd§fnatural waters is much less. Deep blue
. 7 e _

waters (2 3 x 1018 quanté} sTl. —l) have only 18%iless quanta per unit -

energy- than shal&owef‘"reeﬂédaters (2.8 x 10t quanta. s-l.w-l). It
has been suggested .on’ thls basis that using an average Q:W value . N !

(2.5 x 1018 quanta 'sjl.w_l) will only introduce an error of 5 to 10% -
. . » . . B

‘into practicai investigations of the relationsHip of irradiance to photo-

synthesis in natural waters. However, studies of photosYnthetic action

.spectra (the rate of photosynthesis per unit energy received from dif-

ferent parts of the PAR spectrum) endﬂspectrai;quaﬁtuﬁ yields of photés
synthesis (ehe rate of ﬁhotosfptﬁesisjper'uhit rate of absorPEion;of

qpesea from different parts of fhe PAR‘spectrum) in various algal : -
groups'and‘higher‘plaﬁts suggests fhet'not only ;he nuﬁber of quaﬁta'but

-

also the.wavelength region of the spectrum to which the cells are

fexposed'Can be a controlling factor in algal photosynthesis and growth.

-

2. Light Quality Effects on Growth

2.1 Higher Plants .

Eagly'wo;k\on light quality effects on plant growth'went h;nd
in hand with similar work on photosynthesis. ‘Sachs (1864)(cited in 217)

plants in double-walled gless cylinders (senebier jars) containing

-



coloured_solutions. Suﬁsequént wbrkers aiso used Senebier jaré or
‘coloured gia55e5 as filters (réviewed in'33, 34, 217). As pointed out b?
Popp (268) much of thisqgariy work was ﬁnreliable due to lack,of
knowledge-of'the intensity or épectral composifion of the 1ight uéed.

He grewla numger of higher plants in greenhouses cbnsﬁructed of Corning

shb:; wavelength cut-off glass filters that progressively removed the

ﬁltr%violet and blue. parts of'thg:daylight spectrum. Plafits grown in
light laq&ing the blue end of the spectrum tended to reséﬁﬁie:e
plants, being taller and having lpwer fresh Qeights and dfy weigh
than plantsigrown‘ih the full daylight spectfum. “His data indi€ated
that fhe violgt-blue part of the spectrum (wavelengths < 529 mm) was

required for normal vigorous growth of these plants. Similar experi-

- ments by Shirle

(312) also.indicated that this end of the spectfum
was more efficient\in dry'weight<producti§n, when light intensitig§
were 10% of the‘outsi e sunlight;‘ Lease and Tottingham t194) on the
c;gtrary showed that exdluding wavelength$ < 520 mm increased dry matter

production in wheat seedlings grown under tungsten lamps using the same

Corning filters as Popp (268).

In more recent work \where tomatq pianté'were exposed to gqual
intensities of vicolet, blue, green, yellow and fed light, the dry weight
of the plants increased towards the red end of the'spectrum (367). In
green, yellow and red 1ight, plants Zhowed marked stem elongation so
that -increases in dry weight méinly réflect increased stem wéight.

In experiments where tomato seedlings w%ie grown under a variety of

coloured fluorescent lamps at equal but subsaturating light intensities,

growthin red fluorescent .light was signifi intly greater than growth

under white, blue or green light (17). Similar results were obtained 1§
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u51ng pea plants«(l?) Szagz and Barzi (335) also reported that the

dry weight Of\VlCla faba leaves grown ln red light was 10% hlgher than .

leaves grown in_blue light of equal_lntenSLty.
) _ e .
- ' I f ﬁ .
2.2 _Green Algae ' : ; :

Artari (1899) (cited in 217) observed that blue-violet light =

accelerated development of Chlamydomonés ehrénbergii. Nadson (1910)

(cited in 217) grew Stichococcus bacillaris Naegeli' under Senebiex jars
and found poor and abnormal growth in yellow—drange light. Cultures grew

slowly in blue iight but’ were ﬁore'normal and similar in colour and

morpholegy to white. light cultures. Dangeard (1913) (cited in 217)

irradiated Chioéélléi&ulgaris cells Bn white blotting paper soaked with
Knops solutlon w1th 11ght from a quartz spectrograph. Ma#imum growth
occurred in the 660 to 680 nm waveband with decreasing growth towards the.
blue part of thg'speqtfum.l‘This attern of growth presumably refle;ts the
decreasinq energy in this part the projected spectr&m. Klugh {Iél) used
daylight and red, green and blué Wratten filters adjustéd to give eqﬁal

. - 4 .
transmittance. "Cell multiplication of Volvox aureus and Closterium

acerosum was found to be much greater in red than in blue or green

light. Meier (217) investigated cell multiplicatién of Stichococcms

.bac;llarls Naegell illuminated with tungsten light filtered with'

Corning short wavelength cut-off filters. While her results were not
clearcut due to technlcal problems, red llght was best for cell mul-

tlpllcatlon whereas blue light was required for max1ma1 chlorophyll

fogma;%on.

iy

More recently, data of Kowallik (182) clearly suggested that

Chlorella pyrenoidosa grew faster in red light of equal intensity to




¥

" blue liéht since red 1i§ht was. reduced

-

..
n D
[+

by a factor of 1.8 to achieve

-equal dry weight productionf;ates. By contrast, cell elongation in

] . . - L y
Acetabularia mediterranea was 4-fold greater in blue light after 31

days compared witﬁ equal intensity redolight‘é49). This result was

confirmed by Terborgh (342) who showed that Acetabularia crenulata

grew more rapidly in blue light than in white light of egual intensity.

Growth in red light virtually ceased within 2 weeks. Wallen and Geen

’ ¢ ' - .
(361) found that Dupaliella terticlecta.grew more rapidly in blue light

than in white or green light of equal intensity. The exponential groﬁth

rate of Chlamydomonas reinhardtii was higher in red light and blue

light than in green or white light of equal intensity (29). Jones and

Galloway (164) grew Dunaliella tertiolectaander high (3600 uW cm_z)

and low (800 uW cm_2) intensities of blue .and white light of equal
quanta flux. No significant difference in growth rate due to light
gquality was found at the ‘high light intensity. At’phe lower light

intensity,‘the'growth rate of Dunaliella tertiolecta was significantly

higher in blue light.
. .
2.3 Diatoms .

While studies on the growth and culture of digtoqs go back in
time as far as the 1880s (88), reports of liéht quality gffects on |
diatom growth are sparse and more recent. Baatz (5) found the growth
rate of marine diatoms was higher in éreenllight'than in blue light
of similar energy. The growth of these diatomé wés depressed to lower

rates following transfer to red light. He also showed that blue and

., green light stimulated auxospore formation. In contrast to the results of

Baatz (5), Wallen and Geen (361) found that Cyclotella nana grew more
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rapidly in blue light than in either green or white light. Jeffrey

and Vesk {158) found no difference in the growth rate of Stephanopyxis -
turris exposed to either white light-or blue-green light of equal

intensity.

2.4 Blpe-green Algae

L
-

Early work tended to concentrate on'light quality effects on

pigment variation in blue-green algae (cf. section 3.2.4.3). A red
light requirement for photoinduction of dev%lopment in some noétdcaceaﬁ

blue-green algae was first reported by Lazaroff and Schiff (1962)(éitea in 193)

'

Subsequent studiés showed that this effect could be reversed by greén -

light. Most of this work was related to microscopic studies of colény .

-

morphology rather than actual growth rate (reviewed in 193). More

recehtly, Dochler and Przybylla (75) found that Anacystis nidulans cultured

ih blue and green light only ekXhibited élight growtﬁ.‘ Pulich and van
Baalen (273) showed that while é few mariﬁe blue-green algae were
capable of ﬁeri slow gfowth on minimal medium with nitrate as sole
nitrogén source in blue light, most specieé examined were dependent on

ofganic compounds for comparable growth under blue light.

3. The Effects of Light Quality on Chemical Composition

3.1 Carbohydrate, protein, nucleic acid and lipid content

3.1.1 Introduction .

-

. Z;pdies?of the chemical coﬁposition of algae can be traced
back to Ke chum (172). He investigated the development of nitrate and

phosphate deficiehcies_in phytoplankton and the recovery of these cells

Ay

S .
after starvation, Carbon, oxygen, nitrogen and phosphorus ratio deter-

minations were made by Ketchum and Redfield (173) and for protein,
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carbohydraté and fat.by‘Parsons EE.EE;(254); Variation in chemical
composition asfa function oﬁ_nptrient deficiencﬁ wgs firsg gxamined by
Spoehr'gnd Milger (3l8) ?ho étudied nitrogen-deficiency in Chlorella.
Analyses of the chemicaffcomposition of algae-have been used as an in-
dicator of nutrient deficiency in natural waters (87, l?l,l227f 294),
to assess the nutrient value of‘an a;gal standing crop (332) and‘'to
study cellular metabolism during theirilife cycle (339)2

The major chémical components of plant cells may be broadlyl
d?vided into two main groups: )

i}  basal @éterials (nucleic acids, protgins, membrane, lipids
and photosynthetic pigments)

ii) storége ﬁaterials (leysaccharides, lipids and storage
proteins}. i

As pointed out by Herbert (136) it is virtually-meaningleés to
speak of the chemical compositionlof‘a micro-organism without specifying
the environmental conditiqﬁ&nthat produced it. In the case of algae,
chemical Fomécxition is influenced by intensity and spectral quality of
light, temperature, nutrient supply and in the.case of synchronized
cultures, the stage of the cell cycle. Mény investigations of the chemical
composition of éigae'in response to envisonmental variation have often
been quite selective in their approach. Pigment‘content or nucleic acid
content or protein or carbohydrate content has been measured while the
other cellular components wefé ignoyxed. ‘In consideriﬁg aigae, especially
unicellular algae, it should be remembered that their life styie is auto-
trophic and that the chloroplast or photosynthetic lamellag is a dominant

-

organelle or part of the cell struciure._ In this context the adaptation
. - . v -\

—
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iand phosbhorus lead to early reports. of light quality effects on chemical

~

_]_6 -
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. of the photosyntﬁétic_apparétus to the prevailing liéhﬁ climate aﬁd the
cellular events reqniéed to optimize tﬁis.pro&ess would have an important
iﬁfluénée on the chemical compositioh of the c€ll.
Apart f?om studies of éhbtosynt etic pigments, very few
analyses of the other.cellulax componentsw

of algae as a function of water

depth have been feported.

3.1.2 The carbohydrate and proteih content of algae and
higher plants

As already pointed out,.studies on the effect,of light quality
on the grbwth, pigment conﬁent and phptosynthesis of algae and higher

plants go back to the last century. Investigations of the ability of

.
-
-

plants exposed to different parté of the spectrum to absorb nitrogen

composition. Lease ahd Tottingham (194) showed that the crﬁde fiber,
available carbohydrate and reducing sugar fractions qf}ypeat seedlings
iﬁcreased whén the blue part of ghe spectrum was removed by shortwave-
length cut-off filters during growth. The crude fat aﬁd true protein
fractions were highest Qhen a complete PAR Spectruﬁ was used during
growth, ﬁéwever, thgse fractions decreased when tﬁé slue part of the
specﬁ&um was removed., Iﬁ 1952, Voskresenskaya‘(BSS) reported that 1eavés
of higher plants contain more protein after grdwth“in blue light than

in red light. - This result was confirmed for tther higher plants,

(4, 270, 358). Using synchronized high CO2 (1.5%) grown Chlorella pyrenci-—

dosa 211/8b Pirson and Kowallik (266) reported that celis in blue
-1ight contain more protein and less carbohydrate than cells in red

light. The light intensity of both light sources héd been adjusted to

‘
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. yield equal rates of dry weight production. The increased protein

J
. 1 -
content of blue light cells was independeft of the nitrogen source

-

offered e.g. nitrate, ammonia or urea (182, 267). Kowallik (183) further

investigatealthe effect.of blue light on pr&tein production ii‘Chlbrella'
using célls grown on 1.3% CO2 and 1%. glucose. In dark gIOWn‘célls‘the :
ratio of carbolydrate to protein was 2.9. ?wenty HW crn_2 of blue light
was énough to 10wa£ the carbohydréﬁe/proteiﬁ ratio to ca. 2.0; At
saturatiné light intensities (100 to 500 uw.cm_z), the actignhspeétrum

of the carbohydrate/protein ratio showed a shoulder at 410 to.4éo nm
{ratio equals }.7) and a minimum at 480 to 500 nm(ratio equals lt3)' the
ratio increased to ca. 2.9 at 550lnm. At loﬁger wavelengths the ratio

stayed'above this value, reaching a maximum of 3.6'at‘680 nm §{183).

Pickett (263) starved Eells‘of Chlorella pyrenoidosa 211/8b
by growing them in darkness or flashes of red-or blue light. Protein
' ' '
content only dropped 2 to 6% on a packed cell volume basis in darkness or

)

blue flashes. On the same basis, protein content diopped 23% .in red

'flashes. Recalculating his data, protein content on a dry weight basis

ranged from 39 to 43% for cells grown in the light, darkness or red

flashes, whereas blue flash treated cells contained 50% protein. Cells

of Acetabularia mediterranea showed a 4-fold increase in protéin content

after 31 days growth in blue light compared with red light of .equal in-

tensity (49). - However, protein content of these Acetabularia cells was

I

not different on a dry weight basis and the cells had ceased to grow in

red light. ‘ ‘ ‘ ,

Subéequent studies by Wallen and Geen (360) showed higher

protein levels in cells of Dunaliella tertiotecta and Cyclotella nana

grown on air in blue light compared to cells grown in green or white
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iight; 'Thé carbohyd;ﬁte‘to'nitrogen ratio of éhlorogonium elongatum

Eells grown undgr hiéi COzlin Blue'or'réd light was ;.5 and‘2.7 resp;

(320). The stimuléfdiy'effeét of red light.on polysaccharide accumulation
was also re—emphasiz;d by Szasz and 3aréi {335) who foﬁhd 1.5—foid greater -
leﬁels of sucrose and starch on a dry weight basis in red light grown.

bean leaves when comﬁhrqd to leaves grown in blue light of equai intensity.
Voskfesenékaya's grog? have confirmed their earlier w;rk shoﬁing in-

4]1“

creased soluble prqtein in the faaves of C, plants, e.g. barley (358)

3
beans and peas (270)( grown in blie light compared with red light causing .

equal crganic matter accumulation. fThis effect on soluble leaf protein

was also shown to be true for C4 plahféiété. maize (270).'
3.1.3. Thé nucleic acid content of algae

Synchronizéd cultures of Chlorella pyrenoidosa (211/8b) with

equal dry'weight accumulation rates in blue or red light form greater

rd

amqunts of RNA in blue light (182, 267). DNA produ¢tion is identical
undexr these conditions, however, the RNA/DNA ratio is higher in blue

light cells. Using™a chlorophyll-free carotenoid containing mutant of

Chlorella pyrenoidosa (C-1,1.10.31), Senger and Bishop (304} showed that
- a light dependent nucleic acid synthésis could occur in dark-grown non-

-

photosynthetic éellé; The action spectrum for this process showed a

main peak at 465—48d_nm with a‘shoulder at 430-nmw ?his was é classical

' blue light effect siﬁce wavelengths > 550 nm were‘not effective. While
therg was no p;onounced effgct éf‘wavelength on DNA synthesis, irradiation
with blue light enhanced RNA production in this muﬁant (20% increase of

RNA over dark control at 480 nm).

L Wallen and Geen (360) found that the RNA content of blue light



adapted cells of Cyclotella'nanazand Dunaliella tertiolecta was higher

“than in cells adapted to white or green light. This corresponded to
u

similar, dlfferences observed for proteln concentratlon in these cells.
Steup (327) has shown that blue llght enhances the synthesis of both
cytoplasmlc and chloroplastlc ribosomal RNA in the same straln of Chlorella
pyrenoidosa used by Pirson and Kowallik (266) Thls effect was apparent

at very low intensities of blue 1lght (13 pW cm 2); Cycioheximide

severely inhibited this blue light enhancement' of rlbosomal RNA synthesis.

In a subsequent report Steup et al (328) showed that blue llght :

of 1oﬁ.intensity {13 uw.cm_ } stimglated incorporation ofﬁBH;guanosine'
into transfer RNA and 55 RNA, whereas red‘light og'equal quanta fl\.‘l:ﬂ:‘"i

(9 W e 2) had no effect. Red light-of higher'intensity'(éb uw,cmyzy
'stlmulated incorporation lnto both RNA species, but only about 1.3 trmes the’
levels incorporated in blue light at”this_;ight intensity. This incor-
boration in blue light was severely inhibited by cycloheximide, DCMU did
nob'inhibit the blue light.eohanced incorporation into Ss and tra;sfer

RNA. Higher intenéities.of blue 'light (130 uwW cmfz) also stimalated in-
' corporation into cytoplasmic ribosomal RNA, 58 and transfer RNA in the
non—photosynébetic Chlorella mutant (211 - 11h/125), whereas red light
of egual ouanta flux (90 uwW cm_z) was ineffective (328).

Steup gg_al_(328} propose two different mechanisms for the
regulation of RNA synthesia, a) a DCMU-sensitive photosynthesis'depen—
debt system which requires‘high light intensities, and b) a low intensrty'
blu% light sensitive system thch regulates transcription of 55 RﬁA
transfer RNA and cytoplasmic ribosomal RNA in-the nucleus. This second
system is clearly cytoplasmic in nature since it occurs in the presence

Y

of DCMU and in non-photosynthetic Chlorella mutants.
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The photéregulation.of chioroplastic and cytobl%smic ribo- -
somal»RNA.synthesis in gréening'Eugleﬁé has also been examined. Cochen
and Scﬁif% (52) analysed the ribosomal Ryns during éreening of wild
type éellé and a mutant (W3Bﬁ}) which 1a§ks chloroplastic DNA and éoptgins
only cytoplasmic. ribosomes.__During plastia devéiopment_the‘level of

¥

lcytoplasmic rRNA remains fairly constant, however, 32P-incorporatioﬁ
studies suggest that_synthesié'or turnover of cytoplasmic gRNA océhrs
during this pericd. By_éontrast, ghere_is a 15-fold increase in the.level
of plastid rRNAs. After 48 hours this represents 25% of the total cel-
lular rRNA, This increase in plastid RNA is not surpriéing since the pro-
plastid of dark grown Eugleha undergoes a 60—fold increase in volume
during cﬂloroplast deveiopment (179). |

in wild type and mutant Euglena ggll§, blue and white li%yt
were much more.effective in stimulating‘Cytoplasmic and plastid ribo-
somal RNAlsynthesis than red light, Green light was least effective.
Cohen and Schiff (52) suggest thaﬁ tran§cription of cytoplasmic RNA is
under control of the non-plastid blue iight ;eceptor systém ghile
Protochlorophy%l(ide) may be the receptor conttélling plastid RNA

-synthesis.

3.,1.4 The lipid content of algaé

The major importance of algal lipids is probably related to their
role as membrane components, especially in the thylakoidé. .References to
"fat" or "eoil" as reserxrve materials are commen in the earlier algal
literature, however, it is not clear whethef this was in.fact "reserve"

or membrane material. The lipid composition.of algae has been well

studied (65, 108, 171, 248, 254, 378), however, changes in lipid content
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in response to changes in:iight intensity or quality have not been well

o

lnvestlgated
- Barly studles showed that 1ip1d or fat accumulatlon takes place
High-llght

in many algae in response to nltrogen defic1ency (220, 318)

(\J

{antenSlty stimulated fat acoumulatlon in: Chlorella pyrenoidosa under
th e condlt;ons (318). Fogg (91) also showed that Iight and nitrogen
iciency increased fat accuﬁulationmin Navicula pelliculosa. The most

ecent work of this nature isrtnat of Opute {248) working with Nitzschia

He found that more fat accumulated 1n n1trogen—def1c1ent cells
He- alsec found -that a

palea.

than in cells wlth an adequate nltrate supply.
4C in the presence of red

-,

benzene-soluble fat fractlon accumulated moxe
or blue light than 1n'ce1ls exposed to white or green light during 5 min.

C-incorporation experiments.

3.2 Photosynthetic ..,pigment content and composition
3.2,1 Chromatic adaptation ' '

. : Early observations on the vertical distribution of benthic
marine algae which is characterized by the presence of green algae in
shallow waters and red algae’in deep water ana brown algae in an inter-

mediate posltlon, led to a controversy as to whether the ambient light

-

Engelman (1883/4) attributed this

intensity or the.spectral guality of underwater light lead to this dis-
Since sunlight becomes

tribution (revieWed in 21, 134, 274).

distribution to.the predominant colour of light.
attenuated to the bluish-green part of the spectrum after passage through

aeveral meters of sea:water, a pigment must have ‘a colour complementary

to that of the medium, in order to eff101ently absorb this transmltted
Gaidukow (1902} and Engelman (1902) both descrlbed this phenomenon

light.

fi
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of complementary chromatlc adaptatlon in whlch the colour taken on by

the alga was complementary to- the 1nc1dent 1llum1nat10n. Galdukov showed

'that Osc111atoria sancta was red- when grown under green llght and blue—

green “in colour when cultured 1n orange light. Oltmans'(1893 1905)
' opposed Engelman s “theory and suggested that the Vertlcal distrlbution

of 1ntert1dal algae was determlned by the 1nten51ty rather than the

- colour of the light. This controversy has contlnued for many years.

_Early studies of algal plgments in relatlon to depth did.not resolve the

.\

question of llght quallty versus light 1nten51ty-adaptatlon (274).
Functlonal differences between green,.brown and red:algae in terms of

- their ahility to photosynthesize wlth increasing water depth did suggest
that pigmentlcomposition imposedilimits on'depth distribution (l96).
However, while the llmlted.spectral quallty of underwater light obv1ously h
.can exert strong selectlve pressures on the type and plgment composrtlon
of deep water algae, modexrn ecologlcal studies have also showu that

thg vertical zonation of' intertidal algae is- also controlled by non~

‘photosynthetlc parameters such as resistence to deSSLCatlon, successful

establishment of sporel;ngs_and grazing pressures of littoral fauna (206,

253).

3.2;2d Pigment‘changes in response to water depth

+

iangelman's theory-(l883) of "chromatic adaption" to explain
" the colour stratlflcatlon of large marine algae has stnmulated many
-studies examlnlng the relationship of photosynthetlc pmgment compositionr
and concentratlon as a function of water depth. The pigment composition
of algae is genetically determrned; Changes in the relative.amounts

of these pigments therefore reflect the effeck of the light'environment



f L - W

[ o L SN

on pigment gene expreSSion. In nature, especially”in the well mixeo-
upper part of'the photic zcne, the reSidence time of cells in this 11ght
env;ronment is relatively short term and algae do.not have&to respond

to theseé changes. .Under stratified conoitions or deep.in'the'photic zonee

or in the 1aboratory where light conditions are more constant and cells -
. N - - .9 . . P

‘may grow for many generations, the possioility that-long term adapﬁation"

may lead to genetic selection arises.  Generally, light adaptation is

1

con51dered a short term, reverSLble process and not much" attention has

been paid to this 1atter p0551bility (225). Studies of.pigment content

- of algae in relationship to water depth in the natural enV1ronment are.

complicated by at least two other factors besides.the changes in'the n.-

intehsity.and quality of'lightg One‘is the‘nutrient-statﬁs of'the water

since both nitrogen-and‘ironjdeficiencies had Strong~efﬁects onichlorophyll '

content (1, 106, 310). The. other factor is tqrholencehsince-pronounoed :
vertical mixing'of'the water column will .cafise a'relatigely.homcgeneous

light climate for phytoplankton. . Cleaxrly in é stratified oater column $ub-

thermocline phytoplankton algae will adapt to. ambient light conditions.

Actual reports of the in situ cellular chlorophyll concentration
with varying depth are few 1n-number; Dutton and Juday . (78) 1nvest1gated
the inflnenoe of depth on pigment composition of freshwater phytoplankton
(primarily green photosynthetic bacteria) in Scaffold Lake, Wisconsin.

This organism had a yelloh or greenish-yellow colour at the Surface'but

"rapidly changed to a bright.green colour below 4m. ' Since the lake was

anaerobic below 4m this colour change probably reflected the anaercbic
nature of photosynthetic bacteria,i.e.,cells in the upper aerobic layer
were under 0O, stress. The chlorophyll/carotenoid ratio at various depths

2

in two other lakes (c¢ontaining mixed populations 'of blue-greens, greens
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and dlatoms) showed no 51gn1f1oant varlatlon even though one was a

_hlghly ‘coloured bog lake.

<+ In a study of plgnent concentratlons of a natural phytoplankton
;Pooﬁletlon, mainly dxatome, in Saanlch Inlet, B.C., Fulton et al (1969)
(in 360} found that the carotencid: chlorophyll a ratlo decreased with
‘depth. More recently, Kiefer et al (175) have shown that the deep
.chloroéhyll max1mnm (140-160m) in the-central North Pacmfmcals“dne to
inqreased chlorophylltcontent pef‘cell rather than'increased_celllnumbet.
In.a recent stﬁdy'Ramus gt;gl_(278, 279) énchored macroscopic gteen, red‘
rand'brown algae at various depths and anelysed‘their pigment ‘content
_iafte;'a 7-day adaptation period. aAll epecles ehowed increased pigment
eontent with depth.. In the red and green algae, the ratio of accessory
plgments (phycoblllproteln or chlorophyll b) to chlorophyll a. increased
" with depth. In the brown algae the chlorophyll :a ratlo remalned
'felatively:constant'w1th 1ncrea51ng‘depth, howeve;, the fu;oxanthin:
.ohlotoohyllﬁé_tatio deoreesed with'depth. 'Bylooméarieon; ohengee in |

‘pigment content and ratios of seaweeds collected from sun'and shade inter-

tidal habitats were not as marked as in the anchored_situation.
3.2.3 Pigment changes in response to light intensity
Amongst higher plants, those species which normally gfow in the

, shadefueually have higher chlorophyll content than those which normally
K s .

. e LI

grow in bright sunlight (20, 177). °Shade plants have fewer chloroplasts,
but these are larget and'contain more chlorophyll than those of sun
plants. _Shade species also tend to havesg higher proportion of theit
chlorophyll ln the b form. Similar changes-in_chloroph§ll content end

- chlorophyll b:a ratios can be induced by growing plante at.high and low

- e
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light intensities (18, 336). ReQersib1§ chéﬁges in chloxophyll clcizn--'c
centration and chloroﬁﬁyll E_E_fétio; pf this nature have been observed
in leaves on a seaéénal basis (302). At the ultrastructural level
chioroplastg from.low light grown piants contain numercus well formed 4
gréna as opposed to fewer rudimentary, pqorlg developeargrana-in chloro—
plasts in leaves exposed to High light intensities' (8, 18, 112).

Amongst the aléae it is well estéblished that the chlorophyll
content of cells grown at high light intensity is dramatically reduced
whgn éompa:ea to cells édapted tg-low light intensities. This was first
shown by Emerson (1935) (cited ;n.275) who found that following the d;lutién of -

J - .
Chlorella pyrenoidosa cells from a dense light limited culture in fresh

medium, the cellular chlorophyll content decreased by a factor of 3 after

16 hours.

-

This change in the chloropﬁfll content of Chlorella pyrenoidosa
lcells édépted to aifferent light intensities was extensively investigated
by Sﬁeeman—Nielsen and Jorgensen (236) . Similar effects of light intensity
on,chloropﬁfll céntent have been'shown in many green algae (165, 177, 284,
7291;-506, 313,:352) and blue-green algae (76, 102, 165, 226, 250). By
conﬁrast, the qh;oropﬁyll content of marine diatoms grown at high and

" low light intensitiés appears to be unaffected (165). The green alga

" Scenedesmus quadricauda also fell into this group.
This finding may not be true for all diatoms since total chloro-

phyll content in Phaeodactylum tricornutum cells adapted to 15 klux de-

creased 3~ to 5- fold when compared to cells grown at 1 klux (310).

Chéngés in the chlorophyll b:a or carotenoid:chlorophyll.g

ratios in response to changes in light intensity have been less well

reported. .In Chlorella vannielli (284) increasing the growth light



"hlgher in cells grown at the high 1lght intensity.

¢

intensity from 300 to 6000 ft cd caused a 5-fold decrease in the total

chlorophyll content per cell and a doubling in the chlorophyll a:b

\

ratio.

o -Senger and Fleischbacker‘(306) compared cells‘of‘Scenedesmus'

obllguus grown: at llght intensities of 500 pW cm =2 and 2800 uW'cm_z.

+

Total chlorophyll content of high llght ‘cells only decreased to 60%

of the low light-value. The chlorophyll a/b_ratlo was not significantly

-

Shimura and Fujlta {310) reported that cells of Phaeodactylum

tricornutum adapted to various intensities of white light at 10° C or .

-

1

23°¢ daid show pigment variatlonu Whlle the concentratlons of chloxophy1L
N . “ N - .

a and total garotencids decxeased at high light intensity, the ratios of

chlorophyll c:a and total carotenoids;chlorophyll a were higher. They

‘also\zﬁofed that pigment content and pigment ratios could be lowered by |

+

decreasing the nitrate concentration of the medium.
Dramatic changes in the phycocyanin/chleorophyll E_ratio'of

blue-green algae can be induced by changes in light intensity. Since

) phycocyanin content is also affected by temperature, C02—concentration and

nitrogen content of the medium, cross comparisons between different reports

—

are difficult. However, in studies where other growth conditions were-

constant, cells grown at high ‘light intensities had lower overall pigment

. content and lower phycocyanin/chlorophyll ratios (76, 102, 106, 226, 250).

Changes in chloroplast ultrastructure similar to those found in terrestrial
plants have been found in Chlorella grown at high-and 1ow light 1nten51t1es,
(284, 352). Thylakoid lamellae wexe numerOus and densely packed in low

light chloroplasts whereas only scattéred paira of thylakoids were found

in the chloroplast stroma after growth in high intensity light. Ultra-



——

"

- structural changes in_the'chlofoplasts of diatoms and blue-green algae

.

.i%,respopse to light intensity have not beégfréported.'

-

3.2.4 Light quality effects on pigmeht Eontent and chloroplast
structure '

‘

3.2:4.1 - Higher plants

.Chlorophyll synthesis requires continuoﬁégillumination in
angiosperms ana.some algae (177}. Wiesner (1?77)'(217} #sing Senebier
jars filled with either pétassium dichromate (transmitting;the green to’
the red part of the spectrum) or ammoniacal éopper oxide (trénsmitting
greeﬁ to violet rédia£ion) observed that.plants in WQak'light greened
sooﬁer in tﬁe red'end of the spectrum but in strong light they éreened_

sooner under blue light.

Other early workers using biants grown under short wavelength

cut-off filters, showed that removal of blue light from the daylight

spectrum did npt prevent good development of chlorophyll,.in fact chloro-

phyll formation (i.e. greening) occurred more rapidly in red light than

in blue or green light (194, 268, 297). Later workers found. on the

contrary that crop plants had a lower' chlorophyll content when the blue
part of the spectrum was removed (122, 194, 312),
Measurement of the action spectrum of the photoconversion of

protochlorophyll(ide} (PChl (ide)) to chlorophyll(ide) (Chl(ide)), the

. primary event in the greening process of etiolated plants, suggests that

both blue and red light are important. The action spebt#um.has peaks

of eéffectiveness at 645-650 nm and 440 to 445‘nﬁ with minor peaks at 545
ana 575 t& 586 nm and thus paéallels ﬁhé absorﬁtion épectrum of PChl (ide)
(177, 241, 280). | - |

Recent work using broad waveband red, green or blue light .

“~
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indicates that chlérophyll formation during greehing in barley se;dlings
is most rapid in blue light {120, 180, 358). Buschman_gg;gé_{35) have
-summarized the differences occﬁrring in the bérley chloroplasts duriné
“this greehiﬁg process in 1ow-intensity ﬁed and blue light of equal quanta
fluxr In rgd light chloroplasts'ware'more elongéted, posgessed a higher
grana content and contained a higher'hﬁmber of thylakoids per granum .
than in blue light. Similgr results for gfana cqntent and number of
thylakoids per granum have been réported for pepper plant chloroplasts
grown'in red and blue lighé (151). The chlorophyll conteﬂt‘and chloro-
plast ultrastructure of leaves‘of sun and shade édapted plants species
(20), show parallels to thése repo;ted for leéves adaptéd to‘blue énd redl

light respectively (35, 151).

3.2.4,2 Green algae °

While pigment va;iation-due to chromatic‘adaptatién.is well
investigated'in tﬁe "coloured" algae, i.e. bluergregns, reds and brown
algae, surprisingly few studies 6f'pi§men£ variatioﬂ in green aigae
adapted to qifférent 1i§ht qpalit§ ;egimes have been reported. Meier.(217f

found that chlorophyll formation in the green alga stichococcus was best

when blue_lighf was.included in the incident radiation. Hess and

Tolbert (137) grew Chlorella-pyrenoidosa‘éﬂﬁﬁChlamydombnasfreinhardtii

on 0.2% CO. unde? white light (approx. 4000 uw‘cm_z_), blue light (955 uw em ™y

2
and red light (765 uwW cmfz). During growth in blue light, the fétio of

absorbance at 655 nm and 680 nm (the in vivo maxima for chlorophylls a and
b) changed, indicating a significant decrease in the chlorophyll a:b.
ratid.  No significant changes in this ratio were 6berved for algae grown

in red light. These in vivo measurements were verified by chlorophyll‘

s LE
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determinations. Total chlorophyll content increased 20% in blue light

accompanied by a significant decrease in the chlorophyll a:b ratio.

Wallen and Geen (360).greW'ﬁunaliella tertiolecta in white,

blué and green light of equal intensity (800 uW cm_z). Total chlorophyll,
chlorophyll a and chloréphyll choncentraticns were highest in blﬁe ligﬁt
and loweét'ih green light. The.loﬁer chlorﬁphyll'gfg_ratio in Hfﬁé light
was accompénied by decreééed totai carofénéid cqntent when coméared to
white or green light cells. Vesk and Jeffrey (354) grew Dunaliella
tertiolecta in equal inteﬁsities-(400 uW ém-z) of white or blue-green
light.: The total chlorophyll cohﬁent was 39% higher‘inlcells grown in
blue-green light. |
a. Unlike in angiosperms;'chlorophyll synthesis in.most algae can
'take~pla§e in tétal darkness (157). The photocontrol of chlorophyll

synthesis during greening has been investigated in algae which require

continuous light for this process, i.e. Euglena, mutants of Chlorella,

«Chlamydomonas and Scenedesmus or “glﬁqpse bleached" Chlorella. The action
spectrum of chlorophyll synthesis in dark grown Euglena has maxima at

;430 and éSO nm resembling the absorption spéctrum of'PChl(idé) (B, 237)..
"The*action Spectrum~of chlorophyll synthesis in dark grown mutants of
Scenedesmus onlx.showea peaks at 390, 455 and 465 nm with'é shoulder at
480 nm (305). Wavelesgths > 550 nm were not effective in stimulating

chlorophyll formafion. Blue light was also most effective in enhancing

-

chlorophyll formation in "glucose bleached" cells of Chlorella protothecoides
(243, 244)r Clearly, chiorophyll formation in-Chlorococcalean algae such as

Chlorella and Scenedesmus responds diffgrently to light quality«when com-

pafed to Euglena which resembles higher plants in its response,:
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3.2.4;3 Blué—green algae

Following the studies of Ggidukov and Engelman (1902), Kylin (1912)

:and Bpresch;(léiQ, 1922)(cited in 21;&341) perceived that the colour \

; changes of biue-green'algaé were due éé the presence of different amounts of

phycoerythiin and phycocyanin, i.e, the golour.of éIga was controlled by
the phycoerythrih/phycocyanin‘ratio. The pigment most effectivelin

‘absorbing the coloﬁr df the illumination was produced in greater ?mount.

The complementary chromatic_adaptation'progerﬁies of the red alga,

Cyanidum caldarum and two blue-green algae Tolypothrix ‘tenuis and Fremyella
. ) - . ok

'diEhosiEhon have beenlrécently reviewed (21). Cyanidium caldarum, a .

-singie—celléd acidophilic éukafyote, contains phycocyanin{'allophycocyanin

and chlorophyll a when grdwn in the light. When grown in.the dark on

glucose, phycobiliproteins are not formed. Blue. light (420 nm) and to a
lesser extend green light (550-595 nm) were most effective in promoting

phycocyanin formation in a chlorophyll-less mutant of this alga (231).

In the chromatic adaptation system of Tolypothrix tenius, red light
{(wavelengths >600 nm)} promotes phycocyanin'and'allophycocyanin formation,
whereas green light (500-600 nm) promotes phfcoerythrin synthesis (70)"

A similar response to red or green light is found in Fremyella diplosiphon

(128). Thé'CCA abilities oﬁ a wide variety of blue-green aléae¢(44 strains)
was sﬁrveyed by. Tandeau de Marsac-(3él)., This propefty of complementary
chromaéic adapyétioﬁ ié restricted to those algae capable of synﬁhesizing
phycoerythrin és well as phfcocyanin‘and even then not all.phycoéfthrin—‘ N

containing blue-green algae responded to green and red light treatment.

The response of the pigment éystem of Anacystis nidulans (Synechococcus AN)

in response to various external environmental factors has been studied

.

