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Prelude

InAugust 1958, thelate Robert (Bob) Emerson (1903-
1959; see Rabinowitch, 1959) delivered a very
important (i.e., of high significance) historical lecture
where he presented his speculations concerning the
synergistic role of light absorbed by accessory

recognized) paper on the synergistic effect of light
absorbed in chlorophyll b on photosynthesis by light
absorbed in chlorophyll ain the green aga Chlorella
was published in the Proceedings of the National
Academy of Sciences (Emerson, Chalmers and
Cederstrand, 1957).

pigments (e.g., chlorophyll b, phycobilins, and
fucoxanthol) and chlorophyll a in diverse groups of
algae. It was published in the November 1958 News
Bulletin of the Phycological Society of America, and
is reproduced below (Emerson and Chalmers, 1958;
note that his coauthor, Ruth Chalmers, was hishighly
talented technical assistant). Emerson had three brief
abstracts on this topic, all presented at the annual
meetings of the U. S. National Academy of Sciences
(Emerson, Chalmers, Cederstrand, and Brody, 1956;
Emerson, 1957; Emerson, 1958)%, and hiskey (highly

Robert Emerson was already the ‘Grand
Master of Photosynthesis and Related Processes
in thisWorld when | knew him during 1956-1958, as
my mentor and advisor (Govindjee and Govindjee,
2021). InhisPhD thesisin Berlin, Germany, Emerson
(1927) explored, in depth, in several algal species, the
intriguing absence of inhibition of respiration by
hydrogen cyanide (HCN) and carbon monoxide (CO);
this phenomenon baffled him, as well as his advisor
Otto Warburg; and even today, full molecular
understanding of this phenomenon still needs attention.

!Experiments on the two-light effect were done by Emerson only after he had failed to understand the “red drop” in the action spectrum
of the quantum yield of photosynthesis, as in Emerson and Lewis (1943). The first attempt to understand this seeming anomaly was
reported by Emerson et al., (1956) in Chlorella and Porphyridium. Together with his assistant, Ruth Chalmers (who grew the algae and
ran manometry), Carl Cederstrand (who managed the instruments), and Marcia Brody (a graduate student), he explored the “red drop”
at 5°C and 20-26° C, and at different light intensities. Werecognizethat it was here that the first experiments on the use of supplementary
light and enhancement of photosynthesis is mentioned. Further, it is here, that he suggested that the conclusion of Haxo and Blinks
(1950) about inactive chlorophyll (Chl) a, in the red region, may have been due to temperature effects, and that Chl a was fully active
and normal at shorter wavelengths! Emerson’s 1957 presentation is a preliminary summary of the (Emerson) Enhancement Effect in
Chlorella that was published soon thereafter by Emerson et a ., (1957) —and led later to provide background for the two-light reaction-
two-pigment system concept of photosynthesis. The last presentation of Emerson (1958), at the US National Academy of Sciences
annual meeting, was mainly to show that the “two-light effect” he had discovered had nothing to do with the catalytic blue-light effect
that Warburg et al., (1957) had reported—it was a totally different phenomenon.
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[See: Lichtenthaler and Bjorn, (2020) for the English
trand ation of this 32-pagethesis, aswell ascomments
by Govindjee (2020) on Emerson. Further, Emerson’s
famous 1948 Stephan Hales lecture is also now
available (Govindjee, 2018)].

In 1932, Emerson, together with his
undergraduate student William Arnold (Govindjee and
Srivastava, 2014), discovered the concept that
hundreds of chlorophyll a molecules ‘ cooperate’ to
perform oxygen evolution (Emerson and Arnold,
1932a, b), which has led to the concept of
‘Photosynthetic Unit’ (i.e., ‘antenna and the reaction
center’). In 1943, Emerson, together with Charlton
M. Lewis, not only confirmed that the minimum quanta
requirement for the evolution of one oxygen molecule
is8-12, not 3-4, asthe Nobel Laureate Otto Warburg
had insisted, but discovered that there was a “Red
Drop” inthelong-wavel ength region, beyond 685 nm
(Emerson and Lewis, 1943)—both were early
“teasers’ to the current concepts of photosynthesis
(see Govindjee, 2001, for Emerson’s contributions;
Nickelsen and Govindjee, 2011, for the controversy
on the minimum quantum requirement for oxygen
evolution; and, Govindjeeet d., 2017, for theevolution
of the current Z-scheme of photosynthesis). It isvery
unfortunate that Emerson passed away, in a tragic
plane crash, long before we showed that different
spectral formsof chlorophyll a are present in both the
photosystems | and |1 (Govindjee and Rabinowitch,
1960 a, b). R. Govindjee et a., (1960) showed that
Emerson’stwo light effect isin photosynthesis, not in
respiration, and the minimum guantarequirement, even
under conditionsdictated and insisted by Otto Warburg,
is8-12, not 3-4 (R. Govindjeeet a., 1968) confirming
Emerson. Lastly, the two-light effect of Emerson in
photosynthesis was confirmed through observations
of atwo-light effect on chlorophyll a fluorescence, in
1960 (G. Govindjeeet a., 1960).

