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Summary. The y-2 mutant of Chlamydomitonas reinhardi differs from the wild
type in being uinable to synthesize chlorophyll in the dark and in a reqtlirement for
catalytic amounts of light for organotrophic growth. Light-grown y-2 cells given
acetate are capable of the eqtuivalent of 9 to 10 divisions when placed in darkness.
Cultulres adapt gradually to di,m white or monochromatic light and after 8 to 10
generations assume a steady state with respect to growth and pigment content.

Two energeti,cally distinct light reactions promote the growth of y-2 on acetate.
A low energy requirement is satisfied at about 0.1 ttw/cm2 of white light which results
in a growth rate olf 0.5 log unit per day. A high energy response, which saturates
at 2000 Uw/Cm2 and a growth rate of 0.9 log tunit per day, is probably attributable
to net photosynthesis. An action spectrum for the low energy growth response
contains a broad major peak in the blue between 462 and 502 nm and a minor peak
in the far-red between 700 and 736 nm. All intermediate wavelengths have low but
positive activity. The action spectruim was investi,gated with y-2 cultures that were
grown for many generations under steadv-state conditions in growth-limliting mono-
chromatic light. Many wavelengths restulted in a selection pressure that strongly
favored a strain of green-in-the dark cells that usually appeared after 5 to 8 genera-
tions of light-limited growth. Under the low light intensity of these experiments
(0.15 +- 0.05 ILw/Cm2) the green strain was mulch richer in chlorophyll than y-2 and
dividel more rapidlv with the consequence that y-2 was generally replaced in the
course of a few generations. Consideration of the restults led to the conclusion that
both chlorophyll and carotenoids act as photoreceptors in the low energy growth
response of y-2.

At least 3 types of metabolisrn make possible
the presence of algae in natulral situations that are
penetrated by sub-compensating quantities of light.
A) The temporary survival of phytoplankton at
depths below the euphotic zone may be greatly
prolonged by the action of small amounts of photo-
synthetically active light. Dunaliella tertiolecta
totally labeled with 14C lost radioactivity through
respiration much less rapidly when given the equiv-
alent of 1 ft-c of light than in complete darkness
(3). B) A ntumber of algae are facui-tative organo-
trophs (e.g., species of Chlorella, Scenedesmus,
Euglena and Chlamydomonas) and can propagate
indefinitely in total darkness when provided with a
suitable energy souirce (2). C) Certain unicellular
green algae have the capacity to assimilate exog-
enous organic compounds and to divide 1 or more
times in absolutte darkness, but then cease to divide
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fturther tunless given minute quantities of light. It
is this special effect of light on cell division that
is the subject of otur investigations.

In studying a strain of Chlorella vulgaris which
failed to grow in the dark on glucose, Killam and
Myers (10) fouind that the cells divided at a mod-
erate rate when the cultures were subjected to a
daily optical density reading in a colorimeter that
contained a red filter. Karlander and Krauss (9)
later revealed that the energy requirement for this
effect in Chlorella vulgaris saturates at 0.8 ,uw/Cm2
of white light. Their action spectrum shows sharp
peaks in effectiveness of wavelengths near 425 nm
and 575 nm, and was interpreted as evidence that
the photoreceptor is a cytochrome. Our results
with a very similar effect in a mutant of Chlamv-
domonas reinhardi differ in several important re-
spects with regard to the action spectrum and lead
to a dissimilar conclusion.

Materials and Methods

The experiments emploved a yellow-in-the dark
mutant of the green flagellate, Chlamydomonas
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rcinhardli. This mtutant, designated as y-2, was

originally isolated in the laboratory o,f Prof. R. P.
Levine who kindly supplied us with the cuilture
ilse(l in this work. Y-2 differs from the wild type
of C. reinhardi principally in being unable to syn-

thesize chlorophyll in darkness (5) and in failing
to grow indefinitely in the dark oIn acetate (4).
In the light the performance of the muitant with
regard to growth and chlorophyll content is indis-
tinguiishable from that of the wild type (5). Both
forms grow well as phototrophs or, when stupplied
with acetate, as photoorganotrophs.