~
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exhaustively.. Earlier studies showed thét.the phyéocyahin, chlorophyll
éﬁd éarotenoid c&ntent ofiahacxsﬁis-was affected by light in£ensity‘(§6,
102, 106, 163, 226, 250), light quality (76, ;Oé; 163, 225) Coz‘concenQ
tration (82), temperature‘(106,_226)'and nitrogen conﬁeﬂt of the medium
(1, lél).- Examingtion of whole cell ébsorption spectra, where the
phycocyénin content and thlorophyll content can be crudely estimated from
the peak heights at 62§ nm and 680 nm respectively, suggést that "normal"
cells have approximately equal éeak heights at these\wavélengths. Cells
N hafing this sort of “no;mal".absorption spectra are dﬁtaiﬁed under con-

. )

ditions of high.température (35°q.t0 40°C) high CO, (1%) and low to

2

medium intensities of white light (60 - 700 uW cm_z) (102, 163). Alter-

natively this "normal"\ébsorption spectrum could be obtained in cells

gfown on gir levels of_Cd2 (o.q3$) at-loger ﬁemperature; (2$OC —_30°c) K
and lom; 'levels of white.light (60 - 130 uW em”2) (76, 182). Thése cells
havela 10-fold lower>growth rate thgn the high Cbz—high temperature

grown cells., Deviations from this “nérmal“ situation were found at higher
light intensities (500‘— 2100 uwW cm_z).‘ High iﬁtensitiés of white éné
orangé light qaused a depression of the 625 nm‘peak'withva corresponting
decrease in the phycocyanin/chlorophyil ratio (76, 102, 250)t "This was .
considered to be'a‘forﬁ of inverse chromatic adaptation whére thé‘pro— '
portion of the pigment that bgsﬁ-absprbs the light suppliealfbr growth

is reduced in strong light. High intensities oﬁ red light {(nm > 650 nm)
caused an'ihcreaSe of the 625 nm peak relative to the 680 nm peak (76,

- 102, 163).. In this case, chlorophyll content was reduced while phycocyanin
content reﬁained at "ﬁormal" levels, again this appears to be another |

. form of inverse dontrol_with the”pigment absorbing light ¥or growth being

. chlorophyll in this case. Pulich and van Baalen (273) reported that



marine unicellular”blue-green algae did not grossly shift pigment
ratios during adaptation to blue light i.e. the same chlorophyll/

phycocyanin ratios—in blue 1lght as in white llght grown cells

Nitrogen chlor051s.1n blue—green algae was class;cally'demon—l
strated by Allen and Smith (1). . Since phycocyeﬂin'captures much of the
.light essential for rhotosynthesis and can constitﬁte up to 24%-of the
total dry welght of Anacystis (226) there is a .selective advantage for
acxstls to control synthesxs of this plgment. Lau et al (191) inves-
ltlgated the turnover rate of the thcocyanln apoprotein in Anacystis
during nitrate starvatlon and restoratlon During nitrate starvation the

disappearance of phycocyanin was correlated with apqprotein,degradation

suggesting that expression of phycocyenin apoprotein genes was depressed.

Resumétioﬁ of phycocyanin preductio J;n*tﬁa light folIOW1ng nltrate

restoratlon was inhibiﬁed by dar ess, chloramphenlcol and DCMU suggestlng

that repression and derepression of de ‘ngvo apoprotein synthesis in light

was induced by nitrogen cpnfent of the medium.

'3.2.4.4 Diatoms R T

othes and Sagromsky (223) observed that Chaetoceros-was dark
brown when! grown under green light but was golden when grown under. red

light. This was attributed to a shift»in’the_céretenoid/chlorophyll ratio.

Mann and Myers i3 eompared the pigment composition of Phaeodactylum

. 3 . .
tricornutum grown in unspecified intensities of long wavelength red light’

{(wavelength > 660 nm} with cells g£:Qtufflwhite light, Concentrations of
chlorophyll a were equal under both light regimes but chlorophyll Eﬁcon—'
centration was decreased by 40 to 60% in long wavelength red light grown

cells. The relative concentrations of fucoxanthin br the other carotenoids

under both light treatments were not reported.’
. } ' i .



- 33 -

Jupin.énd Giraud (167) obgerve@ changes in the far red porfion
'lof the ighzigg_absorption'spectrum‘of Détonﬁla sp. when Eoméaring
white light grown.cells (1500 uw Cm—z) with cells cultured in dim reé
flﬁoressént light (150 uw cﬁ_?, peak emission ESO ﬁm). A distinct peak
aF‘?O? hm was Qbéerved in réom temperatufe in vivo absorption spectra of
red 1i§htlce11§ which was not Q?esent in white light cells. While total
chldféphyli pigments onla dry weight'basis.werq.loWer in red light érown
cells, due to a G—fbld decrease in chlorophyll ¢ content, the chlorophyll
E_cdncéntration was higher than in White light cells (166). Tofal caro-
tenoid pigments wefe 253116wer in red light compared with white light
and -this was mainly due to decreased fuédx thin content. fhese chénges
-in the gross ﬁigment éompoéition of the cells wés accompanied by a chanée
in plastid structure; The plastids of white light grown cells contained
about 20 thylakoids disposed in groups of 4, within an abundaﬁtlstromg.
Those of cells grownAin low intensi#i red light contained up to 40 thyladkoids
evenly distributed throughout the plastid.

Wallen and Geen (360) investigated the piément dbmposition of

Cyclotella nana grbwn in white, green and blué light of equél intensiti;s.
Total chloropbyll concentrations weré higﬁes;'in‘blue light grown cells

and lowést in those froﬁ'gréén light. Total carotenoid concentrations

were highest in gréen light._ Thus in térms of.complemegtary éhromatié
adaptation, cellé gfown in biue light, i.e. strongly absorbed by chlorophyll,
had a higher chlorophyll and lower carotenqid content than cei1s grown in
green light. Convers§1y cells grown injlight stronély absorsed by caro-
tenoids, e.g. green light, had higher concentrations of caroﬁénoid; and a

lower concentration of chlorophylls. Shimura and Fﬁjita'(BlO)‘coﬁld‘not

observe any marked changes in pigment composition of Phaedactylum tricornutum




Y
~groﬁn under green or red light (unspecified gkﬁgnsity or spectral gquality).
. . &
Based on their inability to observe pigment var}a%ion during growth of

éhaeodactylum tricornutum: under red or green light and the pigment changés
. A ' ' T — . :
observed in nitrogen-deficient cultures, they suggested that the pigment

variat;ons ;eported by‘Wéllen\and Geen (360) for Cyclotella nana grown

kel

in blue or green light were not due to chromatic adaptation.. Instead

they suggested that the. pigment variation in Cyclotella nana occurred as
a result of nitrogen deficiency. This point'ig-unfounded since Wallen

and Geen (360) used lg‘KNOB/ﬁ in their culture medium. Jeffrey and Vesk

(158) investigated pigment content and chloroélast structure in Stephanopyxis

‘turris gréwn in low intensity'(400.uwlcm_2l white and blue-green light

-~

(peak emission at 480 nm). Total cﬁlorophyll per cell almost.doubled in
ﬁlue—gréén light é&own cgltureg but‘no;maﬁér”change in the chlorophyll c:a
or carotenoid:chlorophyll a xatios occgrred.’ Chioroplasts in white light
grown cells'wefe elongated and contained'sgveral-bell4pléced:thylakbids
running parailel to ﬁhe majdr axis qf'fhé.plastid. CéllsfgrQWn in-blhe—
g:éeﬁ'iight ébntained large ﬁumbers-of sph;ricaliﬁhloroplasts with iﬁcfeased‘
sfacking of fhelfhyiakoids. The increased number of.chloroplésts per-

eeii resulted in deep chocol;te coioured-cﬁltures in blpe—gréen light as
opposed to the golden orange colou¥ of white 1i§ht'cu1tures. In an accom-
panying paper Vesk and Jeffrey (354) examined the photosynthetic pigments

and éhlproplast sttucture in 10 diatonis groﬁn under the same light regime

., as the previous paper (158).' Increases in total chlorophylls-of 0% to

" 146% occurred in blue-green light grown cells. Phaeodactylum tricornutum
showed a 2.4-fold increase in‘total_chlorophylls in blue-green light’
compared with white light of equal intensity. This was accompanied by a

slight increase in the ratios of chlorophylls < + EQ/chl a and
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'fucoxanthin/chl\a.. More substantial increases in chl cl + c /chl a

'ratios were observed in three other diatoms concurrent With increased

'total chlorophyll concentrations following growth in blue—green light.“

e

. However, Since blue—green light only caused slight increases in the
fucoxanthin/chl a ratio‘in these cells, it was concluded that complementary

chromatic adaptation (blue-green light 1ncrea51ng the concentration of

blue—green Light absorbing carotenoids) had not occurred ' They suggest
A-that thELI work With S turris-and that of Shimura and . Fujita (310) w1th

P tricornutum support the suggestion of Halldal (123) that complementary

e v

chromatic adaptation probably does not occur in planktonlc algae which

use caroteh01ds and chlorophyll c as acceSSdry-pigments.,;However, the

effect of'blue—green light on chloroplast strutture was independent of

light intensity over the range 100 - 400 uW cm 2, and the increases in

- total chlorophyll concentration and chlorophyll ci

’ ratio suggest that some.form of chromatic adaptation had occurred.

+ C'/chlorophyll<5

4. The Effects of Light guality on PhotosyntheSis

« 14, l The effect of light intensity on photosyntheSis

-

Two Kkinds of processes are involved in photosynthesis; a) photo—
chemical processes which are dependent on-pigment concentration and the
"intensity of illumination, and b) enéymatic.processes which are dependent
on the relative amounts of photosynthetic enzymes in the plant cell, the
relative importance of both- kinds of processes is demonstrated when the
rate'of photosynthesis is plotted as a:function of light intensity. The-
shape of the light curve so produced.being hypefbolio in nature.”‘f

Blackman (19051(c1ted in 275) proposed a law of "limiting factors"'

to explain thisg phenomenon of light saturation of photosynthe51s w1th
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"

lncreasing light‘intensitynu He called the limiting reactions involved

“dark"“or thermal'reaotions since temperature is an important factor

,regulating enzymatic reactions,' Comparison of the shape of] light' curves

of various plants soon revealed the different photosynthetio responses

‘of "sun" or "shade" adapted:plant.species-to light intensity (reviewed

in 275).
The photosynthetic adaptation of algae to light intensity has

been well studied‘(165 236, 275 284, 292, 306). Typically the ﬁajor

' . dlfference between high and low light adapted .cells is the llght intensity

at whlch photosynthesrs is saturated. Photosynthesls in low llght
adapted cells usually satnrates at lower light lnten51t1es. Depending on
whether photosynthetic“rate is expressed o cell number, dry welght or

unit chlorophyll ba515 the slope of the linear part of the llght curve

may vary. Generally 1ow light adapted cells have a steeper slope over )

the 1inear-response.range than high light adapted cells. This sort of .

relationship is found in the light curves of cells taken from increasing
depths of water (292, 311 337 3sl). - |

The llght 1nten51ty at the p01nt of 1ntersect10n of the lnltlal
slope of the linear part of the llght curve’ Wlth a 11ne extrapolated back
from the horizontal saturatlng part of the curve is called I (337) This
point describes.to a certain degree the ratlo between the light and dark
reactlons and has been widely used to compare the phy51olog1ca1 adjustments

.

of algae grown in or sampled from dlfferent light habitats (165, 236, 292,

311, 337, 381).

“4,2 The. effect of water depth on photosynthesis

.The‘shape_of the light curves of algae has been well investigated'

. . ) - . . '. . ) " '__ l: t



which may sometimes be found near or at the surface, and at - other times,
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'iﬁithe primary production 1itereture,'garticularly in relation to the

- photosynthesis of algae at different depths (292, 311, 337, 381). The

eoncept of sun aﬁd shade adapted spec%es has been'well known since algae
must adapt to the low light intensities prevailing deep in tge.photie
zone, | R

The exlstence of deep chlorophfll maxima or deep living algal popu-
lations’ was first, reported by KEHmerer et a (l924)(c1ted in 174) who reported_.

a maximum concentration of Mougeotia-at 90 m 1 Lake Tahoe, The vertlcal

distribution of.chlorophyll in natural waters generally shows a.maximqm

at ox below the apparent euphotic depth (256;'344)..ﬂbeeﬁ ehlogophy;l

or subthermocline éhyteplankton maxima have been reperted fof both )
marihe (267;75)'and ffeshwetef.environments (27, Sé;;iﬁ4; 296; 344). Deép
chlorophyli maxima aﬁéear to be a seaeonal-feaeure o% sumﬁer veftical
prdfilee,: usuvally océuring below the ehermocline ef;assoeiatediwith
pyﬁoclines.in the mex%pe situetfene114l).- Deep is:e eelat;ve word.since
subthermocline maxipa occur in ehailod‘st;atified freshweter lakeel(BQ),:

where light is_rapidly aftenﬁated,as well as in the'large‘lakes and

oceans.- Light levels_infthe chlorophyll maxima zoheé were at or-below

-the 0‘1 - 1%'sufface illumination range. Clearly the spectral dlstrl—

butlon of llght lS hlghly restrlcted at these depths.-

Early studles of the. vertlcal proflle of 1n 51tu algal. photo—

synthes;s were limited by the sensitivity of the methods avallable | J
{mainly the_Winkler 02 method) and eugges;ed that product;on max;ma
occurred withinllol— 15 m from the surface (see refs_ciﬁed in-332). ﬂofé
detailedeinﬁestigations of the verticel diétribetion,pf.photbsynthee;s;

; : . : . ] t 14 .
especially deep maxima have been done in recent.years using the C- .
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technlque (89 109, 190,*296 311, 337). - These studies.confirmed‘the”
factthat most photosynthe51s occurs 4in the uppet part of the euphotlc -
lzone cloSe-to the surface and decreases rapldly with depth.‘ Lesser
photosynthetlc maxima heve been detected in assoc1atlon w;th deep chlozo-
phyll maxima even though the 1ight 1eve1 was exceedlngly low (2 109 175,
‘ 190). In other cases, cells from these deep chlorophyll maxlma have been
shown to have high photosynthetic potentlal (98, 174, 344). Much of the
. early work on the photosynthetlc response of benthlc algae from dlfferent
depths to 11ght 1nten51ty was rev1ewed by Rabinowitch (275). Later
. studies with benthic algae_(196 277, 279) have shown'that_photosynthesis
decreases w1th depth parallﬁl to the decrease in llght 1nten51ty. Deep'

LY

chlorophyll maxima phenomena were not observed, though depth greatly

]
- affects the plgment c0ntent and.composition and photosynthetic-llght

_ . . ‘ —
. eurves of benthic algae.

4.3 The effect of light quality on photosynthesis

h4.3.1 Introduction .

:The first.act of‘photosynthesis is‘light absorption. Only
vis%ple.light (380 —.720 nn)'is absorbed and'used for phdtoSynthesis in‘
eukarYOtic and blue—green algae;' fhis‘information,was-ohtained by
measurements of the absorptlon spectra (absorbance as a function of wave-

o length) and . the actlon spectrum of photosynthesms (0 —evolutlon or.Coze.
'aSSLmllatlon per incident energy or quanta as a functlon of wavelength)

- With the 1ncrea51ng sophistlcatlon of technlques for maklng prec1se

S m asurements of absorptlon, 11ght 1ntens;ty or quanta f£lux and rates of

otosynthesis, much has beén learned since Senebier (17881(Clt8d in 275)

fconducted experlments on CQz-assrmllatlon us;ng double—walled bell jars

i
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filling the space between the walls with coloured solutions.

Much of: the earlier'wofk hés been reviewed by Raﬁinqwitph‘
‘f275). In 1871 tommel pointed out that the basic principle of photo~
ﬁhemistfy; known as Herschél‘s iaw}'states that there is no photo- ::
.chémical action without.light.absorptioﬁ (2753. This regquires that theA
_.spectral maximum of photosynthetic efficiency coincide with the absorption
'Vmaximum of the photosyntheﬁic pigments. Subsequently several workers
showed that the photosynthetia efficiency of gréeﬁ piants decreases
steadily from red through yeilowlto gréen, parallel to the deciine in
abéorbing capacity.of chlorophyll, Engelmaﬁ {(1882) noticed that. in
.addition to the main maximum in the red, there was a second maximum in
-'the blue-violet whicﬁ he as§ociated with the strong absorption band of
‘chlorophyll in tﬁis region. | |

'Early work was hampered by a lack of understénding of wha%w aﬁ

"action spectrum" was, certainly light cast by a prism would‘ébqtain de-
. creasing amounts of energy in the blue because of the‘deqiinihg energy-
of the light source and enérgy‘in the red would deciine due té'dispersion.
Usé;of.Light fluxes of equal light intensity confirﬁed Engelman;é
finding of the:second maximum in the.blue. "Iscenergetic"  action spectra
can be highly variable due to the varying compositions of pigment éystems.'

This variability iﬁvolves a number of factors a) the 0.D. or absorbance

of the sample - in thick suspensions or tissues all light is absorbed

biurring tﬁe-action spectrum; b)’ lightfintensity - at saturating
lighf intensity; photosynthesis is limited by dark reactions, not light
and the rate of photosynthesié‘at saturating light intensity is the,
same for éll wavelengtﬁs of light (265, 275).. For accurate action

_spectra, photosynthesis measurements have to be made in a low intensity




- 40 -

range where the response of photosynthes;s of all wavelengths investigated

is 11near; c)“‘cell density - this is related to a) because at low

light inten31t1es whereuthe light 1uten51ty/photosynthe31s reeponse is

linear, the ceil density of the sample can substantially reduce the net

light intensity "seen" by the cells, consequently the photos?nthetic

s

rate would be lowered. Hence the cell density should be Such that photo-

synthetlc rate is prcportlcnal to light 1ntensmty and the same for. all

+

wavelengths inyestigated; d} gquantum correction - according to Elnste:n¢si;7

law of photochemical equivalency, equal numbers of absorbed guanta would
be expected tc produce the same effect on photcsynthe51s at different
wavelengths rather than equal quantltles of -absorbed energy."‘If the maximum

quantum yleld‘ls the same for all wavelengths, then the “quantlzed“ action
spectfum would be exﬁected to parallel exactly the absorption spectrum.
The “isoenergetic" action spectrum; on the other hand would aiﬁaye he
askew with red light elwaQS'appearing more efficienththen blue because

A .
of the hlgher number of quanta in red llght.

If a- “quantlzed“ action spectrum dlffers markedly from the ab-
sorbance spectrum this.would indicate that quanta of diffetent wauelengthe
have different phctochemical effects on photosynthesis or that the iight
is absofbed by photqsyhthetically inactive pigments or other structures
in the ¢ell or tissue. )

Moucchromatic quantum yields (the rate of 02—evolution per
absorbed quantum as a function of wavelength) were first measurea by War-
Jburg and ﬁegeleiﬁ (1923)(cited in 275} using Chlorella. They found highest
quantum yields~in red and yellow }ight with a dip in the gteen and if the

absorption due to all pigments in the blue was included then blue yielde

were slightl? lower than the green. This lower yield in the blue was
i .
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,corroborated inlexperiments_by Warburg-(1946—48)(cited ru 275) twenty—
' five years later:
Brlggs (1929)(c1ted in 275) made yield determlnatlons onwhlgher
plants in "Isoenergetlc“ llght of three colours whlch showed the expected
' deciinelinliield with decreasing waveiengthL Gabrielsen (1935)(cited in

275) using Slnapls alba and three colours of 1soenerget1c light again

found a. maximum quantum yleld in the red thh 20% less in. yellow—green
and 30% less in blue—violet. Hoover (1937)(c1ted in 275) u51ng wheat

leaves obtained an action spectrum (lsoenergetlc) w&th a high red peak, a

green "dip" and a blue.peak=sligptly lower than the red. When this. curve

was "quantized" the red and blue peaks were comparable (31). o
Since this time the actiou spectra of,many-green crop plants

(31,210) and trees (47) have been measured. Since mauy of these action‘
spectra were measured using equal light intensities, they display tﬁé
typical high broad maximum in the ;ed part .of the'spectrum with a';dip"
in photosyntﬂEtic efficiency somewhere between-SSO and 450 nm and a

///;;\SECond maximam in the blue part oﬁ the spectrum,.usually lower than
the red meximum. When these spectra are quantized {31) the rates of
photosynthesis in the blue and red parts of.tﬁe spectrum are generally
equalized. McCree {(210) in his survey of 22 crop plants found that the
action spectrum and quantum yield of photosynthesis in the blue part of’
the spectrum was'conSistently lower than the red maximum, this may in
part be due to the absorbance of these leaves which was very high in the
'blue-part of the spectrum and presumably uas caused by non—photosynthetic

absorption processes. clark and Lister (47) also found a considerably

reduced blue shoulder in the normalized isoenergetic action spectra of

L]
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trees when comparing a broadleafed deciduous species with leaves' of

increasing "blueness" in conifers. They discussed the ﬁgsking effect of

& ' : o Lo ;
wavelength-specific photosynthetic screening processes. Three basic

. \

photosynthetic mechanisms_wére proposed:— a) metabolic screening, i.e.
via some metabolic process that reduces net photosynthesis such as

photorespiration; b) ‘absorption screening by inactiﬁe pigments; énd

c) physical screening by selective light filtering at the leaf surface,

Since the'blue coiouratiqn of the conifer leaves was due to a glaucous
bloom of waxy cuticular projections, with higﬁ‘blue reflectance, an
inverse relationship between decreasing blue light utilization and in-

. creasing blue light reflectance was proposed (48).

4,3.2_ Green algae

Emerson and Lewis (865 extensively reinvestigated the spectrél
" quantum yield éiberiments of Wérburé ana;Negelein using Chlorella
Exrenoidosa.: The yield was constant between 58Q,énd 685 nﬁ, below 580 nm
the yiela.declined reaching a'minimuﬁ at 490 nm, then rose again té a
smaller méximum a£ about 412 nm. The average quantum yield deficiency
between 400 and 580 nm Qag 15%‘suggesting that the light enérgy absorbed
by the carotenoids in"this region waé not transfefred,efficiently to the
‘chlorophyll. Thﬁs in the "action spectrum" of photosynthesis for °
'Chlorella we have réd.and blue.pgaks'of app?oximately similar heiéht with
La large dip at about 550 nm: | |

Since the experiments of Emerson and Leﬁis (és) the action
spectrum of phot;syntﬁesis in various épectfal wavébands of Chlorella has-

been extensively investigated (23, 69, 224, 239, 265, 289). The action

spectra in all these studies exhibit the typical red and blue maxima with

« .
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a mlnlmum in the green part of the é‘ééttum, In terms of light saturated

photosynthe51s when the dark reactlons of photosynthedls are llmltlng .

;(i.e. 15-2 0 L cm ) it would appear that light quallty "has no effect

- {69, 265) at the level of'primary-photochem1ca1 reactlons, e.g. quantum.
yield, Oz—evolutlon, photophosphorylatlon and cyclrc electron flow. .

This is in contrast to the spectral pehaviour of photosynthes;s
at very low levels of light (80 - 200 uW cm ) when the drop in eff1c1ency

of, photosynthes;s in.green llght becomes highly exaggerated and the blue

. o o i

photosynthesxs maxima is attenuated to 50% or less of the red maximum

(239, 249, 289) This change in behaviour of photosynthe51s rate in the

red and blue parts of the spectrum can be clearly demonstrated by in-

. spectlon of the monochromatlc light 1nten51ty curves in Fig. 4 of

Pickett and Myers (265) ThlS drop 1n the blue maximum relatlve to.the ‘
red maxlmum in low 1lght of equal 1nten51ty is not completely explalned
by unequal quantum dlstrlbutlon and even appears in “quantlzed" action
spectra (248). This may be due to non-photosynthetic resplratory pro—
cesses in the cell stimulated by blue 1ight which may become more
apparent at very low light intensities (357). L |

The effect of light qtality on thebphotosynthesis ef other green
algae has also been”investigated (29, 137,1281, 361). These other green
algae fall into the same‘spectral "mold" for ﬁhotosynthesis as Chlorella

and terrestrial green plants. -

4.3.3 Diatoms

. Early work by Gabrielsen and Steeman Nielsen (1938) {cited in 275)
showed that for equal incident llght 1ntensrty, the rate of. 0 productlon

by diatoms was consistently greater in the blue than in the red. The
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difference was partlcularly strong in relatlvely low light 1nten51t1es,

- the ratlo of photosynthe51s in blue llght to photosynthesis in red
- |
11ght belng about 1. 8 At hlgh llght 1nten51t1es this ratio decreased

to about one (275).° Mothes and Sagromsky (223) also measured the

1

photosynthetlc rate (green 1lght)/photosynthetlc rate {red light) ratio

v

for Chaetoceros grown in red, green and blue light. This ratio was
1. 12 for red adapted cells, 1.26 for green adapted cells and l 21 for

blue. 11ght grown cells. Thls suggests that. dlatoms photosynthe51ze

! ,
AR | L

more actlvely 1n green llght and cells adapted to green llght can use it

optimally. Dutton and Manning (79) measured the-quantum yvield of

Nitzschia closterium in narrow bands of mOnochromatic red (665 nm) green
(546‘nm), blue-green (496 nm), blue (436 nm) and.violet {405 nm) light.
Because they used the dropping mercury 02 electrode and the diatom was
polsoned by the mercury; their. data varled W1dely, however, by u51ng
ratios they concluded that the guantum yields in the violet, b;ue and
ngreen‘were practically equal to that in the red. Tanada (340) made the

First detailed investigation of quantum yield as a function of wavelength

in diatoms using tHe freshwater diatom Navicula minima. He measured

the guantum yield in narrow spectral bands from 400 to 700 nm. The

-

quantum yield was constant between 520 and 680 nm dropping sharply to
zero above 710 nm. The yield dipped about éO% b n 520 and 475 nm,

g -rose _tg a blue maximum at about 430 nm and'dropped off again in the

| violet. This lowered quantum yield in the blue—green to violet part of’

the spectrum (520-400 nm) is also evident in the action spectrum of

Phaeodactylum tricornutum (fig. 3, curve (a) Mann and Myers (214),
. } ' , . T
‘where action is.less than but parallel to absorption in this part of nd

the spectrum. However, even under these conditions the blue maximum is’

(
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not less than the red.

Studies—on:theilqc-fixation rates of thé marine diatom

‘Cyplotella napa (361)Igrown in whitg, blue Of greén 1igh?,_show that’
photosynthesis in blue light adapted cells was 74 - 80%'Higher tﬁan
white adapted cells. Green light adapted cells had photdsynthetic
rates 32 - 39% lOWgr than gells adapted to white light of equal light
intensity. - ' | | . .*

Jeffrey and Vesk FlSB).compéred'the photosynthetic carbon

fixation rates of. the diatom Stephanopyxis -turris grown in white oz

blde-green light (400 .uW cm“25. Cells grown in white light fi#ed‘more
carbon in thfe light tﬁan cells grown in blue-green light. ‘However,
blue-green light adapted cells fixed 4?% more. carbon in low inteﬂsity
blue;gregn light_thﬁn did cells adaptgd to white light. Shimura and
Ichimura;TSf:) examined apparent photosynthetic‘effiqienéies of mariﬁe
phyfbplankton {predominantly diatoms) sampled froﬁ various depths in

v

the northwestern North Pacific. Light intensity curves were measured

" using blue, green and red fluorescent lamps. The ordér of apparent
rhotosynthetic efficiency was blue >red > green light irrespéctive of‘
&epth. However, green lightlwas utilized as efficiently‘as red light
by cells from the lower part of the photic zone. . ?
In summary, diatoﬁs differ frop green plants in:that the blue
maximum of photosynthesis is usually equai to or greater than the

rate in red light. They also utilize light in the yellow to green

part of the spectrum more efficiently.

4.3.4 Blue-green algae - s

At about the_same time that Emerson and Lewis were investigating
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the“spectrél guantum yield of Chlorella, they also examined thé blue-

i

green alga Chroococcus using thé same methods (85). Quantum, yield'was

approximately constant between 570 and 690 nm, there was a‘large drop

-

o

in quantum yield between 550 and 450 nm with a miﬁimum at about.&BO nm

" and the yield rose again in the viofet to a value less than the red

maximum,. These-ghanges in gquantum yield are reflected in the photo-
synthesis action spectrum, which closely paféllels the absorption
spectrum in thé fégion above 570 nm, shdwing the high efficiency with
which light captured by bhycocyanin is transferred to chlorophyll for
photésyntﬁesis. 'fhe photosyntheﬁic action spgctrqm dipbgd_dramatiéally
in the region 550 ; 420 nm, then rose in the‘yiolep to a.low maximum ;,

suggestirig that carotenoids were inefficient in transferring light

" energy to chlorophyll.

Jones and Myers (162) showed that the action spectrum of 02-

evolution in Anacystis nidulans'closely follows the absorption curve of

phycocyanin with a single peak maximum about 630 nm whiéh\drops steeply

from about 640 to 690 nm. From 570 nm to 4OQ nm the éhotosyntﬁesis
fa;e drops to ; Qery low rate with a‘mihor peak aﬁ 420 nm.

The quaﬁtized action spectrum of C024upfakg in Anacxstis
was investigated by Dohlér and Przybylla {76) using IRGA. <Cells grown
in IOW'intéhsify thte light (60 uw cmfz) exhibited a broaﬁ peak over-
1yiﬁg the absorﬁfion‘curve of phycocyanin with a maximum at 625 nm,

a large dip}in photosynthesis at 475 nm and a minor peak in the violet-

blue part of.the spectrum,

Steveﬁsland'vén Baélen‘(329) measured the 0,~evolution rate“of

Agnemellum quadriplicatum at 681, 620,.550-and_430 nm using a light

intensity of 680 uW cm_z. Theixr data points overly, the action spectrum

W
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of Jornies and Myers (162). ‘The qﬁahfiZed action spectrum of photosynthetip
14 ' '

C-fixation.in Anacystis nidulans was recgnﬁly reportéd by Sorehsen‘

and Halldal (316). Again a brecad peak centered around 600 nm with
photosynthesis dropping off towards 700 and 500 nm. was ¢bserved. _A very

80 nm was accompanied by an increase to a maximum in

low minimum at 4
. - -

the violét part of the spec£rﬁm of‘aboﬁt 1/2 ﬁhé.value at 600 nm:
-Evidehtly for blue-green algae containinglthéiC—phycocyénin-”
chlorophyll 5_pi§mentzsystem,-ngrmal éﬁotbSynthesis shows an ac;ion |
spectrum which elosely parallels the iﬂ_gigg_qbsorptgon séecﬁrum-of
C—ph&cocyanin. Ligh%-at wavelengths less than 550 nm is'absorbed and

utilized very ihefficiently by these.algae (363).

5, The Effects of Light Quality on Photosynthetic. Carbon Metabolism.

-

5.1 The Calvin cycle and the glycolate pathway

Plants obtain carbon for growth and forlenergy storage through

photosynthesis by incorporating CO, from the external medium. The

2
major metabolic pathway by which COz is fixed and reducég'to.organic
écmpounds in autotrophic organisms'is the photosynthetic redqctive
pénto;e phosphéte pathway, or Calvin cyéle; Research leading to the
elucidation of this pathway using 14C started in_1945 (38).

| Dﬁe to the convenience wifh which they could be.killed and‘

extracted, the main experimental organisms used were the unicellular.

. green algae Chlorella pyrenoidosa and Scenedesmus obliquﬁs. The first

stable- product of 002 assimilation is 3-phosphoglyceric acid (3-PGA)} (38)

hence the term C3—pathway. Glycine and glycolic acid were also rapidly

" labelled with 14C02. The absencé of CO, or presence of 0, during.il-

luminafioﬁ enhanced formation of labelled glycine and glycolic acid (16).
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Proposed pathway and spatial localization of the
glycolate pathway in a green algal cell.

The specific reactions are:-

- RuDP carboxylase; .

.~ FRuDP oxygenasej. .

P-glycolate phosphatase;

Glycolate dehydrogenase (site of action of
QHPMS) ¢

5. Glutamate-glyoxylate aminotransferase

(site of action of INH);

= W Ay

.

6. Serine hydroxymethyltransferase (major source

of photorespiratory CO,; energy may be
partially conserved as ATP);

7. An unidentified aminotransferase;

8. NADH - hydroxypyruvate reductase;

9. Glycerate kinase.

Organelles involved are:-
A, Chloroplast

B. Microbody . .
C. Mitochondrion. o

' Based on figures in references 30 and 45.
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hZW1lson and CaIV1n (376) studylng CO concentration dependent'changes in:
" the radloactlvrty of photosynthetlc 1ntermed1ates, showed that the level

'of radloactivrty in. glycollc acid was very 1ow in 1% CO but rose

- )
e

rapldly, malnly at the expense of 3-PGA when the CO2 concentratlon was
) dropped'to 0.003% CQ2' They also ' showed that .RuDP was the actual

C02-acceptor in photosynthe51s and glves rlse to 3—PGA. Bassham and

Kirk (10) showed that a very large stlmulatlon of glycollc acid pro—

¥ .

duction occurred in an 0 atmosphere. This was accompanred by a dramatlc

loss of radioactivity'in RuDPZ The details of glycolate metabolism in Ty

plant leaves were worked out by Tolbert‘s group (276 '346) and desrgnated
* the glycolate pathway. Thls is a sequence of reactlons whereby glycolate
ls-converted via glyoxylate, glyc1ne and serine 1nto glycerate and
.ultlmately into- sucrose (Frg l) In hlgher plants the key enzyme in .

' the pathway is glycolate oxldase. Thls’enzyme~catalyses the oxldatlon

of glycolic acrd to glyoxyllc ac1d.' Oxygenlacts'as a hydrogen acceptor
and hydrogen peroxlde is formed. “This H202 can then react non—enzymatically
w1th glyoxyllc acid to produce formic acid and COZ’ however; in'higher‘

- plants this reaction is normally prevented by catalase. ‘Glycolate oxidase

1s inhibited by a—hydroxysulfonates (382). Treatment of Chlorella and

Chlamydomonas w1th a~-hydroxysulfonates d1d not result in the accumulatlon
’of glycolate—l4c as in treated leaves of higher plants (348) ',On thls
basis it was proposed that glycolate oxldase was not present in these
'algae. Further failures to detect glycolate oxidase in flve stralns of
unicellular green algae (138} and the dilemma of an lncomplete glycolate
.pathway 1n algae was resolved by the finding that algae contain glycolate
dehydrogenase whlch does not llnk to oxygen and which is repressed when

the cells are grown on 1% CO2 (230). A glycolate pathway similar to
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terrestrlal plants but u51ng glycolate dehydrogenase was shown to be
) .present in unlcellular green algae. (30) The mechanlsm of glycolate
syntheels has ‘been a major problem of photosynthetlc-oarbon metabollsm..
‘ Glycolate could be produced in: 35552 from fructose-6-P via the S
enzyme—bound thlamlne pyrophosphate glycoaldehyde 1ntermed1ate in the
. reaction mediated by the chloroplast enzyme transketolase (22, 307)
Thls was assumed to be the major pathway of'glycolate formation.
Bassham and Kirk (10) suggested thathglycolate may be derlved from phos~
rheglycolate formed hy oxidation of- RuDP The flndlng that molecular
:02 competltlvely 1nh1b1ts RubDP carboxylase, the carboxylatlon enzyme
of the Calvin cycle, led to the proposal that 02 substltutes for CO2 in .
the carboxylase reactlon, 50 that RuDP is oxldlsed to 3-phosphoglyceric
acid and phosphoglycolate (242). Preparatlons of RuDP carboxylase from |
,;higher plant leaves were subsequently shown to catalyse the formatlon )
of phosphoglycolate andg 3—PGA from Rub n the presence of O2 in gitggt
(3). The enhanced productionp of glycolate durlng photosynthe51s at :
hlgh 02, high llght intensity and low CO2 was related to the 0‘—
_ inhibition of photosynthe51s Ellyard and Glbbs (83) _proposed that
thls depressmng effect of O on net photosYnthe51s, flrst descrlbed by
Warburg (365), was. the result of an 1ncreased proportlon of the total
carbon fixed belng channelled into the g}ycolate pathway w1th subsequent
. loss of CO through photoresplratlon. |

The isolation of microbodies or peroxisomes from the leaves-
of higher plants.and the .characterization of thelr enzyme content by
'-Tolbert et al (349) has led to the knowledge that the glycolate pathway

is partitioned into 3’ cell organelles in 1eaves of hlgher plants (347)

Glycolate is formed in the chloroplast converted to glyc1ne in the

T3
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'peroxlsome and two glyc1nes are condensed té form one serlne plus CO2
in the mltochondrlon.‘ The serine. formed can be converted to glycerate -
. in the peroxlsome and fed bach to the chloroplast re- enterlng the
Calvln cycle. A recent rev1ew (205) represents the carbon metabolism :
of C3 plants‘as two 1nterlock1ng cycles, the photosynthetlc carbon
rednction cycleh(Calvin cycle)-and-the photorespiratory carbon oxidation
cycle (Glycolate pathwa;). From this v1ewp01nt the glycolate pathway
’ is an 1ntegra1 part of photosynthetlc carbon matabollsm in C plants,

the flux of carbon through both pathways being determlned by the pre-
vailing CO2 and O concentratlons.

The perox1somes of hlgher plants have a destlnct phy51ologlcal

role in the glycolate pathway durlng photosynthe51s in air.. They contaln-

catalase which presumably acts to prevent H2 5 build—up‘resultind from.