| provide below a brief personal commentary
on Emerson’s 1958 lecture, along with full references
cited in his lecture (the latter are marked with a
superscript, *). (For readers unfamiliar with the
background and details of photosynthesis, werefer to
Rabinowitch and Govindjee (1969), to Shevelaet dl.,
(2019), and most importantly to Blankenship (2021)
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for a more thorough and complete current
understanding of the mechanism of photosynthesis.)

In addition to the 1958 lecture of Emerson
(discussed here), his famous 1948 Stephan Hales
lecture on the present, past and future of
photosynthesis, which wasa so unavailable earlier, has
now been published by Govindjee (2018). For ahistory
of all aspectsof photosynthesisresearch, see different
chaptersinthebook edited by Govindjeeet al., (2005).

Commentary on Emerson and Chalmers (1958)

The major discovery, presented herefor thefirst time,
is the very first action spectra in different algal
species, of what we now call the ‘Emerson
Enhancement Effect’ (i.e., enhancement in the yield
of oxygen in far-red light), by adding supplementary
light absorbed by various accessory pigments. These
included: chlorophyll b (peaksat 480 nm and 655 nm)
in Chlorella (a green alga), phycoerythrin (peak at
546 nm) in Porphyridium (ared alga), phycocyanin
(peak at 600 nm) in Anacystis (a cyanobacterium),
the carotenoid fucoxanthin (fucoxanthol; peak at 540
nm), and chlorophyll ¢ (peak at 645 nm) inthe diatom
Navicula. Although shown in thelecture, the published
1958 paper has no figures. Tragically, Emerson died
on February 4, 1959; and thus, these action spectra
were published only 2 years later by Eugene
Rabinowitch (Emerson and Rabinowitch, 1960). We
must point out that Emerson missed the action band
of a short-wavelength absorbing form of chlorophyll
a along with that of accessory pigments because he
had used Hg-Cd linesfor his supplementary light and
not a monochromator, providing all wavelengths of
light. | have alwaysregretted that | could not have his
name on my paper when we observed (Govindjee and
Rabinowitch, 1960 a, b) that chlorophyll a670 wasin
the same system as chlorophyll b (in Chlorella) and
fucoxanthol (in Navicula).

Emerson began his 1958 lecture by talking about
thefunction and phylogenetic significance of so-called
accessory (or auxiliary) pigments in algae (1) by
pointing out that the older ideas in the book by
Josephine Elizabeth Tilden (Tilden, 1935) needed to
be reexamined, and (2) by stating that there was a
real need to understand the physiological significance
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of different combinations of pigmentspresent in algae.
He then talked about the “Red drop” in the yield of
photosynthesis (Emerson & Lewis, 1943) and the
enhancement by supplementary light he had just
observed (Emerson et a., 1957, not 1956 as stated in
the 1958 paper); he also mentioned his earlier
presentation at a conference (e.g., Emerson, 1957).
Then, he talked about his unusual data with yellow-
green algae: Polyhedriella helvetica and Tribonema
aequale. We mention this so that someone may
reexamine the avail able literature and even engagein
doing new experiments to find the reasons why
Emerson had failed to find the * Enhancement effect’
in these organisms. | regret that | did not pursue it
then (or even later) because this is what Emerson
wanted me to do for my PhD and | did not. — Yes, |
grew Polyhedriella (then known to us as Polyedriella)
and Tribonema during 1958, but soon became
frustrated with their slow growth! [I note that these
algal isolates were provided by Richard Starr from
his culture collection maintained at the University of
Indianain Bloomington. L ater, these unialgal cultures
were moved to the University of Texas and this
UTEX (utex.org) collection has been integrated into
the American Type Culture Collection (ATCC;
www.atcc.org)]. Emerson also mentioned in hislecture
that he had not yet tested Ochromonas (see Myers
& Graham, 1956). Tanabeet al., (2011) have published
as to how some Ochromonas species use the
xanthophyll cycleto their advantage. However, further
research is needed on the “two photosystems’ of
thisalga

