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ABSTRACT When Euglena gracilis is cultured with light of low intensity (ca.
250 ft-c), an absorption band at 695 muz is formed in an amount equal to about
20 per cent of the total chlorophyll absorption in this red region. An equally
large proportion of C.695 is observed in Ochromonas danica, irrespective of
light intensity. Other algae tested appear to contain approximately 3 to 5 per
cent of their chlorophyll as C.695; this proportion does not increase as strikingly
with lowering of the light intensity as it does in Euglena. C.695 bleaches more
readily than the other chlorophyll forms both reversibly, in whole cells, and
irreversibly, in homogenates. Cells containing a large proportion of C.695 have
a fluorescence maximum at 708 mu, as contrasted to the 687 m,u maximum in
other algae. Occasionally, old cultures of Euglena contain cells with an absorp-
tion band at approximately 710 mtu. This absorption band is quite stable in
aqueous extracts; when the pigment is transferred to ether an equivalent
amount of pheophytin a is found to be present. Conditions leading to the forma-
tion of the 710 m,u absorption band are not yet known.

INTRODUCTION

The study of chlorophyll a in living plants and aqueous green extracts has revealed
the presence of two forms of this pigment (1). These forms, with absorption peaks
at about 673 and 683 mfA, occur in various proportions. They may be seen clearly
in the derivative absorption spectra of typical green algae (2). In Chlorella the
proportions of these two forms may be changed by rupturing the cells and par-
tially bleaching the aqueous extract (3). A third form of chlorophyll a, having an
absorption maximum at approximately 695 mfx, is evident in Euglena gracilis (4),
Ochromonas danica (5), and in some other algae, including Scenedesmus, when
the derivative spectra are measured at liquid air temperature (6). Chlorophyll a
695 is of particular interest in photosynthesis because the light it absorbs appears
to be used only in conjunction with light absorbed by accessory pigments (7).

In this paper we will discuss the culture conditions which favor the formation
of C.695 in Euglena and some of its characteristics, in particular its photostability.
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Another absorption band, at about 710 m,, occasionally observed in Ochromonas
and a Chlorella mutant (8) is here reported for Euglena. The conditions leading to
its formation are not known, but its presence coincides with a decrease in absorp-
tion at 695 m,u and an increase in the amount of pheophytin a. Some observations
on this pigment will also be presented.

CULTURE CONDITIONS

Euglena gracilis "T," (Chick, Emerson, Starr Collection No. 752) was grown in light,
in the synthetic medium of Cramer and Myers (9) and in the dark, in the organic
medium recommended by Brawerman and Chargaff (10).

Several arrangements for varying the light intensity during the growth of the cultures
gave similar results. The following arrangement due to Myers (11) was found most
convenient. 50-ml test tubes were suspended in a 26°C water bath from a rack. 5 per
cent carbon dioxide in air bubbling through the medium kept the culture stirred. Maxi-
mum illumination was provided by a bank of three Westinghouse, cool-white, 20 W
fluorescent bulbs on each long side of the rectangular water bath. The illumination at
the position of the tubes was approximately 700 ft-c from one side and 500 ft-c from
the other. By means of wire screens, the illumination on individual tubes could be re-
duced. The average intensity of light incident on the individual Euglena cell decreases
during the growth of the culture due to mutual shading. Therefore the cells were
harvested before the culture density became so great as to influence markedly the
amount of light received by each cell.

RESULTS AND DISCUSSIONS
Properties of Ca695 in Whole Cells

The Effect of Culture Conditions on Ca695 Formation. The derivative
absorption spectra of Euglena gracilis cells, grown at high (ca. 1200 ft-c) and
at low (ca. 250 ft-c) light intensities, are shown in Fig. 1. The presence of a pig-
ment with an absorption maximum of 695 mu is indicated by a minimum in the
derivative spectrum at about 700 m,u. The accumulation of Ca695 has been ob-
served in several varieties of E. gracilis, but not in E. mutabilis. The positions
of the other peaks and shoulders on these curves indicate the presence of the
same chlorophyll a forms as described previously for Chlorella (3). The cells
grown with light of low intensity have a much greater proportion of the 695 m,u
form than have those grown with light of high intensity.

If Euglena is grown with low light intensity until the maximum proportion of
C.695 has appeared (about 1 week) and then placed in strong light for a week,
C.695 gradually disappears and the cells become yellowish, oval in shape, and less
motile. However, a culture grown in high light intensity for the same total length
of time is normal in appearance and motility.