’

the-aerob;c oxldatlon‘of glycolate. The algal glycolate dehydrogenase
differs-in that 02 is not the 1mmed1ate acceptor for glycolate electrons
so' that the algal enzyme does not have to be associated with catalase

rn'an organelle_of the peroxisome type. Microbodies have been detected

.'in electron micrographs of Chlorellai(BQJnChlamydomonas (104) Euglena

'(116) and Chlorogonium (100). ‘Catalase has been'detected thochemically'

by DAB stalnlng in situ in Chlorogonium (100) and Chlamxdomonas (104)

Exper:.ments to determine the :Lntracellular locallzatlon@ enzymes con—

.cerned with glycolate metabolism have been carried out with Chlorogonium

'(321); Euglena (53) and Chlamydomonas (259). Broken:cell suspensions

Gere.separated on'sucrose gradients; Catalase or hydroxypyruvate
reductase were used as peroxlsomal markers and major peaks of act1v1ty
,of-these enzymes were associated‘with a microbody fraction banding from
'lgzd'to 1.25 g/cm?.. cnlike higher plants most of the glyco;ate.

K]
»

o
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dehydrogenase activity was found to coincide with malate dehydrogenase

PR " 4 L] : V 2
activity in a mitochondrial fraction banding from 1.19 to 1122 g/cm .
Even though the fragility of microbodies often results in loss

&, ' . : : :
‘'of their matrix enzymes during isdlation, the association of glycoclate

dehydrogenase with the mitochondrial fraction islstriking. Tt remains

to be seen whether peroxisomes of the terrestrial plant type occur in

.gréén élgae'suéh as Nitella and Spirogyra thch have relativeiy higﬁ
'level;.of catalase activify ana éontain glycﬁlate oxidase rather than
‘ giycolate dehydrogenase 197). B :
5.2 Glﬁpélate egcretlonl-‘ ‘ | |

In 195?, Tolbert and Zill (350) showed that 3.to 12% of F&?
.total 14CO2 fixed dﬁ;ing short term photosynthesis experiments éz to 30
min.) with Chlorella was excreted into the medium as glycolate.
?ritchard gE_Ei_(2f2) showed that glycolate exc;etion by Chloreila was
maximal betwéén 0.03 and O.é% CO. and that isonicotinyl hydrazide (INH)

2

stimulated glycolate éxcretion over this range of CO. concentration.

2

Nalewajko et al (228) examined glycolate excretion in a planktonic

strain of Chlorella pyrenoidosa QrOWn in stationary culture under air.

They found that the radicactivity of extracellular products, which was
primarily glycolic acid, rarely exceeded about 1% of the total léc—
uptake by the cells. This low percentage activity of excreted glycolate

was in marked contrast to earlier repérts with Chlorella pyrenoidosa

grown on 4% CO2 (1551. Nalewajko et al (228) also found that glycolate
excretion 'was enhanced at high pH. ‘

- Watt and Fogg (370) showed that maximum glycolate release by

Chlorella pyrehoidOSa occurred when, cells grown on 3% C02 were transferred

to the low CO2 conditions of air, Alr-grown cells did not excrete
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glycolate’ under these conditions. Glycolate excretion was also not

observed in a strain of Chlorella pyrenoidosa 211/8p {114). _?he

failure to excréte glycolate was ‘not the result of'an-inébility to
synthesize this compound because addition of a-HPMS caused glycolate

excretion by this alga (204). The expefiments of Nelson and Tolbert

{230) showihE-that high pOz—grown} but not air-grown, Chlamydomeonas
reinhardtii cells excreted glycolate, suggested that the ability to ﬁr
excrete glycolate was related to low levels of glycolate oxidizing-

enzymes in high COz—grOWn cells. .The high levels of glycolate oxidizing

enzymes in high CO2 or air-grown,ceils of Chlorella pyrenoidosa 211/8p

was suggested as a major reason why glycolate was not excreted by these

cells.,

Colman et al (56) re-—examined the kinetics of glydoléte

. :
excretion and the content of glycolate dehydrogenase in high CO2 and

air-grown cells of Chlorella pyrenoidosa. Coz—grown cells of Chlorella

lost the ability to excrete glycolate after 7 hrs of grthh on air.
a-HPMS and INH sti?ulated glycoiate'excr?tion in both types of cells.
Their results suppgrted the finding of‘Nelson and Tolbert (230) and
Lord and Merreﬁt (204) that air—?rown cells produce gl&colate without-
excreting it. ﬂdaﬁtatidn of COz—growp Chlorella to growth on airldid
not affect the levels of glycolate debydrogenase‘in the‘cells or affect
the levéls of gl&colate dehydrogenase in the cells oxr affect the 'rate of
dark oxidation of exogeneocus l4C-g1ycolate. Thus while the level éf
glycolate dehydrégenage may limit further metabolism of glycolate in
‘the cell it is not tﬂe cause of massive glycolate excretion. .These
results also indicate that the lack of glycolate excretion by air-grown

or air-adapted cells cannég,be explained by changés in the level of
. ‘ Jiot
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glycolate dehyd;ogen;sé.

. excretion observed when high CO

.5-fold as the cells "adapted" to the low CO

- BE§5 -

., The fact that the rate of glycolate formation exéeeds the rate

of its utilization resulting in the transient phase of glycoléte

,=grown cells are transferred to air; can

be related éo transiént.changes in the ability of'the cells to photo-

synthesize under these conditions. Briggs and Whittingham (25)’showed

‘that after Chlorella grown with high levels of C02{5%) was transferred

v

to low CO2 conditions, the rate of phqtosyﬁthésis was initially very

low. Then over a 2 hr period the rate of photosynthesis rose about

s concentration. At about

‘the same time Osterlind (251) and Steeman-Nielsen (233) suggested that

the inhibition of photosynthesis of high CO, adapted cells following

2

transfer to low CO, conditions was related to . an inability to utilize

bicarbonate ions. Thus the increase in photosynthesis rate during the
O

"adaptatidh“ to low CO, was related to a slow increase in the ability to

2

utilise bicarbonate.

The fact that lack of available co,

o

was regulating the rate of

photosynthesis and glycolate' excretion during adaptation to low CO2

was high-lighted by the work of Nelson et al (229) with Chlamydomonas

and Graham and Reed (115) with Chlorella showing that carbonic anhydrase

formation was suppressed in these algae during‘groﬁth on high C02. A

large increase in the level of carbonic anhydrase activity occurred ~

. At high external pH, many-

within 2 hrs following transfer to low CO2

submerged plants and algae use external HCOj- besides 002 for photo-

-

synthesis (6, 90). C®¥bonic anhydrase catalyses the inter-conversion

of HCO " and cO, and presumably increases the supply of CO

3 5 , Wwhich is

2
the species fixed by RﬁDP carboxylase'(SQ). Findenegg (90) showed



that,highlcoz-adapted Scenedesmus obliguus could not use HC03-.fob_ : .

photbs?nthesis at alkaline pH. After .2 hrs aeration with norﬁdl'air,

photosYnthesis proceeded rapidly,evén at pH Li; These changes in .

photosynthesis were correlated with an increase in the carbonic anhydrase,
ﬁ . S

‘activity of the cells. Reed and Graham )283) also showed a relatlonshlp

between the level of carbonic anhydrase qpt1v1ty and photosynth651s in

Chlorella durlng adaptatmon to low CO concentratlons. ¥

It would thus appear that glycolate excretion is primarily '
regulatédlby the supply of available CO2 to‘RuDP carboxylase;oxygenase.

Under cohditions where the supply'bf CO. inside the cell is very 1ow '

2.
fﬁ“‘%durlng growth on high C02, the CO2 readlly dlffuses into the cell), the

. oxygenase .reaction will predominate 1ncrea51ng the supply of glycoldte to

‘the glycolate pathway and giycolate ﬁroduced'in excess of the cells'

abillity to metabolize it will therefore be excreted.

5.3 Photosynthetlc co -flxatlon and glycolate metabolism in blue-
green algae and dlatoms ‘

While most of our cufrent‘knowledge of photosynthetic carbon

metabolism and the glycolate pathwéy has bee derived from éxteﬁsive
studies of the leaves of higher plants and unicellular gréen algae,

investigations of these processes in other photosynthetic organisms such

as the blue-green algae and the diatoms has beén~lg§s extensive..
Lol - e — '

5.3.1 Photosynthetic C02—fixation in blue—gree;\;iqif

These organisms are prokaryotic in nature and do not possess

separété chloroplasts, miprobodies.or mitochondria as in eukaryotic

plants. Early studies of the patterm of 14C incorporatioﬂ into photo-

synthetic intermediates in Anacystis nidulans showed a high proportion

of the radiocactivity in 3-PGA and hexose monophosphates after 5 secs of

: N

A\,
"



>

.= 57 =
R
photos§nthesis'and it was'concluded that the Calvin cycle—operated

exclusibel} {170, 176}. However, Richter (285) was unable to detect

" fructose l,6-diphosphate aldolase activity in.Anacystis nidulans.

= '

He also found aspdrtic acid, glutamic acia, 3—PGA and PEP were more

highly labelled with';‘qCO2 than. hexose yonophosphates during short

term.;4C02—incorporation éxperiménts tS.— 30 éecs). These results
;aised the éugggstion that blue—g;eeﬁ algge may also fix.CO2 via the di-
garboxylic'écid (C4) pathwai éescribedlby Hatch and SiEEk (12§]. Sub-.
‘_sequeht attémpts to clarify this situation have beeg somewhgf'equivocal.
14 '

Co, -fixation

 Evidence that 3-PGA was the first detectable product of 2

and that the subsequent distribution of ﬁaaidactivity could-beraccouqted
for by ;he Calvin cycle was obtained b§ Pelroy apd paSsham (262) and
Ihlenfedlt aﬁd GibSpn (153). “Fixation.primarily into.éépartéte wés'
foﬁna 6ccasionally'hﬁt not reproducibiy, dépending'on expe;émehtai con~

ditions'in Anacystis nidulans (157).

" Dohler (72, 73) locked at the activities of carbonic énhydrase,

14

photosynthetic enzymes and early products of C02~fixation in Anacystis

nidulans grown on,air.or 3% C02. CO2 concentration dﬁring growth had

little effect on the acﬁivity of RuDP. carboxylase and PEP carboxylase, .
however, the level of carbonic anhydrase activity was 3-fold lower in
Coz—grown cells (72). Over 50% of the incorporated radioactivity was

found in aspartaﬁe during the first minute of 14CO -uptake (73).. 3-PGA

ol — 2
and PEP were also labelled preferentially during this - period, COB—

* fixation wvia the C4 pathway requires PEP carboxylase levels higher théy_

* that of RuDP carboxylase (127). The activity of PEP carboxylase re-

B

ported by Dohler (73) was 4-fold lower than that of RuDP dérboxylase.

However, the activity of PEP carboxylase in lysed spheroplast preparations
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of’ 3" species of blue-green algae (including Anacystis nidulans) was

found to be 1.5 to. 5-fold higher than that of RuDP carboxylase (55).

A ‘subsequent study (54) showed that photosynthetic C02 fixation of

4 species of blue—gpeen‘élgae was inhibit%d‘BZ%.to 97%'by-maloni¢ acid,
an‘inhibitor.of PEP'earbdxylaééAWhich also inhibits‘coz-fixatién in
sugarcane, a.C4 plant (7). While these more recent reports are‘ingon- -
sistent With_éarlier reports that 3-PGA was ﬁﬁe firs£ detectable product
of C02—fikation in blue-green algae (153, 157} 170, 262) %t has bgen
pointed out (54) that-these-e&rlier~reports were obtained with cells
grown on high 002. These conditions repress carbonic anhydfase (72,7
155) and HCOB— transport capacity‘(s) of b1qe¥greep aigae.J£Mnder these
conditions Coz;grown plueﬁgreen élgaelwodld only utilize Co

, diffusing

into the cells which would be preferentially used by RuDP carboxylase. .

Thus while blue-green algae cleérly have the ability to fix CO2

via the
Calvin cycle, B-carboxylation reactions may also account for a large-

fixed in the light under low CO. conditions.

2

proportion of the tgi)tal;CO2

o

5.3.2 Glycolate‘mEtabolism-in blue—greeh algae

Norris.gE_gi_(ZBB) demonstratéd that phosphoglycolic acid was
é product of.photosyntﬁesis in'blué-green_algae. Hellebust (133) showed
that a species of éoccochloﬁis'ekbreéed 2;7% of the carbon fixed in
photosynthesi; and only 3% of fhi; was glycolic acid. Two épecies of -
blué-gg?gnlalgae were-SHEWn to éssimilate glyc§lic acid (218). An
enzyme catalysing the oxidation of glycolate to glyoxylate was detected
iq cell-fgpe ektracts of both these algae (117). The ﬁetabolism ofl
exogenous glycolate was inhibited by aéhfdrdxysulfonates indicating.that

part of the glycolate pathway operates in these algae in vivo. However,
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' glycolate metabolism was not inhibited by INH, sﬁggestidg that

the further metabolism of glycolate to serine via glycine was not.a
major pathway in these algae. Dohler and Braun: (74) reported a
tran51ent “pulse" of glycolate excretlon at 20°C lasting 10 min. ln

Anaqystls nidulans cultured on alr‘at732-c. No glycolate excretion

was observed at’ 35°C. Cheng “et a1‘(44) examined glycolate excretibnv)

-

'1n 2 species of blue-green algae grown on hlgh CO or air. The amount

of glycolate excreted was < 1% of the 14C flxed by the algae durlng

photosynthesms and > 25% of the total 4C excreted. Transfer from high

co, to air, a-hydroxysulfOnates and INH failed to stlmulate massive

excretion of glycolate;

. Han and Eley (124) showed that high CO,-grown Anacystis

nidulans exhibited a light dependent glycolate excretion which occurred

in the absence of HCO3 and was rapldly inhibited by addltlon of HCO3 .
Bir levels of 02 {(21%) aﬁd INH did,pot stimulate glycolate excretion

in cells without HCOB_. Ingle and Colman (156} also shewed that

glycolate excretion occurred as a "pulse" of about 20 min. duration when

high C02~groﬂn cells of Coccochloris peniocystis were incubated in low

bicarbonate at high light intensities. HPMS stimulated glycolate

excretion but INH had no effect on glycolate release.

Carbonic anhydrase agtivity of blue-green algae had previously

been shown to be repressed by growth of high_COz-(ISS). When COz—grOWn

Coccochloris cells were transferred to air, carbonic anhydrase activity
increased while a corresponding decrease in the cells ability to excrete
glycolate occurred. This effect was reversible. Diamox, an inhibitor

of carbonic anhydrase stimulated glycolate excretion in air grown cells.

. . =
Their results suggest that glycolate excretion is stimulated by a
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decreased 1nternal supply of 002 resultlng in 1ncreased oxldatlon of.

' RuDP by molecular O2 to glycolate v1a the oxygenase activity of RuDP

carboxylase. Sorensen and Halldal {316) examined gljbplate excretion

’

were excreted (0.2%) of total 14, fixed, confirming earlier reports
that glycolate excretion is low in blue-green algae.

Ceodd aﬁd Steward (51) re-ekamined oxida%ion of exogeneous .

glycolate in Anébaena'cylindrica. Assimilation of glycolate.was in-

hibited“by‘HPMwaut not by INH. Short term labelling expefiments with

-

4C—glycolate 3id not show. 51gn1flcant metabollsm of 14C via glycine and .
serine. Cell extracts catalysed the ‘enzymic condensation of glyoxylate .

to tartronic semialdehyde with'decarboxylative release of CO2 and also

the enzymic reduction of tartronic semialdehyde to glycerate. On the

basis of tﬁeir“re$ults, they proposed that in the light glycolate is

metabolized mainly‘via glyoiylate*tartronic semialdehyde > glycerate

3-PGA.

Grodzinski and Colman (390} fou;k most of the glycolate dehydro-

genase activity of a lysed spheroplast preparation of Oscillatoria sp.

loqal%zed'in a'particulate photosynthetic lamellae fraction after centri‘
fugation in a aiscontinudu§ sucrése density gradient. Coéd aﬁd Sgll%l
£389) éléé found about half of the glycolate dehydrogenase activity from
the crude extréqt attached to a pﬁotosynthetic chlorophyll—contﬁining
cell-free pellet in. 3 blue-green algae. Their data and that of Grodzinski '
and Colman (320) ;ndicaﬁeé that most of the glycolat% dehydroéenase in
blue-green algae ig associated with the thy1akoids. ‘Tﬁis_indicates

that blue-~-green algae.metabolizé glycolate diffeféntly to green algae

or higher plants.
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5.3.3 Photosvnthetic CO,-fixation-in-diatoms: .
: o . ) . o 1a .
Coombs and Volcani (58) reported that most of the “C-label

injﬁhe f;eshwatér diatpﬁ Naviculé pelliculosa-was in 3-PGA énd‘sugar
| phosphates &fter 10 secs ofu}?coz—incorpo;ation, suggesting_that the
Calvin cycle was operating in this alga. Walien and Geen (361) fouﬁd
éLat almost-hélf of the fadioactivif& incorporated in the ethanocl

soluble fraction of the marine diatom Cyclotella nana during a 30 min.

incubation with_Na214CO3 was in amino .acids, amides and TCA cycle

intermediates.’ Beardail‘gg_gi_(lz) found that cultures.of the mar;ne

diatom Phaeodactylum tricornutum incorporated 50% or more of the total

v 14, . s . ' . . ' X
fixed l~C into amino acids and amides after 30 secs of photosynthesis.

~ .
Holdsworth and Colbeck (145) using the same diatom found 35% of the total

l4CO2 fixed in amino acids after 10 secs. In this short time 90% of the

140 in amincacids was in aspartate. 30% of this l4C fixed into aspartate
was located in the B-carbon atom. Thus PEP, the substrate for' B-carboxy-

“lation must arise from 3-PGA formed via the Calvin cycle. Beardall et al

(13) also found significant labelling of C4 acids and Krebs cycle inter-

mediates in short term (10 sec.) 14C02—assimilation experiments with

another marine diatom Skeletonema costatum. The enzyme responsible for

-

B-carboxylation was studied in 3 marine diatoms and reported as PEP

carboxykinase (144). Since the pattern of 14C—fixatioh‘in_Phéeodactylum

tricornutum can largely be explained by the action of RuDP carboxylase,
the early appearance of 140 in aspartate suggests that the role of
' B-carboxylation in diatoms may be restricted to providing an ahaplerotic

sequence to the Krebs cycle (39, 345).
5.3.4 Glycolate metabolism in diatoms

Hellebust (133) found glycolate in the filtrates of 8 marine
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aiatoms.h.Gl?colate constituted from 1.5 to 38.5% of the carbon excreted
" by these cells. Watt (369) found that glycolate was the major -extra-

_cellular compound released by the freshwater diatom Stéphanbdiscus

hautschii. In young, rapidly growing cultures,‘glycolate formed 36% to
69% of the total extracellular compounds released. . Another freshwater

diatom Synedra acus did not release glycolate when grown under the same’

conditions,

Paul and Voicani (258, 260, 261) have examingd glycolate meta-
bolism in three marine diatoms. 'élycolate dehydrogehaée activity was
found in all three diatoms and appears to differ from the gn%ymes'found
in 6ther algae in that it is_CN- insensitive and prefers the L-isomer
of lactic acid. 1In two of the diatoms the enzymne appears ;0 be
localized-in thé.mitochondrion (261). Paul and Vblcanij(260) éetected
activity'of'glyquldté carboligase and tartfoggclsemialdehyde reductase

.

in Cylindrotheca fusiformis. This diatom can therefore convert glycolate

to glycerate via tartronic semiéldeﬁyde asléell as the more common route
_ via glycine. | '

lCoughlan (60) examined glvcolate metaboliém in Thalassiosira
Eseudonang. Uptake of glycolate was‘slow, presumably via pass;ve dif-
fusion, being about 1% of photosynthetic C02—fixation. Over 50% of the
label entered the protein fraction during a 2 hr incubation périod. INH
halved tota} fixation and the ampunt of label entering the protein
fraction. o-HPMS decreased uptake substantially and diverﬁed label
into the lipid and water soluble fraction. In short term 14C—g;ycol§;e \\\\\\ \
feeding experiments, label was ﬁetected in glycine after 30 séqé -

reaching a maximui after 2 min, From 2 to 4 min, lable accumulated

maximally in serine. _Th? type and level of glycolate dehydrogenase-



AL

v

act1v1ty was smmllar to that reported for the same spec1es of dlatom a

by Paul and Volcan1 (258) _
/ .

5.4 Photorespiration

5.4.1 Introduction

_ “Usually, respiration is mentioned-in the investigation of

photosynthesis only as a bothersome source of uncertainty.“ This -quote

I,

from Rabinovitch (274):underlinesﬁa problem that has-plagued measurements T -

of photosynthesis. 'The:problem‘was, and'still is to some extent,_that'

of measuring the rate ofbrespiration occurrino'during photosynthesis.

“The photosynthetlc assmmllatlon of C02‘is partl&'counterbalanced by,

the loss of CO2 by resplratlon. Net (ox "apparent} CO2 as51m11at10n ;s

.equal to the gross (or "true") photosynthesms minus the loss resultlng -

from respxratlon. "Photoresplratlon is deflned as the resplratlon

_(espe01ally the CO evolutlon) that dlffers blochemlcally from normal
dark resplratlon and rs specxflcally a55001ated w1th substrates produced
:durlng photosyntheszs (384) Usually photoresplratlon rsltaken to. meanl.
the total CO2 evolved in, the 11ght, whlch, of course, 1ncludes dark
respiration also occurring in the lrght.- Much .of ourfunderstandlng ofi

photorespiration has been obtained from a number of indirect_and-direét"
. N L ' ) B ' : i - ‘ ‘ ’ " : ™
methods of measuring this process.

5.4.2 Post—lllumlnatlon CO outburst
.Early workers had notlced that the rate of resplratlon 1n the

' dark 1mmed1ate1y follow1ng lllumlnatlon could be- accelerated. This .
. \ .

1mght-st1mulated resplratlon was shown to:be wavelength dependent, blue

]
'

light stimulating the subsequent rate of dark resplratlon of Chlorella"“

(86}, Whereas Wavelengths >;500 nm did‘not. van der Veen (353) used



~a thermal conductivity detector"to'measure changes in the CO

‘however a. post illumlnatlon peak of co

“in maize leaves was confirmed by Forrester et al (96) even when 100% O_.

84 -

2 content

of air paésinglover.plants;; In. the llght CO2 was removed from the alr,,

-

2 release was observed prlor to the

1

content of the air in the dark.: He postulated -

steady increase’ on CO2

that a "light_dependent co,, absorbing factor released this.coz“in the
dark". ‘ ST U
- Decker (67) using an infxared COzfanalyser (IRGA) observed

similar pbst—iliumination CO outbursts (PIBs) in leaves of higher plents.'

fThe magnltude of PIB increased with light 1nten51ty and temperature but

was not affected by CO concentration. The PIB was explalned as an over-.

: shoot_of photoresplratlon into the dark period as the small pool of

photorespiretory substrate synthesized in the light was,metabolized;

It was shown by Tregunna gt.gl.(SSL)'that,the rate-of‘derk respiration

[P TI . T

- was unaffected by 02 concentrations between- 2 and 47%. Also no outburst

occurred in soybean leaves kept in l%_Oz, gtt it occurred in 21% O
: o~ . . ‘
and was 3 times as large in iQO% 0

2

, (95). The lack of a co,, outburst

2

was present in the atmosphere. ‘These results suggested that photo-
respiration was low or absegnt in these plants. Some confusion has

arisen since’the relationship between the initial rate of CO, release

2
during the PIB and the magnitude of the PIB is not clear. The.gég

‘appears to give some estimate of the rate' of photorespiration but: the

complexity of the CO2 concentration transients make it difficult to use

the PIB for routine estimates of the ratefof photo:espiration'(BZi;
5.4.3 The CO2 compensation point

The light compensation point is the light intensity at which
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_C02 level is reached at which there is no net CO exchange, the co,

' steady state between CO
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'_.--

photosyntheSis and respiration rates compensate each other, resultino

.in'a zero net co exchange. At constant light intenSities above the

2

light compensation pOint CO2 is removed-from the enVironment until-a.hl,

2

compensation point. At both these ccmpensation points‘there.is a .-

EEsY

2;uptake and CO,, release, .this'is a dynamic

2..

‘equilibrium though net‘changes are not observed.g This CO. C.P. was

2
first seriously studied by Miller and Burr, (219) uSing whole plants.

They found that the_plants could only reduce the CO2

to about 100 ppm (ul/l). 'Similar results forldetached leaves‘were ob-

content of-the air -

tained by Gabrielsen uSing IRGA (98). The CO2 COmpensation point in

bright light was shoWn to increase with" temperature (132) and 0 cdhé

-

centration (95) and to differ greatly among various plant speCies. Moss -

(222) ‘was the first to report "that plants such as maize or sugarcane

had CO2 COmpensation pOints % 10 ppm whereas other species such as

tobacce, tomato and orchard grass had CO2 compensation points'of 60 ppm

- - -r

or greater. This was confirmed for. maize by Forrester et al (96) who

. . : b2 ' .
“also 'showed that this very lbw_C02.compensation point was 02—insensitive
- o

over the range 1% - 100% 02.‘ This has been shown to be a characteristic

of plants;using the C, pathway of carbon fixation. With the discovery
[N e . : i
of the C4 pathway of photosynthesis in sugarcane (126) higher plants

have been divided into'2 main groups according to theirlmode of-C- -
_ ° . o

fixation. C3 or Calvin cycle plants photorespire and have.0.,-sensitive

2

CO2 compensation points of 30 ppm or more whereaslc4 plants have very

* low rates of photbrespiration with 02—insensitive Cco .coﬁpensatiqn points

2
of less than 10 ppm (45).

Two main approaches have been used to measure CQ2 compénsation

[y
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" points of algae. The firet approach intolves a chamber for gassing
*algal suspen$1ons in ac1d buffers {pH 4—5) linked to an IRGA whlch
measures the CO2 content of gas bubbling through the algae. Thls
.method was flrst used by Whlttlngham (374) to measure a CO2 comoensetion
301nt in a;g of about ‘10 ppm with‘Chlorella. Brown and Tregunna (28)
‘ueed.the seme method_to 1ook‘at_the effect of 02 concentretion of the
CO2 compepsation poiot‘of three species of freshwater unicellular algae,

the macroscopic freshwater alga, Nitella and seven species oflmarihe

macroscopic algae. Chlorella, Scenedesmus and Gonium all exhibited CO2

compensation points of 3 ppm or less at airf;evels of 02.. Lowering the
O2 level to 1 - 2% aid not greatly reduce these Valuee, which, hoWever,

wepe‘at the limit.of'detection for the IRGA system used. Nitella, and

three oftthe marine macro-algae had ait CO, compensation poiots of 25

_to 75 ppm which dropped to less than 3 ppm at 1 - 2% 0 The other

5°
marine macro-algae had similar_.CO2 compensation points to the three

~

unicellular algae.
The other approach was to suspend algae .in thin layers on wet
- membrane fiiters in the leaf cuvet of the IRGA system. This was first

done by Egle and Schenk (81) using Chlorella and they obtalned a CO2

compensatlon 901nt of about 10 ppm. Schaub and Egle (299) repeated this

. work and obtained CO2 compensation points very close to zero for

5 _'r

Chlorella. Lloyd et al (201} extended this wet membrane approach to

seven unioellular freshwater algae and three marine unicellular algae.
CO2 compensation points in air for all algae were less than 10 ppm
x ' : ’
(L - 8 ppm) and insensitive to 02 concentration and temperature.
in the light.

5.4,4 Release of 14002

The two methods.of detecting and ‘estimating photorespiration
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described abovezare'basically indirect methods. and techﬁiqﬁes to measure
‘ Coz'felease‘in the light directly, were developed. During a.study of

PR et s ) C 14 . .
the isotope discrimination factor for ~ 'C uptake, Steeman Nielsen (234)

measured the release of previously assimilated 14CO2 in the light and .

dark. Chlorella pyrencidosa célls‘were éxpcsed.to.l4C02 for 2 hrs,

.then centrifuged in the dark and washed twice with bicarbonate buffer.
After 1 1/2 hrs dark incubation, the cells were centrifuged, resuspended

in growth medium and distributed in a light and dark bottle., At various

intervals the cells were sampled and filtered, the activity of the Mo

2
in the filtrate was determined after being precipitated as Bal4co3. From

1.8 to 3.3% of the 14C taken up by the cells was released in the lighf.-

v

Thﬁ rate of 14CO2 release in the light was 33-40% the rate of dark

release. While this experiment is complicated by the fact that organic

14C released by the cells may have co-precipitated with the Bal4C03, it
is one 0f the first direct measurements of 14CO2 release in the light by
algae.

o~

\“ " Using IﬁGA El-Sharkawy and Hesketh (1965)(cited in_384)'fir§t described
CO2 efflux intq Cbz—free éirlin.the light in higher plants.' The; foun§ |
photor65piratios in cotton leaves was greater than dark respiration
‘whéle'coz efflux from maize leaves in the light could not be detected.

This technique was used to separate spedieé into high or low photo-
respiration groups (384). This method_was raﬁher insensitive since the
sensitivity of IRGA was not much better thap 5 - 10 Bpm. Howeyer,
Goldworthf {110) labelled tobacco leaf segments withf1400 and then

2 .
14

- measured the CO2 released into COZ-free air in the light and the dark;

Zelitch (383) independently developed a similar method to Goldsworthy's.

Using this 14C—assay with cells of Chlorella and Chlamydomonas, Zelitch
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and Day (387) showed that photorespiration;exceeded‘dark respiration.

éOWeVér;-i£ shoﬁld be éointed out ﬁyat ?elitgh flushed Coz—free gés

over a thin dense suspénéioﬁ of aigae cells in ro;ating‘warburg flasks,
and.it is not clear how efficient the gas eﬁchange'bétween the' agueous
aﬁd gaéeoug.phases ﬁés. Cheng and'qumanl(43) modified Zeliéch‘s L

14C—asSay by bubbling algal suspensions in a pear—shaped.flaék. In all

cases except one, the rade of 14C02—release in the light was less than

the dark rate. Two blue-green aldae were shown to have gxtremely low

rates of photorespiration, i.e. less than 1/10 dark rate.

Considerable doubt has been placéd on the value of measuring

only the radioactivity of léCOz released in the 1light (45). It has been

2

shovn that the specific radicactivity of l4CO released by.leaves sub-

- sequent to labelling with 14CO2 decreases fairiy rapidly with time (208).

release in

the light, the relationship between the radiocactivity of the 14CO

While the technique is very sensitive and cleariy shows CO2

2
released and its mass is unclear.

5.4.5 Changes in the specific radicactivity of ;4002

during photosynthesis .

Weiél et al (372) studied changes in the specific radiocactivity

" of 14CO2 in a closed recirculating system containing barley leaves.

Changes in CO2 concentration were measured by IRGA and radioactivity

in the gas phase decreased rapidly, the specific radicactivity of 14CO

‘ 2
in gﬂe gas phase initially rose about 10%, which they ascribed to
isotope discrimination, then "the continuous respiratory evolution of
inactive 002 surpassed the photosynthetic isotope concentration and

quickly reduced the specific acﬁivity to a very low value", (372).
, Y o
In subsequent light periods, very little 14CO was released, which may

-

2
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'be related to low co, concentration effects on the stomata of the

leaves., They attempted to evaluate the rate'of "light respixration"

based on jgf'ratelof change of the specific radioactivity and came up.
w1th a value of about 50% of the dark resplratlon rate. Krotkov et al
(189) placed detached leaves of plants in water in a sealed glass

chamber with known amounts of .4CO2 and 2 After 1 hr in the light

or dark, the residual 14C02'and 12CO was removed and quantified. The

'dlfference between the calculated uptake of CO2 and the actual amount

of 002 taken up by the plants gave a value for . CO output in the light.

This CO2 output in the light was found to be less than, egual to, or

greater than the CO2 output in the dark for pea, kalanchoe and wheat
leaves respectively. Krotkov (188) used the closed system of Lister

gg_gl‘(zoo) to measure changes in specific radioactivity of 14CO2 around

_ tobadco leaves. Though the specific radiocactivity of 14C02_dropped

rapidly in the-light, no attempt was made to estimate photorespiration
using this data. Hew et al (139) measured changes in the specific
radioactivity of 14CO2 around leaves of sunflower or maize in a. closed

system. The CO2 concentration was rapidly reduced to the compensation

point within 5 min. in the light. 1In sunflower, the specific radio-
L 14 . e 12, .
activity of CO2 dropped rapidly, indicating that CO2 was being

released by the leaf: In maize, the specific radioactivity of 14CO2

remained constant during C02 depletion, indicating that no photorespiration

12

of "“co, could be detected. The rate of co, evolution in the light was

calculated from the difference in the rates £ 14CO2 and CO uptake.
Due to the rapid evolution of 4CO following incorporation intco photo-

synthetic intermediates, i.e. within 1 min. this method can only be

. \ . 14 .
applied if accurate measurement‘s can be obtained before L CQz is
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evolved from the leaf, oﬁhé;wiSe the rate of COz_evolution is

To. overcome probleménaséociated with closed IRGA systems,
mainly related to leaks and the inability to maintain steédy state

conditions in.a gldéed system due to changing CO, concentration, Ludwig

2

‘and Canvin (209) developed an open gas~exch§nge system for the .simul-

14

" taneous measurement of C02-and_ CO2 fluxes around leaves. This method

enables steady state rates of true and apparent photosynthesis and CO2

" evolution in the light to be dgtérmined. Lloyd et al (201) used this

. A .
open gas exhcange system to measure the rate of photorespiration in ten

spehies of unicellular algae suspended on wet membrane filters. Most
of the algae had rates of true photosyntheéis approximately equai to .
apparent photosynthesis and therefore wvery little or no photorespiration

was observed in either.1% or 21% 02;

5.4.6 The source of photorespiratory CO2

In higher plants possessiné the glycolate pathway, glycine

'~ decarboxylation in the mitochondrion is considered the major source of

photorespiratory CO2 in terrestrial C3 plants (178, 385). In posé green
algae where a functional glycolate pathway including.the glycine +wSerine
step has been demonstrated (30}, this is aisé probébly‘true.(Fig.l);

The fact that INH which inhibits'this reaction alsc causes glycolate
excretion in green algae, clearly suggests-that this step is important

L4
in the metabolism of glycolate by these algae.

' As discussed earlier, blue-green algae can form glycolate
during photosynthesis but excretion is minimal, The assimilation and

oxidation of exogenous 14C—glycolate is inhibited‘by HPMS but not by INH

and label from lACfglycoléte does not aqcumuléte significantly'in

1
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gl?cine or. serine. _Cell'extracts of ‘Anabaena cylindricacafalysed the
. * N D .

’

decarbcxylation of glycxylate under anaerobic conditions. The reaction

"product appeared to ve tartronlc semaaldehyde, suggestlng the presence

of glyoxylate carbollgase {51). S -

A second mechanlsm whlch may ccntrlbute to’ 002 release from
glycolate is the direct decarbcxylatlon of glyoxylate to formate in
leaf peroxlscmes by a non-enzymic reactlon with 3202. This cgn occur
because peiokisonal catalase'is unable fo break down all the Hzoz. .
produced durlng glycclate cxldatlon; ‘The rates of this decarboxylatibn
at 25 C could not account fcr more than 25% of the maximum rate of c02

14

release during photoresplratlon in t leaves (118). At 35% c-

glycolate.ﬁas oxidized to 14C02'by peroxisomes isolated from leaves of

spinach beet abcut 3 times more rapidly‘than at 25°C. This increase was

mainly due to the increased H202 available to oxidize glyoxylate non-

' enzymatlcally (119)

A third reactlon which may convert glycolate to CO2 is the non-

enzymlc decarboxylatlon of glyoxylate by H 0 or 02 in lllumlnated

4

thoroplasts (84, 386). In contrast to green algae such as Chlamydomonas

- which have high catalase’ activity, blue-green algae.have low or no

catalase activity (46) . Although the blue-green alga Bnacystis has
catalase actiuity, Patterson and Myers (257) observed bursts, of H202

producticn in this alga during illumination. These experiments strcnq}y

suggest that CO2 release in the light may alsoc occur via ‘the non-enzymlc

decarboxylatlon of glyoxylate by H202 in blue—green algae.

The wark of Paul and Volcan1 (260} - show1ng glyoxylate carboligase

activity in'Cylindrotheca and the work of Coughlan (60) with

LY

Thalassiosira, showing.evidence for the conventional glycine + perine
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step during glycolate metabolism, suggests that photorespiratory CO#

" may arise- from at least t@o sources in diatoms. _
) o : ‘ ,
5.5 The effect of light guality on respiration, photosynthetic
. carbon metabolism and extracellular release in algae

5.5.1 Endogenous oxidative'respiration

As previously mentioned, Emerson and Lewis (86) noticed large

increases in the rate of 02 consumption in the dark period following

exposure of Chlorella pyrenoidosa to low intensity (330 uW cm_z) light

in d&e 460 to 480 range.' Since the effeot was limited to a weve-

length range where most, of the light ‘was absorbed by carotenolds, they

suggested that a photochemlcal adEEIératlon of resplratlon by the yellow

pigments was involved. Reid (286) reported that Chlorella EX en01dosa

kept in the dark for several hours and then exposed to flashesof blue -
light {A < 540 nm) gave lncreased rates of Oz-uptake. 'Tﬁis increase -
was not inhibited by 5 x 10 M DCMU (3—(3 4r d;ciiorophenyl) -1, l dlmethyl
urea). Kowalllk and Gaffron {184) found blue llght stlmulatlon of 0 -‘e

uptake in a yellow, chlorophyll- free, mutant of Chlorella vulgaris

(211-11 h/20) after it bad been stanved for several: hours on glucose-freef

. s ' medium in the dark. ; N\ o E . -

Chlorella was reported independently By Xowallik (185} using'the élucose-

<4

starved yellow Chlorella vﬁlgarls mutant and by Plckett and French (264)

/. T using Chlorella pyrenoxdosa exposed to 5. second flashes of 1lght in
Pl

the dark. The rate of 0 —uptake causea by the flash of llght was not .