Experimental cultutres as well as those uisedl for
inocuila were grown axenically in cotton-stoppered
250 ml or 500 ml Erlenmever flasks on a rotar)
shaker. The mediuim of Sineoka (15) was uised
throuighouit with or withotut the addition of 0.2 %
sodiuim acetate. This meditum containis phosphate
buiffer to minimize the change in pH oIn addition
of acetate. Tncrease in cell nutmber wxas exponen-

tial undi(ler the conditions tused uniitil the cell (lensitv
excee(le(l .5 X 106/ml. Experimental ctiltlires were

always initiated with exponelntially- growing cells
an(l diliuted with fresh medium oftein enotugh to

mllainltaini popuilation denlsities below 3 X 106 cells/ml.
'The protocol of the experiments required con-

tinuolucis illumination of 100 ml or 200 ml culttures
uinder constant conditions for periods of several
days to 2 wveeks or longer. In order that a number
of wavelengths or light intensities could he investi-
g,ated simuiltaneotusly in this fashion, a large rotary
shaker Was modified as follows. A pair of clear
lucite l)lates wNas erected over the shaker onI a

superstructure of aluminulm rods that were bolted
onto the rotating platform. From the lower Incite
plate was slung a battery of 20-xNatt daylight
fluorescent tubes that provided approximately 800
ft-c at the sturface of the utpper Ilcite plate. A
1-inch air space between the plates greatly redcuced
the heating of the upper plate by the lamps. Several
rows of cultuire flasks could be arranged on the
upper plate and held in place by crossbars clamped
to the superstructure that supported the whole de-
vice. The water temperature in the flasks was

normally 28 + 1° btit oiccasional slight deviations
from this level during the long-term experiments
wN-ere unavoidable.

In 1 series of experimenits cuiltures were illlumi-
natedl wvith white light of variouis eniergies over a

range of nearly 105-fold. This was accomplished
by iising Bausch and Lomb 2" X 2" neuitral density
filters. To achieve the desired intensities 1 or more

of these were tapetl to the bottoms oQf flasks that
ha(l been otherwise thoroughly wrapped in elec-
trician's tape. Aluminuim foil caps prevented stray
light from entering through the cotton stoppers.
The cuilttures inside thus received light only from
helow through the filters.

A second series of exiperiments called for very

low energy irradiations with monochromatic light.
The technique emploved was similar to that uised in
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the white light experiments except that the flasks
were placed in a light-tight wooden box that con-
tained 8 isolated compartments. Set into the bottom
o f each compartment was a sqtuare 2" X 2" hole
that exactly held an interference filter. The filters
were stipplied by Baird-Atomic, Inc. (series B-2 and
B-3) and had steep-sided transmission bands with
one-half band widths of 15 to 30 nm. The trans-
mission characteristics of the filters were determined
spectrophotometrically and none were found to pass
additional bands in the visible or at wavelengths
shorter thani 1.0 IL in the near IR. Since very small
quantities of light were needed, the filters were
covered with electrician's tape so that light was
allowed to pass only through a small rectangular
opening, uisually less than 0.5 cm2 in area. The
light energies that reached flask bottom level after
passing through the various filters and filter com-
binations were measuired with an Eppley thermopile.
In the action spectruim experiments the amoulnit of
energy reaching the cuilttures was regulated by vary-
ing the area of the tape-bordered openinigs OI the
filters through which light was allowed to pass.

MIost of the experiments were carried throulgh
a number of serial transfers of the cultures. The
quantity of cell suispension that wvas inoctulated into
fresh meditum on each occasioin depended on the
expected cell density and growth rate of the ctultuire
heing transferred. IIn this manner cell densities in
all the cuilttures of a series were kept withiln the
same range of 104 to 3 X 106 cells/ml. At the endl
of a runl, normally after 2 to 4 days of growth, each
cultuire was apportioned in the following mannier.
Ani appropriate amouint, usually 2 to 10 ml, was iised
for inoculuim to continuie the experiment. Another-
2 ml was set aside for hemacytometer cou1nts of cell
density. The remainder wvas then drawn throuigh
a glass fiber filter (Gelman) in order to harvest
the cells. The filter, which normally contained
abouit 108 cells, was then grotund in 10 ml of 80 %
acetone in a homogenizer to extract the pigments.
On filtration the homogenate yielded a clear extract
that was subjected to spectrophotometric analysis.
The optical density at 470 nm was taken as a
measure of the carotenoids present and the amilouilit
of chlorophyll was computed frolm the absorptioni
at 663 nim uisinig the formula given hy Bruiinsma (I).

Results

Given strong light, 28°, and a medium containing
acetate, the y-2 mutant of C. reinhardi increases in
nu1mber at a maximum rate of 0.93 log 10 uinit per
day, corresponding to a generation time of 7 to 8
hoturs. In the absence of acetate the best photo-
trophic rate we obtained was only 0.53, though
uinder tihe circumstances growth may have been
limited by the rate of CO. diffusion into the flasks.