Emerson ended his lecture by relating his
observations to the evolution of the combination of
pigments. He cited Oparin (1957), speculating that
the earliest organisms contained not only chlorophyll
a, but carotenoids, that may have had limited
photosynthesis as in Ochromonas. The rest of
Emerson’stalk dealt with how the accessory pigments
helped in the evolution of efficient photosynthesis —
not only for capturing light not absorbed by chlorophyll
a, but in adifferent way, as we know now — through
their use in capturing light for the two distinct
photosystems | and |1. Lastly, Emerson noted that he
had not done any experiment on anoxygenic
photosynthetic bacteria (see Chapter 6in Blankenship,

2021, for further information on the mechanism of
photosynthesis in such bacteria).
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What follows is the paper of Emerson and Chalmers (1958) as published in the News Bulletin
of the Phycological Society of America (PSA), Volume XI, Number 35, November, 1958, reproduced
here, with permission; also see the link to the Phycological Society of America at: < https://
www.psaal gae.org/>

Speculations Concerning the Function and Phylogenetic
Significance of the Accessory
Pigments of Algae

ROBERT EMERSON anp RUTH V. CIIALMERS
University of Illinois

Special interest attaches to the accessory pigments of algae for two
reasons, First, the natural occurrence of the pigments in certain combina-
tions, each peculiar to a phyluin or group of phyla, is accepted as evidence
that the pigments are taxonomically and phylogenetically significant, but
there scems to have been no serious attempt to provide a plausible and com-
prehensive explanation for the development and survival of the existing
combinations of pigments since Tilden (J. E. Tilden, The Algae and Their
Life Relations, Univ, of Minnesota Press, Minneapolis, 1935). The scheme
she devised was in accord with information then available, but there have
been important advances in our knowledge of the algal pigments which call
for a fresh look at the problem. Second, it is now well established that light
absorbed by the accessory pigments can be contributed to photosynthesis
with high efficiency, and something is known of the manner in which this
contribution is made, but the physiological significance of the different pig-
ment combinations is not elearly undersiood.

Chlorophyll @ is common to all autotrophic algae and higher plants, 1t
is always accompanied by other plastid pigments, some of which have been
shown to contribute the light energy they absorb to photosynthesis, These
inchude ¢hlorophylls b and e, the earotenoid fucoxanthol, and the phyco-
bilins phycocrythrin and phycocyvanin. We reler to these as aceessory pig-
nments. Various carotenoids other than fucoxanthol always accompany
chlorophyll, 8 carotene apparently being as universally distributed among
photosyitthetic plants as chlorophyll « itsclf. The extent to whieh light
energy absorbed by carotenoids other than fucoxanthol can be contributed
to photosynthesis is uncertain, so for the present we are not including
them among the accessory pigments.

The primary role as sensitizer of photosynthesis is now usually assigned
to chlorophyll @, both because of its universal distribution in photosyn-
thetic plants above the bacteria and because of the evidence (from obser-
vations on fluorescence) that excitation encrgy acquired by the accessory
pigments through absorption of light can be transferred to the chlorophyll
@, thus leading to the same excited state of the ehlorophyll ¢ as that which
results from direct absorption of light by the chlorophyll e itself. The ac-
vessory pigments are believed to act only indirectly in photosynthesis, by
absorbing light in various parts of the spectrum and transferring the exci-
tation energy thus acquired to the chlorophyll e.

Our measurements of the quantum yield of photosynthesis in longer
wave lengths of red light have suggested that the accessory pigments may
play a more direct part. Emerson and Lewis showed in 1943 (Amer. .J.

[51] 9
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ot. 30: 165) that longer wave lengths of red light are utilized for photo-
synthesis with a relatively low guantum yield, This was surprising, because
these wave lengths, being within the red absorption band of c¢hlorophyll «a,
must be expected to bring about the same excited state of chlorophyll «
as would result from the absovrption of shorter wave lengths, The yield of
photosynthesis should not depend upou the wave of light which produced
the excited state, if the exeited state is fhe same in all cases,

We found (l&merson ¢f al., ’roc. Nat., Acad Se. 43: 133, 1956) that
the range of wave lengths where the yield of photosyntihesis is low was
different for the red alga LDorplyridinne cruentwin and the green alga
Chlorella pyrenoidosa. Porphyridiwm showed a cdiminished yield beginning
at about 600 mp. For Chlorelle, the yield did not begin to decline unntil
about 685 mpu, We thought it possible that the difference might be cor-
related with the acecessory pigments characteristic of these algae.