. inhibited by 10 =3 M DCMU which inhibited 0 —evolutlon (94%) under the

same conditiohs. These actlon spectra showed a promlnent peak at about
L]

480 nm, a characteristic dip at 400 nm’ and another peak in the near

The action spectrum for blue light-stimulated 02—uptake'in S
. . &£ .
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uv (350 nm) . - No efféct on respiration.was noticed at A > 550 nm..
Thxs blue llght effect on resplratmon saturated at very low light in-
tensities_LSO uW cm -2 (450 nm)) in the chlorophyll-free Chlorella.
mutant (lBS).f Further studtes (186,-263j showed that the enhanced :

resplratory activity has a respiratory quotient (RQ) of 1, and the same
temperature dependence as dark‘tosplratlon. Plckett (263) showed that
the cyanide sensitivity-of thovplue light sffect was 1dent1cal to that
part of dark respiration which is inhibited by cyanide.a Laudenbach
and Pirson (192) investigatod the effeot of red and blue light on the
carbohydrate content of DCMU- poisoned Chloreila and suggested that
blue light may have a direct effect on the permeability of the chloro-

\ ~

.plast membrane.
- The blue light effect on oxyéen—uptake was attributed on tﬁe'
other hand to an ?MN—dependent amino acid oxidase by Schmid and Schwarze
(301) They showed that blue light caused enhanced oxygen—uptake.on a
crude extract of thlS enzyme from a colourless Chlorella mutant. Sargent

and Taylor (295) compared DCMU-poisoned normal Chlorella pyrenoidosa

with a colourless mutant possessing this FMN-dependent aminosacid oxidase
aotivity, and found that the classical blue light effect on oxygen-uptake
vanide in the normal ChloreLla but not in the

\

mutant. They dubbed the cyanide sensitive effect "type I" and the

was inhibited by 10t

cyanide’ insensitave sffect "type‘Ii".

Steup éﬁgg& (328) showed that blue light stimulated Oz-uptake
in ﬁCMﬁ;poisoned Chtorella cells, was unaffected by both rifampicin or (
iincomycin but was abolished by cycloheximido. Kowallik and Ruyters

“"(187) have also shown that cycloheximide blocks'OzfnptakeHin a yellow

“mutant of Chlorella (211-11h/20).

¥
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of dark,prgtreatment,

*

5.5.2 .Primary ﬁroducts of Coz-fixation

Following her early report that blue light increased the

soluble protein content of higher plant . leaves, Voskresenskaya (1953)
(356), reported that the

C-activity of leaf protein was enhanced in
blue light,:

In 1956, using bean and tobacgo leaf discs, she found that
blue light incigased 4

C-incorporation into the amino acids aspartate
and alanine and the ofganic aclds malate and citrate (356)

.-.Cayle and
Emerson (42) exposed Chlorellarpyrenoidosa cells toAhlgh light in-
tensitiés (3 x 104-uw cm
after 30 secé- §f

) of blue light and red llght and found that
14
CO2

~incorporaticn, the specific radloact1v1ty of the

amino acids alanine, glycine and serine, was 2- to 3- fold greater in
blue light.

Hauschild et -al (129) used Chlorella vulgaris grown on
high CO2

(5%) in white light.

@

They found that the addition of blue t&
' . " v

red light enhanced ~ C-incorporation intc aspartic acid compared to red

light alone, after 5 min. exposure to 14C0

5+ Increasing the”period that

the cells were kept in the dark (dark pretrﬁ?ﬁﬁent) prior to illumination

from 60 min. to 3 hrs, further stimulated this blue light effect.

-

30 min. exposure to 1

After

C02, addition of blue to red light or blue light
. 14.
alone, increased the

C incorporated into aspartic acid, gldtamic acid,
fumaric acid and malic ac;d.

They extended their investigations to
Chlorella pyrenoidosa and Scenedesmus acuminatus, also grown on 5% CO2

-

Microcystis aeruglnosa grown on air and Chromatlum grown in N

L (130).
In Chlorella pyren01dosa w1th no darK‘pretreatment,.addltlon of blue to
red light did not alter. the

C distribution in the products of photo— y
synthes;s after 30 min, of. llluminatlon. However, after-3.4 and 21 hrs.” -
‘ 'J

o

C-actmvmty rose in aspartic.ac1d, glutamlc ac1d,

[

serine, alanine, fumaric acid and malic’ acid, in red .and blue llght and
Blue light treatments. Similar results were, obtalned for Scenedesmus.

\4& -

-
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After 3.4 hr. and 24 hr. dark pretreatments, the- 4C—activity of aéf
partic acid, glutamlc acid, alanine and mallc acid rose in red and

blue light in Microcystis: aeruglnosa compared thh red llght alone. In.

Chromatium, the quality of . 1ight had no effect on the dlstrlbutlon of

g,

Hess and Tolbert (137) studied the effect of 1ight quality on

) Chlorella pyreno;dosa and’ ChlamydomOnas relnhardtll grown on 0.2% CO2

Cells were grown under either blue, red or white light. The products
of 4Cnincorporation following 3 and 10 min. exposures to the light used
during growth were examined. Both algae initially incorporated the

hmghest percentage of 14C into phosphate esters of the Calvin cycle. In

blue light adapted Chlamydomonas, more than 70% of the '4C was incor-

porated into phosphate esters after 1 min. exposure to blue light. The
percentage of 14C'_in phosphate.esterS'dropped to about 20% of the total

14 . . N
soluble " 'C incorporated after 10 min. Concurrently C-activity in’
glycolate rose to about 50% of the total 14C in the soluble fraction.
Less spectacular increases in 14C-acti.vity of malate, aspartate, glutamate
and alanine occu;red over the same . period. The high level of

4

1 C—lncorporatlon into glycolate was not observed in red 11ght adapted

ce}ls.

Ries (287) and Ries and Meckzner (289) studied the action spectrum

of ‘4c-fixation (20 min. incubation) in Chlorella pyrenoidqsg_usiag
light of equal quantum flax or equal eﬁergy. The curves of Coz—fixation
‘rate as a function of wapelength, showed an increasing suppressicn‘of
fthe blue maximua wich decreasing light intensity;.i.e. light intensity

< 180 uW i~ (287)}. Under these conditions, after 20 min, exposure -

' to light in the blue part of the spectrum > 40% of 14C-incorporated



‘about 25%, however, aspartate was still labelled preferentially under

respiration and photosynthesis, \
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. into the soluble fraction was in aspartic acid; 15-20% was in malate.

By contrast > .60% of,totel soluble 14C--activity wag in PGA, sugar-

+

'phosphates and sucrose in the red part of the spectrum Increasing

the light intensity 5-fold lncreased the rate of photosynthe31s in the "
blue paﬁt'of the spectrum (blue maximum not suppressed) and the amount.
of 14C in aspartate as a percentage of total soluble counts dropped to

blue light. They suggested that at low intensities of blue light,

respa.ratlon ‘ﬁf the cells was enhanced almost compensatlng photosynthes:.s.

This would have the effect of ra151ng the light compensatlon point 1n

~ blue light, Thus under low light conditions the differences in blue

and red light CO -fixation patterns were dependent on the. ratio between

At about the same time Ogesawara and Miyachi (239) were studying

wavelength dependent effects on Cozefixation.in Chlorella ellipsoidea.

' They grew this Chlorella on high €O, (1 - 3%) at low intensities (100 -

800 pW cmfz) of white light. The action spectrum of 14C02—fixetieu

(3 min. incubation)} atllow light intensity (80 pW cm_z) showed a large
red maximum and a_smaller peak of éoz—fixation in the.blue part of the -
spectrum.'Vlrtuelly no 14C—fixation occurred iu green light (ca. 540 nm).

The distribution of 14C'in soluble phetosynthesis products in cells

exposed to red (40 uW cm-z) and blue light (53 uW cmfz) adjusted to give

. . ' 4 s .
.equal rates of CG2—f1xatlon was compared to dark 1 COo.-fixation under

2 '
the same conditions. The 140 activity of aspartate and glutamate in-
creased in blue light compared to red light or darkness over the initial

10 min. period.- A greater-than'lo—fold increase in light intensity

further increased l.4~C-incorporation into aspartate and malate in blue

-
)
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light However, the rate of 1ncorporatlon in phosphate-esters and,u
the 1nsoluble fractron increased more than the incorporatlon into

N
aspartate. At ‘high light: 1ntensrties > 70% of the total soluble 1?0'

was in phosphate esters after 2 min. of photosynthesrs as compared wlth

10 - 20% in the ‘low light intensrty experiments. " This- clearly shows theE\

&

hreduced operatlon of. the¢Calv1n cydle at very low lrght 1ntensrt1es and :
rndlcates that the blue llght effect on 140 lnccrporatlon rnto aspartate

and malate is saturated at low 1lght lntensrtles.

When;the_actlon spectrum of 3 min. 14CO —flxatron at low light

2
-2, . L N . -5 '
(80 pW cm ) was repeated in the presence of 5 x 10 M CMU (3—(p—
chlorophenyl) -1;1- dlmethylurea) the normal act10n spectrum of photo—

synthesrs was suppressed at wavelengths > SOO nm. A small but repro-

dicible’ peak of 14CO -fixation was. observed in the blue part of the _-ﬂ

Vo
spectrum " This blue llght effect on CO -frxatlen 1n the presence of -

-’

CMU was saturated at about 30 uw cm 2. Blue llght effects on the dlS-

trlbutlon of C in the: presence af CMU were similar to those in the

absence of CMU though the magnltude of cpm fixed was much lower. Again."

blue light enhanced 14C—-J.ncorporatz.on into aspartate and glutamate
compared to 14C—incorporation in the dark ‘or under red light and_CMQu
They concluded that blue 1lght enhanced C incorporation into aspartate,
glutamate and malate, was mediated by a mechanlsm 1ndependent of ‘normal,
photcsynthesis. In a subsequent paper Ogasawara and Miyachi (240)_:
:found that 1ncreasrng the dark pretreatment period of the cells by up

to 24 hrs. increased the blue light effect on 14C incorporatlon into

"Saspartate compared with red light by 2.3-fold. This confirms the-

.

" results of Hauschild et-al {129, 130} on this point, Ogasawara and

_Miyachi (240) also found that the blue light'effect'on the distribution

o



f”14C in?photcsynthet{c products~was inhibited by pre-incubating the
3 cells w1th chloramphen1001 (3 2 mg/ml) or cycloheximrde (15 pg/ml)
;This indicated that synthesis of cytoplaemlc pretelns was involved ln

'the mechanlsm of: the blue light effect.

i’

Kamiya and Miyachi : (168) showed that the action spectra of

blue llght enhanced respiration and - CO2—fixati0n'were‘essentlally

the same in the célourless. mutant of Chlorella vulgaris (211-11h/125).

Both.effects were saturated at 30-uw cm ? light intensity. Comparlson
Aef'the d-lnccréoration into products durlng 14d0 —fixation in the
'Vldark or under blue llght in this" Chlorella mutant revealed enhanced
4C-:anorporatlon into aspartate, glutamate, alanlne, malate and
fumarate, compared with cells 1ncubated in the dark.

' 1 ' ' *

“Wallen and Geen (361) investigated the pattern of léc distri~

bution‘in the soluble fraction of Cyclotella nana and Dunaliella tertiolecta.

Theﬂcells had been grown on air in blue, green or nhite.light and.nere
incubated'uith e gor 30 mint in the 1ight of adaptation. In blue
hlight; there was an lncrease.in 14C—activity'of aspartic acid, glutamic
mm,wmmﬂmgmmmm,%nm,ﬂmmmmﬂmamdmdﬁmncmm
. relative to that observed in whlte light. This effect was'found in both
.algae examined. The blue light effect was not light intensity dependent,
2 .

similar‘results being obtained at 80 and 800 uW em “.

Brown and Geen (29) used Chlamydomonas reinhardtii grown on air

in red, blue, green and white light. The distribution of 140 in the

soluble fractlon of cells fcllowmng 30 min, exp05ure was examined. . The

\

highest percentage 14c activity in the amino acid fraction of the total o

soluble counts‘was found in cells growngunder blue or green 1i§ht. The

percentage.l4c activity in the amino acid fraction was lowest in red

f
LA
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light érown cells. Much of this difference in the percentage 14C
activity of the amino acid fraction could be attributed to differencgs
in percentage incorpofateduinto aspartate and gllftamate. Tﬁe combinedi
percentage 14C activity of these two, compounds being 24 to 28-fold higher

in blue and green light. The 14C_lével of glycolate in air-grown blue

light adapted Chlamydomonas in this study (29) was quite low (2%. total
soluble fraction) suggesting that the high level of glycolate labelled
in the experiments of Hess and '‘Tolbert (137} using the same alga adapted

to blue 1light, may reflect an effect of the CO. level (0.2%) during

2
growth., '
The results of this section and the preceding one suggest a
fairly direct relationship between blue light-enhanced respiration -

and CO2 fixation into amino acids and C4—dicarboxy1ic acids, especiall§
undex conditions where only respiration is occurring i.e. in the dark,
in chlorophyll-free or photosystem II-deficient algal mutants or in the
presence of photosynthesis inhibitors, such as CMU. The implication
that blue light affeqts PEP carboxylase activity stimulating the B- .
carboxylation of PEP receives some support in the work of Kamiya and
Miyachi (169). They showed that -low “intensity. blue light (80 uW cm—2)
stimulated PEP carboxylase activity in cells of the colourless Chlorella
'vulgaris mutant (211/11h/125) during glucose starvation in the dark. ' K
Cycloheximide {5 pg/ml) completely suppressed this blue light effect,
suggesting the cytoplasﬁic nature of the effect.

Regently Ries and Gauss (28B8) have attempted to answer the
question of whether the two blue light effects, i,e. the enhanced res-

piration and the increased synthesis of dicarboxylic acids, result from

a change induced in a step common .to both responses. They examined the
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.specifie radicactivity of 14002 released from DCMU-poiscned Chlorella
fusca. fed with 14C--glucose in red and blue 1ight.' In blue light there
was an immediate‘increase in the ratg of release oflboth 12002 and

14CO2 over and above the 12CO2 release in response to feeéing witﬁ
unlabelled glucose in the dark, This effect was not observed in red
light. In blue light, the incorporation of radicactivity into glutamate,
aspartate, alanine and malate was higher than in red light. O©On the other
hand, the amcunt of 14C—incorporattion from l4c—glucose into sucrose

and the insoluble cell components in red light was considerably higher
than under blue light. These results confirm the earlier work of
Laudenbach and Pirson (192) on carbohydrate turnover in blue light and
redllight-in the same strain of Chlorella poisoned with DCMU.

i Ries and Gauss‘£288) point out that\the cyanide-sensitive

"type I" blue light effect is the one most commonly encéﬁntered in -
Chlorella. They suggest that an increased turnover ra%e cf the Krebs
cycle is involved in this type "I" effect. It has been suggested (240,
288) that the decisive step enhanced by blue light is the carboxylation
of PEP. This is a classical anaplerotic reaction (39) for replenishing
~Krebs cycle intermediaﬁes. Thus gt normal levels of blue light, PGA from
thg-Calvin cycle is diverted to form PEP and ultimately aminc—acid carbon
_skeletons via the Krebs cycle. PGA is thusldiverted away from formation
of sugar phosphates, i.e. carbohydrates. Under non—phétosynthetic
conditions, i.e. + CMU, ﬁery low light intensities, darkness or non-—
photosynthesising mutants, PEP is supplied through glycolysis of carbo-
hydrate reserves oOr exogenous glucose and blue light will accelerate

the rate of respiration via increased Krebs cycle activity. The effect

of cycloheximide on both blue light enhanced Oz—uptake and COz—fixation
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-pattérns (169, 187, 240, 328) emphasizes the cytoplasmic origin of

the blue light effect. ’ The increased production of amino-acid carbon
skelétons in blue light clearly must have some relationship to the

higher levels of protein and RNA .in these algae.

-

5.5.3 Extracelluldr release (i.e. glycolate'excretioh)

5.5.3.1 Green algae

Becker et al (14) examined the effect of red light (662, 672 nm)

and blue.ligﬁt (452 nm) on glycolate excretion by Chlorella vulgaris. -
The cells were grown on 3%‘(202 in white light but flushed with air in
the dark for 30 min. prior to exposure to white, red or blue light. The

release of glycolate in white and red light was rapid and linear,

reaching a maximum 5 min. after the start of the light period. The level

' of glycolate in the exEEhQ?l medium then decreased over the néxt 2 hrs.

No glycolate was excreted in blue light. ILord et al (203) reinvestigated

the work of Becker et al (14) using Chlorella p;kenoidosa and Euglena

gracilis grown on 5% co, in white light. When Euglena cells were il-
luminated by blue light under conditions favouring glycolate forma?ion,
no excretion occurred. The addition of. aHPMS qid not force excretion,
indicating that glycolate biosynthesis was not dccurring. In red light;
Euglena formed Fnd excreted glycolate, and the-rate-bf excretion was not

significantly increased in the presence of oHPMS.

The strain of Chlorella pyrenoidosa used does not excrete N

‘glycolate in white light when grown on 5% COz.' This alga did not excrete

glycolate in red or blue light, but addition of dHPHS forced excretion
in red but not in blue light, .By contrast, Stabenau (319) found that 0

glycolate was excreted at approximately the same rate in red and blues
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light of equal guanta flux by the unicellular green alga Chlorogonium

elongatum. These cells had been 4rown on 2% Coz'in white light.
L] v .

>

5.5.3.2 Blue-green algae

¥

~ >

Dohler and Koch (75) attempted to measure an action spectrum of

glycolate excretion and photorespiration in Anacystis nidulans. Thése

cells were grown on. air at 32%. Glycolate éxcretion was oply observed
at lower temperaturés (20°C). LAt this tempe;aturé glycolate.excretion
was minimal in Blue or far red ligh£, but showed a broad peak of
activity between.550 and 670 nm. Glycolaté‘excretion was uniform and
unaffected by the spectral quality of light in tﬁe presence of oHPMS.,
At 350C, glycolaté excretion was only observed in the presence of aHPMS
and was relativeiy uniform across the spectrum. This suggests that

glycolate synthesis is unaffected by light quality} _Photorespiration

: ! : : . . . .
was assumed from the presence of CO2 outbursts following illumination.

co, production following illumination was lowest in blue and far red
ligh£ with a broad maximum occﬁfring between 550 and 670 nm. This actioh
spectrum of “phbtorespiration“.at 35%¢ is identical to the action
spect&um of photosynthesis. ’ |

’

Sorensen and Halldal (316) recently re-examined the action

spectrum of ‘glycolate excretion and photosynthesis in Anacystis nidulans.

Glycolate excretion was very low, iny about 0.2% af the total l-40 fixed
wés found in the medium as-glycolate. The cells had been grown at

EEOC on.4% ?Oé. The action épectrum of glycolate excretion paralleléd
that of ! Coz-ﬁixation with é minorrpéak around 400 nm, a dip between

440 and 520 nm and a broad peak centered around 600 nm, reflecting the

phycocyanin-sensitized photosynthesls of this alga. This confirms the
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action spectrum of lecolate exaretion observed by Dohlex and Kooh
(75) at 20°C. Clearly the magnltude of glycolate excretlon is related
to the magnitude of 1ts productlon durlng photosynthe51s and the cell s
ability to metabolize this compound. In reéd-orange light where the
rate of photosynthesms ln blue-green algae es maximal, the producoloo
.of glycolate appears to exceed the cells ca%gtity to utilize it and it is
excreted maximally. In the case of green algae (see preceding section)
there aée usually two photosynthetic maxima, one in the blue and one
in the red pa?t of the spectrum. " In some cases glyoolate synthesis
and/or excretion was not observed in white light adapted cells exposed
to blue light (14, 203). This lack of glycolate metabolism by these
cells may reflect;the lower maximum of photosynthesis in blue light or

even the absence of photosynthesie in blue 1light {287, 289).

v

5.6 The photosynthetic carbon metabolism of natural phytoplamktoﬁ
as a function of depth

While there are many studies of chlorophyll and 14C—fixation
as a function of depth, very few studies have examined the partitioning
14 '

of C within phytoplankton or extracellular release under natural

conditions.
; . : : 14 . .
Fogg (92} showed that appreciable fixation of CO2 into organic
. . . 14 -

compounds in the filtrate occurs during phytoplankton C-productivity
measurements. Hel%Fbust (133) and Fogg et al (94) presented evidence
that glycolate is a major extracellular product of natural phytoplankton
populations. Watt (368) examined extracellular release as a function

14 . .
of depth during =~ C-productivity experiments in freshwater reservoirs.

The rate of extracellular release generally parallelled that of
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sz—fixation with depth, When expressed as a percentage of total coz—
fixation increases near the surface were seen on sunny days, and there
was a general trend for extracellular felease to increase towards the

14

bottom of the photic zone, Chromatographic analyses of the C;labelled

extracellular procducts.of natural phytoplankton populations suggested
that aﬁinoacids and poiysaccharides were being released a;;well as
Vglycolate (368). :

Olive and Morrison {245) examined the partitioning of 14C into
various extfacts of phytoplankton taken from different depths-in an Ohio
lake of é}acial origin. Following-l4c-uptake the ﬁilte;ed phytoplankton
were extracted with boiling 80% et}nanolT More than 80% of the total
14C uptake was usually in the ethanol and insoluble fractions. As the
season ;LOgrESSEd from March to June (ﬁhermal stra£ification prevailed
from May) up to 50% of the lqc-fixed by the cells in the upper photic
. zone (O.SHB was found in the ethanol soluble fraction. Up to 60% of
the 14C—fixed was_fqund in the insoluble fraction in the middle photic
zone (3m) and up to 80% of the 14C—fixed was found in the insoluble
fraction in the lower part éf the photic zone (6m). Olive et al (246)
also showed an increase with depth of l4c—1abe11ing in the inscluble
ﬁraction of-phytoplankton at a station in western Lake Erie.
| | Wallén a;d Geen (362) examined the distribution of newly in-
corporated 14C in marine phytoplankton from various depths near the coast
of British Columbia. In general the 14. i1 the ethanol soluble fraction
decreased with depth. From 59.8 to 78.1% of the 14C fixed by phytoplénkton
at the 1% surface illumination level {10 ox 12 m) was recovered in the

. . 14 )
insoluble fraction., Excreted organic carbon as a pércentage of c-fixed

generally decreased with depth, reflecting the decrease in the ethanol-
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soluble fraction. Excretion ranged from 7.3 fo‘12.3% of the total
14C—fixed at the 1% surface illumination level whereas 13.5 to 34.2% of

the total 14C fixed was released in the upper.and middle parkts of the

=¥

photic zone.
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STATEMENT OF THE PﬁOBLEM AND RESEARCH OBJECTIVES

1l
.

-

The classical experiments of Emerson and Lewis (86) detailing
the wavelength dependence of photosynthesis in Chlorella were the cul-

mination of many earlier investigations of the influence of light guality

on the growth and photosynthesis of algae and higher plants. Subsequent

© studies revealed tlie wavelength_dépendence of photosynthesis in blue-
green algae (85, 318), diatoms, (79, 213, 340) and terrestrial plants
|

© (31, 47, 210). Directly or indirectlft this early work-has stimulated

investigations of the influence of. light quality in algae on:-

(a) The products of CO, -fixation and théir_subsequent
metabolism- (section 5.5), including photo-
' respiration and extracellular release,

(b) Endogenous oxidative respiration (section 3.3),

(c) Photosynthetic pigments and chloroplast
structure (section 3.2.4),

{(d) Cellular constituents suéh”ag protein,’
carbohydrate and nucleic acid (section 3.1,

{e) ‘Cell divisidn and other morphogenetic events .
related to growth (sections 2.1 to™2.4).

Some of these laboratory studies may be criticized for technical

reasons, for example the use of high CO2 guring growth, or the use of

-

white-light-grown cells not adapted to restricted portions of the PAR

spectrum (section 3.2).

Depth-dependent changes in léght‘quality occur in natural

I
’

waters (sections 1.3 and 1.4}, but few studies have addressed the possible

'
»

significance of light gquality to to phytoplankton population maxima
which often develop in thermocline regions in lakes and oceans (sections

. 3.22 and 4.2). Clearly, algae remaining for any period at these depths

« - 86 -
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will- have to adapt to the restricted spectrum of light if photosynthesis

and growth are to take pléqe.- However, adaptation to decreased light
igéensity has been préposed as the major.factor controlling the changes
in photosynthetié response and pigment content observed with depth in
the water column (235) and changes in light quality have 6ften been dis-
counted or ignored.

M;st;studies of photosynthesis in ;elation to underwater il-
luminatiqn have been considered mainly in a marine context (158, 223,

277, 279, 311, 360, 361). Howe;er, theré has been ? tendency to-emphasize
'

the blue-to-green part of the PAR spectrum whibh favours the growth of

marine phytoplankton and macroalgae and reiétively little work has been

reported on the role of red light in the marine envi#onment.

'Algal growth is an expréssion of the carbon eccnomy of the cells
and reflects the balance between éarbon influx due to photosynthesis and
carbon efflux via dark respiration, photorespiration and extracellular
release of organic compounds. Séudies of the effect of light quality on
these processes has not been reported iﬁ a manner integrating them with
growth. Light quality may affect algal growth by changes in oné or more
of these processes controlling ;a?bon balance. In particular, photo-

respiration which can account for the efflux of 30 to 60% ef recently fixed
' 1

CO2 in terrestrial C3 plants (45), is a poorly understood process in algae.

Photorespiration may be a significant component of algal carbon metabolism
and sensitive to regulation by light quality.’

The experiments described in this thesis represent an attempt

" to analyse the impact of restricted portions of PAR similar in spectral

distribution and light intensity to those found in the lower part of the

: . . Ll
photic zone on the growth, photosynthesis, chemical composition and
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carbon metabolism of four unicellular freshwater algae. The majdi

-

emphasis of this study was to study the uptake rates and partiﬁioning of
14C into various cellular fractions and metabolic processes, such as

photorespiration and extracellular release and to relate these to measure-

ments of growth, photosynthesis and chemical composition. The responses.

of two green algae were to be cohpared with those of a diatom and a

blue-green alga following adaptation to the light source.

e i am o amara o eI ke Py o i b &t fma e 8 e e aa e o e



MATERIALS AND METHODS

g

1. Growth conditions

_ . o
Axenic cultures of Chlamydomonas reinhardtii Dangeard

(fucc 89), Chlorella wvulgaris Beijerinck (IUCC 259)'and Navicula

pelliculosa (Breb.) Hilse (IUCC 668) were obtained from the culture

collection at Indiana University, Bloomingteon,- IN47401, U.S.A. {now

at the University of Texas) (325). Anacystis nidulans, strain 6301,

now designated as the cyanobacterium Synechococcus AN (323) was a

gift of Dr. H.D. McCundy, University of Windsor, Windsor, Ontario,

Canada.

Steck res were maintained on soil extract slants (325)

with the Bristol/Ss solution component modified as follows: KH,FPO,

was omitted and the K2H‘PO4 reduced to 80 mg/l; Nazsi03.1OH20 titrated

" with 0.1N HCl to neutrality was added to yield a concentration of 40 mg/1

and the medium was buffered with 400 mg/1 TRIS-HC1 (pH 7.8); the trace

element solution of the modified FWT medium was used. Anacystis nidulans

was grown on BG-11 slants (324).
Slant cultures were grown under the same lighting conditions:
\

as the experimental white light cells. Anacystis nidulans slants were

grown at BOOC until growth was well established on the slants anh‘then
maintained at 20°%c. sSlant cultures were periodically checked for con—‘
tamination using standard sterility test media (152).

Experimental cultures.were grown in the f#eshwater T;yptone
(FWT) medium of Darley and Volcani (66) modified as follows: bagtotryptone
was omitted and the medium was buffered with 600 mg/TRIS—HClb(pﬁ 7.8);-
a tr?ce element solution containing NaZEDTA, 4 myg; FeCl3.6H20, 2.5 mgi

ZnC12.7H20, 0.92 mg; MnClz.7H20, 0.65 mg; Na2B407.10H20ﬂ 0.47 mg;
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CoClz,GHZO} 0.42 mg; CuC12.2H 0, 0.25 mg; Na M004.2H20, 0.20 mg;

2 2

LiCl,, 0.10 mg and a vitamin solution containing thiémin—HCl, O.dS‘mg;

biotin, 0,01 mg, 312, 0.02 mg were added per liter of medium. In the

1

case of Navicula pelliculosa the medium was supplemenﬁed‘with 2.4 g/1
sodium lactate (4 ml/l of 60% sodium lactate). The meéium'waé.sterilized
by autoclaving 20 min. at 120°C and 15 p.s.i. .

Experimental cultures were grown in controlled erivironment

cabinets at 20°C and exposed to a photoperied of 16h {ight and 8h

darkness. Anacystis nidulans was grown at 30°C. One liter experimental
cultures were conFinuously stirred magneti;ally in 2.8l Fernbach flasks.
The cells were illuminated from above by a bank of 6 Canadian General
Electric cool white, blue, green or red fluorescent lamps. Blué 380

and green 480 plexiglas fiite?s obtained from PercivalfMahufacturing

Co., Boone, Iowa 50036, U.S.Aﬁ, were used in conjunction with the blue
and green fluorescent lamps, respectively. An ISCO model SR sﬁectrd;
radiometer, calibrated against spectral intensity/standard lamp No. 361

in an ISCO spectroradiometer calibrator model SHC, kindly provided by

Dr. Buttery, Agriculture Canada Research Staﬁion, Harrow, Ontario, Canada,
was used to measure the s?eétfal energy distQi:zfion, which was then
integrated to determine the total incident eqer@y. The maximum\gutput
of the red fiﬁorescent lamps at,flasﬁ level, approximately 26 cm from
lamps, was 540 uwW cm_z. Since energy output at wavelengths less than
550 nm waslunmeasurable a£ this level -these lamps were used unfiltered.
The light intensities of the other }iéht sources Qere adjﬁstgd ADWn to

approximately 540 uW cm_u2 using layers of white gauze, The spectral

. energy distribution from each of the light sources is shown in Fig. 2.

~
.
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Figure 2. Spectral energy distribution of light
sources used for growth. L
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For growth rate studies,Acells were grown ﬁith continuous

>

shaking in 125 ml erlenmeyer flasks containing 50 ml medium, Growth
rate experiments were performea in quadruplicate. Growth rates were
estifMated turbidométrically from the ipcfease in absorbance at 540 nm.

T

The following equations were used: .
S
X (doublings/day} = 1og2(At/Ai)(l/t)
= 3,322 logio(at/Ai)(l/t?.

T (mean generation time) = 1/k

where Ai¥= absorbanée at beginning of Fime in£erval.F, At = absorbaﬁce~
at end of time interval .t, and t = tiﬁe'interva; {in days} of expongntial.
growth. Growth was moniﬁ?red throﬁéhqut the exponential gfow%h phése,
"which was usually,from 4- to 10~ days duéation. To overcomé problems

. . \

of clumping during growth, aliquots of cells used for absorbance

measurements were sonicatedfor 5 to 10 secé. Calibration curves for

T4

converting A540 to cell number werexiniiially obtained from H%ehdcytometeraz

counts. In later work, calibration curves were obtained using a Coulter . =

Jﬁ.Counter, model 2Bl with a 50 ¢¥m aperture.

)

2. Chemical Compoéitibn

2.1 Nucleic acid content

2.1.1 Estimation of DNA content

DNA concentration was determined using a modified method of

-

_Holm—Hanseﬁ'gE_gl_(148). Ten ml of culture was centrifuged (1000 x gf
:.10-min.) and the supernatant discarded, Five ml ice-~cold 10% trichloro-

‘aceﬁic acid (TCA) was added with mixing and the cells let stand on ice

., for at least 30 min. The TCA was removed by centrifugation and 5 ml ice
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. 1

cold 95% ethanol saturated with sodium acetate (to remove residual TCa,

(143))was-adaed with ﬁixing. Aftei 15 min. Qn"ice, the 95% ethanol was

© removed by centrifugation and the rest of the procedure perf rmed at

room temperature. Five ml chloroform:methanol (1:2) was addkd with

mixing'aﬁd removed 15 min, later by Eéntrifugatiqn{ The refaining
pellet waé dried w;th'a gentle stream of air. 100 pl fre hl§ prepared
40% diaminobenzoic acid dihydrochloride in ;;ter was added tq-all testr-
tubes, which were éhen‘sealed with Parafilm and heated at GOOC for, one
hour. 5 ml ice cold 0.5 N percH;oric‘acid (PCA) was added wigh mixing
and let stand-for 5 min., followed by centrifugation:_ Fluorescence of
the subefnatant was measured using a Turner 430.spectrofluonome£er set:
at 420 nm for excitation and 520 nm for emission: Slit-widths were set
to 15 nm for‘excitatioh and emission. Standard blanks and DNa standards
were made by pipetting 100 ul'N ﬁH

OH (blank) and 100 pl N NH OH containing

4 4

10 and 20 ug-calf thymus DNA in test tubes and removing NH3 with a gqptle
stream of air before adding diaminobenzoic acid. and treating as above.

As an independent test of the spectrofluorometer response, the fluorescence
A

"of a quinine sulfate standard (0.1 mg/l) was measured using 350 nm for

exX¢itation and*450 nm for emission.
i
"2.1.2 Estimation of RNA content

RNA concentration was estimated using the coppef—catalysed orcinol

reaction of Lin and Schjeide (199). Twenty ml of culture was centrifuged

. {1000 xag,-lozmin.) and the supernatant discarded. Cells were precipi-
‘tafed with 10% TCA, defatted and the resulting pellet dried as described

" in the DNA determination, One ml N KOH was added with mixing and the

cells extracted for 18 to 24 hxs at room temperature. fThe extraction was '

Pl
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terminated by addition of 3 ml ice cold 0.5 PCA, Cells were ailowed_tb

precipitafe in the cold for at least 15 min. Following centrifugation,
\ -
half of the untreated supernatant was removed and transferred to a

. . . y .
fresh test tube. The remaining superndtant was treated with 0.5 ml of

30 mg acid actiyated charcéal/ml for 15 min. Following centrifugation,
the treatéd'supernatant was transferred to another fresh test tube. ‘Two
ml copper—orcinoi reagent (1 ml\SO% orcinol in 95% ethanol plus 50 ml
0,}5% copper chiloride in_conc; HCl) was added to treated and untreated
supernatants. Samples were boiled for 30 min. cooled on ice and the
a@sorbance‘at 660 nm read égainst a PCA precipitated ﬁPH biank. Fifteen
ug ribose in PCA precipitated KOH‘Was used as a standard. Subtraction
of the a#éorbance of the charcoal treated portion of su?ernatant from
the absorbance of the untreated fortion of the supernatant yielded the
absorbance due to the ribonucleotides adsorbed to the charcoal. fhis
value was aéubled to account for the initial halving of the supernatant
before charcdal treatment. To convert ribose to RNA é factor of 4.5 was
used (154). /)

The use of activated charcoal to discriminate between pentoses
and pen#gse nucleotides (143) was tested by treating miﬁtures.of ribose
{3 - 30 pg) and KOH digested yeast tRNA {6 - 60 ng) with activa£ed
charcoal. After treatment with charcoal only the added ;ibose could be
detecteé using the copper-orcinol test. Up to 500 ug KOH‘diéested RNA
could be absorbed by 15 mg activated charcoal, the méximum amoqg;,of RNA

per sample encountered during the study was 99.6 ug.
2.2: Estimation of protein content

Protein concentration was estimated using the Lowry test of



&

against H
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Schacterle and Pollack (298).  One.or 2 ml of culture was centrifuged

- - o . . . ’
(1000 % g, 10 min.] and the supefﬁapanp discarded. ,The_TRIS buffer used

_in the culture medium was found to interfere with this protein test.

Therefore cells were resuspended in 1 ml water. One ml of the alkaline
»

coppef reagent (co;taining 2g‘NaOH, 10g NaéCQ3, 6.lg potassium tartrate

and 0.05g'cup;ic sulphate per 100 ml H20) was added and the cells bqiled
‘ for 5 m;n.,‘then'cooled on ice. Four ﬁl of‘dilpte.Folin—phenol reagént

{1 ml Foiin;phenol reagént {2N) plus lé ml H20) was blown forciﬁly into

the test tube and immediately mixed vigorously. The mixture was heated
- - 1 - B
o . . Co -
at 60 C for 5 min.,, cooled on lcg‘and the absorbance at 750 nm read

against a Hzo‘blank. Eighty and 160 ug bdviﬁe serum albumin standards

were treated in ‘the same.fasﬁisn. To avoid frgﬁhing, bovine serum

. 1 ‘ )
albumin was allowed to dissolve in a small amount of distilled H20 and

then gently made up to volume.

2.3 Estimation of carbochydrate content

2

Carbohydrate cpntént was estimated using the phenol sulfuric

acid method of Dubois et al (77) following the precedure of Gershakov

and Hatchexr- (101). One to 2 ml culture was centrifuged (1000 x g, iO min.)