Preliminary experiments revealed that cell divi-
sion in C. reinhardi quickly becomes synchronous
when the cutltulres are given brief periodic exposures
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to light. Even the small regular change in light
intensity that resulted from turning on and off the
overhead lights in the laboratory effectively syn-
chronized cultures that received 800 ft-c of con-
tinuous illumination on an open shaker. Thus it
became apparent that an investigation of the special
effect of light on cell division would have to employ
continuotus low level irradiation. Otherwise, the
resullts would be complicated by a tendency of in-
termittent irradiation to influence the timing of cell
increase in an unpredictable manner. Some early
experiments did indicate, however, that a few min-
utes' illumination per day sufficed to stimulate
division and apparently could adequately suibstitute
for the low intensity continuous irradiations tused
in these experiments.

Light-dependent Pigment Synthesis. When y-2
is given acetate and placed in the dark or in dim
light, there is little initial change in the rate of cell
increase thotugh the amount of chlorophyll and
carotenoid pigments in the cells begins to decline
immediately (figs 1 and 2). The decrease in pig-
ment content continues steadily for the equivalent
o;f 8 or 9 generations. Since 2, 4 or 8 zoospores
may be released in each asexual cycle, it is not
completely accurate to refer to generations, though
we shall continue to do so for the sake of con-
venience. Cultures that are maintained in con-
tinuotus dim light for more than 8 or 9 generations
attain a steady state with respect to chlorophvll and
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FIG. 1. Kinetics of the chlorophyll content of y-2
in darkness (circles) and in various intensities of white
light. The starting material was grown in acetate me-
dium in 4 mw/cm2 of white light. Chlorophyll contents
reached steady-state levels after 8 to 10 generations. The
tangential line represents a 2-fold dilution of chloro-
phyll with each generation.
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FIG. 2. Kinietics of the carotenoid content of y-2
in darkness and in various intensities of white light.
The extracts were the saniie as those used for the chloro-
plhyll determiniations showni in figure 1. Steady states
were attaine(l after abotut 8 generations.

carotenoids. Once such a steady state has been
established, there are no further changes in pigment
concentration in the cells; the rate of pigment syn-
thesis is exactly balanced by the increase in cell
nnmn'ber. Unless there is selection for other cell
types, there are no further pigment changes in the
steady-state iculttures for at least 40 generations, or
as far as we have carried the experiments.

01

L-

I)
Ou

00

cj
O

FIG. 3. Steady-state values for chlorophyll and
carotenoid contents of y-2 cultures as a function of
light intensity on a double logarithmic plot. The points
were taken direotly from the steady-states shown in
figures 1 and 2.

The carotenoid and chlorophyll contents of
steady-state cultures (hereafter meaning > 10
generations in dim light) showed different forms
of dependence on liight (!fig 3). At the lowest
intensities the carotenoid content was nearly inde-
pendent of the energy received and about 7 % that
of light grown cells. The remaining 93 % of the
normal carotenoid complement is thus due to a light
promoted synthesis whi,ch is most strong in the
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range above 100 Jpw/cm2 at levels that can be ex-
pected to exceed the compensation point.

In contrast, the logarithm of the chlorophyll
content of steady-state cultures was a linear function
of the logarithm of the incident light energy over
the entire range studied of nearly 105 fold. At
0.08 jhW/Cm2 the cells maintained only 0.2 % of the
amount of chlorophyll that is normal in bright light.
The data from cul'tures placed in total darkness fall
closely along a line representing a 2-fold dilution
of chlorophyll with each generation ('fig 1), indi-
cating that there is no deteotable light-independent
chlorophyll fraction.

Coll Division. A culture that is placed in total
darkness continues to increase at nearly the maxi-
mum rate for about 6 generations. Divisions then
become much less frequent and after about 5 days
there is no further increase in cell number. Maxi-
muim dark growth yields the equivalent of 9, or
rarely 10, generations, an increase of roughly 500
to 1000 fold. Cells that have ceased to divide are
exceptionally large and conspicuously packed with
starch granules.
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FIG. 4. The steady-state growth rate of y-2 as a
function of the logarithm of the intensity of white
fluorescent light. All cultures contained acetate except
the one indicated. The data pertain to cultures that had
been grown for a minimum of 12 generations under
the specified conditions.

Cultures thiat receive dim light attain steady-state
growth rates as well as constant pigment contents
after 8 to 10 generations. The light dependence of
growth, however, is very different from that for
pigment synthesis (fig 4). There are clearly 2
responses to light that promote growth; 1, a low
energy reaction that saturates at aboutt 0.1 Mw/cm2
and a second, high energy reaction that saturates
above 2000 Mw/cm2. At intensities between 0.1
MAw/cm2 and 100 Muw/cm2 the rate of cell increase is
virtually independent of light energy. Thus it is
noteworthy that carotenoid synthesis is slightly
dependent and chlorophyll synthesis stronglv de-
pendent on light intensity over the same range.