Euglena grown in the dark is colorless. If these colorless cells are placed in dim
light in the same growth medium, the chlorophyll formed shows a spectrum like
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FiouRE 1 Derivative absorption spectra of Euglena cells grown with high and low
light intensities.

that of cells grown in low light. Furthermore, colorless cells placed in high light in-
tensities develop a chlorophyll spectrum typical of cells grown at high light inten-
sities. However, if these dark-grown cells are resuspended in a nitrogen-free medium
prior to illumination, no CG695 is found, regardless of the intensity. In other words,
C8695 does not form when growth or nitrogen assimilation cannot occur.

CG695 Formation in Relation to Chlorophyll Concentration. A study was
made of the relationship between the total amount of chlorophyll per cell and the
formation of C.695. For this purpose chlorophylls a and b were measured together
according to the method of Comar and Zscheile as described by Smith and
Benitez (12). The cell number was determined by hemocytometer counts in
aliquots of Euglena cultures in the logarithmic growth phase. These measure-
ments and the corresponding derivative absorption spectra were determined for
cells grown with a series of light intensities. The cultures obtained at the lowest
intensity (ca. 50 ft-c) had the maxim amount of Ca695 and contained nearly
three times as much chlorophyll a per cell as those grown at 1200 ft-c, which had
no measurable C.695. Thus it appears that when Euglena grows slowly with a low
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light intensity, the cells accumulate more chlorophyll and produce an increased
proportion of C.695. This proportion may amount to approximately 20 per cent
of the total chlorophyll content as determined by analysis of the derivative spectra
(3).

In contrast with our findings in Euglena, Myers (13) reported that the amount
of chlorophyll per cell does not vary when Chlorella is grown with different light
intensities. It is therefore possible that the correlation between total chlorophyll and
Ca695 accumulation found in Euglena is not typical of all algae.
A number of green algae, including Chlorella, Chlamydomonas, and Dunaliella;

the yellow-greens Botrydiopsis and Tribonema; the diatom, Navicula; the blue-
green, Anacystis nidulans; and the red alga, Porphyridium cruentum were com-
pared after growth with high and low intensity. The derivative spectra of Chlorella
and Dunaliella do show a small increase in the proportion of Ca695 at the lower
light intensity, but this increase is not evident in the other algae studied.

The Fluorescence Spectrum of C.695. The presence of Ca695 can be seen
in the fluorescence spectra of intact cells. The fluorescence spectra of young,
intermediate, and old Euglena cultures were compared previously (14). In that
work the curves were not corrected for the spectral sensitivity of the photomulti-
plier. Therefore, the fluorescence spectra of Euglena grown in low and high light
intensities, as measured with the correction device in operation, are now presented
in Fig. 2. The exciting wavelength was 436 mu. The fluorescence maximum of
the cells grown with low light intensity is about 710 m,. This contrasts with the
maximum at 687 mp characteristic of Euglena grown with strong light, as well as
of common green algae and leaves. Both spectra appear to be made up of the same
components, but in very different proportions. Since the cells high in Ca695 also
contained more total chlorophyll a, the possibility exists that the 687 mjA peak in
these cells is masked by reabsorption within the individual cells. The fluorescence
spectra of dense cultures show an increase in relative intensity in the 730 mp
region, due to reabsorption of shorter wavelengths (15). This effect is, however,
strikingly different from the appearance of the 710 peak seen here.
The fluorescence spectra of three different strains of Amphora are also shown

in Fig. 2. One of these (Starr No. 689) shows very little of the 708 mp fluorescence
peak from Ca695 while No. 688 shows a trace of it. In No. 685 the 708 mp, peak
is predominant. These spectra are sharper than those of Euglena probably because
of the high chlorophyll content per cell in Euglena. The cell concentration in all the
measuring vessels was low enough to avoid distortion of the spectra by reabsorption
in other cells.
The different proportions of fluorescence from the various chlorophyll a com-

ponents in these three curves may result from differing degrees of energy transfer
from one component to another, as well as from differing proportions of the various
forms that are present. Derivative absorption spectra of the Amphora cultures 688
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FIGuRE 2 Fluorescence spectra of plants grown with different light intensities and
containing various amounts of C.695. The fluorescence peak of C.695 lies at 705 to
708 m,u. The Amphora cultures were from the Starr collection and are identified by
Starr's number.

and 689 were identical, suggesting that the stronger C,695 fluorescence in No. 688
may have been due to a greater efficiency of energy transfer in this species. Strain
No. 685 had a slightly greater absorption in the 695 mtt region than the other two
strains.