B X L
and resuspended in. 1 ml H20. Replicates were set up in the following

fashion: - )
A.o1 ml sample + -1 ml 10% phenol + 5 ml conc. H2304.
B. 1 ml 'sample + 1 ml H,0 + 5 ml conc. H SO4.
C. 1 ml sample + 1 ml 18% phenol + 5 ml ﬁ 0.
D. -1 ml H.0 + 1 ml 10% phencl + 5 ml H,O. "

2 2 "
All test tubes were mixed immediately and the test tubes con=
taining cenc. stod cooled on ice. The absorbance at 485 nm was measured

20. Fifty ug glucose standards wexe treated in a similar fashion.

The absorbance of test tubes B to D was subtracted from test tube A tq
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yield absorbance due to carbohydrate, .

2.4 Estimation of lipid conteot
Llplds were extracted u51ng the method of Bllgh and Dyer (19).

Llpld content of the’ chloroform e racts was determined u51ng the phos-

El

phovanlllln test descrlbed by Barpes and Blackstock (9) Ten to 20 ml

of culture was centrlfuged and the supernatant discarded. . The bellet

was resuspended in 0.8 ml H2O, 1 ml”chloroform and 2 ml methanol to

form a monophaoic solution and éllowed to extract in the dark at ;oom
tooperature ovérn%ght. The test tubes were éentrifuged to roﬁove cells
and denatored cellular "scum" and the supornatant'transforred.to a
fresh test tube.. Water-soluble impurities were reooved by washing with

I'ml 0.1 M KC1 and 1 ml chloroform was added with mixing to form a

biphasic solution and centrifuged. The final volume of the chloroform

-

extract was measured and the upper aqueous methanol and any remaining
interfacial "scum" was diéoarded. A 0.5 ml aiiquot of the chloroform

extract was transferred to a fresh test tube and the chloroform evaporated

r

.With’orstream of nitrogon. A 0.5 ml chloroform blaok ond SQ‘and 100 ug
- lipid standards were evaporoted in a similar foshion. The evaporated

! ~ Lt

Lre51due was boiled for 10 min. with 0.5 ml conc. sto4 Torég ml of
phosphovanillin reagent {l g vanillin in 500 m1 11.8 M orthophospporio
acid)lwas‘addod to 0:2 ml of the H,S0, digest in a fresh test tube witﬁ

immediafe mixihg.‘ After 20 to 30 min., tbe absorbance at 520 nm was
. measured,
Tﬁis method, originally devised for total blood lipids, does
not seeﬁ to have been used for plant or algal extracts. It has considerable

- potential as a relatively simple method for use in ecologioal studies.
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It depends on the reaction of lipids with'H2504, pho%phoric acid and
vanillin. The degree of colour development is dependent on the degree
of saturation. Zollner and Kirsh (388) showed that although the maximum

*

absorption of the coloured product with various’lipids was the same,

' the relative extinction values were not. On an equal weight basis,

linoleic acid was 84.9%; phosphatides 58.9% and stearic acid, 20.8% of
the extinction value of cholesterol (388). In the present study the
extinétion value of stearic acid was 7.4% the value for cholesterol.

Cholesterol is generally used as a lipid standard in animal studies,
however, cholesterol is not widespread in plant tissues (133), therefore
it was Qecided‘to use olive oil (12% saturated fatty acids, .80% oleic

acid and 8% linoleic acid (113) as an easily obtainable and reasonably

typical mixture of plant saturated and'unsaturated fatty acids.,‘Therefofe-

50 and 100 Hg olive oil standards dissolved in chloroform:methanol (1:2)

were used in this assay and ug lipid/lo6 cells is reported on this basis.
Chlorophyils and caroténoidé with their - C = C - bonds will‘reac£ witﬁ
the colour reagent, howefer, the réported lipid values are not corrected
for this, since the degree of colour formatiop by these pigments is

unknown. i
2.5 Photosynthetic pigment analysis /

Cells -from 10 or 20 ml aiiquots of culture were extracted over-
night in 90% acetone containing 1 or 2 drops of 1% MgCO3 in darkness at
.

4%c. Initially Chlcrella vulgaris cells in 2 ml 90% acetone containing

‘glass powder (ca. 35 p diameter) were sonicated for up to 3 min, in

30 sec. bursts alternating with 30 sec, of cooling using a Branson sonifier
{model 140) with microtip attachment. In later ekperiments, cells were

sonicated for 30 sec. (no glass powder) in 2 ml methanol. Following



._'.‘ 99 -
\. )

séﬁipation, cells were made up to volume with solvent.and extracted
. ové;night as ahove. Phycocyanin-wa; extracted fromuAnaczstis In dilute
phosphate buffer (Mk30, pH 7) by.sqnicatiﬁn EOQEBOAsecs and overnight
"/éxtraction ig the cold. Follcwing.pigmenﬁ extractipn, cells Qefe re—
moved by cengrifugation and the absorbance of Ehe supernatant at the
appropriate waveiength reaq against a solvent blank. Reaqings were

corrected for absorbance at 750 nm and pigment concentrations calculated

using théifollowing-gquétions:—

A. Chlorella and Chlamydomonas {90% acetone)

1.35A

_-Cﬁlqrophyll é = 11.6 Boca ~ 645
\ Chloroghyll b = 19.1 Aé45 - 4.65 A664
‘Total carotenoids = 4 A480
‘Bl Chlorella‘(Methaﬁol)
Chlorophyll a = 16.5 Pggs ~ 8.3 Acso
Chlqrophyll b = 33.8 AGSO - 12.5 A665
Total carotencids = 4 A480
C. Navicula (90% acetone) )
Chloréphyll;g_ = 10.9 A664 - 0.454 A631
Chlorophyll c- = 26.8 A631 - 4.07 A664
Total carotencids = 10 A480
9:’ Anacystis (90% acetdne)
Chlorophyll a = 11.4 A664
Total carotencids = 4 A480
E," Anacystis (M/30 phosphate)
Phycocyanlp = _111.7 A620 - 28.7 A680

The following eguation,

a
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F. Cabr; x v{ml)/l{cm) x V(1) = ng pigment/ml

was used to correct for sample volume (V), solvent volume (V) ard cuvet

path length (cm) Cagé is the value obtained from equations A to E.

Equatlons in A were derived from the absorptlon COEfflClentS for chloro-
phyll a and b in 90% ‘acetone glven in Parsons and Strlqkland (255) .

s 1n B are those of Holden (142) orlglnallé derlved from the

extinction coeff1c1ents for chlorophylls a and b in methanol publ;shed

by Mackinney (212). Equatioms in C are those of Wasley-g&_g&_(366).

Equatioqs in D are derived from Parsons and Strickland (255); Tﬁe_
eéuatidn in+E is based on the foliowiné rétiénale. ihg ;téhdéfd methoé
. fo; pﬁycocyanin eétimation is to calculate;Ehe_absorpance due to PC at
620 nm iﬁ aqueouslextracts.by correcting for dissolved chlorophyil‘
{absorption maximum at 680 nm) using eguations similar to those publlshed
by Myers and Kratz (226). This corrected absorbance at 620 nm is then
multiplied by a factor based on pub}ighed extinction coefficients for
'phygocyanin (26, 61, 333). Recent studies on the structure of Anacystis
nidulans phycocyanin suggest that it exists as the hexamer in adueous
solutions of circumneutral pH. (105). Each monomer consists of an and
B sub unit, there being 3 phycobilin chromatophores pex monomer. Tak%ng
the molar absorption coefficient of the hexameric f£érm calculated by ‘!

' - -1 s " .
Myers et al (225) converted to ml mg ! cm and multiplying the equation

of Myers and Kratz (226) by this value yields equa;ion E. .

3. Measurement of Light Absorption

3,1 In viyo absorption spectra measurement !
)

In vivo absorption spectra were obtained by vacuum filtering

i
“enough cells onto 25 mm membrane filters (Sartorius SM 11304) to yield
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approximaﬁgly one unit of absorbance at 5 per cm2. The filters were

cleared with glycerol (99%) and sandwlched betwee glass slides (380).

The cells—fllter-glass slide sandwich was scanned.in the normal sample

position of a Bausch and Lomb spectronic 505 spectrophotometer with a
‘ S . - : .
piece of opalgscent;ﬁdiyethylene (1:5 mm thick) on the side of the

[y

sandwich facing thé‘detector (309). A similar glycerol cleared Zii:gyﬂ

‘glass sllde— polyetmnene sandwich without cells was placed in the

“

reference position. Spectra from 380 to 600 nm were obtained u51ng a
UV-visible phototube and from 600 to 72Q nm with a red-sensitive. photo-
multipliér tube. Wavelength ané aﬁsorbance acéﬁracy were checked ﬁ;ing
the bgilﬁ—inﬂmercury lamp and‘sténdard solutions of CuSO4 ér K2Cr204
respectively. Eg_gigg_absofbanceispectra in Figures 4 to 7 have been

vertically separated to avoid overlap.

3.2 Chlcuiation of quanta flux of each growth light source

- . RS T o .
The energy readings (W cm .nm y (Fig. 2) for each light
source obtained at 25 nm interval using the ISCO specfroradiometer were
=2 - . . . :
converted to quanta.cm .nm 1 using the following formula derived from’

(221) -

- -2 -1 : \:!
Quanta W .5 Ao A{nm) x 0.5035 x 1010

W m—2 c R

where h = 6.6255 x lO-‘34 Joules s—i and ¢ = 2.9979 x 1017 nm s_l

The average quanta/HW for each 25 nm waveband was estimated by calculating .
the quanta flux per uW at the wavelength'on either side of the waveband ,
taking the mean of both values and multiplying it by the integratéd

energy reading for the waveband,



7
N

L3102 -

.

.3.3 Calculation of light absbrptionlfactors : o &

The amount of light absorbed by the cells used for in vivo
absorbance measurements was calcﬁlat%d by converting the absorbance,

L4

(n)

where IO =fihcident light‘and'l = transmitted light, at the same wave-
lengths used for energy measurements to absorptance (a), the fraction of

" incident light absorbed,

The absorptance was multlplled by the lnCLdent energy of the llght source
measured at that wavelength to obtain the quantlty of light absorbed
" by 'the cells. The amount of llght absorbed by the cells was integrated

for the waveband of the light source under éonsideration.

4. Measurement of Photosynthesis

4,1 14CO2 uptake : . . : S

To measure C02~fixation rates, cells were resuspended in growth

medium with the TRIS-HC1 omitted (pH vas adjuéted to pH 7.8 with dilute

HCl). The TRIS-HCl was omltted to facilitate the estimation of total
14

5 CO3 was added to 50 ml

aliquots of cells in three 125 ml erlenmeyer flasks. One flask was

inorganic carbon. One to four uCi of Ha

wrapped in aluminum foil as the dark cﬁntro}. An aliquot of the.same
activity was placeq in 10 ml scinﬁillation fluid. Flasks were incubated
for 1 hr in the growth cabinet under the same light and temperature con-
ditions as for growth. The experiment was terminéfed by filtering the

cells through a Sartorius SM 11304 filter (47 mm, pore diametex 0.8 u)
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usiog a vacuum pressure of 25 cm Hg. The filters were rinsed with 2
vols of incubation medium and placed in 10 ml TEG scintillation cocktail

(359). The scintillation vials were shaken by hand until the membrane

.

‘filters dissolved and counted in a Nuclear Chicago Mark II scintillation
spectrometer. Counting efficiency was calculated by the channels ratio

method (36) and counts converted to dpm.
. —

CO2 fixation rates ;Ere—céiculated as follows:kf

‘nmoles CO2 incorporated/logcells/hr

- 1.05 (dpm incorporated/50 ml) (nmoles CO2/50 ml) :

{dpm added/S50 ml)(rime in hours)(lOgcells/SO ml)
umolee CO2 incorﬁorated/mg Chl/hr--
; 1 bsr(dpm incorporated/50 ml)(umoles_COQ/SO ml)
g ) {(dpm added/50 ml) (time in hrs) (mg chl/50 ml)

Total lnorganlc carbon (umoles CO ) was estlmated by tltratlng

100 ml of the 1ncubat10n medlum Wlth dilute HCl to_the total alkallnlty '

endpoint using a mixed methyl red/bromocresol green 1ndlcat0r as outlined
1 _

in\Golterman.(lll).

4.2 O2 - evolution

Cells were harvested. by centrffugation at 1000xg for 10 min. and
resuspended in 50 mM K2HPO4 (pH 7.9). Oz-evolutibn was measured using
a thermostatted Clarkﬂtype 0 —electrode (Hansatech Ltd., Kings Lynn,
.Norfolk, U.K,) (68). Electrode cutput was recorded on the 1 mV range of
a Metrohm chart recorder (Lao;Lgraph E 478), The Oz—electrode was cali-
bratea by injecting pl amounts of 0,12 M H,0, into freshly prepared 20%

catalase solutions. The cells were illuminated with light from a cool

white fluorescent lamp (GE F15.T12,GW) or blue, green or red light isolated
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Spectral transmittance of filter

combinations used to isolate blue -

peak wavelength 465 nm), green

(peakwwaveleﬁgth 535 nm)  or red

{peak wavelength 638 nm) light for
! Ozwevolution measurements.



- 1Q5 -

=y

o S o . Q
< r“) N -
- 2oUDJWISUD A
Figure 3.

450 500, 550 : 600 650 700

4 00

nm



from a 150—W tungsten lamp (GE 150 PAR/FL) Red llght was obtalned

u51ng one, layer of Clnem01d No. 6 (prlmary red)(StrandQCentury Ltd.,

o -

6334 G}scount Rd., Malton. Ont ) plus 10 cm bf ferrous ammonlum sulfate

’

J?Jlutlon (300 g/l contalnlng l% HZSO ) (377) ) Blue'and.green llght was

' obtalned usxng one layer of Clnemcld No.,20 (Deep Blue) or Clnem01d No.
39 (Prlmary green) plus 6 cm of ferrous ammonlum sulfate (300 g/l con- "'
taining 1% H280 ) plus 6 cm tapwater-respectively. _The spectral trans-

mittance propertles of these fllter comblnatlons is shown in Flgure 3.

The rate of Ozéevolution was compared at_600‘uw cm -2 for each of the
: e, ek - .-

light qualities to simulate growth light intensities. The makimum light'
intensity of blué light that could be dbtafned'was about 800 uW emiZ
Consequently, light saturation gurues were determined using cool white -

fluorescent llght only. R f-f

&

The llght 1nten51t1es of the varlous llght-sources used in

.

the 02—evolutlon rate determlnatlons were, measured w1th an 1L SOO

r A
- A, _.

':radlometer (Internatlonal nght ‘Inc., Newbury port, Mass.,_019501 U.S.A. )a“

- .
- - - .- -

,equlpped with an SEA 010 photodetector. The radlometer was callbrated
agalnst a standard lamp klndly supplled by Dr R.W. Nlcholls, CRESS

. York University, Downsview, Ont.).

¢
TR, \
B

5, - Measurement of photosynthetlc carbon métabolism R S - S

J

4
- 5.1 C—1ncorporatlon and extractlon procedures

v N

One liter algal cultures were harvested by centr;fugatlon and -

5resuspended in 200 ml growth medlum wlth Ehe TRIS-HCl omltted (pH was;
adgusted to pH 7.8 w1th dilute HCl), Thrrty ml of thls suspensron was
removed to prov;de allquots for measurement of A546 and plgment concen-—

o~

tration. The remalnlng cells were returned to the approprlate llght
" I

- - -



f: quallty in the growth chamber and allowed to equlllbrate for 1 hr.

H-QQ One hundred ul (200 ucl) Na214co3 was added .to each flask .

a Lo~ . =

and the flasks sw1rled for ca.‘D 5 min, A 40 ml allquot was removed

-

N

B 1mmed1ately and flltered through a bed of Supercel (Johns Mannv1lle)(l 2 qg)

N

ouerlaylng a Whatman GF/C glass ‘fiber fllt%;’?27 mm diameter) using a

tjfr¥3 vacuum pressure of 25 cm Hg. The .cells were rinsed Wlth 50 ml Tris-free

-2 "<; grOWth medlum . '-" N '.‘- \ “’h‘_,‘ ) s ':"‘. B - \ K

.

Lo - . . . ; -
e e e -

The resultlng Supercel "cake“ and the glass Fiber fllter was

. .u

transferred to 50 ml bo;llng 80% ethanol in"a- 125 mi erlenmeyer flask and

borled for lO.man.. An 1nverted glass funnel ln the neck of . the flasﬁ

was uSed to prevent excesslve loss of volatlle compounds. From remoual

L of the 40 ml allquot of cells to transfer of the Supercel "cake" and

- -.-._ 1

- '_' fllter to b0111ng 80% ethanol usually took 4 to 5 mrn.. Forty ml allquots

were also sampled at 20 and 40 min. after addltlon of the Na214C63.

ﬁ'ﬁ. B : :. R The initial flltra = and TRIS free growth medlum rlnse of . the
..‘,_" 20 and 40‘m1n. saméles was :;lleZEEENEB\TnviiELgate extraeellular release
e of photosynthate To monitor 14C—uptake into whole cells, -2 to 5 ml ’
allquots were flltered on menbrane filters as descrlbed in the'14_—uptake
section. |
.The hot ethanol”soluhle_fraction‘was obtained by transferring
."v-the resuspended Supercel ;cake” to,another‘Superoel/glass,fiber_filter‘
comblnatlon and rlnSLng w1th 50 ml cold 80% ethanol and 50 ml . borllng
H20. Therremalnlng "cake" w1th lnsoluble materlals was stored at -20°%
“for later analysis. The pH and volume of the hot ethanol soluble
o fraction was measured, A 200 ul allquot was added to lO ml scintillation

fiunid and counted. The pH of the hot ethanol soluble fraction-was

generally close to neutrallty{ The hot ethanol soluble fraction was then
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rotary evaporated to a small volume at 2OOCAueing the vacuum produced;
by‘an aspirator (ca. 1 a?mff -Preliminary tests using the calkins
method (37) of glycolate determlnatlon showed that under these CDndlthnS,‘
'\the loss of glyoolate from an 80% ethanol solution was 13 to 14%, The -
use of uigher temperatures:(35 C) and/or acidic conditions 1ed to larger
losses { > 85%) of this volatile compound. This resulting ethanol
soluble fractlon was extracted at rogm temperature with an equal volume
-. of chloroform 1n a seﬁératlng funnel to remove extracted plgments and
'llplds and also to pre01p1tate soluble proteins. The volume of the
chloroform soluble fraction (usually pale green in colour) was measured,
200|u1 transferred to 10 ml scintillation fluid for counting and the rest
of the extract discarded. The aquecus phase was refiltered on a super-
cel/glass fiber filter combination with ;ome dist. H20 rinsing. The
volume of the water solﬁ%le filtrate was measured and 200 ul used for
liquid scinti}lation c0uutingl’ The insolubie residue on the supercel/glass
fiber filter combination was pooled with the previous insoluble fraction

1
|

and stored at %200C.

5. 2 Determlnatlon of radloact1v1ty in the'extracellular release
fraction :

The initial filtrate and medium rinse of the 20 ard 40 min.
samples was acidified (final pH 2) with 2 ml N HCl and aerated vigorously

fofr 30 min. with Cozwfree air to remove 14C02. Following degassing 2 ml.

N NaOH was added (final pH .close to neutrality}, the final volume of

the fraction noted and 200 pl used for liquid scintillation counting.

5.3 Determination of radioactivity in the insoluble fraction

Radiocactivity in the insoluble residue was detexrmined following
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a . . .

wet oxidation using the'Mahin—Lgfberg perchloric acid-peroxide method

(202).. Fractions with large amounts of Supercel were inéuﬁated at -

~

70 - 80°C in 50 ml exlenmayer Flasks with 4 ml-60% p%rchloric acid and
8 ml 30% hydrogen peroxide for 30 min, 300 ul aliquots of the supe:—.

natant.were added to 5 ml 2-methoxyethanol and 10 ml toluene contaihing 6 g

2,S—di§henyloxazole per liter for LSC. ‘1,4—pi5 [2{5-phenyloxazolyl)]

benzene was omitted since it forms a highly coloured compound with the

wet oxidation reagents, Other‘fractions'with smalier amounts of Supercel
) 'wg;e pié;éd in scintillation vials-with 2 ml 60% perchloric acid and 4 ml
3@%:h$§rogen peroxide and incubated ;s Aescribed above. 400 ul aliquots
of the$%?sulting supernatants were counted in the 2-methoxyethanol- 2,5-"
diphenyloxazole-toluene scintillation fluid.

-

5.4 Fracticnation of H,0-soluble and extracellular release fractions
on ion exchange resins

The H20—soluble and the degassed extracellular rﬁéeasé fractions

. were Egparated inte neutral, basic and acidic cbmponents by passage through
) T ) + é .
the strong cation exchange resin Rexyn 101 (H ) isher R-203, 16-50 mesh)
aslsupplied and the strong base anion exchange resin Rexyn 201 (CH )

(Fisher R-205, 16-50 mesh) in the formate form. Resin columns were pre-

pared as follows: a) cation resin - this was usually used as supplied

<

following washing with dist, H20, A 5 ml wet bed volume in a 5 ml plastic

disposable syringe was usea; b} anion resin - this is usually supplied

in ammoniulm hydroxide which was washed off with distilled water, the

.,
.

resinvwas then boiled in 4 M formic aoid- and then washed with distilled
H,0 until the effluent pH > 4.5, 'A 10 ml wet bed volime in a 10 ml dis-

posable plastic syringe was used. The syringes were set up so that the

effluent of the cation resin drained into E%@ anion resin, In a typical

Yy
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fractionation, the ‘resins wereiyirét rinsed with 60 ml dist. H

0, then
¢ . 27!

the‘sample was run through both columns, follbwed by another 60 ml dist.

H,0 rinse. The fraction emerging froﬁ'both_éolumns and the dist. H,0

" wash was termed the neutral fraction and was assumed to contain free

sugars, disaccharides and polyolé. Sixty ml of.2 N NH4OH was used to

elute the basic fraction from the cation resin. This fraction was'

assumed to contain mainly amino acids. Sixty ml of 4 M formic acid:
4M ammonium formate (4:1) was used to elute the acidic fraction from the

“anion resin (11)}. This fraction was assumed to contain organic acids,

' -8

their phosphates and sugar mono-and diphosphates. The voplume of each

fraction was noted and 200 ul used for liquid scintillation counting.,

67.4 + 14.5%, n = 32, of the total radioactivity present in the H20—

¥

soluble extract was recovered in these 3 fractions.

5.5 Measurement of 14CO2 release in the light and dark

14

Measurement of CO2 release'was hased o“ the metﬂod of Zelitch

(383) as modified by Cheng and Colmén (43).‘ About 1 hr after the addition
of Nazl{;CQ3 to the cells, a 40 ml.aliquot of the remaining culture was
tranéferred to a modified 200 ml pipet and bubbled witﬁ C02—free air
(Canadian Liquid Air - < 5 ppm C02) in the light for 39 min. to remove
residual 14coz'. The 200 ml pipet was modified by bending the long tip

so that it Qﬁs parallel to and above the liguid level in the bulb of

the pipet and thus acted as a gaéainlet. The portion of the pipet above‘
the bulb was cut off and flaredlout to facilitate adaition and removal

of the cell suspensioh. This exit port was fitted with a one hole rxubber
stopper attached to tjéon tubing. Durinthhe 36 min, flush with C02-

free air the gas exiting from the 200 ml pipet was trapped in a laxge
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excess of NaOH solution to prevent contamination of the atmosphere with .
14, ' '
CO2. )

Following this flushing period, the exit port of the 200 ml
pipet was attached to a Coz-trapping device consisting of a gas dis-
persioﬁ tube in a 100 ml graduate cylinder containing 60 ml monoethanol-

aﬁiﬁe:2—me£h6x§etﬁamol (2:1). The pipet was positioned under the

growth chamber lights in the same position as  the culture and 1 ml
. B s . B .

aliquots of the C02—trapping solution were transfgrred.to 10 ml scintil-
lation fluid every 3 min. Aftexr.l15 min. the pipet was covered with
. :"

aluminium foil and the lights were turned off to measure dark lACO release.

2

The flow rate of the C02—free air was 500 - 600 ‘ml per min. as measured

with a Labcrest flowmeter (Fisher Scientific Co.).

5.6 Measurement of 12CO2 and 14Coz‘re-lease in the light and dark

A sensitive gas chromét&ographic technique in which CO2 is con-
verted to methane and detected b& flame ionization was adapted to

heasure the differential influx and efflux of 14C and 12C into algae in

a sealed aqueous system.

1

Algae were grown in white light as described above, harvested

by centrifugation and resuspended in 100 ml 0.05 M Ké HPO4 (pH 7.8).

Cells were incubated with magnetic stirring at growth temperature in a -
water jacketed glass cylinder (internal diameter 35 mm) sealed at the

top wi}h al - 2 cm layer of parafih 0il. This acted as an effective

1

liquid seal to keep atmospheric CO2 cut of the cylinder. Cells were

illuminated with a coolwhite fluorescent lamp. The light intensity at
' -3 . 14
the center of the cylinder was 600 uW cm 2. A 10 ul aliquot of Na2 CO3

(1 - 2 uCi) was added and a 5 ml sample immediately withdrawn with a

B T S P i TR T A
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‘Figure 4 . Schematic diagram showing modifications
“ to the gas chromatograph for measurlng

dissolved CO, as methane.

A: gas stripping column;

B: 4-way valve;

C: oven containing a 6 mmo.d. x 1.4 m
coiled glass,column, t

D: oven contalning nickel catalyst in a
6 mm o.d. x 10 cm stainless steel
tube;

E: FID; - R

F: electrometer;

'G: Varian A-25 recorder (2 mv full
scale, 25 inch hr-1); .

H: Varian Aerograph 2740 gas chromato-
graph. } ‘

For further explanation see text.
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syringe via a septum stoppered port at the side of ;?e cylinder. The
contents of the syringe were péssed through an AP20 or AP25 prefilter

and a 0.8 um Sartorius membrane filter held in a 13 mm diameter Swinnex

b ]

mewmbrane filter holder (Millipere Corp.) attached td the syringe. One ml

of the cell-free medium produced in this way was added té 10 ml of Bray's
. \ : X

scintillation cocktail (24), and 1 ml of the same filtrate was injected

directly into the gas-stripping column of the gas chromatograph through

. N .
a hypodermic needle to minimize contamination with atmospheric C02.

The flow scheme of the modified gas chromatograph used in this
study. is shown in Figure 4. The incoming cell-free sample was mixed

in the gas stripping column with 0.2 ml previously injected 50% H3P03,

_and the dissolved gases were stripped from solution'by the carrier gas

onto the column k334). fhe detector hydrogen supply was moved ugstreamr

so that the CO2 peak emergin; from the column was ﬁixe;‘with H2 priocr

to the catalyst o¥en. The CO2 is converted to metﬁane by the hydrogenation
process of Sabatier anﬁ Senderens (1902} (cited in 375), which réquires
elevated temperatures ;nd_a nickel catalys£ as follows:

300-400°C
co + 4H > CH + 2H_O0
. 4
N1

The nickel catalyst packing was prepared using Celite ({Johns-
Manville) instead of brick dust (269) and was heated extéfnally to the
gas chromatograph with Electrothermal heated tape ({Canadian Laboratory
Supplies). Optimum catalyst’temperature was between 3500C and-4OOOC
{326, 375)-

Operating conditions for the gas chromatograph were as follows:

helium carrier gas flow 25 ml/min.; hydrogen gas flow 25 ml/min.; air
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Pl C o ;
flow 275 mlY/min.; injection port temperature 110°C; column temperature

Bd?b; detector temperature 125°C. The response of the gas chromatograph

to CO

5 Was calibrated by injecting ul amounts of Na2CO3 solutions pre-

pared with boiled distilled H,0.

4

The* change in the, conceptrations of 14CO2 and CO2 in the medium

was measured at reqular intervals until the external inorganic carbon

reached a limiting valué. The efflux of both of these carbon iSotopes‘

was then measured at regular intervals in the dark.

=

6. Statistical treatment of data

A one-way.analysis of variance to determine the presence of
sigﬁif&cancé be£&een the light quality treatments was performed”using
the sub—proérgﬁ ONEWAY of the gtatistical Package for tﬁe Social Sciences
{(sPsS) (232). The results-in Tables 1 to 11 and 20 represent mean values
from three;Fo six experiments for each light treatment. The underlines
connect homogeneous subsets whose highest and lowest means do not differ
by moré than the shortest significant range. g_gostefiori multiple
range tests following the LSD, Student-Newman-Keuls and Scheffes procedures
were applied at the p < 0.05 level. The data points in other Tables and

Figures represent the mean of at least two replicates.

LY
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RESULTS

1. The Effect of Light Quality on Growth

1
-

The effect of light guality on the growth constant (k) and
generation time (T) of the four algae used in this study is shown in

Tables 1 and.-2. The growth rate of Ndvicula pelliculosa was signifi-

cantly higher in red light than in any of'tﬁe other light treatments

(P < .05). Growth of this alga in green and white ligh#.was higher
& A

:

. ¥
than in blue light.. Growth of Chlamydomonas reinha?dfii in white light
was significantly higher than:in red light (P < .05). In both blue and
éfeén light, growth rates were significantly lower than in either white

L

or red light treatments. Growth rates of Chlorella vulgaris in blue,

green and red light were not significantly different, however, growth

was significantly more rapid in white light (P < ,05). The highest
~

growth rate of Anacystis nidulans was in red light while the growth
rates in white, blue and greeh light do not appear to be significantiy
different. However, the turnover times (T} in blue and green light

were significantly longer than in either white or red light (P < .05).

2. The Effect of Light Quality on Chemical Composition

2.1 Nucleic acid content

: The DNA content of ‘Anacystis nidulans cells grown in g;een apd
r;é light was about twice that found in cells grown in white and blue
light (Table 3). A partial explanation for the significantly higher
DNA content (P < .05} of red grown cells when bompared to white and blue

grown cells is the finding of Mann and Carr (216) that the cell volume

and hence DNA and RNA content of Anacystis nidulans increases as a

' b

- - 1le -
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-funétion of growth rate. The growth rate. of rea light g;qﬁn.Anacxstis_

. the RNA content of cells grown under any of the light sources.

o - N

t

célls was significantly higher than all other light treatments. The DNA

content of Aﬂécystis'nidulans with a growth rate of 0.04 hr_l i.e. similar

| K .

to red light cells, was reported by Mann'and Carr (216) to be 6.06,ug

DNA/lO6 cells and shows remarkable agreement with my results. The high

L4

DNA content of green light grown Anébzstis cannot be explained on this

basis. RNA content of.Anacystislnidulans at this growth rate was re-

ported as 0.3 ug RNA/IOG-cells (218) . My result is about one half this

[

value, however, my method of RNA estimation is‘'more conservative, not
e ,

- being based on.tota;‘orciﬁol positive material in the extract. . While RNA

_content was highgst in red light, there was no -significant difgerence in

a4,

‘While the D%ﬁ and RNA content of Navicula pelliculosa'was highesﬁ

in, blue ligh; grown cellé and lowest in red light cells, these differences

were not siénificant (Table, 4). ffhe DNA content of Navicula pellicﬁlosa
was p;eviously reported to range from'0.08B to 0.1l ug per lO6 ceils (575.
RNA content wg?':éporged to range from 0.38 to 0.46 ug per¥lﬂ§ cells (;7):
My results show excel;ent agreement ;ith_tﬁese published values.

When éomparea to white,rb%ue and red lighﬁigrown.Chlorella
vﬁlgaris cells, green 1ight/églls had a signifiéantly lower DNA content

(Table 5). Red light grown cells had a significantly higher DNA content

. - . ey
(P_< 0.05 ) than cells grown in the other thrge light regimes. The DNA
G ' . R

e .

contént .of Chlamydomonas reinhardtii cells grown in green and red light

was higher than in blué or white light grown 'cells, however, these dif-

L4 i

ferences in DNA content were not significantly different (Table 6). No

significant differences in-the RNA content of Chlorella or Chlamydomonas

\:

>
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‘cells grown under the various llght qualltles were found

. DNA values of 0.082 ¥5FNNTBG ug per loé cells have heen re—'
) . \ .
'ported for the thermophlllc straln of Chlorella pyrenordosa 7- 11—05 = C.

. 8
sorokiniana) (41 150): and 0 099 to 0.12° ug per 10 cells for Chlorella

pyren01dosa 211/8b {364). The RNA content of Chlorella pyren01dosa 211/8b

q

_'_ has been reported to: range from l 00 to 1. 51 Hg per 106 cells'(364).

" The' DNA content of Chlamydomonas reinhardtii has been reported as O. 124

to 0. 20 ng per 106 cells (41, 198). Chlamydomonas meowu511 was reported ’

.

to contain O. 055 to 0 095 pg DNA per 10 cells and 0.34 to 1.2 g RNA per _

106 cells (50).' My results show reasonable agreement w1th these reports

"

‘given the diversity of‘techniques used for measurlng nuclelcrac1d content. .

2.2 C bchydrateﬁcontent - : :

The carbohydrate content: cf Anacystls nldulans showed a hlgh

v

degree of variation and while the carbchydrate level was hlghest in green S

light grown cells and lowest in red light cells these drfferences are not

significant (Table 3).

Blue—green algae form a storage carbohydrate_whichnrs a polymer~ .

of glucose with a degree of branchlng -between glycogen and amylopectln

The occurrence of a glycogen-— type a— glucan has been demonstrated in

Anacystis nldulans (371).. The glycogen content of Anacystls-nldulans'

cells rises sharply during exponentlal growth and reaches-a constant 1eVel
¢ -

during stationary growth (195). hlS very large change-ln glycogen content

of Anacystls cells durlng exponentlal growth may explaln the large‘

variation in carbohydrate content fOund in the present study. Large

variation in the carbohydrate content of planktonlc blue-green algae in

3 ™

nature in relatlon to depth and nutrient deflclency have beén reported (103)
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:The-carbohydrate;pontent of Navicula pellicdlosa grown in blue

llght was 51gn1f1cantly hlgher when compared to cells grown in whlte,
green angd’ red 11ght {Table 4) The lowest 1eve1 of carbohydrate was

found in red light grown cells- and this was srgnlflcant when compared to

[}

' whlte, blue and green light ggown cells: (P < 0.05). Coombs et al (57)
reported carbohydrate levels ranglng from 4.4 to 5. 3 ug per 106 cells ) -

: for this dlatom.

Carbohydrates in dlatoms are present in -the cells as reserve o~
- : : : 5 . f
_:polysaccharldes and as, cell wall constltuents. The prlncrpal reserve poly- |/ —

. - ! .o
) saccharldes in freshwater dlatoms is chrysolamlnarln, a water soluble C haatt

BLl, 3 glucan (65) The capsule produced by stationary phase cells of

I

Navrcula pellrculosa lS a polyuronlde composed of glucuronlc acid residues

N

17{197).

No 51gn1f1cant dlfference in the carbohydrate content of Chlorella. -

-

vulgaris and Chlamydomonas relnhardtll cells grown 1n whlte, blue and red

llght was found (Tables -5 and 6). Carbohydrate content was lowest in

'green llght grown cells, 51gn1f1cant1y so 1n Chlamydomonas but not in - -

Chlorella._ Hase et al (125) reported that the carbohydrate 1evel of

' Chlorella elllp501dea ranged from 2 to 9 uy per 106 cells in synchronlzed
&

,cultures. Duynstee and Schm?dt (80) reported that the starch content of

synchronlzed Chlore1la pyrenordosa 7 11-05 rose from 1 ug per 10 cells

:to 5 ug per 106 cells over the course of the cell cycle Guerin-Dumartrait

:”et al (121) found that the carbohydrate content of Chlorella pyrenoidosa -
‘ jranged from 2. 8 to 7 5 uq per 106‘cells during a study of nltrate de—'

f1c1ency. The starch content of Chlamydomonas relnhardtll ‘has been re-

: ported as 3.3 ug per 106 cells (198) " These cells had a dry weight of

.ZBrO ug per 106 cel}s,
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‘2.3 Protein content

r ©
No significant difference was found in the protein ‘content of

Anacystis nidulans cells grown under the various light sources (Table 3).

The highest protein level was found in blue light cells and the lowest

level was found in red light cells, which would appear to reflect the

differences in phycocyanin content. No puhlished reports appear to be

available giving protein content per cell for blue-green algae. Reported

protein or organic nitrogen values range from 44 to 56% (93, 254). Total

organic nitrogen content (% dry weight), of Anabaena cylindrida was re-

'ported to rise with increa51ng growth rate (93), presumably in an analogous

fashion to nucleic acid content and cell volume (216). Daley and Brown

A .

(64) showed that the organic nitrogen content per unit carbon of

Anacystis nidulans rose two-fold during exponential growth and then

dropped sherply when nitrate became limiting in the medium.