Action Spectrum. The action spectrum for the
low energy reaction was investigated by measuring
the steady-state growth rate as a function of wave-
length at constant energy. Since cultures must be
grown for a minimum of 10 generations before a

steady state is established, it was not practical to
determine the limiting intensi-ty range separately
for each wavelength. For this reason we initially
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FIG. 5. Action spectrum for the low energy growth

response of y-2 as determined with continuous mono-
chromatic irradiations of 0.15 ±0.05 Iw/cm2. The data
were taken from steady-state cultures that had been
under the specified conditions for a minimum of 12
generations. The growth constant at each wavelength
relative to that at 486 nm was the measure of effective-
ness used. The curve passes through the mean values
of 3 to 6 independent determinations at each wavelength.
The vertical bars indicate the entire range of experi-
mental values.

experienced difficulty in obtaining an action spec-
trum with good definition of the peaks. Intensities
of 10 to 20 JLw failed to differentiate the peaks on
the 1 hand, and on the other, intensities of less than
0.1 /jw at many wavelengths did not produce a
steady state. We eventuallv obtained good resolu-
tion of the action peaks using an energy level of
0.15 ± 0.05 Mw/cm2.

Since y-2 cells are capable of the equivalent of
9 to 10 generations in darkness, one can discern
very little in-fluence of low energy radiation up to
this point. An action spectrum based on the rate
of cell increase between the eighth and twelfth
generations under low energy irradiation gives only
a suggestion of peaks. Irrespective of wavelength,
the growth constants at this stage were all between
0.4 and 0.5, which is only slightly below the satu-
ra-ted level for the low energy reaction. By carry-
ing the experiments beyond 12 generations, an action
spectrum with good resolution was obtained (fig 5).
For reasons that will be partly clarified later, there
are at least 3 peaks of effectiveness: at 480 to
502 nm, 700 nm and 736 nm, the latter 2 being
considerably lower than the former. In many re-
peats of these experiments we invariably found that
722 nm and 736 nm were substantially more effec-
tive than 710 nm, though the considerable vari-
ability in the results with these wavelengths leaves
a large measure of doubt about the real form of the
action spectrum in the far-red region.

Selection for Other Cell Strains under Condi-
tions of Light-limited Growth. While investigating
the action spectrum of steady-state growth we found
that a selection for chlorophyll-containing cells took
place at certain wavelengths when cultures were
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propagated for many generations in rate-limiting little fturther change in the pigment content of these
monochromatic light. A certain number of mutated cells, while their division rate increased more than
or reverted cells would normally be expected in the 2-fold to a level practically equal to that in the
large populations (>108 cells) that we used rou- 502 nm control. On the twenty-third day the cul-
tinely in these experiments. The presence of a new ture which had tup to then received 700 nm was

cell line in a culture was readily detected as an irradiated at 486 nm instead. At the same time a

increase in chlorophyll content. Positive selection portion of the culture which was being irradiated
for chlorophyll-containing cells was highly wave- at 502 nm was inoculated into fresh mediuim and
length dependent and took place most rapidly in given radiation at 669 nm.
cultures that received red light. Under these con- In both instances the effects of altering the
ditions the chlorophyll content of the cultures began wavelengths to which the cultures were exposed
to rise abruptly after 15 to 18 generations, or after were qualitatively in accord with what would be
5 to 8 generations of selection, if we allow that predicted on the basis of the action spectrum for
light does not limit growth for the first 10 genera- growth and the finding that red light causes selec-
tions. tion for green cells while blue light does not. The

An experiment which illustrates the wavelength cutlture that received 486 nm, having been composed
dependence of positive selection for green cells is mainly of green cells as a result of selection at
shown in figure 6. Green, light-grown y-2 cells 700 nm, returned rapidly to a lower chlorophyll
were irradiated with 0.15 + 0.05 ;Zw/cm2 at 502 content while it continued to grow even more rap-
and 700 nm. The rate of cell increase is expressed idly than the 502 nm control. After 9 days a new