Recently Butler (16) has observed a fluorescence band at 720 mfA in bean leaves
when the measurements were carried out at -1960C. He attributes this band to the
excitation of a chlorophyll form absorbing at 705 m/A. Krasnovskii (17) has ob-
served a 710 m/ fluorescence band at low temperature in etiolated leaf homogenates
which disappears after a brief illumination. Whether these bands are analogous to
the C.695 fluorescence at 710 mFt in algae and diatoms is not yet clear.
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Brody and Brody (18) attribute the broadening of the red absorption band of
chlorophyll a in concentrated alcohol to the presence of a dimer having a longer
wavelength peak. They report action spectra for fluorescence emission in live algae
to be in qualitative agreement with the absorption spectrum of the dimer in solu-
tion. Their conclusion that the short and the long wavelength-absorbing forms of
chlorophyll a form two different intermediate products that then react with each
other is in agreement with recent work of this laboratory (19). This conclusion
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FIGURE 3 The absorption change in reversibly bleached Euglena grown with high
and low light intensity.

is independent of the value of the monomer-dimer hypothesis as contrasted with
the hypothesis that different chlorophyll protein complexes are the active sub-
stances in live cells.

Reversible Bleaching by Light. The photostability of C,695 in relation to
the other chlorophylls has been investigated in several ways. As noted earlier, Ca695
disappears from Euglena cultures placed in bright light for several days.

It was thought that cells high in CQ695 might show a greater reversible photo-
bleaching in this spectral region than would the cells grown with strong light. This
effect was observed and is illustrated in Fig. 3. However, another far more striking
difference between the reversible bleaching spectra of the two types of cells was
noted. The cells containing C.695 gave a large reversible decrease in absorption
around 705 m/A. The decrease at 695 mp showed only as a shoulder on the 705
mju band. The change at 695 to 705 m,u was twice as large as in the 670 to 680
m, region for these cells. The reverse situation was observed in the cells grown
with intense light.

These experiments were done through the courtesy of Dr. Bessel Kok with his
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apparatus (20) designed to measure rapid, reversible absorption changes induced
by light. The actinic light was a broad band at approximately 650 mit. Only a
fraction of 1 per cent of the total chlorophyll was bleached reversibly. Since the
individual cells containing C.695 also contained more total chlorophyll, the ab-
sorption maximum of the reversibly bleached pigment may be slightly skewed
toward longer wavelengths.

Irreversible Photobleaching of Ca695 in Cell Homogenates

We are now able to prepare a clear aqueous extract from Euglena cells that has a
derivative absorption spectrum identical with that of the whole cells. However, at
the time the following experiments were done, a portion of Ca695 was lost during
the rupturing of the cells. A dense suspension of Euglena cells was forced through
a needle valve (21) under about 9000 psi to break the cells and the chloroplasts.
After centrifuging this homogenate at 10,000 g for 15 minutes, the supematant is
an opalescent, green suspension of very fine chloroplast particles having a deriva-
tive absorption spectrum identical with that of the total homogenate. This green
supematant is clear enough to be measured in the Beckman DK-2 recording
spectrophotometer using half-band widths of about 3 mp.
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FIGURE 4 The derivative absorption spectra of an aqueous extract from Euglena
before and after irradiation with intense red light for 20 minutes.
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Since in our previous work with Chlorella the three forms of chlorophyll a had
been found to differ in their photostability, a similar study was carried out on the
supematant of a Euglena homogenate. The green supernatant was partially bleached
with red light isolated from a tungsten lamp, by means of Corning filter No. 2408
and a cooled water bath. The illumination at the position of the sample without
the filter was 50,000 ft-c in one set of experiments and 100,000 ft-c in another.
Within the intensity range of these experiments, the rate of photobleaching was
directly proportional to the intensity.
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FiGURE 5 Changes in absorption spectrum caused by partial bleaching with red light
for Euglena grown with both high and low light intensity.

The green extract was placed in a cuvette and both its absorbance and the first
derivative of the absorbance were measured. Bleaching was then carried out in the
same cuvette, keeping the temperature below 30°C. After illumination for several
time periods, the same two absorption measurements were repeated. Derivative ab-
sorption spectra of a preparation from Euglena grown with dim light before and
after partial bleaching are shown in Fig. 4.