[n Chlorella, chlovophyll ¢ is accompanicd by chlorophyll b, light
absorption by chlorophyll & probably does not exfeud as lfar toward long
wave lengths as absorption by the @ compenent. Dirveet observation of the
linmiit of the red absorption band of chlorophe!l & in live cells is not possible,
but estnnates based on comparison of the absorption spectra of ¢hlorophylls
a and b in solveuts suggest that the wave lengths wherve the yield of photo-
syvuthesis is low ave probably beyond the absorption band of the b com-
ponent, and in a region where the ¢ component accounts for all the light
ahsorption.

In Porphyridiwn, chlorophyll a is accompanied by phyecobilins, and
there 18 no chlorophyil 4. The zone where absorption is attributable to
chlorophyll @ alone must begin where absorpiion by the phycobiling termi-
nates. The most prominent phycobilin of Porpliyridium is phycoerythrin,
Its absorption probably docs not extend beyond 600 mu. Some phycocyainins
are present, but since their concentration is low, they probably do not con-
tribute muceh to absorption beyvond 650 mp. At wave lengths longer than
this, absorption of light must be attributable almost entirely to ehlorophyll
«. This is also the beglianimg of the region where Porphyridium shows a
declining vield of photosynthests.

We speculated that the yield of photosynthesis might be low in long
wave lengths beeause these wave lengths were exeiting chlorophyll ¢ alone,
and that maximmm yield of photosynthesis might reqguire excitation not
only of the chlorophyll ¢, but also of some accessory pigment having an
absorption band on the short-wave side of the ved band of chlorophyll «.
In the case of Cllorella, this requirement could be met by chlorophyll &,
and in Porphyridivm, by either phycocyanin or phycoerythrin. .

We tested this hypothesis by mcasuring the yield of photosynthesis in
two beams of light, to which the cells conld be exposed either separately or
shimultancously (Emerson, Seicnce 127 1030, 1958). We found that as long
as the wave lengths of both light beams were within the range of absorp-
tion by accessory pigments, the yield of photosynthesis for the two wave
lengths together was equal to the sum of the yields for the two wave lengths
taken separately. Dut if one of the beams was lIimited to long wave lengths

The Journal of Plant Science Research
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of red light which could only be absorbed by chlorophyll @, and the other
beam provided shorter wave lengihs which could be absorbed at least partly
by accessory pigments, then the photosynthesis for the two beams given
simultancously excecded the sum of the yields of the two beams given
separately.

We interpreted this to mean that the shorter wave lengths inerease the
yvicld from the beam of longer wave lengths, T'he alternative possibility,
that the long wave lengths incerease the yield from the shorter wave lengths,
seems to us unlikely becanse in gencral the yields for the shorter wave
lengths alone appcar to be maximal, while the yicld from the long wave
lengths alone is lower than the maximum. By treating the inerecase due
to combination of long and short wave lengths as an increase in the yield
from the long wave lengths only, it can be shown that the yield from the
long wave lengths approaches the maximun ottainable with shorter wave
lengths, while inferpreting the increase in the opposife wav, as an effeet
of long wave lengths upon the yield from short wave lengths, would lead
to yields above the maximum, making this the less probable alternative,

We then eompared the coffects of different wave lengths upon the yield
from a beam of long-wave red of fixed wave lenegth and intensity, To do
this, we adjusted the infensity of the beam of shorter wave lengths so that
at cach wave length setting, this beam by itself gave the same rate of photo-
synthesis. We found that the effectiveness of the shorter wave lengths in
improving the yield from the beam of long-wwave red corresponded approxi-
mately with the absorption speetrim of the accessory pigment or pigments
of the alga being tested. More precisely, the effectiveness varied with the
fraction of the absorption of the shovt-wave beam which conld be attributed
to the accessory pigment or pigments,