relative to that in the culture which received 502 steady-state chlorophyll content was established at
nm. For the first 11 days (corresponding to about a level about one-fourth of the previous one but
13 generations) the rate of increase in the 2 cul- still 10 times greater than the 502 nm control. We
tures was approximately equal. Light then became cannot offer a definite explanation of this result,
strongly limiting at 700 nm relative to 502 nm. though a likely possibillity is that the decrease in
The chlorophyll content of these cultures initially chlorophyll content at 486 nm was not accompanied
decreased to a very low and nearly equal level in by a return of the y-2 mutant. In contrast with
accordance with the slow pigment synthesis by y-2 the above, the growth rate of cells transferred from
at 0.15 + 0.05 Juw/Cm2. During the interval be- 502 nm to 669 nm quickly declined. A sharp rise
tween the eleventh and nineteenth days of the in the chlorophyll content of this culture after 8
experiment a dramatic increase in chlorophyll con- days (8.0 generations) indicated a rapid takeover
tent took place in the culture that received radiation by green cells.
at 700 nm. Over the following 3 days there was Positive selection for green cells, as indicated
E1.20 60 by an increasing chlorophyll content, inevitably re-

c/ \ 1~-xsulted in a restoration of the cell division rate to a
level at least equal to that of the unaltered 502 nm

1.00 50Kb control. Typical data are presented in figure 7.
:> ~~~~~~~~~0

- The first noticeable acceleration of the growth rate
u
0.80 _ 0 ,a | ! _ 40 always lagged the appearance of green cells by
0.80 - 40 cn several generations. Such kinetics result from the

sj ' fact that small numbers of green cells do not con-

_
0.60 30 tribute significantly to the overall growth rates of

s \4/ , j ~ be readily detected in the presence of y-2. For
r 0.40 20 w this reason it was an easy matter to eliminate

c I ,' . L changes in growth rate due to selection as a source
| of error in the action spectrum by excluiding all data

0.20 _/ o- 0lo from cultures that had begun to turn green.
n , , Given a sufficient number of generations of

0.001 ----- I

V positive selection, green cells eventually take over
0 10 20 30 40 50 light-limited cultures at any wavelength at which

DAYS absorption by chlorophyll exceeds the absorption by
FIG. 6. Takeover of y-2 cultures by a green-in-the carotenoids (figs 8 and 9). Thus, after roughly

dark strain. , growth rate relative to 502 nm; 5 to 8 generations of selection in limiting light, only
- -- --, chlorophyll content. M's indicate data from those cultures which were irradiated at 402, 462,
a culture that was irradiated initially with 700 nm and 486, and 502 nm had failed to show significant
then on day 23 was given 486 nm. A's represent a increases in chlorophyll. Figure 9 should not be
moiety of the 502 nm control that was given 669 nm taken at face value as an action spectrum for the
on the twenty-third day. V's signify optical density trengat facesitlue selection for the
data for the 502 nm control. The arrow marks the strength of positive selection for wild-type cells,
twenty-third day. Continuous irradiation of 0.15+0.05 since we do not accurately know the wavelength
,Uw/cm2 at all wavelengths. dependence of chlorophyll synthesis in either the
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FIG. 7. Chaniges in the grow~th rate relative to 502
rnn c',)ntrol and in the chlorophyl11 coiltenit of y -2 cul-

tures. The abscissa comimenices j'ust prior to the oniset
of light limiitation anid therefore ai number of genera-
tionis followinig the start of the experiment. 0,0
relative growth and AAL chilorophyll conitent of cultures
irradiated at 628 nm. ELI] relative growth anid V,V
chlorophyll conitent of cultures irradiated at 700 nm.
Solid and eniclosed points represenit data fromi separate
experiments. Continuous irradiationi of 0.15-4-0.05 juw/
cm2 at both wavelengthis.
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FiG. 9. The chlorophiyll conitenit of y2 cultures after-

9 to 11 days of light-limited growthi as a function of
wavelenigth. The poinits we're takeni fromi the data
showni in figure 8 and fr-omi the results of other similar
experiments. Continuous, irradiation of 0.15 ±40.05 Mw/
cm2 at all1 wavelengths.

v-2 or greeni strainis. Oni t-he other hand, the resuilts
indicate clearly, in a quialitative fashion, the wave-
lengths at which cells w,i,th a rellatively high chloro-
I)hyll content have a selective advantage over those
w-,ith a muich lower chlorophyll content uinder condi-
tions where light absorption is limiting growth.
This advantage is greatest in the red and orange
portionis of the spectrulm, somewhat less in the
y,ellow and green regions and very slight at 420,
447, 722, and 736 nm. The obvious im,plication of
these resuilts is that both chlorophyll and carotenoi(Is
are active as photoreceptors in the special low-energy
effect of light on cell division, at least in C. reinl-
hardi. The effectiveness of the 2 classes of pig-
ments appears simply to be in proportion to their-
relative absorbancies at any given wavelength. As
appealing as this view may he, we must grant that
iit is not yet a proven concluision and that it presents
certain difficulties of initerpretation which we will1
discuiss in the following sectioni.

~~~~Discussion

I 722 T~~~~~~~~~~Ihe majority of greeni cells accommt-odate to