Similar green supernatants from Euglena grown with high and low light in-
tensities were prepared as described above, and bleached to approximately the same
extent. The absorption spectra before and after bleaching were measured for each
of the two types of cells with the Beckman DK-2. Plots of the difference between
the initial and final curves are shown in Fig. 5. These difference spectra represent
the absorption of the bleached pigment. C.695 is clearly evident in the absorbance
of the bleached pigment from the cells grown under low illumination.

An Absorption Peak at 710 mp in Euglena
Under conditions which are not as yet clearly defined, old cultures of Euglena
may have an absorption peak at 707 to 710 m,. The substance giving this band is
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believed to be a complexed form of pheophytin a and is therefore tentatively called
P.710. Cells containing P.710 in large amounts are oval in shape, have brownish
green, dense chloroplasts, and are non-motile. This latter characteristic makes it
possible to separate them partially from active, green cells in the same culture. The
derivative absorption spectrum of cells containing Pa710 is shown in Fig. 6. An
aqueous extract of the cells can be prepared by extrusion through a needle valve
without apparent loss of the 710 mjA pigment.
When cells containing Pa710 were extracted first with 80 per cent acetone and
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FIGURE 6 Derivative absorption spectrum of Euglena cells possessing an absorption
band at 705 to 710 m,A.

then with ether, according to Smith and Benitez (12), the spectrum of the ether
solution showed a large amount of pheophytin a. The extract was chromatographed
on paper, and the gray and green bands were redissolved in ether. These bands
were identified as belonging to pheophytin a and chlorophyll a respectively, and
occurred with approximately the same relative intensity as that with which the
710 mp band and the chlorophyll absorption band have appeared in the whole
cells. Extracts from normal green Euglena have at most a trace of pheophytin.

Because P.710 appears to be a complex of pheophytin a formed from C.695
in vivo we tried to produce it by acid treatment of cells and extracts containing
CG695. It has not been possible to make P.710 by this means. Once formed in the
cells by some natural process it is stable, in cells or in homogenates, to pH 1.6
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overnight in the cold. Similar acidification of Ca695 containing cells or homogenates
removes the absorption band at 695 m1p without forming a new band at 710 mjp.
Wolken et al. (22) reported the formation of pheophytin in Euglena, but did not
observe an absorption band at 710 mp.
The appearance of an absorption band high enough to show as a very distinct

shoulder in the absorption spectrum of cell suspensions is of considerable interest
(8). Since this band appears to be due to a pheophytin complex and is found in
old cultures rather than in young ones, it may well be a degradation product rather
than a functional part of the photosynthetic system.

Action Spectra of Photosynthesis in Euglena
Grown at Various Light Intensities

From the work of Emerson (23, 24), Blinks (25), and Rabinowitch (26) and
from experiments in this laboratory (27-30) it appears that C.695 functions in
photosynthesis only when accessory pigments such as chlorophyll b or C.673 are
also illnated. Because the amount of C.695 can be made to vary in Euglena,

4*
6*

L4Qe

Wavelength,mp
FiouRE 7 Action spectra of photosynthesis for Euglena grown with low and high
light intensity.

action spectra of these organisms grown under different conditions were measured.
However, the shapes of these two action spectra, shown in Fig. 7, appear to differ
more because of the flattening effect of high chlorophyll content in the cells grown
with low light intensity, than because of a difference in the proportion of C.695.
The Emerson enhancement effect, usually found when green cells are illuminated

with light absorbed by long wavelength chlorophyll a together with light absorbed

BIOPHYSICAL JOURNAL VOLUME 1 1961548



by an accessory pigment, was barely detectable in these cells. Lack of such en-
hancement in some cultures has also been reported by McLeod (31) and may be
correlated with the exhaustion of nutrient. It remains to be seen whether it is
possible to develop large enough amounts of CQ695 to show significant changes in
the action spectra without the cells becoming too old to give any enhancement at all.

In Euglena the amount of chlorophyll b in relation to that of chlorophyll a is
smaller than in typical green algae. This fact may also in part account for the lack
of significant enhancement in these experiments.

We wish to thank Dr. Bessel Kok and the staff at the Research Institute for Advanced Study,
Baltimore for making it possible to carry out the reversible bleaching experiments.
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