This fraction can be ouly roughly estimated for live eclls, but the regions
where it is obviously large arc clearly identifiable with maxima in the
effectiveness of supplementary light., With Chlorelle, we found maximum
effeetiveness of supplementary light at about 480 my, a region where ab
sorption by ehloronhyll D is at its maximmm and absorption by chlorophyll
@ is very small. The fraction absorbed by chlorophyll b attains its largest
value here, There is a lower peak of effectiveness of supplementary light at
about 655 mpu, coinciding approximately with the red maximum of chloro-
phyll b. Iere absorption by ehlorophyll @ is also considerable, so that the
fraction absorbed by the b component is much less than at 480 mp. For
Navicula, the maximum cffectiveness of supplementary light is at about
540 mp, where fucoxanthol contributes most to absorption, and there is a
second smaller maximum in the neighborhood of 645 myp, probably attribut-
able to the contribution of chlorophytl ¢ to the absorption of light. Ana-
cystis and Poirphyridium cach show single peaks in cffectivencss of snpple-
mentary light, near where phyeocyanin and phyecoerythrin contribute most
to light absorption (at about 600 and 546 wyp, respeetively),

The evidence scems elear that at least at long wave lengths of light, full
efficiency of photosynthesis is not sustained by excitation of chlorophyll @
alone, and that simultaneous excitation of some second pigment, with an ab-
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sorption band or bands at shorter wave lengths, serves to restore to normal
the efficiency of the long wave lengths absorbed only by chlorophyll a.

luevitably, this raises a guestion in regard to the Chrysophyceae and
Xanthophyceae. These algae eontain chlorophyll ¢, but lack the eommon
accessory pigments clearly identifiable as photochemical contributors to
photosynthesis. Strain (In Smith, G. M., ed.,, Mannal of Phycology,
Waltham, Mass., 1951, chapter 13) lists Tribonema bombycinwm as con-
faining a new chlorophyll which he designates chlovophyll ¢, but it remaius
to be seen whether this component will prove to be generally charvacteristic
of the Xanthophyceae and whether it occurs in amouuts suffietent to account
for an appreciable fraction of the lizht absorbed. Some of the Chrysophyecac
are reported to eontain small amonnts of f'neoxanthol, and it may he pre-
senf n all members of the group, but it is not yet known whether this
pigment can contribute to photosynthesis when it is not accompanied by
chlorophyll e.

We have tested two Xanthophyecae supplied to us through the kindness
of Professor Starr of the University of Indiana (Polyedriclla helvetica and
Tribonema acguanle) and have failed to find any evidence of effects of sup-
plementary light upon the yicld of photosynthesis from longer wave lengths
of red, Provisionally, we attribute this to abscnee of accessory pigments.
In the ease of Triboiiema, the quantum yield of photosynthesis seems to be
low throughout the spectrmin, as if the chlorophyll @ without accessory pig-
ments were incapable of sustaining a high yield of photosynthesis, either
in long wave red or at shorter wave lengths. Many more comparisons must
be made with a wider range of algal types before we can have confidence
that such a generalization is valid.

We have not yet tested any Chrysophyeccae for their response to supple-
mentary light, bnt we consider it significant that at least one representa-
tive of this group (Ochromonas malhamensis) seems to show only a limited
capacity for photosynthesis (Myers and Graham, .J. Cell. Comp. Physiol.
47 : 397. 1956).

On the basis of the eflecls of supplementary light which we have de-
scribed here, we are temptoed to sketeh a possible sequenee of evolution ol
the combinations of pigments to be found in algae. In agreement wilh
Oparin’s premises eoncerning the origin of life (A. I. Oparin, The Origin
of Tife, Wdinburgh, 1957), we suppose that when organisms containing
chlorophyll first appeared, organic substances were available in abundance,
and evolntion of heterotrophic forms of life must have been well advaneed.
Beeause of the universal presence of chlorophyll ¢ in all photosynthetic
plantts exeept bacteria, it is likely that all are derived [rom a common
ancestor containing the @ component, Since none of the accessory pigments
is to be found in all the phyla of photosynthetic algac and higher plants,
we may suppose that chlorophyll e appeared first withont accessory pig-
ments. Throughout the phyla of plants, chlorophyll a is always accom-
panied by B carotene and also by other carotenoids, so that in all proba-
bility the earliest organisms containing chlorophyll a also contained carot-
enoids, perhaps exclusive of fucoxanthol. These organisms may have been
capable of limited photosynthetic activiy such as we can see in the chrys-
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ophycean Ochromonas. Organic nutrition may have made up for the low
photosynthetie efficiency which we suppose to be characteristic of ehloro-
phyll ¢ when it is unaccompanicd by other active pigments.