~~~~~~~~~~420 chlorophyll content. T]his behavxior chara,cteristic

736 o)f suich diverse organiisms aIs Chiorella vidlgaris

*~~502 13), Euglena, !Jraicilis (14) and( Acetaibulariai (16).
The for,mer 2 of these organisms, wihen grown oni
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DAYS ti osdrbyls hoohl hncnrl
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to wavelengths in The abscissa commences chlorophyll co.ntent of such facuiltative mixotrophs

time juist prior to the earliest rise in chlorophyll attains a maximuim at some fairly low light intensity,

nt. Conitinuous irradiation of 0.15±40.05 UW/CM2 wh,ich in the case of B. gracilis is arouind 90 ft-c

wavelengths. (14). In contrast, the cihlorophyll content of v-2
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is a linear function of light intensity over a 105-fold
range on a double logarithmic ploit. Similar meas-
urements on the wild type strain would now be of
interest, since y-2 appears to possess a new type of
control of chlorophyll synthesis by light. The
log-linear relationship indicates furthermore that
the rate of chlorophyll synthesis in y-2 is not simply
dependent on the amount of light absorbed by chlo-
rophyll in the cells.

Like many other photosynthetic cells that are
capable of growth in the dark, y-2 contains both a
light-dependent and a light-independent fraction of
carotenoids. 'Ihe latter is approximately 10 % of
the carotenoid complement of light-grown cells. By
using steady-state cultures we found that most of
the light-dependent carotenoid synthesis takes place
at moderate intensities at which an appreciable rate
of photosynthesis could be expected. Krinsky and
Levine (11) identified 9 carotenoids in extracts of
light-grown y-2 cells and found all but 1 of these
(zeaxanthin) in 96-hour dark culitures. Thuis, the
effect of light may be largely quantitative.

Evidence from the 2 organisms in which the
special light requirement for organotrophic growth
has been studied indicates that the critical product
of the light reaction is present in great excess in
light-grown cells. This can be inferred from the
fact that both Chlorella viulgaris and y-2 are capable
of divisions when first placed in darkness but that
growth eventuially ceases after the equivalent of
about 5 (9) and 9 generations, respectively. Evi-
dently the abilities to assimilate substrate and to
synthesize princi,pal cellular constituents are not
the limiting factors in dark growth. Moreover,
cells that have ceased to divide in the dark are
cons,iderably larger than growing cells and con-
spicuously packed with starch grains (10; 5; 7).
This slight evidence invites the opinion that the dark
block may specifically involve some step in the
developmental cycle, in particular one that precedes
the formation of daughter cells.

The action spectrum of Karlander and Krauss
(9) for a low-energy stimulation of division in
Chlorella vulgaris contains peaks at 425 and 575 nm.
These wavelengths lie in the troughs of the y-2
aotion sipectrum. This discrepancy must be resolved
if one is not to conclude that the reactions in the
2 organisms are basically different. A probable
source of disagreement comes from the fact that
the pigment content of the strain of C. vulgaris
uised by Karlander and Krauss (8) was highly
sensitive to wavelength at an intensity of 0.2
,uw/cm2, the same as that used in investigating the
action spectrum. In contrast, the pigment conitent
of y-2 at that intensity is much lower and shows
relatively little dependence on wavelength. For
these reasons the y-2 action spectrum is probably
more realistic.

Tihe energetics of the special light effect have
little in common with photosynthesis and yet there
is fairly strong evidence, in the case of y-2 at least,
that photosynthetic pigments are among the active

photorecepitors. Satulration of the special effect
occurs at about 0.1 tw/cm2 which is less than 1 %
of the intensity needed to compensate respiration in
most green cells. Moreover, the optical density of
y-2 cells produced at stuch intensi'ties is only a small
fraction of that of light-grown cells, especially at
the red end of the spectruim. On the basis of these
considerations alone, it seems doubtful that light-
limited steady-state cultures of y-2 would photo-
synthesize at more than one-thousandth of the com-
pensation rate of phototrophic cells.

Further evidence that argues against the partici-
pation of photosynthesis in the low energy effect
has been obtained with 96-,houir dark-grown cultures
of y-2. As mentioned earlier, such cells responid
by dividing after irradiations with monochromatic
light and so are physiologically competent vis-a-vis
the low energy reaction. On the other hand,
96-hour dark cells do not evolve detectable quanti-
ties of oxygen when illuminated with bright light
(5), have only a disorganized trace of lamellar
structure (6), and possess a higher proportion of
chlorophyll b than do light-grown cells (12). The
latter observation stands in contrast with our action
spectrum for the low energy response in which the
effectiveness of wavelengths absorbed by chloro-
phyll b is relatively poor.