The protein content of Navicula pelliculosa-oells growh under

white, blue, green or red iight was not significantly different .(Table 4).
Coombs et al (57) reported protein- levels of 10 to 13 ug per 106 cells for

synchronized cultures of Navicula Qelliculosa.—

- The protein content of green light grown cells of Chlamydomonas

reinhardtii was significantly lower when compared to white, blue or red

light grown cells (Table 6). The protein content of white or blue light

grown cells was significantly higher than green or red light grown cells
(P < 0.05). No 51gnificant changes in protein content of Chlorella cells

grown in various light qualities was obserived (Pable 5). & similar‘trend

in protein content to Chlamydomonas,(in that white or blue light grown
—

cells had higher levels than green or red light cells was observed | Hase

1

et al (125) réported that Chlorella ellipSOidea contained 10 to 20 Hg




. Anacystis nidulans grown in green light when compared to célls-groWﬁ in
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proteiﬁ per 106 cells. Hopkins et al (150) féported a protein content

[

of 1.33 g per lO6 cells for Chlorella pyrenoidosa 7-11-05. Gue;in—.
. . : _ - . ¢ :
Dumartrait et al (121) ,found 1.52 to 4.2 ug protein per 10 cells. in

Chlorella pyrenoidoéﬁ.le/Bb. Wanka gE_g}.(364)_repo;ted values of 4.9

to 6.3 ug protein per lO6 cells for the same strain of Chlorella pyrenoidosa.

Lien and Knutsen (198) found 14.7 to i4.9'ug protein per 106 cél{s in

Chlamydbmonés reinhardtii. My protein values for Chlorella vulgaris

show good agreement with these published reports.

2.4 CarbohydraterProtein Ratio ' ”

~ The bgrbohydiate:protain ratio was lowest in-red.light grown

Anacystis nidulans cells and highest in blue and green light grown cells,
these differences were not significaﬁt (Table. 7). The:carbohydratei

pfotgiﬁ ratio was significantly highgr (P < O.QS).in white and blue light

~ grown cells of Navicula pelliculoﬁa'wheh compared to green and red

light grown cells. This reflects the lower carbohydrate content of green

and red light grown cells. The'carbohydraté:protéin was\signifiéantly

higher“in red light grown Chlamydomonas reinhardtii when compared to
white, .hlue or green light grown cells (P < 0.05). This ratio was lowest
in white light‘grown cells when compared to the three other light treat-

ments. A similar situation was found iﬂ cells of Chlorella vulgaxis,

however, the carbohydrate:protein ratios were not significantly different

in this case.

2.5 Lipid Content

Significantly higher‘levels of lipid were found in cells of

”
~

g B U At P e
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white, blue and red light -(Table 3). When comparéd to blue, gteen or
red light grown -cells the lipid content was eignificantly lower in white
llght grown cells (P <0.05}.

while the llpld compos;tlon of .blue-green algae has been ex-
haustively analysed (170) very few reports bf total iipid content in

3

terms of dry weight or cell number exist. The fatty acid content of

' Anacystls nidulans has been reported as 11% dry welght (140)

Large varlatlon in the-lipid content of Navicula pelllculosa was

'obSefteq and while lipid content was highest in blue and red light grown
cells and lowest in green light cells, these differences were not signi-
ficant (Taole é). The accumulation of fat by oiatoms in response to \
nutrfgnt\@eficiency or unfayoﬁrable growth conditions is well documenteo

(57, 65, 248}. In synchronized cultures of Navigula pelliculosa'the‘lipid

conten of cells -rose almost 2-fold during the- tran51tlon from mld—
exponential to early stationary phase of growth (57). The fact that cells

v

were usuwally harvested during mid to late exponential phase in the present

_etudy appears to be reflected in the large variation in lipid content observed.

The 1lipid content of Navicula pelliculosa was reported to range from 4.5

to 9.7 ug per'lOG‘cells (57). My data shows excellent agreement with this
report.
‘No significant effect of light quality on the lipid content of

Chlorella vulgaris and Chlamydomonas reinhardtii was observed (Table 5 and

6); Hase EE.EE.(125) reported that synchronous cultures of Chlecrella
N L 6 . ‘ .
elllgsOLGea contained 5 to 10 pg lipid per 10 cells. . Guerin-Dumartrait

et al (121) reported lipid levels of 3,04 to 5.64 ug per 106 cells in-

Chlorella pyrenoidosa 211/8b. Recalculatlng u moles total fatty aclds of

.
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P
Chlamydomonas reinhardtii y-1 to ug yields 13.4 ug total fatty acid per

) 105 cells (108). While my lipid values for Chlorella vulgaris seem low,

the values for Chlamydomonas reinhardtii show good agreement with these

féported values.

2.6 Pigment content and composition

Total chlorophyll pigment concentrations. in cells of Chlorella

vulgaris and Chlamydomonas reinhardtii showed large variation (up to 25%

of the mean) and were not significantly different (P < 0.05) (Tables 10
and 11). This result was also generally true for the concentrations of
chlorophylls a and b and total carotenoids. The ANOVA treatment broke

'

chlorbpﬂyli b concentrations of Chlorella cells into twq homogeneous sub—f‘
sets;'In one, chlorophyll b concentrations in white,_greenland red light
weré'not significantly different (P < 0.05) (Table 10). In the other .sub-
sét, the chl&roph&ll b concentrations in white, blue and gréen light were
not sigﬁificantiy different. (P < 0.0531 The raﬁio of concentrat;ons of

chlorophylls b:a in all light quality treatments was not significantly

different in cells of Chlamydomonas (Tablerll). The chlorophyll b:a ratio

in Chlorella was broken.into two homogeneous subsets. In one sSubset,.
|
the ratios in white, blue and red -light were not‘significantly (P < 0.05)

different. 1In the other subset, the values in blue and green light were

not significantly different (P < 0.05). Changes in the ratio of total

_carqtenoids to chlorophfll 2 in Chlorella and Chlamydomonas were not signi-

ficantly different in any light treatment. |
The chlorophyll a content of Anacystis cells was not significantly

;ffected by light quality (Table 8). The phycocyanin éontent was highest

in blue liéht (representing 32% of the total cellular protein) and lowest
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in red light (P < 0.05). 'Phycocyanin content of white and green light

"cells was not significantly different. The concentration of total caro-

tenoids was not significantly different'in ény of 'the 1ight;treatmenté.
The ratio of phycocyanln chlorophyll a was hlghest in blue light cells

and lowest in red llght cells, howaver,_thls ratlo was not 51gn1f1cant1y
different in white, green and red‘llght. Thg tota},carotenpld:chlorophyll
g:répio was not‘significantly different in white, greéﬂ or red cells ﬁut
was higher,?n the blue.light cells (P < 0.05).. It is of interest to note
that-the total‘pigment éonﬁent (ghlorophyllpé:-+. carotenoids + phyco-,

cyanin) of blue light grown Anacystis cells was three times the total

o,

" pigment content of red light grown cells.

- Most of the pigment concentration and pigment ratio parameters

'of Navicula pelliculosa fell into two homogeneous subsets, white and blue

light and green and red light respectlvely, using ANOVA (Table 9).
Chlorophyll ¢ concentration was not significantly dlfferent in any llght
treatment, Chlorophyll E_concentratl;ns in the green and red llght subset .
were not significantly different butlwere higher than the-white or £lue
light subset. This trend is reflected in the ﬁalues for total chlorophyll

content and in the Ehlorophyll ¢:a ratios. Chlorophyll c:a ratios were

lower in red and green llght. The higher chlorophyll a content of red and

- green light cells is also reflected in a lower total carotenoid: chlorophyll

a ratio in these cells. The total carotenoid concentration in white, blue

and green light cells is not significantly different in one homogeneous

subset of the ANOVA treatment. In the other subset, the total carotenoié

content is not significantly different in blue, green or red light. _
&
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.. 2.6.1 Colour of &ultures
While this is a fairly subjective estimate, light quélity did

affect the. colour of the‘cultures.. Anacystis cultures grown in red ligh;
were bright greén,'whereas cells grown in blue light were blue. Cells )
grown in white or green light had an intermediate blue-green colour. Red
light-grown cultures of Navicula were greenish-brown.whereas blue light
cultures were a dark chocolate brown. White and greéen light cultures were

an intermediate golden-brown colour. No obvious colour changes were

Qbsegveﬁ:Zh Chlorella or Chlamydomonas culturese

3. The Effect of Light Quality on‘Light Absorption

3.1 "In'vivo absorption spectra.

The in vivo absorpfidn spectra of Chlorella and Chlamydomonas
" show conside?able v;;;;tion in overall abso;Baﬁce pr@files (Figﬁ?es 7l& ).
This, in part, is due to'différing amdunts of.pigmént pef:unit‘a;ea of
: mgmbrane and'alsolvariatiqn in the techniﬁue used. Ho;evér; changes in
chloroplaSp structure and arrangement méy have alte£ed the!apparent éb-
-sorban?e of the photosynthetic pigments iﬁ_gigg (252). Sélf shadiné of-
chlorophyll within chloroplasts coﬁid result in-decreaéed.absorbance per
._uniﬁ éigﬁent. A compg;ison of the absorbance peaksiﬁﬁ 680 nm and 440 nm
.xchl a) sugéests that blué‘light gréwn celis haV§ gfeater-absérptioﬁ in

this part of the spectrum than other light treatments. This is especially

~

pronouﬁced for Chlamydomonés (Figure 8} .- Increaséd absorbance at 440 nm
‘i fou;d in both ;ed énd blue light cellé-of'Chlorella fFigureii). .Abso:—‘
“bance primarily:due to carotenoids at 480 nm is ﬁagifested by a single

_ broad peék”a§_this wévéiength and does ﬁot show much Qariation with light

treatment. In Chlorella carotennid absorption is reflected in a series




.In vivo absorbance spectra of Anacystis

nidulans grown in white, blue, green or
red light (550 uW cm™2). Spectra have

‘been vertically separated to avoid

overlap.
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In vivo absorbance spéctra of _
Navicula pelliculosa grown in white,
blue, green or red light (550 uW cm~2) .
Spectra have been vertically separated
to avoid overlap. ' :
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In vivo absorbance spectra of

Chlorella vulgaris grown in white,

blue, green or. red light (550 uwW. cm'z).‘

Spectra have been vertically separated

to avoid overlap.
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Figure 8.,
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In vivo absorbance spectra of
Chlamydomonas reinhardtii grown

in white, blue, green or red light
(550 uW cm~2)., Spectra have been

~ e
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of minor peaks between ﬁhe‘44p nm peak and a shoulder at 490 nm. A peak

-

- at 472 nm.is especially pronounced in blue light cells.

B The outstanding feéfure-éf the Anacystis in vivo spectra is

‘the variation of the phychyénin peak gt‘625:ﬁm (Figure 5'). " The peak

height ratio at 680 nm and 625 nm-is similar -in white and green light

' cells, somewhat ldwer_ih'fed iiéhﬁ éné dramafipaily higlier in blue light

grown cells. Thié cleariy ieflééis ﬁhe‘impértance\of pﬁycocyanin in this
alga and‘suégestsutﬁat a‘foim oﬁ'invérsé cﬁfoﬁati& ddaétaﬁion has occurred.
The absarption-prdfile in-thé b1ue pﬁrt of ﬁheesﬁéctrum reveals no major
changeslinrcarotenbid composition én responsé to iight quality.

Two shoulders are observed in ig;vivo speétra.of white and blue

H

light grown Navicula pelliculosa cells at 460 and 490.nm.(Figure6 ). In

redland green iight grown cells the 460 nm ghoulder is no lénger apparent
and -a minor peak is obsérved at‘490 nm. The higher qarofenoid conteﬁt af
red and green light grown 9e1}§ and the changes in iﬂjgigg:absorbance at
460 and 490 nm suggest that chaqges in. the carotenoid composition had

occurred. No major differences in absorbance were cbserved in the red part

of the in vivo spectrum.

3.2 Changes'in light absorption

Changes in the amount of light absorbed in the waveband of the
light source used for growth (light absorption factor) are reported in

Tables l2:to 15. The calculated guanta flux absorbed under the same con-

'&itions is reported in Tables 16 to 19. Blue light adapted cells of the

two green algae used in this study have increased in vivo abserption in

‘the blue part of the spectrum (Figures 7 & 8). Blue iight adapted

Chlamydomonas and Chlorella cells also showed 18% and 37% increases in

-
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blue light ebsorption, respectively, when coﬁpared with white.lith
" adapted cells (Tables 14 & ;5): No increase in green or red light ab-" e

sofptien was observed in cells of these green algae adapted to green or

_red 11ght. Cells of Navicula pelliculosa and Anacystis nidulans showed .

llttle or no increase in llght absorptlon follow1ng adaptation to blue,

green or red light (Tables 12 & 13)..‘However, increases in the ability

to absorb white light were noticed in cells of Anacystis nidulans fo1e®

lowing edapfation to blue or green light.

4. The Effect of Light Quality on Photosynthesis

4.1 14C02-fixation ‘ ' -

Table. 20.reports the rates of 14C02—fixation of the four fresh-_

water algae following gr0wth in white, blue, green and red'light. 'coz—
flxatlon is expressed both per cell number and per unit chlorophyll.- On

a cell number baSlS, photosynthetlc rates of the diatom Navicula Qelllculosa

were h;ghest_in redllight and lowest in blue light. The COz—fixetion ;ate
in blue light Was_siénificagtly lower (P < O;OS),'when compared to rates

in whitk, greeﬁ-and'red iight. The rates of.goszixétion in'blue_end‘
g;een ;iéht‘were noﬁlsignificantly diffefent wheh.eempared to the'rates )
in white and red 1ight.r On a cﬁlérophyil basis_tﬁe fate:ofephotosynehesis_
in Blee_light wes‘gfeater than rates ie_whité and greee 1;ght.._Howeverf

- the rates ef COz—fixeﬁion of this diatom were nbﬁ'sigeifieantly'diffefent
;under any of the llght qualltles when expressed on alchlorophyll basis.

The green alga Chlamydomonas relnhardtll had hlghest rates of

Lphotosynthe51s in.red. and blue light on both cell number and unlt chloro-
phyll bases. The rates efrphotosynthesls 1n-red~and blue llght were not

significantly differenj:r The‘rate of COz—fixation was lowest in green

e
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3

_light and intermediate in.whitej_either'per cell number or per unit

At
BN

chlorophyll. - COZ—fixation rates in green or whité light were significantly

different (P < 0.09. - !

‘A’ similar ‘trefid in phétosynthetic respoﬁse to‘light guality was

found in.the other green alga Chlorella vuléafis.‘ On a cell number basis,

'howéver, the Cozifixation rate in white light was significantly higher

.. than the rate in red light.
. .

.In.tﬁe-blue—éreen alga Anacystis_nidulans €O, ~fixation rates in

2
fqd light ﬁgre significantly higher than in aﬁy_other light quality on

.'? eithéf a cefl ﬁumber_or unit chlorophyll basis (P < 0.05). The\ lowest

-pﬁﬁtosynthgtic rates.we:e féun@ in blue End"greeﬁ light. The COz—fi%ation
rétes;iﬁ Bl@ézﬁn& green light were ﬁot significanfly different. On é‘cell
.nqmﬁgfibasis,.photosypthesis in‘whiﬁe.light was ihterﬁediéte between red
fand'ﬁiﬁgréﬁd‘greén'liéht'and was significantly different. When expresééd
pp‘a uhit.ehioroéhfll Pasis, raées of C02—fi¥atioh in white and green

. ;ight were not significantly different.

4.2 02¢evolution-

The §esults of thé 02—évolution rate experiments fall into two
méin categories.. gn one grbup of_experiments, cells grown 'in white, blue,
green and red lightrwere exposea to eéual intensities (600 pW cm_z) of
white light or the light they were g%own in and the Oz—eVolutioﬁ;rate was

. measured, ' In the case of white'light érown—cells,Aequal‘intensities of .
fdll light quaiities were used. The resﬁlts of these experiments are re-
'porFéd in Tables 21 to 24. 1In the othér group-éf experiments the photo-

syntﬁetic response of @ells grown in' the various .light qualities to in-~

, creasing intensities of white light was measured. The results of these

N
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Tabie'Zl.;‘Baté‘of dz—ebolﬁtion of Anacystis nidulans grown in white,

i blue, green and red light (550 WW cm_2)

1

Light qqality,fof . Light quality for 02—evo;utlon meaSuremgnt

growth - - . (600 uW cm” 2
White "Blue Green " Red
'(hmo;es 0, mg chl_l‘hr_l) :
White - 38.T: -18.3 e . s3.8
o : 45.0 1 =-23.0 ‘ 0O . - . 65.6
“T . '. N . 2 . . . - . ) . ) . .
T Blue - N "81.3 8.1 - -
S _ . 100.3 - 14.3 L
- S R T T
Green . 120.00 - . - ©39.3 L=
' 142.0 - a0.7 = -
Red 54.0 T -
: 58.3 = - 83.1
B -
|I .

i



‘Table 22. Rate of 0_-evolution of:Navicula pelliculosa grown in

2
; . white, blue, green and red light (550 uw‘cm—zy

» W - ., . . . ) . . . .
- Light.quality for nght qua;;ty for Oz—ef?i;tlop ?easurgment;
' " growth - o - (600 -uW em ) .
White D Blue ‘Green - B Red
S R R
. {(umoles 02 mg chl hr ™)
- b
White’ © . 25.7- 7 10.2 . 23.8 7.1
N A 28.0 11.9 26.0 8.6
" Blue 341 6., - - o
: 53.3 9.3 - -
‘Green ' - 33,6 0 - ' 29.5 _ -
‘ : 42.6 - T 34.9 -
‘ . -
Red o S 27.0 .0 - _ - 26.7
‘ 22.5 ' - = 19.7



Table 23.. Rate of O,~evolution of Chlorella vulgaris grpwn-in.f

'white, blue, green and red light (SSOfuw dmfz)

,. Light quality for
.- .. growth

.#X
White
Blue

Green

Red

L;gﬁt,qﬁality:for 0

5 evolution measurement
© {600 uwW em %y L

. White.™ - “Blue - ) ©Green - Red
e ales 0 e 1™l h =1y
um%les ), Mg chl L_r .
2.3 . .12.3 . . 5.4 - 34.0 .
23.0 -+ 11.1. . 6.2 32.5
39.0 - 32.8 - -
41.3 32.5 - -
52.3 - 19.4 =
46.5 .- 18.4 -
40.6 - - 50.2
47.0 - T - 47.5



, Tablé 24. ”lgate_df;bzferlu;idn‘pf Chlamydomonas reinhardtii.

grdwﬁlih thte},ﬁlue, gréen;ahdfreﬁ_iight'(5SDTMN gm:-)

Light_quaiity for
‘growth

- Blue
"Green

" Red

- White

White -

O

‘ Light qdéiity_for 0]

(600 W cn 2)

-

(umdles‘o

19.0 1.
2

28]
s
*
. Y
w N
»

Blue,.f

‘mg cﬂl_

5
0

. Green .

"
L

B L P
[

2.

evolution measurement

";Red



t{'experlments are shown 1n Flgures 9 to- 12

The -0 -evolutlon rate- per unlt chlorophyll of, whlte llght grown

“'céils of Nav;cula in- response to equal 1nten51t1es of whlte, blue, green

and‘red 1ightlls shown 1n‘Tabler22. Ehotosynthetlc_rates were highest

'énd similar in white and green light. de'rates of photosypthesis were

- ‘found in blue and red light. Red iight grown cells had similar rates of

'Oé—evolutlon to whlte llght ‘cells in whlte light but showed enhanceg

4

. . 4
enhanced O —evolutlon rates in whlte light, however, the 0

S

) photosynthetlc rates in red light. Blue light grown cells had greatly

v

> 2—evolutlon

lrate 1n blue llght was not 1mproved. A partial explanatlon for this anoma-

lous result may lie in the spectral energy dlstrlbutlon of the blue llght

2

used ' in the‘O ~evolut10n experiments (Fig. 3). While thlS blue light .

source has a éimi%ar peak emission at 460 nm to the light source used for

growth, its's waveband is much more Yestricted i.e. 420 to 515 nm against
\
380 to 575 nm for growth. The in v1vo absorbance spectra of Navicula
- v
(Fig. ©) by comparieon'to-thoée of Chlorella and Chlamydomenas {Figs. 7 and

B8} show greater absorption in the range 520 to 560 nm presumébly due to ‘the
in vivo absbrption'of fucoxanthin. The absence of these wavelengths in

the blue ligﬂt used for 02—evolution‘measurements may explain the low

'Oz—evolution rates of Navicula in blue light;- Green light grown cells

showed enhanced photosynthe51s both in whlte and green light. The 0 -
evolution rates of Nav1cula cells grown in whlte, green and red light show
substantial agreement with the“eerlier’lécoz_fixation experlments on a

unlt chlorophyll basis (T le 20)

.

The rates of 0 —evqlutlon of whlte llght grown Chlamydomonas

,cells in equal 1nten51t1es of whlte, blue, green or red 11ght are shown in

Table_24r The hlghest rate of photosynthe51s is found in red llght.



. . : . . - . . - I -~ .
Lower rates of photosynthesxs are found 1n whlte and green llght.l Very
low rates of Oz—evolutlon are found in blue lrght.; Agaln, blue llght

grown cells show enhanced photosynthetlc rates 1n whlte llght but no S

\ . ka{ L

1mprovement in blue llght. Thls suggests that the restrlcted waveband of

1 - .
2-evolutlon measurements prevented photosynthe-

v

tlcally actlve plgments absorblng just’ outs;de ltS waveband from part1c1—

the blue llght used for 0

'patlng in photosynthe51s. Even hlgher rates of O--evolutlon were found

ln red light grown Chlamydomonas cells in both whlte and red llght. ~While

' 'green llght grown cells showed enhanced photosynthesls 1n whlte llght,

- the rate of photosynthesrs ‘in green 1lght was not 1mproved Agaln,‘sub—

': stantlal agreement between the rates of O —evolutlon and 4C02-f1xatlon‘

~. . - . . . \.‘; }
of whlte, green and red llght grown cells ln whlte, green or red -light .

Y ] o RUTIE ‘. .

\| .

was found (Table 20)

Whlte llght grown Chlorella cells shOWed hlghest 02-evo\\beon

' rdtes in red llght, followed by whlte 11ght blue 1lght and green light

_showed 1ncreased photosynthetlc rate in both whlte llght and blue llght,

-

'.suggestlng that its plgment compgsrtlon was well sulted to the restrlcted '

'Tﬂf.waveband of the:blue llght usedn :Green light grbwn cells also showed;,
. higher'rates.or O'-evolution in white and green"light; fhe highest 0,-

-evolutlon rate was | found ln red llght for red llght grown cells., The rate

tof photosynthe51s of red 11gthcells in whlte llght was also lncreased d
by comparlson with whlte 11ght grOWn-cells. Agaln, good agreement between
" the Ozeeﬁolution and CO_-fixation experiments is observed -for all light.

-

I

qualities (Table 20).
White lightlgrown‘cells-of Anaczstis.showed high rates of'Ob-‘

evolution in red and white‘light (Table 21). ﬁqual intensities’ of green

. ..
©in decreaszng-dfddr\of magnltude (Table 23) Blue 1lght grown Chlorella
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" Figure 9.

T
The raEe of 0_-evolution bf'Anabzstis
- nidulans grown in white,.blue, green or
red light (550 uW cm~2) as: a.function
of whlte 1lght 1nten51ty. Lo :i.
3
kS
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Figure 10. The rate of 0_-evolution of Navicula

L

gelllculosa grown in whlte, blue, green.
or red llght {550 uwW. cm' ) as a function

- of whlte light intensity.
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Figure 11. The rate of 0_-evolution of

S Chlorella vuldaris grown in white,
blue, green or red light (550 uW cm~2)
as a function of white light intensity.

N
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Fiiure 12.

The r'at:_é of O sevolution of °- - : o &
Chlamydemonas” reinhardtii grown in. :

~white, blue, green or red light

(550 yW em~2) as a function of
white light intensity.
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\consumptlon. Blue llght adapted cells showed hlgher rates of O --

- 171 - . o]

-

- ) o Ct ) : -
'11ght produced a 11ght compensatlon po;nt 51tuatlon in white 11ght 63

adapted cells and showed a rate of 02—evolut10n equal to the rate of 02 N

consumptlon.‘ In blue llght, whlte llght adapted czlls showed net 0

evolutlon in both whlte and blue llght compared wlth whlte light adapted -

cells. ~Green llght grown aczstls cells showed dramatlcally hlgher 02—

evolutlon rates in white and green llght when compared to cells grown in

white 1lght Anacgstis cells adapted to red llght showed’ sllghtly in-
“ pr

_creased. photosynthetlc rates in whltg llght and much hlgher rates ln red
R ¥

light. The Oz—evolutlon results parallel those found in the CO flxitlon

1

eaperiments (Table”20).f‘\, %gl ‘ Lo -

1y

B 4.5 . The effect of white light intensity on Ozéevolution .

'The results of the white light lntensltw—photosynthesis curves
showed several effects (Figutes 9 to 12). Pirstly, the magnitude of‘the
photosynthetic resp0nse to Whlte light of cells adapted to restricted
parts of the spectrum was greater than the response of whité light adapted
.cells'ih all cases. Secondly, most of the curves show- saturation at .light

intensities > 1000 uW cm 2. This suggests that these gells were all-shade

adapted. And thirdly, visupl inspection of the curves suggests that Ik

was lowest for green light drown cells of Bnacystis, Chlorella and

Chlamydomonas and blue light|grown cells of Navicula, suggesting‘that these

are the most shade adapted

5. The Effect of Light Qlality on Photosynthetic Carbon Metabolism -

5.1 l4C -incorporatinn into the water soluble, chloroform“soluble
and 1nsolele flractions

When the total radiocactivity recovered in the water soluble,

%



" Table -25.- Comparisoh of total radioactivity recovered during  )

the extraction procedure with 14C024uptake of whole

cells

Total extracts |

{dpm i0%ce1157t 40 min ") -

a3

Whole cells

1

‘% Recovery

CHLORELLA

White 1 43198
2 42215 -
Blue 1 . 43294
‘ 2 ) 47694
Green 1 : T 20320
E 2 19154
Red 1 39031
2 31732
CHLAMYDOMONAS
White 1 359724
. 2 347645
Blue 1 280728
L2 264513
Green 1 33586
2 81691 .-
Red 1 351476
2 - 325929
NAVICULA
White 1 148768
2 . 145961
Blue 1 136457
2 120883
Green 1 76392
2 78644
Red 1 156343
2 163983
ANACYSTIS
White 1 17711
2 16303
Blue 1 6126 .
. 2 6179
Green 1 . 6l88
2 5666
Red 1 89331
2 87495

70899
68815

59639

63222
26880
- 26257
52895
38223

852265
711826
584222

603121 -

83360

207905
875882 .

872643

182402
187347
192453
187279

97488
104222
200440
210242

*. 64910
57648

9958

10655
15557
14135

222313

218153

60.9

61.3
72.6

- 75.4

75.6
73.0
73.8

83.0.

42.2
48.8
48.1
43.9
40.3
39.4
40.1
37:3

81.6
77.9
70.9
64.5
78.4

* 75.5

78.0

78.0.

27.3
28.3
61.5
58.0
39.8
40.1
40. 2-
40.1

5
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Table 26, ‘Comparison of the mean radioactivity found in the
’ water-soluble, chloroform-soluble and insoluble
fractions. after 40 mins: 14c0, incorporation

.

Water soluble Chloroform solﬁble Insoluble

. N
(% combined activity recoveéred in fractions)

L

- CHLORELLA - _ \
White 82.4 36 14.0
Blue 86.3 2.8 10.9
Green ‘ 95.6 ' 1.4 - 3.0
Red . 89.7 ' 6.0 4.3
' CHLAMYDOMONAS '
White 42.8 4.7 - §2.5
*Blue A 37.9 7.2 . 54.9
Green 47.0 5.8 47.2
Red 53,0 18.8 '28.2
. .? - '

NAVICULA
White - 64.4 . 18.8 16.8
Blue 80.3 3.6 . 15.6 -
Green 84.0 5.6 ion.a
Red S - g7.3 3.8 . 8.9

[~

ANACYSTIS
White 38.8 24 59.1
Blue X 87.2 1.0 11.8
Green ‘ 74.2 2.0 23.4

®ed 43.5 5.4 51.1
. 2

i
| &
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inSoluble'and chloroform eoluble‘ekrracts is-comparéd wirh the léc?* "gi
uptake of whole cells, varlable percentage recoverles of radloact1v1ty are .

N

. Seen (Table 25) For Chlorella vuigarls peroentage recovery ranged frbm

‘60.9 to'83%. For‘Chlamydomonas relnhardtll 37 3 to 48. 8% of t'e lncor—ﬂ

g'porated‘radioact1v1ty_was recovered in-the’ varrous;ext acts. . 64. 5 to

]

81.6%fpercenrage recovery‘was found in Navicula Qeilibdloéa.}_ln Anaczstis
- nidulans percentage recovery. varied widely from 27.3% to GLfS%ﬁ
Examination of the relative distribution_oflradioaqtivity Ennrhez

“various cellular fractions reveals wide differxences in'the inporporation

strategiee of'the'various‘algae (Table 26). 1In Chlorella vulgarls,

. most of the 1ncorporated radloactLVLty was found in the Water soluble .
fractlon.t If we. conSLder the dlstrlbutlon of label in the 40 mln. sampies,
the amonnt of 14C in the water soluble fractlon ranged from 82 4% ln

white lignt to 95.6% in green light. Corresponding changes in the‘rn;*ﬁl
soluble fractlon were noted, lncorporatlon being hlghest in whlte and |
.blue llght and lowest in ‘green and red llght. *The amount oﬁ radloaotlvitjie
lncorporated into the onloroform soluble fraction in red 1ight Qae.ati

' least twice that found in any of the other light treatments,

¥

ﬁBy.contrast,,in the other green alga, Chlamydomonasjreinhardtiij
anounts-of radicactivity found in the insoluble fraction were greater
rnan‘orjequallto.rhose fonndlin the water soluble'fraotion-in %Pitefr

- blue and_green iight; In red‘light, insoluble radiqaotrvity was‘décreased.
The'peroentage of radiocactivity of the chloroform soluble fractionrin

red light'was_almosr,three times that found in the other'light treatments.d

In the diatom Navicula peliiculosa the highest percentage of

radioactivity in the insoluble and chloroform soluble fractions was found

in white light. Izﬁiomparing the blue.through‘green'ﬁo red light



e

-experlments, an lncreaSLng percentage of radloact1v1ty in the water

’,

5T

'soluble and decreas;ng percentage of radloact1v1ty in the 1nsoluble

r

s Efraotlons was observed. Percentage 1ncorporatlon of radloactLVLty into

-

L 'the chloroform soluble fractlon in blue, green and ‘red llght was 1/4

to 1/3 the percentage found in whlte llght.

=

In Anacystls nldulans,g a strong 1nf1uencé of light quality on

.-

.the”pé:oéntage'of.radioactivity in the water soluble and insoluble

iiifractions Was obServed. rn'white'and red iight;_mcre tﬁan‘half the radio-

act1v1ty .was found 1n the 1nsolub1e fractlon. In blue and green llght

‘~.- N . -

-8? 2. and 74 6% resp of the radloact1v1ty was found Ain the water soluble
- fractlon The percentage radloactlv1ty of the red llght chloroform
soluble fractlon was. at least two times the . amount found in the other’

-light- qualltles.

géélhéxt:acellulat release
Light quality had variable efﬁects*on-the entraoellular‘telease
”fraction. Redioactivity in this fraction will be consideted‘as a per-
centage'ot the actigity of.the water solubleiﬁraction, sinceadt ie
Ypres‘umably derived frem ‘this fraction (Tables .27_ to 30).
| In Chlorxella, the amonnt of radloact1v1ty released by the cells
ranged from 0.6 to 2. l% of the water-soluble fraction. This is a very
2 . .
Fow value 51nce,‘1n th;scalga, more than 80% of the incorporated 140
- was found in the water solnhle fraction. Light.quality does not seen to
greatly affect this fractipn and in'ail cases the amount released did
_ not increase appreciably with time (Tables 29 and 31).

.

In‘the case of Chlamydomonas; largerland more variable amounts

of radicactivity were released. This ftaction was highest in white light,

¢

3
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Table 27. Radioactivitf of the water-soluble, chloroform-
) soluble, insoluble and extracellulax release
fractions of . Anacystls ‘nidulans

Water Chloroform

soluble soluble Insoluble Excreted

{dpm lO6 cells"l)

White - ' Y
2.5 min. 1 800 48 - -
- 2 596 . 41 - -
20 min. 1 5761 162 4036 635
2 165 3595 717 -
364 10439 1180
Y 363 - 9650 1238
2.5 min. 1 145 i 4], - -
2 189 26 - -
20 min., 1 3012 62 - 271 - 196
2 3306 57 281 209
40 min. 1 5321 .59 746 320
.2 5404 66 709 349
+ Green
2.5 min. 1 189 25 .- . -
C2 238 59 - -
20 min. 1 2752 91 672 322
2 2689 74 431 301
40 min, 1 4563 110 1515 481
2 4284 121 1261 487
Red
2.5 min. 1 857 56 - -
2 739 59 - -
20 min. 1 28764 2996 36833 740
2 32279 3544 33696 806
40 min. 1 41344 4202 A3785 - 1021
2 35646 5329 46520 1108



Table 28.

White
2.5 min.
20 min.

40 min.

Blue
2.5 min.
20 min.

40 min.

Green
2.5 min,
o~

20 min.

40 min.

Red
2,5 min.
20 min.

40 min.

oH N H N

BN H R
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Radibactivity of the water -soluble, chloroform-soluble,
insoluble and extracellular release fractions of
" Navicula pelliculosa

Water Chlorxoform ‘
soluble soluble Insoluple Excreted
' : k 4

(dpm 10 ce11s7H

1397 - 418 - S
1383 725 - -
17679 10011 13014 7465
17581 10607 10938 5086
93508 27609 27651 7440 |
96260 27840 21861 6642
2360 353 - -
1398 105 - -
64112 . 2942 8985 1160
58414 1784 7852 598
109155 4972’ + 22330 3021
98651 4361 17871 3496
2037 404 - - _
2088 347 - - —————
34725 2145 5030 562
38197 4144 4694 500
. 65354 2899 8139 617
64920 5769 7955 714
1560 143 - C-
1837 90 - -
64162 3167 5747 428
73930 4195 7560 503
137342 6442 12559 743

142459 5588 15936 828
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Table 29. Rédioactivity of the water-soluble, chloroform-soluble,
insoluble and- extracellular release fractions. of
Chlorella vulgaris,

Water Chloroform

soluble soluble Insoluble Excreted

(dpm 10° cells

White K
2.5 min. 1 782 45 - -
2 1094 29 - -
20 min. 1 23018 314 . 3170 601
2 22687 590 2521 379
40 min. 1 " 36004 "1525 _ 5669 . 545
2 34427 " 1542 6246 381
Blue
2.5 min. I _ . 580 46 - -
2 625 64 - -
20 min. 1 10987 254 1610 104
2 25591 388 1909 276
40 min. 1 35925 1670 5699 115
2 42586 © 838 4274 393
Green ///B\W
2.5 min. 1 816 53 - -
2 680 - 54 - -
20 min. 1 8849 112 198 149
2 13348 204 316 98
40 min. 1 19253 334 733 111
2 18493 208 453 98
Red
2.5 min, 1 1261 18 - -
2 1210 32 - T -
20 min. 1 15796 727 701 © 307
2 14564 539 626 207
40° min. 1 35235 2441 1355 163
2 28253 1778 1701 190



Table 30.

White
2.5 min.
20 min.

40 min.

Blue
2.5 min.
20 min.

40 min.

Green
2.5 min.
“20 min.

40 min.

Red
2.5 min,
20 min.

40 min.

1

N H N NN BN
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Radioactivity of the water soluble, chloroforﬁfsoluble,
insoluble and extracellular release fractions of
Chlamydomonas reinhardtii.

Water Chloroform Insoluble Excreted

soluble soluble

{(dpm lO6 cells—il A B

10522 1079 * ¢ - -

_ 10106 990 - . -
119063 10568 110657 16890
88944 10986 100571 " 15949
148219 14524 196981 20767
154593 18983 174069 15231
6380 580 - -
5295 . 839 - -
79540 - 5019, 69337 7528
83367 5642 85089 6199
113740 27155 139833 9616
92662 12498 159353 7566
2554 549 - -
7748 657 ‘ - -
10146 1066 6765 1086
24632 5100 19588 1841
16846 1530 15210 1798
" 137324 5203 39164 2773
8873 420 = -
9176 367 - -
109015 38104 78968 2644
112625 29919 : 53650 2953
172984 72591 105901 4460
185819 55276 84834 3455
x
(] .
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: TabIE'Ql. Comparison of theffadioéciivity found in*thé water soluble.

and extracélluléq‘release fractions,

Water -soluble .Excreted
(dpm lO6 cells—ll40 min.—l)

1

'(%.Watér soluble)

N

' CHLORELLA . . ’,,f”"

White 1 : . 36004 . - . - 545
o 2 ‘ ‘ 34427 ) 381
Blue 1 - * . 35925 . 115
2 ‘ ., 42586 : 393
_Green 1 " 19253 , 111
2 18493 . a8
Red 1 35235 163 -
2 28253 190
CHLAMYDOMONAS .
White 1 148219 . 20767
o2 154593 15231
Blue 1 ‘ T 113740 9616
2 _ 92662 7566
Green 1 - 16846 ‘ 1798
2 37324 2773
Red 1 2984 4460
' 2 185819 ) 3455
NAVICULA
White 1 © 93508 7440
: 2 96260 - 6642
Blue 1 ‘ 109155 3021
2 ) 98651 3496
Green 1 ‘ 65354 617
2 64920 714
Red 1 137342° ' 743
2 142459 828
ANACYSTIS _ -
White 1 6808 1180
’ 2 6290 1238
Blue 1 5321 320
2 . 5404 349
Green 1 4563 481
2 4284 487 @
Red 1 ] 41344 1021 *-
2 35646 1108
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"Table 32. - Ion exchange separation of the water;soluble and
extra-cellular release fractions of Anacystis nidulans.