We may suppose that organisms containing various pigments in ad-
dition to ehlorophyll @ appeared in the course of geologic time and that
some ol these were capable of supplementing the aetivity of chlorophyll a
in such a way that efficient photosynthesis, with production of organic ma-
terial and oxygen from earbon dioxide and water, could sustain a fully
autotrophic mode of life. The various combinations of pigments may have
initiated pavallel lines of evolution, the end results of which we sce today
in the different classes of algac.

Onr suggestion, that the accessory pigments may endow the photosyn-
thetie system with an effectiveness which it eould not have it chlorophyll «
were the only photosynthetie pigment, seems to offer a plausible explanation
for the success of the combination of chlovophylls ¢ and . We see that
light absorbed by the accessory pigments can extend efficient photosynthesis
{o longer wave lengths. Possibly, all the light absorbed by ¢hlorophyll o—
at long and also at short wave lengths—must be supplemented by light
absorbed by some aeeessory pigment in order to sustain maximmnm yield of
photosynthesis. If this is the function served by the accessory pigmernts,
then the farther the absorption of light by the aceessory pigment extends
towards the red absorption band of chlorophyll @, the greater will be the
range of wave lengths which ecan sustain maximum efficiency for the light
absorbed by chlorophyll a. From this standpoint, chlorophyll & should be
superior to the other accessory pigments, because the red absorption band
of the b component is about as close as it can be on the short-wave side of
the corresponding band of the 4 component. (We assume that any pignient,
such as ehlorophyll d, with its absorption band on the long-wave side of the
a component, would be ineffective, because its excited state would be lower
than that of ehlorophyll ¢). Phycoerythrin, on the other hand, with its ab-
sorption extending only to about 600 mu, makes available the smallest range
of wave lengths for sustaining efficient use of red light absorbed by c¢hloro-
phyll @, and phycoeyanin is in an intermediate position. Of all the algal
groups, the Rhodophyceae are abundant over the sinallest part of the earth,
while the widespread oceurrence of the Myxophyceae, particularly in highly
speecialized environments, is probably due to broad physiological tolerances
not related to pigmentation. The fucoxanthol might offer no greater spece-
tral range than the phycoerythrin were it not for the fact that ehlorophyll
¢ usually accompanies fncoxanthol, making a combination with chloro-
phyll @ which may be as good as, or perhaps better than, the combination
of chlorophylls @ and b. Certainly these are the two combinations which
are most outstandingly sucecessful—fucoxanthol-chlorophyll e-chlorophyll a
in the oceans, and chlorophyll a-chlorophyll b on land and in fresh water,

If the carotenoid peridinin of dinoflagellates serves the same function
as the fucoxanthol ol brown algae and diatoms, then the combination of
chlorophylls ¢ and ¢ with peridinin may be as effective as the combination
of fucoxanthol with these two ¢hlorophylls and may contribute to the com-
petitive success of the dinoflagellates. 13

The Journal of Plant Science Research



464 Govindjee Govindjee

In contrast, the classical outlook that the value of accessory pigments
lies in their capacity to incrcase absorption of Hght in parts of the spectrum
poorly covered by the absorption bands of c¢hlorophyll « does not seem to
account for the outstanding suceess of the combination of chlorophylis
@ and b. The b component, with its absorption bands closely overlapping
those of chlorophyll «, hardly inereases the range of absorption at all. The
combination of chlorophyll ¢ with the phyeobilins looks most promising from
the standpoint of maximum coverage of the visible speetrum with pigment
absorption bands, but the more speeialized distribution of the organisms
for which this pigment combination is characteristic leaves room for doubt
whether coverage of the speetrum has been the primary factor in deter-
niining the snrvival value of the aeccessory nigments,

We have omitted the photlosynthefie bacteria from our discussion be-
cause the biochemieal changes brought ahout by their photosynthesis seem
to be fundamentally different from the biochemistry ol photosynthesis as
we encounter it in the alegae and high plants. The bacteria produce no tree
oxyegen and requive hydrogen donors from which hydrogen can be sepa-
rated at much smaller energy cost than 'rom water-—the hydrogen donor
for algae and higher plants, The evolutionary position of the photosynthetic
bacteria secems to have no dircet bearing on the problem of the evolution
and function of the accessory pigments of algace and higher plants,
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