When 96-hour dark cultures are placed in bright
light, chloroplast development ensues rapidly after
a short lag. The appearance of organized lamellar
struictture and the onset of oxygen evolution are
coincident after 3 hours of exposure to light (6).
At this stage in regreening the cultures contain
abotut 0.5 ,ug chlorophyll/106 cells, or rotughly 50
times as much as steady-state culttures that have
received 0.08 w/cm2 of white light. A further
apparent contrast between the low-energy effect
and photosynthesis is to be found in the virtual
independence of steady-state cultures of light inten-
sity within the range of 0.1 to 100 Uw/cm2. Since
chlorophyll synthesis increases regularly with light
intensity throughout this range, cells grown at the
higher intensity will absorb more ltight than those
grown at the lower intensity by a factor of several
orders of magnittude. Thus, an increased absorp-
tion by chlorophyll per se does not contribute to
growth so long as the intensity remains below the
range in which respiration is compensated in most
green plants. This suggests that the sharp rise in
growth rate with increasing intensity above 100
hw/cm2 is proba(bly attributable to net photosyn-
thesis.

The arguments against an interpretation of the
low energy effect based on photosynthesis are
oipposed by 3 lines of evidence that suggest rather
compellingly that photosynthetic pigments are in-
volved as photoreceptors. A) Tihe action spectrum
shows peaks of effectiveness between 462 and 502
nm, a region in which carotenoids absorb strongly,
and between 700 and 736 nm, where the long wave-
length form of chlorophyll a is known to absorb
(17). Though our results indicate 2 separate peaks
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of activity in the latter region at 700 nm and 722
to 736 nm, it is possible that this is an artifact dtue
to random scatter of the data and that there is only
a siingle respoonse band in the near IR. B') \Vhen
selection for a green cell type took place in growth-
limiting monochromatic light, we fotind a consistent
correlation betweenl an increasilig chlorophyll coIn-
teiit and( an acceleratiing growth rate. It is possible
that the green cells were favored in these experi-
melnts by virttle of so,me quiality other than their
higher chlorophyll content, but this interpretation
is cotuntered by the fact that the 2 strains probably
(liffer by only a single gene that controls the chloro-
phyll content at very low light intensities. Corro-
b)orative resuilts have re,cently been reported by
Huidock anid Bart (4) who foulnd that greeni, wild-
type cells took over in y-2 cuiltuires that xx ere kept
in darkness for a iNeek or more. C) The wave-
lengths at which selection favored the green strain
over w-were precisel\ those at which chloroph-ll
w\-oild be expected to have a greater absorptioll
than carotenioid in a green cell, namelx at 420 to
447 nm, and( at all wavelengths longer than 502 nm.
Tnhe yellow inutant cells were not at a disadvantage
a,t 402 nm alnd within the range of 462 nm to 502
ntn, wavelengths at which chlorophyll absorption
wouldl be relatively slight.

All 3 of the above resutlts lead independently to
the conclulsioni that at least somie forms of chloro-
phyll act as photoreceptors in the low energy effect
oIn cell increase. Moreover, restults A and C in
additioni implicate carotenoids in the appropriate
wavelength regions. How then cani one reconcile
the argulmenits presented earlier that seemed incon-
sistent with the participation o,f photosynthesis in
the lowr energy effect? Any answer to this qtes
tion mlust for the present be considered highly
speculative. One possibility that is consi,stent with
the resuilts obtained so far is that in y-2 the low
energy effect is me(liated by photosystem I only.
The growth limiting factor woould then be a prodiuct
of system I that is required in small amouints for
some puirpose other than the redtuction of carbon
(lioxidle. This interpretation woull,d account for the
absence of aln action peak in the chlorophIyll b
region, even thotugh chlorophyll h is known to be
presenlt (12). Fuirthermore, it is necessary, to
po:itilate that in y-2 only carotenoi(ds and the long
wa\velenogth form of chlorop,hyll a are effective hbut
that in grreeii cells the shorter wavelength for-ms of
cl lorophlll caii al so function als photoreceptors.
fIn suilplport of thi is postullate is the finding thlat
select on favoring the wild type over v-2 is very
h1-gh at wav,elengths absorbedl by the short wa-ve-
leng-th forms oif chlorophyll btit is weak above 700
nim. This inlterpretation of the low energy effect
offers opportulnities for experimental testingr.

Literature Cited

1. BRUTNSMA. J. 1961. A\ ctimm11 ent on1 the spectro-

photomnetric determination of chlorophyll. Bio-
chini. Bioplhys. Acta 52: 576-78.