& : . - .
LR . .
‘ Neutral - . Basic Acidic
- l . . (dpm'i06~cells_l)
‘ 5 : \ L .-
- White -
Water soluble 1 1101 . 591 3087
2 1274 683 = _ 2475
Excreted . .1 362 3098 . "250
{ 2 697 - 302 . 29%°
Blue .
: . ' , L
Water soluble 1 1198 1619 1112
' 2 - 1022 . 1334 2461
Excreted 1 527 235. 198
- 2 476 181 ' 170
Green
Water soluble 1 . 920 369 2216
- 2 926 ' - 488 2474
. Excreted 1 433 144 . 165
' 2 426 ' 135 193
Red
Water soluble 1 7981 8540 , 4403
2 8106 7831 4189
Excreted 1 948 332 411
2

787 , 278 414



" Table 33.
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Ion exchahge separation of the water soluble and

. extra-cellular release fractions of Navicula pelliculosa,

hhite
Water soluble

Excreted

Blue

Water soluble

Excreted®

Green
Water soluble

Excreted

Red
Water soluble

Excreted

NS o I LS i S I LS SN

IS I

¥
o/
Neutral - Basic Acidic
{(dpm 106 cells_l)

25757 8754 7216
22506 8479 9095
1253 1247. 4161
647 511 2009

A =
. 56041 6845 10612

57085 . 9384 6802 v
620 828 4;7
674 677 ~ 024

[ 4

24551 12441 4925
22965 7069 6179
556 155 308
420 250 221
52475 6250 11107
53497 13680 15987
445 303 377
438 226 348
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Table 34. Ion exchange separation of the water soluble and
extra-cellular release fractions of Chlorella vulgaris.

-

'Neutral Basic Acidic

(dpm 10° ce11571)

White
Water soluble* 1 4973 9594 5556
2 . 5164 6669 3627
Excreted* 1 168 114 98
.2 233 79 45
Blue
Water soluble 1 13642 7254 3892
- 2 20198 . 8894 4076
Excreted 1 66 48 46
2 123 86 52
Green l
Water soluble . 1 13038 3011 1626
- . 2 10363 2191 1244
Excreted 1 183 w52 47
2 105 35 38
1
Red
Water soluble 1 19802 6205 . . 2283
2 14978 5697 2086
Excreted 1 107 78 . 62
2

102 75 _ 54

-

* 20 min. sample - all other 40 min. samples.
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Table 35. Ion exchange separation of the water soluble and extra-
cellular release fractions of Chlamydomonas® reinhardtii.

Neutral Basic Acidic

‘ . {dpm loecells_l)

White s
’
Water soluble 1 35325 ! 214405 ’ 28401
” o2 39752 20967 28932
Excreted 1 5805 4460 5750
‘ 2 4984 3697 3961
f
Blue
Water soluble 1 10629 ) 27845 20395
L2 13084 30692 26760
Excreted 1 4102 3019 3616
2 5700 . 3086 - 4302
Green
Water soluble 1 7004 2539 ) 5787
' 2 8046 6069 7787
Excreted 1 3265 1782 1579
2 5451 4456 3228
[y
Red ! .
- WaterAsoluble 1 37294 27230 39456
2 48401 32834~ 46642
Excreted 1 5855 1958 4419
2 5682 - © 2351 2053
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being 12 - 15% of the water soluble fraction and 10y§st in red light
{2,2 - 2.5%)., An intefmediéte amount (8.4%5 was released in blue or
green light.““¥n this case a slight increase in the amount released with
time was observed (Tables 30 and 31). ,-

In the diatom, Navicula, highest amount;—of eitracellulaf
release were found in wﬁite light. The amount released by the 20 min.
~samples apparently formed 35.6% of the aétivity of the waﬁer soiuble
fraction, however, the activity of this latter fractién would appear to
be unusually low. The value of 7.4% for the 40 min._sampl; éppears to
be more realistic. The lowest amount of radioactivity was released in
red light (6.6 - 0.7%) with intermediate levels of release found in :
blue or green light. Again the amounts released are very low considering
the high percentage of activity in the water soluble'fractioﬁ of this
alga. A modest increase in activity released ;ith time was obsefved,
(Tables 28 and 31}.

As a percentage of activity of the water soluble fraction extra-
cellular release was highést in white grown cells of Anacystis. Extra-
cellular release decreased in a fegular manner in green, blue and red
light growh cells, The lowest percentage release, i.e. 1/4 the amount
in white‘iight was found in red light cells. Most treatments showed
a faifly strong increase in extracellular release with timg {Tables
27 and -31). |
. If the activity of the extracellular release fraction is con-
sidered as a percentage of the total 14C—incorporated into whole cells
at 40 min,, it can be seen that cellplar loss of carbon via this fraction

does not exceed 4.1% (Table 36). Chlorella has the lowest carbon loss

due to extracellular release, activity in this fraction ranging from
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Table 36, Carbon 1ossés due to extracellular release and 1400
release in the light (based on 40 min. samples).

CHLORELLA

White 1
. 2
.Blue 1
2

Green 1

Red

[ VSR o o]

CHLAMYDOMONAS

. Net
Ne C02

White 1
2

Blue 1
2

‘Green 1

Red

[ ]

NAVICULA
White 1

. 2
Blue 1

2

Green 1

2

Red 1

: 2
ANACYSTIS
Whitell
r2

Blue 1

2

Green 1

Red

NN

14 Extracellular

uptake - release

(dpm loscells_l)

70899

545
68815 381
59639 115
63222 393
26880 111
26257 98
52895 163

38223 190

852265 20767

711826 15231

584222 9616

603121 7566
83360 1798

207905 - 2773

875882 4460

872643 3455

182402 7440

187347 6642

192453 3021

187279 3496
97488 - 617

104222 714

200440 743

210242 828
64910 * 1180
57648 1238
' 9958 320
10655 349
15557 481
14135 487

222313 ‘1021

218153 1108

v Mo, light %

release

- (dpm 106cells_l)

0.8 578" 0.8
0.6 316 - 0.5
0.2 960 1.6
0.6 640 1.0
0.4 1088 4.0
0.4 271 1.0
.0.3 328 0.6
0.5 273 0.7
2.4 6367 0.8
2.1 6267 0.9
1.6 12062 * 2.1
1.3 13898 2.3
2.2 23500 28.2
1.3 20520 9.9
0.5 9680 . 1.1
0.4 3539 0.4
4.1 3713 2.0
3.6/ 1.2
1. 2.8
1f9 2.5
0.6 12.7
0.7 6.7
0.4 1.8
0.4 0.9
1.8 405 0.6
2.1 625 1.1
3.2 4727 47.5
3.3 6542 61.4
3.1 1460 9.4
3.4 1940 13.7
0.5 37 0.0
0.5 20 0.0

= Mo



"0.2 to 0.8B% of total Cl4—fixation. Light quality does not aﬁpear to

affect extracellular release at this level in Chlorella. 1In Chlamy-

domonaé, carbon loés as a percentage of total 14C—incorpbrated into

/

whole cells is lowest in red light (0.4 - 0.5%) and fairly similar in
white, blue andbgreeh light (1.3, - 2.4%). In Navicula, carbon loss
was 0.4 to 0.7% of the whole cell value in red and green light,_this
rose to 1.9% in blue light and 4.1% in white light. In Anacystis,

)

extracellular releaée as a percentage of whole cell activity h&s lowest
in red light (0.5%), intermediate in white light (2.1%} and highes;
in blué and éreen light (3.1 - 3.4%). _ : o ‘

To fﬁrther investigate the influegce of light gquality on'the
partitioning of c;rbon'in algal cells, the radioéctivity-in the neutral,
bagic and acidic fractions of the water soluble and extrac?llular release
extracts was examined (Tables 32 to 355. In'Chlorella, Qith the exceétion
of the white ligh; treatment, the highest percentage of radioactivity
was found in the neutral fraction of the watér soluble extract. This
was followed in decreasing order of magnitude by the basic and acidic
fractions. In general, a similar trend in percenﬁage activity was found
in the extracellular release fractions. Light guality 4id not seem to.

affect this distribution of radioactivity (Table 34). -

In Chlamydomonas, a more even distribution of radiocactivity was

found in the neutral, basic and acidic fractions of the water soluble

extract. With the exception of blue light, the level of activity in the

-

neutral’ and acidic fractions was similar with a lower amount of activity
in the basic fraction. These distributions of activity were generally

mirrored in the extracellular release fraction (Table 35). Iq blue

light, the radicactivity of the basic water soluble fractigp/ﬁas

wﬁf”-_;,’/’ﬁ-‘/’
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increased apparently at the expénse of the neutral fraction.

The highest level of activity was found in the neutral fraction

-
. - '
1

of the water soluble exﬁract from Navicula. . In Qreen and red light, 'the
distribution of activ;ty in the c;rbon réieased by the'dblls general;y '
parallelgd'the activity in the watef solugle extract. This was not so ‘
in whiﬁe or blue light. In white light, the high level of actdvity in
the neutral fraction of the water soluble extract was not o served in \—;ﬁgf“\“
~the carbon released by the cells. While only 20% of the carbon was fixed
in the acidic fraction of the water soluble extract, over 60% of the .
released activity was found in this ffaction: In blue light, the high
level of activity in the neutral water soluble fraction amd rather low
levels of activity in the basic and acidic fractions was not reflected
in the rather even distributiop of activity in tﬁese fractions released
by the cells (Table 33). )

An intergsting feature of the Anaézstis results is t?at while
the neutral fr;;tion nevér exceeded 40% of the activity of the water
soluble fraction, it always formed 50% or gréater levels of the activity
) in the extracellular reléase‘fraction (fable 32). LIn thte and green
lighf, acti;ity in the basig fraction of the water soluble extract was.
low. The activity in the acidic fraction of this extract was greaﬁér
than 60% in goth these light treatments, hoﬁever, the acidic fraction
activity‘of the exgiacellular release fraction was éniy 14 to 15%. in

red,and blue light grown cells no major assymetry in the fractions was

noticed apart from the above mentioned effect in the neutral fraction.-

.

5.3 Photorespiration: ) ' o

'In attempts to assess the carbon loss due to'photbrespiration,
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l'4C02 released by the cells was examineﬁ as descFibed'in Materiais‘and '
Methods. The results of these experiments are_exptessed as dpm releaeed
per 106Icells per 40 mia. interval for cemparisoa;with 14C02—uptakel
over a similar time interval (Tables 36 to 40). If,one compares the
amount of l4é02re1eased in the light with the amoant taken up over a 40
min. time period, photoreapiration would appear to Ee a very minor

process in Chlorella. The 14CO2 leost by this-alga appears to range

from 0.5 to 4% of the total;lqcozéuétake (Table 36). Losses',appear to

be lowest in white or red 11ght and hlghest in blue and green 11ght

In Chlamydomonas, losses were 1% or less in whlte dnd red 1lght, about

2% in blue llght but rose consxderably in green llght (over 10%). r
Table 36).

In Navicula,l4co2 losses ranged from 0.9 to 2.8% of the total

14CO2 incorporated in white, blue and red light. 1In gfeeﬁ light, fQSSes

ranged from 6.7 to 12.7% (Table 36).

. B
. Y

* In red light, losses of 14CO2 in the light wefe very low, i.e,
0.01 tb 0.02% for An aczstis. These losses rose to about 1% .in whlte, -

- 9.4 to13. 7% in green light and extremely hlgh 1osses of 47.5 to 61.4%

.

‘were observed in blue light (Table 36).

It should be polnted out that the highest 14CO2 losses were '

observed under condltlons where the algae showed low14co2—uptake rates

in the light, e.g.-green light for Chlamydomonas'and Navicula and blue;
light for Anaczstgs_(Table 36). In these cases-a hiéh percentage of the
incorporated 14C02 was found in the water spluﬁle fractien. rsince this
may represent a pool of‘highly labelled QﬁotoresgiratOry sutstrate,
14CO2 of h;iper specific actigityrmay be re;easeé'under_tﬁeae'conattions

and thus cMmplicate interpretation of thesé‘reshlts:ﬂf B
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Figure 13.

I
T
o
S
I

T

C . x .
Time-course of 4CO release into-

Cco~free air by Anacystis nidulans
in“white light (550 uW em—2) and
darkness.
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Figure 14. Time-course of 14CO release into
' ' CO,-free air by -Navicula pelliculosa

in white light (550 uW cm~<) and

Coew darkness. : ‘

i
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Figure 15.

- 198 -

Time-course of 14CO release into
CO.-free air by Chlorella vulgaris
in“white light (550 uW cm~<) and
darkness.
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Figure 16.

A,

A

Timg—courée of CO. release into
¢O_~free air by Chlamydomonas

o2t et in white 1Ight (550 uW cm °)

and darkness.
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It has Been sﬁggested that the ratio of 14CO2 release in

the light to that released in the dark provides a means of comparing.
the degree of photorespiration among various plant species (383). This
. : . .

assumptlon is based on . Coz—exchange studies w1th*terrestr1a1 plants

where lt has been' shown that thls ratio is very low (<< 1) in C4

plantsAand > 1 in C3 plants; Except for two cases (1n Table5_38 and

40), the ratio of light release to dark release was less than one,

! o ‘ . ~,

*which sqggests at a very minimum estimate that dark respira:i:n "
does not continue unabated in the'light and that algae,dd notjphoto-

respire to the same degree as terrestrialej plahts. However, \Since
. L A . ' 14~ - .
the ratio is dependent on the relative rates of 4CO2 release in

. : L
light and dark somewhat anomalous results can arise. For example,

s

Chlamydomonas in greén 1light has an L/D ratio of 0.76 whereas in red - :

light the ratio is 1.0, however, the amount of %4CO lost in red light

-2
ia substantially less on an absolute or percent total 14C02—uptake
5 B ‘ : G, - 14 . .
basid (Tables 36 and 40). In other instances, the CO, loss in the

2
light may rise with no change in the L/D ratio. For example, the 14CO2
loss in blue light is twice the rate for white,light Chlamydomonas cells

-
though the same ratio is(%Bserved (Table 40). A similar situation exists

for white and red light grown Anacystis cells where 14CO2 losses in red

llght are l/lO the white light losses (Table 37). A major factoxr con-

4
trlbutlng to thlS varlatlon in L/D ratio is the rate of dark 1 CO2

release. In Chlorella, dark 14CO2 release does not vary dramatically,

though rates are lowest after red light and highest after blue liéﬁt

(Table 39). 1In Chlamydomonas, a 3- to 4-fold variation in dark 14COé

release rates was observed, the highest and lowest rates occurring after

: 3
‘exposure to blue and ved light respectively (Table 40). Rates of 14CO2



release in: the dark varied about two-fold in Nav1cula \the hlghest ‘bnl--‘

dark rate. occurred follow1ng green llght (Table 38).,,14C02 release 1n

_ the dark varled by ‘a factor of at least 5 in aczstls, the rate was f*-'

. lowest afterfaed llght and hlghest after blue light (Table 37)

by '\-..'

] Because of the complications 1nduced by the spectral depen-
dence'of.l4co -uptake “and release, both on an absolute ox ratlo ba51s,

‘ lt would seem that the 14C assay technlque is not the approprlate method

for measuring the effect of llght quallty on photoresplratlon within an i“_w

LN -.“‘.
algal species. However, thls assay has been used to compare photo-

resplratlon in whlte llght between different specxes of algae l4£) If-
we compare the four algae ‘used in thls study on the baels of thelr L/D
Pa tlo in’ whlte llght, the lowest ratlos occur in the blue green alga
. Ai;b stis (O.lQ —‘0.19).followed in ascending order of magnitude by
AChlgrella (0 24 - O 29) Chlamydomonas (0 36 - O 42) and- Navrcula
(0. éS -~ 0. 67) (Tables 37 to 40 and Flgs. ‘13 to 16) These results are of

the same order-of magnitude as those reported for similar algal species. (43).

-

In an attempt to 'get soﬁe'measure of the actual amount of CO2 .

loss due to photorespi}?tlon the method of Hew et al {139) was adapted

for use in agueous s&stems. Thls method estlmates the rate of COZ_

evolution in the light.from:the'decrease in the specific radioactivity of

l4CO' in a closed system.

2
The sensitivity ahd accuracy of the gas chromatographic tech-
‘nique deueloped in this study is shown‘in Fig. 17. . This etandard curve of
peak . area agalnst dissolved 1norgan1c carbon (DICl concentratlon was
obtalned by 1nject1ng i amounts of 1 mM Na2CO3 . The standarxd deviation
at the 2nM Na CO3 level was 8. 5% {n-= 31) Generally 1 ml of cell-free

medlum was 1njected onto the gas chromatograph =1e] that peak area could



Figure 17.

Recorder response (peak area) v_s_ e
volume (u1) of 1 mM Na?_CO_3 injected.
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. o ‘ o .
be read off dlrectly as nl co /ml or ul CO /i. This CO —hydfogenatiodb

technlque is extremely sen51t1ve w1th a detection llmlt of Shl/l COE.
The prlncmple was first used to measure CO and CO2 .

separated by gas chromatography by Schwenk et al (303) and Pofter and

Volman (269). Since then it has been used to measure organic carbon

‘ \ :
in water (63, 71),-C(_)2 in hyperbaric atmospheres (375} total CO, in

2 .
biologicai fluids (326), fungal respiration (315), net CO2 exchange in
lichens (62}, and CO2 dbmpénsation points in freshwater algae (Birmingham

and Colman, in prgss). i

It should be pointed out that since the sample was acidified
all forms of DIC, i.e. dissolvea'coz, B, CO,, HCOé_ and CO3- are converted
to C02. The use of a gas stripping column to transfer all DIC to the
gas chr&matograph following acidification (334) avoids problems involved

with headspace sampfing encountered in earlier applications of this

technigue {326). .
The results of experiments using this.COz-hydrogenation (

\ . .

technique in conjunction with ligquid scintillation counting to measure

chénges in specific radioactivity of'l4C02 external to white light-

grown freshwater algae in a closed system, are shown in Tables 41 to 44.

The results are presented graphically in Figs. 18 to 21. In Figf 20

14

the total CO2 and CO2 concentration and specific radicactivity changes

caused by Chlorella are shown. The initial total CO2 concentration is

less than the C02 level that might be expected if the water was in

equilibrium with the atmosphere, i.e. about 300 ul COZ/l. Low CO2

concentrations were used to simulate the-low coé surrounding cells
' ' A
. \ . . 14 ) .
being gassed with Cozufree air as in the C-assay technique. In the
! +

light the CO2 level dropped rapidly to CO2 compensation point levels.



Figure 18.

= 207 -

The concentrations of 12CO 14CO

r

and the specific radicactiVity of

_14002'éround Anacystis nidulans

in white light (600 pW cm—2) and

darkness.
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Figure 19. - The concentrations*of 12co. ana -
14co. and the specific radloactivity of -
14co; around Navicula pelliculosa in
white light (600 uW cm~<) and
Jarkness. o
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\

Figure 20. The concentrations of 12CO and 14CO L
. and the specific radioactiVity of
14co, around Chlorella yulgaxis in
white light (600 uW cm “) and
darkness. '
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Figure 20.
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Figure 21.
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The concentrations of 12CO and 14CO

s o . L2, L2
~and the specific radiocactivity of

14co, around Chlamydomonas reinhardtii

in white light (600 uW cm “) and
darkness.

@
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' The corresponding decrease in specific radjoactivity indicated that o

-

unlabelled COziwas being released in the light and hence‘photoiespiration

was occurring. Photorespiration rates were calculated using the fol-

" lowing rationale: a) the nl CO ml removed from the medium represents

2
a net process and’ can be equated with net photosynthesis (N.P.); b) the

dpm mi-l removed from the medium over the same- time period inidéélby
the initial specific‘ragioactivity gives initial rates of 14@02—uétake
and-measurés something apérOaching‘gross photosYnfhesis (G.P.}

If we assﬁme that the difference between gross photosynthesis

i ’ . [
and'héE photosynthesis is due to photorespiration, i.e.

G.P. - N.P, = P.R.,

then the following equation should hold;

_l _l | .
1 de ml a - dPrn ml b _ 1e0 ml_l - R1CO ml_l ’ Y1 1
R\ . demnloco, T 27 a 2" b ) genim L~ (@-BIbrs

-

ugchldl hr—l)

mgchl_l hrul)

P.R. (nmoles CO2

P.R. (umoles CO

A

2

where R = 0.08206 1 atm mgle_l deg_l and T = “Kelvin. The results of

applying this equation are shown in the lower part thTables 41 to 44.

™
R IE

Due to the rapid recycling of photoassimilated 14C02, only the initial

2

-changes in dpm ml—l and nl CO ml“l can be used to estimate photo-

respiration, The calculated rates of G.P. and N.P. are all low, due to
o '

the use of subsaturating CO2 concentrations to simulate condition during -

1 : )
the 4CO2 release assay. The rate of photosynthesis of these algae

L] . -
approaches saturation over the range 400 to 1000 ni CO2 ml 1 {i.e. 20 to



50 hmbles C02_171)3 Examples of the effect of lowering the initial..

)

. sz concentration on the photosynthet c rate of the algae can be seen -

c s : . : ‘ -1 . :
respiration was calculated from the increase in nl Cijl in the dark.

) . A - )
‘A comparison of the P.R./D.R. ‘ratio obtained in these experiments with

'white light grown cells to the L/D.ratio of white light cells in the

previous 14C-assay experiments {Table 45} shows reascnably close .agree-

-

ment at this level. However, comparison of P.R. as a pércentage of G.P.

. \ . _
. with l4CO2 releasg in the light as a percentage of total 14C02—uptake,
Py '

. T2
P.R. in these a}gaeﬂ(Tab%e‘45i. The specific radiocactivity of J4CO

indicates that the CO2 assay grossly:uhder—estimates tﬁe‘magnitude of.

2

, 14 : C L S
released by cells subseguent-to C02—uptake would be guite low as in-. -
dicated by our ekperiménts and this presumably is tke main reason for

the discrepancy oberved betwée%;the two methods. ~



. 2 L

Table 41. The concentration of- CO2 and 14CO and the specific

: rad10act1v1ty of CO2 around Anacystls nidulans cells
"in white llght (600 HW cm -2): and darkness. '

S L . _, Specific radio-
Time (min.) " nl co, ml dpm ml . ;. activity
S RN _dpm nl COZT
sample 1’ 1.0 255 8851 _ . 347 . .
: : 6.5 B 42 o f o839 © 15.2 B
'10.0 © . 441 - : 285 © 8.5
14.5 " 52.5°. & 25 . 5.05
22.0 ©30.2 . 250 : 8.30
23.0 S mm——— darkne5§ —————
©30.0 156 586 . 3.8
‘ 36,5 - 232 -7 768 . - - 3.3
42.0 335 1903 20T
. Sample 2 1.0 150 SV 4883 . 32.6
6.0 54,6 692 12.7
12.0 . 23.9; , " 45L 18.9
18.0 35.3 - ‘508 . 14.4
25.0 T54.2 v 472 - 8.7
@ 27.0 ----= "7 darkness ————
35.0 - 161 959 . 8v0- o
43.0 298 .. 1172 4. 39 @
57.0 472 1240 B T
/§Eﬁpie\ G.P.* N.P.* P.R.* ‘ P,R.(% G.P.) D.R.* P.R./D.R.
R4 1 16.2  14.6 1.6, & ;100 5.7 £ . .28
' 2 11.2 8.3 %° S 2642 6.4, . L46

* ﬁmoles CO2 mg chl_l hr_l (G.P.'and N.P. based on initial rates).
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2

'Taﬁie 42 ' The concegtratioq of CO, and 14CO2 and the specific
radioactivity of 14C02_ardund Navicula pelliculosa cells
in white light (600 uW.cm™2) and darkness. '

i ' ' o - LT e
: . : -1 ..zy " Specific radio-
Time {(min.)} nl C02“m1‘7~“”6§m ml a'ctivity_1 -
: - ' v dpm nl CO,
‘Sample 1 1.5 392 19896 '50.8 e
‘ ' 5.5 331 16162 48.8
10.5 266 11460 43.1
19.0 154 6145 "39.9
"25.5 105 3712 35.4
31.5 76 2467 32.5 -
-34.5 ——- darkness - '
36.5 1127, . 2593 20.4
43.5 188 3507 18.7 -
_ 51.5. 300 4180 - 13.9%
Sample 2 1.0 284 16684 58.8 -
' 13.0 218 8366 38.4
20.0 139 3772 27.1
30.0 "57.2 1107 1 19.4
37.0 49.0 591 12.1
45.0 36.9 305 8.3
47:0 - darkness -—
56.0 159 598 5.5
63.5 212 1246 6.6
Sample G.P.* N.P.* P.R.* P.R.(% G.P.) D.R.* P.R./D.R.
1 10.0 8.3 1.7 17.0.. 4.8 0.35
2 6.2 4.2 2.0 . 32,3 . 3.9 0.51
* umoles CO., mg chl_1 hr_1 (G.P:'and N.P. based oén initial rates).
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*

Table 43. The concentratlon of CO2 and 4CO2 and the spec1f1c
: radio-activity of" 14CO around Chlorella vulgaris cells’
in white light (600 uw em~2) and darkhess.
-1 _ Specific radio-
Time (min.} nl CO2 ml dpm ml activity_l
- dpm nl CO2
Sample 1 . 1.0 258 8398 32.6
s 6.5 167 4773 T 28B.6
14,5 87 2173 24.9
21.0 ' 67 913 -13.6
“31.5 35.4 - 279 7.9
32.5 -— darkness . -—
42.5 . 155 469 3.3
51.5 194 614 3.2
59.5 268 679 2.5
Sample 2 1.0 197 10590 ' 53.8
7,0 . l22 5578 , 45.7
12.5 » 83 . 2855 34.5
20.0 . 78 - 1146 . o 14.7
31.0 57.4 459 ' 8.0
34.0 —-— darkness ———
© . 40.0 . 158 553 3.5
- '50.0 258 . 646 T 2.5
60,0 e 310 743 2.4
Sample G.P.* N.P.* P.R.* P.R.(% G.P.) D.R.* P.R./D.R
1 15.0 12.3 2.7 18.3 5.5 0.5
2 7.9 6.4 1.5 19.5 5.1 ‘0.3

-1

* umoles CO, mg chl™* hr'' (G.P. and N.P. based on initial rates).

"

ny/, . :
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*umoles CO2 mg chl_l hr—1

~Table 44. .The concentration of CO., and 14002 and the. specific radio-
) _ écfivity of 14C02‘around Clamydomonas reinhardtii cells
in white light. (600 uW cm~2)} and darkness. \
e
- -1, T Specific radio-
Time (min.) nl Co2 ml dpm ml activity
: ) dpm nl C02'1
Sample 1 0.5 ~ 190 10082 53.
4.5 154 7469 48.5
11.0 90 3809 42.3
18.0 85.3 1750 20.5-
25.0 49.9 906 18.2
30.0 -—- darkness -—-
37.0 146 1085 7.4 .
45.0 267 1679 6.3
. 52.0 "375 1960 5.2
Sample 2 1.0 329 9333 28.4
: 6.0 203 4342 21.4
13.5 94 2056 21.9
20.5 74.5 891 12.0
27.5 - 65.2 406 6.2
30.0 — darkness -
38.5 315 1210 3.8
, 44.5 444 1419 3.2
) ; . 51.0 493 1825 3.7
" sample G.P.* N.P.* P.R.* ©P.R.(% G.P.) D.R.* P.R./D.R.
1 9.4 6.9 2.5 27.1 11.7 .22
2 19.7 14.1 5.6 28.4 12.0 .47

{(G.P. and N.P. based on initial rates).

&>
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Table 45.' A comparison of the Light/Dark ratios and the
P.R./D.R. ratics obtained for cells grown in white

light.
o L/D Ratio P.R./D.R. Ratio
Chlorella vulgaris . 0.29 ' . . 0.50
0.24 0.30
Chlamydomonas reinhardtii 0.42 0.22
’ 0.36 0.47
. .
Navicula pelliculosa 0.67 : 0.35
0.65 0.51
Anacystis nidulans 0.19 0.28
0.10 0.47
14 .
5 CO., release/ ) -
‘ 14CO§ uptake | P.R;: (% G.P.}
Chlorella vulgaris 0.8 18.3
0.5 19.5

Chlamydomonas reinhardtii .

oo
@O
o]
m
[t=Y

<

Navicula pelliculosa 2.0 '17.0
1.2 32.3

" Anacystis nidulans 0.6 10.0
‘ ‘ 1.1 26.2



DISCUSSION

1. Light Quality and Growth

An interesting résult of the present study is the high growth. -

rate of Navicula pelliculosa and AnacystiS'nidulansﬂin red light. In

the case of the two green algae uéea'in this study, the éomplete
spectrum of whi;elléght waé more effecti&é iﬁ promoting growth than any
pait of the spectrum (Tables 1 and 2). ;n terrestrial planfs, rgd
light clearly enhances growth, i.e. dry Qeight production (17, 194, 335,

-367). On the contrary, the growth of marine unicellular greén algae

is clearly enhanced by blue lightl(49, 164,

A

217, 361). ' In freshwater
forms of unicellular green algae, red_iight supports'highér growﬁh rates
{181, -182, 217).

‘The growth rates of Chlamydomonas, under the various light

_qualities used‘in this~study, are different from the résulté of Brown
and Geen (29) using the same strain.of alga and similar light sources.
The major difference between the two studies was the much higher growth
medium with NH4NO3 as the majo? nitrogen §ource, a slightly lower tem-—'
perature (18°C) and less than half the light intensity (240 uw cm_z)
used in the present study. Since many blue light ;eSponses appear to
saturate at low ligh; intensities, itiis'suggested that the inf;uence of
biue light may have been greater at the low light intensities used bf-
Brown and Geen. |

An examination of the turnover times suggests that short wave-

lengths i.e. blue and green light are more growth promoting for Chlorella

vulgaris. Kowallik (182) grew Chlérella pyrenoidosa on high CO2 in white

- 222 -
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light and measured their growth rate {dry weight accumulation) immediately

following transfer to blue or red light. Growth rates in white‘light

wer%?ﬂot reported. He also showed that even though dry weight accumu-
. 4

lation could be adjusted to egual rates by lowering the inten§ity of

red light, the daughter cells broduced in blue light were‘larger and

[

fewer in number than in red lighﬁ (267). ‘The ability of Chlorella vulgaris

to utilize blue light is further emphasized by the fact thaf the red light
-used_in this study has a 40.6% higher quantum fiux than blue light at \
‘equal intensity. Carroll et al (40} have also shown.that in contrast

to other green algae such as Protosiphon botryoides‘and Chlamydomonas

gymnogama, blue light (460'nm) stimulated rather than inhibited daughter

cell formation in Chlorella pyrencidosa.

A

The higher quanta flux in red lighﬁ should also be taken into

account Qhen:considering the groﬁth of Navicula and Anacystis iﬁ red’
ligh£.'qurk with marine diatoms clearly,suggests.that blue or green
light favours their normal growth (5, 134, 158, 361). Apart from the
work of Baatz {5}, no studies of diatom growth in continﬁous red light
‘ have heen rgported. The red lighﬁ used in the present study nmot only
had a greater qgantum flux than other light qualities but also had peak
energy emission between 625 and §50 nm, the absorptioﬁ band for
chlorophyll c.
The higher quantum flux and the péak emission band of the red light

source also favoured the growth of Anacystis nidulans since phycocyanin

is the major light harvesting pigment of unicellular blue-green algae.
1
Compared with red light the 5-fold increase of turnover time in blue and greép

light is not entirely explained by the lower gquantum flux of these light

sources, especially in the case of blue light where the number of guanta

A Y
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absorbed by the cells equalled the amount absorbed in red light

(Table 163.

2. TLight Quality and Chemical Composition

~

In contraét to other reports (49, 182, 183,'263, 266, 267, “
304, 320, 360) strong effggts of blue or red light'on the chemical com-
position of these freshwater algae were not'observed. The lack'of
statistically significant changes in the nucleic acid, protein, carbo-
hyd;ate and liéid'content of these cells may be aue.to the large dé@ree
ogkvariation and.the sample population (3-6 replicates). To get a s;f—
ficient eel}'density, c;ltures were gampled during.the~mid to late ex—h‘
ponential phase of growth. Major changes in the relative copcentrations-v
of various cellular components can occur during this phase of gro&th (6d).
some of the best demonstrations of light quality effects on protein,
carbohydrate and RNA content have occurred in synchronized cultures
(182, 183, 266, 267). In this study, no attempt was made to synchronize
the eultures, though regular light-dark periods can entrain algae {339).

The best evidence for the effects of bldé>?§ red light on
nucleic acid, protein or carbohydrate conteht comes from studies‘of
higher plants and the gfeen alga Chlbrella (4, 182, 183, 263, 266, 270,

327, 328, 358) and scme other green algae (49, 320, 360). Apart from

the study of Wallen and Geen (360) using the marine diatom Cyclotella nana,
virtﬁally no report; on the effect of light qualité on the chemical com-
positioen of.pther algal groups exist. In the case of the two green‘alg;e
used iﬁ the present study levels of RNA and carbohydréte were similar in
red or blue grown cells_(Tables 5 and 6). The level of protein in blue

light grown cells was higher than in red light, especially so in

+

=
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Chlamydomonas reinhardtii. These differences in protein level are re-

flected in the carbohydrate:protein ratios (Table 7), where in‘the‘case

of Chlamydomonas the ratio was significantly higher in red light. This

suppbr?s the previous literature on this subject (Ihtroﬁuction, section
3.1.25. Green light depressed the levels of carbohydfate and protein
significantly in this.élga, though the‘narbohydrate:protein ratic was
not sigpificantly different from that in blue or white 1igh;.

Levels of protein and carbohydrate.were higher in blue light

grown Anacystis ;idulans cg?pared with red light cells {(Table 3) and

this is ;eflected in the carbcochydrate:protein ratio (Table 7). Though
these trends are not sign%ficant they do refle;tﬁthe'large and significant'
differences in the phycocyanin content of blue and red light grown cells
(Table 8).

While the RNA and protein content of Navicula pelliculosa cells

grown in red or blue light was quite similar, the carbohydrate content
of blue light grown cells ;as-significantfy higher than in.red‘light.
This result is in mMarked cong;ast to most reports of blue light effects
on the carbohydrate content of green algae and higher plants and em-

phasizes our lack of knowledge of light quality effects on the chemicql

composition of algal groups other than the Chlorophyceae. ' \\

If it is assumed that the ethanol-insoluble fraction_in algae
is mainly péotein with some carbohydrates (362), then some inforﬁation
about the influence of light guality on the synthesis of protein can be
obtained from the 14C—incorporation experiments, (Table 26)'. White and

'

blue light enhanced the percentage 14C-incorporation into this fraction

in Chlorella, Chlamydomonas and Navicula, This suggests that short

wavelength light or this cdmponent of white light was enhancing protein

-



K - 226 -

production in these algae even though the actual protein content of cells
grown under these conditions was not significantlylincreased.

i- . -There are no published :epoits on the effect of light quality
on the lipid content-of algae. Lipids form 21 to 34% of the dry weight
of chloroplasts (17%5. Light qualityuinduced changes in chloroplast

number ox structure have been reported for algae and higher plants (35,

151, 158, 166). No significanty effect of light quality on the lipid

content of Chlorella, Chlamydomonas and Navicula was observed (Tables 4
and 6). Variation in thé‘iipid content of Na&icula was large. Lipid
levels in Anacystis were highest in green'light and lowest iq white

l%ght (Table 3). 14C--radioactivity of the chloroform-soluble fraction
during the l4C—incorporation experiments suggests that white light en-
hanced lipid synthesis inasavicula (Table 26). This is_in marked coﬁtrast
to the results of Opute (248) with Nitzschia palea, whgre the lipid
fraction was labelled more rapidly in the éresence of red or blue light.
In the other three algae, the percentage 14C~incorporated into this
féaction was two to three times higher in red light. This red light en-
hancement of lipid synthesis was not reflected in the lipid content of

these algae during growth,

1

3. Light Quality and Photosynthetic Pigments

In this study, large chaﬁges in the pigment content or com-
position in the cells of the two green algae were not observed. Highest
mean total chlorophyll concentrations were found in white and blue light
grown cells, however, due to a large amount of natural variation these
differences were n&t significanf at the 95% confidence level (Tables 10

and 11). No significant changes in the concentration of chlorophylls a
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and Q_anﬁ total caroteﬁoid confent, or ;he chlorophyll Egg;or total )
carotenoid:chlorophyll a ratios occurred following growth of Chlamydo-
monas in any of the light treatmenﬁs. Th;s was generally confirmed by
the iﬂ_g}gggabsorbance spectra, except in the case ;} blue lighé grown
cells which showed increased absorption in the blue part of their

spectrum (Figs. 7 and 8). : -

» ~ Cells of Chlorella grown in green and red light showed highest '

and lowest chlorophyll g_concenfrations respectively. These changes were

significant (P < 0.05) when.compared to the other three light treatmenfs.
The chlorophyll Egg_rétio was significantly.higher in green light cells
compéred_with the other three light freatments. This is mainly due to a
lpwered chlorophyll a content. The higher cﬁlorophyll E_canteﬁt of blue
light cells also lead to a high chlorophyll b:a ratio, however}_it was
not significantly different from the ratio in green light cells when
blue and green cells were compared with white and red cells. Changes in
the carotenoid composition of Chlorella in response to light quaiity
were indicated by the iﬁ_gigg_absorption spéctra. No changes in the

colour of the green algal cultures comparable to those observed in

Navicula or Anacystis werg observed. o

More dramatic changes in chlorophyll content and/or pigment
ratios have been reported for green algae grown under different 1light
qualities {137, 354, 360). or intensities (165, 177, 236, 284, 306, 313).
Changes in the pigment content or ratio of leaves of various higher
plants in response to changes in light quality or intensity have also
been observed (18, 20,i35, 177, 180, 302, 336) .

It should be pointed out that very little evidence for chromatic

adaptation in green algae has been found, especially in freshwater
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sltuatlons (78).

While total plgment (chlorophylls a ‘and b and total carotenOLds)
2
- production was hlghest in green algae grown in white 1lght highest
pigment production (chlorophyll a and phycocyanln and total caroten01ds) .
in the blue-green’ alga, Anacystis occurred ;n blue 11ght. The changeg
in phycncyanin content were reflected in visual colour changes of the

cultures. In a recent report Myers et al (225) found higher levels of

phycoecyanin relatlve to chlorophyll in Anacxstls cells grown in parts

"of the spectrum where phycocyanin is a poor absorber, i.e. in blue

light’ and the red part of the spectrum at wavelengths > 670 nm. The

lowest ratio of phycocyanin/chlorophyll in this study (225) was observed

.in cells grown undexr red- fluorescent lamps. The results of Nicholls

and Bogorad (231) showing maximum phycocyanin_formation in chlorophyll-

free mutant cells of Cyanldlum caldarum grown in blue light also. support

the results of the present study. The increased phycocyanin content of
blue light grown cells suggests tnat the cells were trying to optimize
light nbsorption by this pigment and some form oflinverse chromatic
naaptation had occurred. The high phycocyanin content of blue light
grown Anacystis also suggests that nitrogen was not limiting under blue
1i§ht {1, 191).° ' This contrasts sharnly with the results of Steven and
van Baaien (329} and Pulich and van Baalen {273} who found that nitrate
rednction was inhibited in blue light in uniceliular marine blue-green
algae.

Highest total pigment proéuction (chlorophyll a + ¢ + total
carotenoids) in Navicula was observed in red light. Tne effect of red

light on pigment content of a diatom has only been reported for one



: other'species (166, 167). ﬂnfortunately,.thé fed lighﬁ~was only 1/10

_that used to grow white:iight cells and hence the role of light quality
or intensity in pfdducing,the pigment changes ob#efved is confounded.
Visual colour changes in diatoms aéapted tb various light qualities'

‘have been reported. 'Mothesj&.Sagromsky (223) found that Chaetoceros

- was dark brown in green light and golden—brown in red light. ‘Jeff?ey &

vesk cbserved that Stephanopyxis Qas darklchocolate bré@n iﬂ-blué—gfeen
light (158). In our case Navicula was greenish-brown in réd_light,
_golden ;rowﬁ in greén and white ligﬁt-and dark chocolgte brown in’plue
light. Inc#eased“pigmentrproduction has' been reédrteé for marine diatoms
in blue or blué—greén light_when compared to white or gréen iiqht (158,
354, %60).” Consequently, . the highef ?igﬁent production in red and green
‘light relative to white_and blue light in Nav;cula is another hotgble
resul£ of thé éresent stqdy. It should also be;noted tbat Navicula is
a benthic freshwater diatom wﬁgreas the majbrity of diatoms‘uged.in~light
quglity studies have been plaﬁktonic mariﬁe forms.

Major light gquality effecfs on gfowth rate, rate of ﬁﬁoto—
synthesis and pigment content were observed3in:thé présgnt'study. To a
-lesser extent changes were obserbed'in:the lévels-ﬁf protein and carbo-
hydrate. Dramatic changes in nuglgic—acid]bontent were not obséf%ed and
th?s reflects the minoE;effects of light‘quality on protein content.
Compared with the effeéts of nutrient deficiency (1, 64, 87, 131, 173,
191, 227, 248, 310, 318) it is-ﬁbt expected that changes in light
quality would have such a dramatic effect on the chemical composition;
of algae, 1t 'is more likely -that the changes ob%erved reflect the

adjustments of the light harvesting and photosynthetic‘machinery to

growth in restricted portions of the PAR spectrum.



x

©o-230 - L

w

4. Light‘Quality aﬁa ?hotosyhthe£ic Adﬁbtation

As poirited out in the Inﬁréchtion, the'éffecf‘of'light‘
qgality on pho;osynthesis has méinly been'investigated in-algal.cells
originally gfown unde;-white light and then exposed to various ﬁarts ’
~ of the spectrum, usuélly wi%hout an aéépﬁation period (24; 69; 85, 86}'
239, 265,‘289,-316; 340).'1Fﬁ?thgrmoré, various workers have used
‘different light quaiities of;eithér eéual energy or equal quanta flux;
In theory eqpal.quaﬁta fluxes shoﬁlﬁ be used since bhotodhemical reactions
are proportional to numbers-of gquanta. .In the present study light sources
of equdl enerqj-ﬁere used.- Under thése‘bonditions,‘SBO uw cm_2 repre- .

15

sented.l.67'x 1015,'1.28.x 1015, 1.47 x 1077 and 1.80 x 1015 Quanta

s._l.crn_2 for white, blue, green and red light respectively. Red light
‘had abo;t 40% greater quanta flux than blue light.

on the-other hand, calculations of the amoqnt of incident ligpt
. - : 4
absorbed by the algae based on the in viv8 absorbance spectra and the
speciral energy distribution of.the light sourées_(Tables 12 to 15) in-
dicate that algae have differing abilities to absorb wvarious partg of
thé spectrum. Blﬁg light energy was absorbed with almost twice the

efficiency of red light for all cells examined. Green light was absorbed %

least efficiently in Chlorella, Chlamydomonas and Anacystis (Tables 12,

14, and 15). In the .case of Navicula; (Table 13) green light was absorbed as
efficiently as red light. Broad spectrum white light was generally ab-
sorbed with an efficiency intermediate between red and blue light.l Thus

pot only must the incident energy or quanta flux be considered bgt also

the ability of the cells to absorb the incident light must be taken into
account when cénsidering the effect of light quélity on growth and photo-

synthesis. The analysis is further complicated by the fact that the



light absorbed by the cells in different parts. of the‘spectrum,is'.
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. transferred to photosynthes;s w1th differing degrees of eff1c1ency

This is highllghted Qy the fact that white llght adapted cells--'
. \/

i respond differently to dhagges in 1ight quality than cells adapted to )

-the part of the spectrum b\ing‘lnvestlgated.‘ Only four‘other studies

(137 158,223, 273) appear to have noticed thlS aspect of light quality

adaptation.' The changes in plgment content and ln vivo absorbance

spectra, especmally in Anacystis and NaV1cula, suggest that the cells

have attempted to optimize llght absorption and/or photosynthetic ef—i‘
ficiency when_grown\in restrictdd parts of the spectrum. This is em~
phasized by the higher photosynthetic rates in white light and the light ;L}‘
that the célls‘have adapted to when compared to the responses of white
light-adapted cells fTables 21 to 24) under_the same conditions. This

was a property of all algae examined in this studyt lThis response, i.e;

increased rate of photosynthesrs, is espeCially interesting 51nce adap-

tation to blue, green and red light by Chlorella and Chlamydomonas

d1d not involwve 1ncreases in pigment content;' Increases in light absorp—
tion based on in rivo spectra were not observed either, except in the
. \_ . .

case of the blue light adapted green algae. Since-the growth light intensity

was already low {ca. 1% full sunlight) 1arge 1ncreases in pigment content

'vwould not be expected and the 1ncreased photosynthetic eff1c1ency may

represent llght quallty mediated changes in chloroplast structure. The

significant changes in chlorophyll b cortent and the chlorophyll b:a

ratio that occnrred in Chlorella following light quality adaptation give
some support to this idea. While Hess and Tolbert (137) observed a large

\
increase in chlorophyll b content of blue llght adapted Chlamydomonas
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reinhardtii, the pigment composition of this alga was remarkably in-
variant durlng the present study {(Tahle 11). R
Apparent Ik was lowest for green 11ght adapted aczstls,

Chlorella and Chlamydomonas and for blue light adapted Navmcula (Flgs.79"

to 12) Slnce these algae were érown at equal 1lght lnten51t1es; thlS
) result suggests that llght quallty stronglydlnfluences photosyathetlc
adaptatlon to the low llght condltlons in the lower part of the PhOth
zone. R

It is also:intereetihoéto cohpare the.effeots'of light qualitg
on’ growth rate wlth 1ts effects on rates of photosynthe51s. In the oase
of Nawlcula red llght was more effectlve for growth whereas blue llght e

 'was-least effective (Table 1) ‘ When CO2 flxatlon is measured on a cell

_number ha51s, rates of photosynthes;s are hléhest.ln red llght and :
lowest in blue llght in this alga. When photosynthesis 15 expressed on"t
a chlorophyll ba51s, the increased chlorophyll content of red light cells
lowers the rate in red llght and the photosynthetlc rate 1n‘varlous_
‘parts of the'spectrum is not dramatically different (Tabie 26): Thrs
.would tend‘to agree withractiOn spectra and gquantum yield-experiﬁents

.

with diatoms which suggest that this group of algae can harvest light
efflclently over most of the PAR spectrum {79, 213, 340) In the case
"of this freshwater dlatom, the green to red part of the spectrum clearly

premotes ‘growth and photosynthesis.

The growth rate of Chlaﬁydomonas was highest in'white light

and lowest in blue light (Table 1). ©On the contrary, CO -fixation rates

2
w%:e-highest ity blue and red light adapted cells on both cell number and
. unit chlorophyll bases (Table 20)}. The phbtgeynthesis data appears to

,foilow the action spectrum of green plant photosynthesis i.e. maxima in
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the red and\blue_parts_of the spectrum, however, the growth data
suggeSts'that metabolic-prdcesses such as photorgspiration, dark res-.
. piratioﬁ or extraceliular,release may be diverting assimilated carbon

from cell bulldlng process-

.The- growth ra- #¥%f Chlorella is highest in white light, and

}oﬁest,;n red light. goz-fixation rates per cell number are'highestnin
blue 1ightt folléwed_by whi;é, then‘ ed light adapted célls. This‘;e—
‘_fiects'to_a limited degfeeffhé sliéhiéy hiéher growth raté of Chlorella
inwblﬁe.light gompared witﬁ red'light; On a chloropﬁyll basis, |

' typicél greenﬁplant photosynthetic maxima in red'gnd blue light are
cbserved. Again when'coﬁparing phgtosynthetic rates:@ith growthiratés,‘
'prbcesses antageonistic to-buildup‘of ceilﬁlar material appear'tﬁ be

operating in red and blue light. This discrepancy between the growth-

-

rates and rajfres of photosynthesis of the green algae in blue and red light
-/ .

. ' . N N . ‘ - .
is an outst g result of this “tudy, especially since these cells

gbsorb réd and- blue~tight maximally, both in termé of energy and quanta
flux (Tables 14, 15,718, 195 In two other reports (29. 361) where tﬁe ‘
growth rates aﬁﬁ_}ates of photosynthesis of green algae were examlned
following growth in whlte, blue, green and in one case (29) red llght,

the'growth rates parallelled the photosynthesis rate. -Hess“and ‘Tolbert

(137) found that white light grown Chlorella and Chlamydomonas grew

'slowly for several days following transfer to red or blue light. &after -
10 days the growth rate in red or blue light was similar to the rate in
white 1ight. Brown and Geen (29) also noticed a five day lag in the

growth of Chlamydomonas foliOWing transfer to red light. Growth was fol-

lowed for gs to seventeen days in.the'present study with no apparent.im-.

provemént to the growth rate in blue light.
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Growth of Chlorella and Chlemyaomonas under the present
g;owth conditions appears to be.favoured by £he sﬁectral output of cool—
white fluofescent iamps;. The spect;um of these lamps is relatlvely
deficient in red llght (wavelengths > 650 nm) Peak energy emission
occurs around 580 nm and'only one third of the light oetput'occurs be-
'tween 400 and 525 nm. This spectral energy dieﬁribution resembles thet
\ found in eutrophic waters (15, 160, 211, 293,' 300, 317).

. In the blue-green alga Anacystis there is e difeet relation4
ship between photosynthetic rate and growth.rate (Tables 1 ané‘20), the
higﬁ rate oflohotosyntheeis in red light aéapted cells reflecting a high
growth rate ie red light. The spectral oependence of growth and photo-
synthesis clee;ly'refleots the impo;tance of phycocyanin to ehe cellular
economy of tﬁis elge.‘ %his fact is emphesized in Table 16, which shows

" that apﬁ;oximatély eéual numbers of guanta were absorbed by the cells
in whiée, blue and‘red ;ight.

While some reports (76, 273, 330) suggest that this type of
blue- green alga is selected against by blue light, my data suggests that
these cells can adapt to blue light conditions though rates of photo-

. SN .

synthesis and growth are suboptimal. Clearly thls type of cell would be

most successful in shallow, greenlsh—red hfghly eutrophic waters.

5. Light Quality and Photosynthetic Carbon Metabolism

An attempt was made to assess-the effects of light quality on
the carbon metabolism of four freshwater algae. The partitioning of in-
corporated 14C revealed differen%ﬁcellular incorporation strategies in
terms of soluble versus insoluble fractions (Table 26). In the eukaryo-

tic algae, most radiocactivity was found in the soluble fraction in red



v

=235 -
light gells and'corresgéﬁdingly radioactivity in the insoluble fraction
was lowest in this light'quélity." In contrast, radioactivitylwas‘higher

in the insoluble fractioﬁ in-blﬁe and white light cells, and in the

~case of Chlamydoﬁohas ahd Navicula insoluble fadioactivity was also
highér ih_éreen light adaptea.cells. Brown and Geen (29) also showed
. that'insolﬁble radioactivity was highest in blue light'adapted Chlamy-
éomoﬁas. blive énd'Morrison~(246), Olive_gz_gl {245) and Wallgn‘and-
éeen'(362) all reported an increase in the-radioactivity of the insoluble
fraction with depth in*freshﬁater;and marine phftoplankton. The data

of the present study lends support to the suggestion of Wallen and Geen
| (362)-that light quality mighé'accounp for these depth-dependent changes
in cell composition.

. Considering the.number of reports indicating that blue light
enhances the synthesis of organic and amimoacids (Introduction, gection
5.5.2) no large changes in the 1 ¢ activity of the acidic and basic

T\

components of the water-soluble fractions of Anacystis, Navicula or

Chlorella were observed in blue light (Tables 32 to 34). A possible

effect of blue light was observed in Chlamydomonas, where the radiocactivity

qf the basic water-soluble fraction was incrgased.at.the expense of the
neutral fraction. These blue 1ight_effects are most proncunced at vefy
low light levels in white light adapted cells. It is possible tha£
following adaptation to blue light and at light levels approaching light
saturation of photosynthesis that blue light effects on érganic and amino
acid and subsequent protein forﬁétion may not be so pronounced.
Lo Tﬁe percentage of extracellulai-organic carbon released was

\ 14

less than 1% of the total C02—fixed by Chlorella (Table 36) and in

this respect it resembles the strain of Chlorella pyrenoidosa used by

'
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Lord and Merrett (204) that did not normally extrete glycolate. ~No
strong effect of light quality on extracellular release by Chlorella

. ' \.
vulgaris was found. The lowest release rate of extracellular organic

1

carbon was found in red light adapted cellé of Chlaﬁydbmonas, Navicula
and Rnacystis (Table 36). .This is in marked contrast to published
repqrts of highrrates of glycolate excretion in req light by white
light adapted cellé {14, 203).

Higher rates of extracellular release were found in white ahd

blue ligﬁt adagted cells of Chlamydomonas, Navicula and Aﬁacxstis. ‘This‘
result would tend to support the‘data of.Watt (368) who found that per-
centage extra;eilularlre;ease tended to increase towar§srthe bottom of.
thé photic zoﬁerin fréshwater situations. Wallen and Geen (362) on the
contrary found that extracellular release decreased unéer these con-
ditions in marine p%ytbplénkton. 'It should be pointed out though that
the percentage extracellular release of orgaﬂic carbon encountered in
this study is extremely lqw compared Qiﬁh other published‘reports.

_The very low excretion rates are much closer to those predicted
by Sharp (308) i.e. < 5% total C-fixation, and support his contention
that healthy phytoplankton do no£ lose significant portions of their
photo-assimilated carbon as organic excretion during normal growth. Other
factors affect carbon excretion and have been reviewed (135;-508). There
are two factors pertiheﬁt to my results which lead to lowered rates of
excretion: one, the fact that the cells were allowed to equilibrate
for one hour.under ;rowth conditions following centrifugation and re- -
suspension, and, two, the us%kof uniformly high cell densities. The
equilibration period may have avoided any abrnormal excretion episocdes

Al

immediately after '‘cell manipulation (308) and percentage excretion is
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reported to be lower at highér"cellaq§g$ities (29, 357).

¢ . TR T . .
v As mentioned above, Wallen and Geen {362} reported that the

-percenthge release of dissolvedlorgénic‘carbon as a %ercentége 6f.'
total C—fikation decreased with depth. This was directly related to
the depth dependent decrease in the size of: the eéhanol—soluble °
fraction. Since l4C—fixation also'decreaséd with depth, the lowered
excretion at the bottoﬁ of the photic zone is a reflection of this as
well as the decreased etﬁanol*soluble fractionz

Some effect of light éuality on extracellular release as a
percentage of the 14C—activity in the water—sﬁlublé fraction was observgd
iq the present study. Extracelihlar release as a percentage of water
séiﬁble fraction was highest in white light grown cells and lowest in
-?ed light grown cells in all four algae examined (Table 31). This red

light effect was quite pronounced since 14C-éctivity of the water

soluble fraction was high in red light grown Chlorella, Chlamydomonas

and Navicula (Table 26). Extracellular release as a percentage of the .
water soluble fraction was also high relative to the red light value

for blue and green light adapted cells of Anacystis and Chlamydomonas

and for blue light adapted cells of Naviculai These results suggest
thét t?§$relation$hip between the 14C-éctivities of the water-soluble

" and extracellularireleasé‘fractions is not direct and that two depth-
dependent or liéht quality relaﬁed processes may occuf, one, a Aecrease
in l4Crac£ivity of therwater-soluble fraction, and two, an increase in
the‘aﬁount of the water-soluble fraction released by the cells. Depén—
ding on the ratio of these two processes, more or less carbon would be
released at the bottom of the photic zone. The nature oé the algal

species present would alsoc affect the extent of these processes.
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Brown and Geen {29} also observéd no direct relaticnship -

between the size of the ethanol-soluble fraction and the extracellular .

release fraction in Chlamydomonas reinhardtii. EXtracelluiar release
as a percentage of 14C-activity in the ethanol-soluble fraction was
highesﬂfin white light adapﬁed cellé;vlowe; in blue light cells and

lowest in red-light grown cells. Their reported excretion yalue'in

‘white light was high (35.5% total 17

-

been related to use of a lower cell density than in red or blue light.

C-fixation) however, this may have

Tﬁey suggested that the release rdate equivalen£ to the bigher éeli density
was < 10% total ?4C—fiiatiop. Even allowing fof this, the 14C—activity_-
of the extracellular release fraction was still highest in white light."
The distribﬁt;on-oﬁ 14C—activity in the.neutral, 5asic and
acidic ffactions of the water—séluble fraétion was generally mirrored
Vin the same fractions of the extracellular release fraction of the th
green qlgae {(Table 34 and 35). ‘This suggests that extracellular reléase
was a passive process and th;re was nofstrong evidence of lighf quality

causing a selective release of any particular fraction in these algae.

Brown and Geen (29} repofted a strong effect of light quality on membrane

permeability of Chlamydomonas reinhardtii. In white light adapted cells

the extracellular products inclqded amino-acids, organic acids and
sugars, whereas only sugars were released by blue light ceiis and only
organic acids Qeré‘released by'red light cells; My results with the
same alga do not confirm their report(29). .
Some possible effects of'light quaiity on membrane’permeabi-
lity Qere observed in cells of Navicula grown iﬁ white or blue'light (ééble

33). In white light grown' Navicula-the water soluble 14C—-activity was

highest in the neutral fraction and lowest in the.acidic fraction. This

4
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situation was reversed in the same fractions released by these cells.

In blue light, the high level of 14C—activity in the neutral water—l

“soluble fraction was not reflected in the activity of this fraction

released by the cells. Further possible light quality effects on mem-

* brane pérmeability were observed in white or_greeh"light grown Ahacgstis
,‘;0 . . " )

cells {Table 32). The'l4C-activity of the acidic water soluble fraction
in both these light treatments was greater than 60%, however, only
14% of this activity was in the same fraction released by the cells.;_

These light gquality éffects on the class of compounds released by

Névicula and'Anacfstis would ;ppear to be separate from light guality
relatéd changes in the internal_pattef; of 14C—lal:;elling. Light quality
mediated changes in the permeability of plant membrangs have been_pro;
poseq by sevéral authors (29, 192, 288, 357? and may be a mech;nism for
controlling pools of metabolites. Most studies of light quality.effects
on 14C—iabelling pétterns in ,algae ha§e ignore@ the extracellular
release component. It is possible that differential retention or re-
lease of various metabolites by the cell membrane may influénce these
14C_—labelling patterns. This aspect of light qualityleffects on phot6~
synthesis has not been explored and may have important implications in
the natural environment. “

Another aspect of carbon ﬁetabolism which‘may have a control-
ling influence on algal growth is that of photorespiration. Only a
liﬁited number of.studies have attempted to estimate. the magnitude of .
this process in algae (cf. Introduction, section 5.4}. This is mainly
due to the difficulties involved in measuring CO2 exchange in aqueous

systems, especially at alkaline pH. 1In fact algae, and green algae in

particular, are in the anomalous position of having very low CO2
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cdmpensation points like low phélérespiration plant species such

‘as C4 plants on oné‘hénd and Havinglthe Cdé—fixaﬁién pé#hway of C3

plants'on the other hand '{45). The enzymes of the glyccolate pathway ‘

have also been demonstrated in green algae (30).

‘ Investigations of CO release in the light by, and C02 com—

3 .

pensation points of algae have been difficuld to measure_bécause of

2

“the buffering effect of CO3- and HCO3- in aqueous media and the slow

equilibration of dissolved CQz between ﬁhe gas éhase and the agueous
~medium, A major criticism of dynamic gas aqalyéis-experiments where
"dissolved CO2 is measured in the gas phasé, i.e. by IRGA or when dis-
solved 14C02 is - removed from solutioﬁ by gassing as in the Zélitéh

4 . : . X ‘
C-assay is that only the gaseous component 1s measured. CO2 in the

gas phase only approaches equilibrium with CO dissolved in the aqueous

2

phase at acid pH (pH 4 to 5). With increasing alkalinity, the reaction

" co. + OH —>» HCO 3' formation acts as a

5 " becomes important {373) and HCO

3
sink for free Cozf The-CO2 in equilibrigm with the gas being bubbled
thropgh'the.medium de;reases. This is probably a major reason why CO2
compensation points reborfed for algae have been éo low. The measure-
ment of all DIC usi?g the gas chromatographic technique avoided these
gas—exchange problems.
Another factor which further complicates the situation is the
fact fhat many algae have been shown to utilize HCO3_ directly at
alkaline pH (6, 90, 207, 282, 338). The impact of this process on

measurements of photorespiration or CO exchange by methods relying on

2

CO2 eduilibrating with gases being bubbled through the medium is unknown.

The experiments based on 14002 release in the light clearly

show that some degree of photorespiration was occurring in the algae used

o~
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in this study. While the C02 release method seriously underestimated

the magnitude of photorespiration in algae and some anomalous results

~arose when the influence of light quality on this process was inves-

tigated, the impact of light quality oﬁ'the rates of‘MCO2 release

both in the light and the dark‘cannot bk ignored. In all algae‘examined
;ates of 14CO2 release bqth.in‘the 1ight:and tﬁe dafk were highest‘

during or following exposure to'blpe or green light (Tahles 37 -to 40). N
The well knawn enhancement of dark respiration (185, 264) decreased |
photosynthesis at low'light intensities (329, 287, 289) and inefficient
absorption of 1ight at shorter wavelengthé f86) documented for green
algae clearly musf have some.bearing on this result. Photoréspiratiqn
and dark respiration méy be more impoxtéﬁt processes than extracellular
release for the carbon economy of ;ells when only shortwévelength-light
is transmitted.to the lower part of the.EEoticAzone._ Carbon ldssés due
to photorespiration and dark respiration were much lower in cellé

adapted to white or red light and this is reflected in the higher rates
of growth and photosynthesis observéd’in ﬁhe four algae under tﬁese'light
14 '

co ;eiease

conditions. If one only consideré}dpm lost in the_liéht by . 5

this does not seem to be an important process, however, the differential

- S
C02 and 14CO2 influx measurements point out the larger magnitude of this
process, These measurements of the differential CO2 and 14CO2 influx

are highly significant in that they represent the first direct evidence

for photorespiration rates in algae approaching those reported for C3

higher plants (139, 208, 209).

The 14Cd2 release and differential carbon isotope uptaké

measurements using Navicula pelliculosa also represent the first direct

evidence that photorespiration occurs in diatoms. Previous reports
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. Mmeasured glycolate metabolism or enz&mes associlated with glycolate

metabolism (60, 258, 260, 261). The influence of ligﬁt quaiity‘on

HCO3 uptake and refikation rates of photorespired co, at alkaline pH

are also unknown and are factors that light quality maylglsofaffect.

%



SUMMARY AND CONCLUSIONS

Four  unicellular freshwater algae were grown in equal in-

"

tensities of white light and broad waveband,light-from the blue, green

"and red pagts of the spectrum. The-intenslty‘and spectral distribution

of these 1ight'sources simulat ;'o'some degree* the underwater light

climate in the lower part 0f the phofic zone of natural waters.:

1//

Contrary to previous literature where blue or blue-green .

'light was shown to favour the.growth of.marine forms of green algae and

dlatoms, the results of thls study suggest that shortwavelength radiation

Ty

was not,utilized'as efficiently by freshwater algae. The complete

spectrum of .white light was most effective in promoting the growth of

Chlorella and Chlamydomonas. The growth rate SF Anacystis and Navicula

was highest in.red light. . Red light also enhanced the-growth of

Chlamydomonas- -ﬁlne light'was-more important for the growth of Chlorella.
'Followiné adaptation to the various llght SOuroes, rates of
photosynthesis'of the tno'green algae were hiéhest in red or blue light
grown cellsland'lowest in green lightroroWn cells. White light adaoteét
cells generally had photosynthetlo rates sllghgl; lower than the red :fh-‘
‘and blue photosynthetlc optlma._ A 51m11ar pattern of photosynthetic
adaptatlon was observed in the dlatom Navmcula, but rates of photosyntheSLS
in green light adapted cells, in comparison with the green algae, were
only slightly less than the rates observed in the other llght qualities.
Rates of ohotosynthe51s were highest in red light adapted cells of
aczstls and unlformly 1ow in blue or green 11ght adapted cells.

All the algae examined showed lncreased photosynthetlc ef-

ficiency following adaptation to. the various light gualities when

»
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‘compared to white llght adapted cells exposed to the same light source.
4
The lowest apparent Ik‘u51ng whlte lrght was found in green light

[
-

adapted cells of Anacystis; Chlorella and Chlamydomonas and Rlue light

adapted cells of Navicula. Clearly green or blue liéht represents an

extreme shade habitat for these alcae.
These increases in the photosyntﬁetic efficiency of the two

green algae were not reflected in'large cnanges in the total pigment
content of the cells. Mean total‘chlorophyll‘concentrations were

- . A .
highest in'white or blue light grown cells but thesé'differences were

not statlstlcally significant, though blue llght grown cells sho&edﬁln—
creased llght absorptlon in the blue part of thelr in. vmvo absorptlon .
spectrum. Chlorophyll b concentratlon was s;gnlflcantly lower in red
llght adapted cells of Chlorella and this was reflected in the

' hlgher chlorophyll atlo of these cells, however the plgment com—

PN . \

--p051tlon ‘of Chlamydomonas was remarkably.lnvarlant-ln response to-llght

'quality{- This lack of change in total pigment‘content may reflect the
~already low light 1nten51t1es used in the study and may be more related
to llght quality mediated changes in chloroplast structure,

Chlorophyll a content was highest in red and green light grown
Navicula and this resulted in a decreased chlorophyll c:a ratio in these
cells, Blue and white light grown cultures of Navicula Were visibly
browner than green or red lignt grown cultures and the total carotenoid/
chlerophyll a ratio was significantly higher in these cells. Changes
in the in vivo absorption spectra of Navicula at 460 and 490 nm suggest
that cnanges in-the carotenoid composition and content had occurred

during light quality adaptation.

While the chlorophyll a content of Anaczstis was relatively
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E unaffected by llght quallty, the phycocyanln content of blue llght
‘grown cells was 4. S—fold greater ttan red llght cells. The phycocyanln

content of blue light adapted cells was 32% of the total cellular proteln

.and resulted in visibly blue cells. " The phycocyanln content of whlte
“and green llght adapted cells was about twrce that of red llght cells.‘

The -total caroten01d/chlorophyll 'a ratlo was also srgnlflcantly hlgher .'

5
in blue light adapted: Anacystis cells. ChangeS'ln the phycocyanrn peak

at 625 nm were, the domlnant feature“of the Anacystls in vivo. absorptlon

spectra and suggest that some form of inverse chromatlc adaptatlon had

occurred in these cells.
Since there is some'controversy'regarding the use of equal'in—f
tensities or quanta flux in studies‘of this‘nature; the ability of . the
cells‘to absorb light energy orlquanta from the waveband of the light
sources was calculated from in vivo spectra before and after adaptatlon

Though the red llght used in this studycgfdpabéut 40% greater guanta

flux than the blue llght, blue llght energy was absorbed with almost
i 2 h
twicé the efflclency of red llght for all cells-examlned Blue ‘quanta

Y

were absorbed w1th equal or - greater eff1c1ency than - red quanta Green

llght‘was,absorbed least efficiently by all cells. Blue llght adapted
.. q . N
Chlamydomonas and Chlorella cells showed 18% and 37% rncreases in the '

ablllty to absorb blue llght, respectlvely, when compared with white

llght adapted cells. Apart from these two cases small or no increases
‘ =0
in light absorptlon efflclency followlng adaptatlon to blue, green or

red light were obserVEd in the other algae.
. .
No strong effect of llght quallty on the protein, carbohydrate,

nucleic acid or lipid content of these algae was cbserved, This may "’

. reflect sampling during the mid to late,exponential'phase growth and

t

Ky,
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,the.use of unsynchronised'cultures; Sllghtly hlgher levels of. proteln

" in blue 11ght grOWn cells of Chlorella, Chlamydomonas and- Anacystls

when compared.wuiired hght are reflected in the carbohydrate proteln : ﬁ” v ;.
ratro of thesewcel;s. "The, carbohydrate content of blue llght grOWn
-Navicula.wee eignificently higher than in red llght, suggest;ng that
ﬂ‘ ' this diatom maﬁfrespono'dijferently to.the blue l}éht'in comparison
with green algee;"14C—inoorporetion in the insoluble fraction'(meinly' :
- protein)lof Chlorelle, Chlam§aomones-and Navioula,nas enhanced in the.

} :
presence of white or blue light aﬁﬁ suggests that short wavelength’

light or its component of white light enhanced protein production in - -
‘these algae even thongh the‘actual protein content.of the cells.nas-not'
:significantly increased.’ |

| Uie of the phosphovaniliin‘iipid testlrevealed s;gnificant-

_changes in the lipid content of Anaczstis‘cells but no significant

effect of 1ight quality on the lipid content of Navicnla, Chlorella and

. Chlaﬁydomonas was obéerved: -14C—incorﬁ5retion intO'the chloroform
eoiuble fraction suggested that lipid'syntheeis was enhanced by white
light in;Navicu1e and.by red liéht“in the. other tnree algae. 'Again
tnis enhanced lipid synthesis was not reflected in the actual ;ipid oOn—

 tent of theee'algae“' |

Dramatlc cnanges in nucleic aFld content were not observed
end thls reflects the mlnor effects_offllght quality on protein content.
: )
Compared with the effeots of nutrient deficiency, the changes
“in the chemical composition induced by 1ight guality were relatively
minor and probqblf reflect adjustments of the cells light rvesting
&ft‘_"\ : endiﬁhot nthetic;mechenisms in response to growth in restricted sbectrai

wavebands. . o S /
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The carbon metabolism of these algae was investigated by

followiﬁg\thé fate of 14CO2 taken up.in the light. 'The cells were

- partitioned into Water, chlorcform and insoluble fractions following
_hot ethanol extractioh. The water-soluble and extracellular release

fractions were further separated into neutral, basic and acidic fractions

using ion-exchange resins. Photorespiration was measured using a

14C02'release assay. The magnitudé&%f photorespiration in white light

4

was.later determined using andiffgrential carpon isotope uptake method.
The partitioning of incorporatedxlqc revealed light qpality:

.effects in terms of the 14Cfgctivity of ;he soluble‘and inscluble frac- .

tions. 1In the eukaryotic algae most ra@ioactivity was found in the

. soluble fractioﬁ in red light éelis. This'éituétion wés reve;séd in

blue and white ligh£ where 14C—-activity was higher'in tﬁe insolublé

. fraction. ﬁadioactivity qf'thg insolub;e fraction has been shown to

incfeaée‘with depth in fréshwater and marine phftoplankton. Tﬁese results

support the suggestion of Wallen and Geen (362) that light quality might

accouﬁt.forlthese dgpﬁh—depéndent changes in gell composition.

. | Rates of extracellularlrelease;as,a percentage of total

llqc—fixation were < 5% énd support the contention that healthy phyto-

plankton do not exctete‘significant po?tions of recent photosynthate

during normal growth (308). Chlorella released > 1% of the total 14C-

fixed and no extracellular release by this alga was found. Extracellular

release as a percentage of total CO_-fikation was lowest in red light

2

and highest in white or blue light in the other three algae. This result
supports the data of Watt (368) who found that percentage extracellular
release increased towards the bottom of the photic zone in freshwater

-+

situations. " : ' ’
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No direct relationship between the size of the soluble
fraction and extracellular release was observed. The red light effect
on extracellular release was quite strikihg in thls regard since

"N
4C—act:.v:.ty of the socluble fractlon was high in red light grown cells,

Extracellular release as a percentage of 14C—activity in the soluble

-

‘fraction showed the. same trend as percentage total ;4COéFfixatidn, being

highest ;n white light, lower in blue and green light and lowest in red

light. The distribution of 14C-activity in the neutral, basic and

acidic fractions of the soluble fraction were generally mirrored by the-

-same fractions of the extracellular release\fractioh in most cases.

-

Some possible effects of light quallty on membrane permeablllty in terms
of selective release of the- neutral and acidic components ef the soluble
fraction wereé observed in ehlte light adapted Navicula and white or
green light grown cells of Anacystis. It was propoeed that, two light

quality and depth related Processes may occur in algae, one, a decrease

.14 . ' . _
. in ~ Cractivity of the soluble fraction and, two, an increase in the

amount of l4C-act1v1ty released from this fractlon.- The'ratio of these
two processes may controlrorganlc‘carben release in the lower Rart of
the photic zone.i,

An attempt was made to measure the effect of llght quallty on
photorespiration usrng the 14CO2 release assay of Zelltch (383). While
this method seriously underestimates the magnltdde of photorespiration
and some anomalous resuits were obtained{ light.quality clearly influenced
rates of 14CO2 release. In all algae examinedlrates cf 14CO release,

2

both in the light and the dark, were highest during or following exposure

to blue or green light. 14CO2 release rates were lowest 'in red or white

light. Using a differential carbon isotope uptake method, the rate of
N t o

>
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phoﬁorespiration in'whiée light as a percenéage of the total COZ#
‘fixation ?ate) was shown to range from 17 to 32% for the three

eukary;tic algée and from 10 to 26% for the blue—green alga. It is sug-
f gested that pﬁotorespirapion and dark respiration 'may be more imporﬁant‘

processes than extracellular release for"the carbon economy of algal

cells deep in the photic zone.

-

In relating the grqyth of freshwater algae to underwater

. changes in the spectral distribution of light, this study- has shown
light quali&y related effects on t%eir rate of phétosynthe§is, carbon
metabolisﬁ and chemical composition. The importance of the ied part of
the spectrum for the gréwtﬁ of freshwater algae is an outstanding result
of this study. The hlgh growth rate in red llght 1s strongly correlated
w1£h high rates of ‘Photosynthesis and minimal losses of fixed carbon
v%a.extracellular release, photoreséiratipn,and daxrk- respiration. This
may refleéﬁ.a long-term adaptation to the red-shifted AHﬁax of many
eﬁtrophic fresﬁwate;s analogous to the importance of blue and blue-
green light to mariné phytopltankton in their environment where X\ is

- Hmax
. often shifted to the blue and blue-green part of the spectrum. The experi-

mental"verification of this hypothesis would require simultaneous
measurement of the in situ spectral comp051t10n and intensity of light,
and rates of CO flxatlon and loss via photorespiration and extracellular

release at various depths in freshwater situations where the phytoplankton

have had_to'adapt to the available light, i.e. during stratification.

[
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