2. l).xNFORTII, W. K. 1962. Substrate assimilation
alnd heterotrophy In Physiologv and Biochem-
istry of -Algae. R. A. Lewin. ed. Academic Press,
New York. I) 99-123.

3. HlLEPUST, J. A. AND 1. TERnORG1i. 1967. Effects
of environmcnital condclitions on the rate of pho-
tosynthesis and the activities of ribulose-1,5-di-
phosplhate carboxylase and(I aldolase in Dutnaliella
tertiola/cta Butcher. Linmol. Oceanog. In press.

4. H1UDOCK, (i. A. AND C. BART. 1967. Responses of
a mutaiit straini of Ch//amnivdaomoas reioharddi to
prolonged organiotrophic (growtlh. Plant Physiol.
42: 186-90.

5. HUIDOCK, G. A. AND R. P. LENVINE. 1964. Regu-
lationl of photosynthesis in C/l/alam'doinanoas reinl-
/u(ar-di. Plant Physiol. 39: 889-97.

6. HUDOCK, G. A., G. C. McLEOD, J. MORAVKOVA-KIELY,
AND R. 1'. ILEVI NE. 1964. TIC relationi of oxVu.en1
( X oluitioni to chlorophyll old proteill synthesis in

imuttanit strain of C/ua ou,dommibas rei/ila rdi.
Pl"nt Phv-siol. 39: 898-903.

7. (GRIFFIru-rs, 1). 1. 1965. Tlle accumulation of car-
bohivdrate in (Ch/arela -n/dfqlaris iund(ler heterotro-
pilic conditions. Ann. Botainv Lomlon l 29: 347-57.

S. K\rk\N-DER, E. P'. AND R. W. KRAV.S.S. 1966. Re-
spoilises of heterotrophic cultures of Chloioell(a
'lui/(laris Beverinck to darkness anl light. 1.
Pigmlenit anid pH changes. Plant Plhysiol. 41:
1-6.

9. I\A10LANDI)IK, It. P'. ANI) R. .\V. KRAUSS. 1966. Re-
si)oses of lheterotrophic cultures of Chloirela(i
.(n/yaris Beverinck to darkness and light. IT.
\ction- spectrumlil for and miechanismii of the light
requireillelit for heterotrophic growtlh. Plant
P'hvsiol. 41: 7-14.

10. KILLAsI, .\. ANI) J. MYERS. 1956. A special ef-
fect of light onl the growth of Ciloae/l(/ zvulgarlis.
Am. J. Botalyx 43: 569-72.

1 1. K\RINSKY, N. 1. AND R. P. LEvINE. 1964. Carote-
iioids of wild type andl milltaiut strains of the greeni
alga, C/h/a mnodomiuianas rehihi/ardi. Plan-t Plhvsiol.
39: 680-87.

12. -McLEOD, G. C., G. .\. H UDOCK, AND R. P. LEVINE.
1963. The relatioIn between pigment coIncelntra-
tioIn and(l photosynthetic capacity in a mutant of
Ch/lamidomoooas reiin/(i rdi. In : Photosynthetic
M\echanisms in Grcen PlManits. N.atl. Acid. Sci.
Nat]. Res. Couincil Pnll)1. 1145: p 400-48.

13. STEEMAN NIELSEN, E., V. l\R. HANSFN, AND E.
JORG;ENSF:N. 1963. Tli ldaptationi to (Iiffer-enit
liglht intelnsities inl (/iar// n1ltarlis and the time
depelndenc tll tranisfer to a, i exw iltelsitv Pb1s
siol. Plantaruinii 15: 505-17.

14. STERN, \. I., 11.I.I PSTEIN, ANI) J. \. SC-HIFF.
1964. Stlndievs (if llt-o Ii lst tleltlleit ii
1l/lxoq/ei. V'1. Liglt illtellsitv :s :i nrott-llili"
f:utor ill (dlV1elttj)illei. aI11t I\-Ssiol. 39: 226-31.

15. Si-Eotm.A. N. 1960. NIlitotie replic:ttioll of (letxv-
riboniicleic aci( in C/o(1v1amdaaOm as r/iihardi.
Proc. Natl. Aca(l. Sci U. S. 46: 83-91.

16. TERBORGH, J. AND K. VT. THIMANN. 1964. Inter-
Ictions between daylengtlh and lighlt intensity in
the growth and chloroplh ll conteiit of Acetabu-
1(11(r creoml/ata. Planta 63: 83-98.

17. \IDAVER. W. 1966. Separate action spectra for
the two )liotoclleill'cal systems of l)hotosynlthesis.
Plant Physiol. 41: 87-89.

1 672


