





ORNL-TM.1534

Conlracl No. W.7405.erg-26

BIOLOGY DIYISION

THE DELAYED LIGHT AND FLUORESCENCE EMISSION SPECTRA FOR GREEN,
BLUE-GREEN, RED ALGAE, AND NONPHOTOSYNTHETIC MUTANTS

J. R. Azxzi

AUGUST 1966

OAK RIDGE NATIOMAL LABDRATORY
Oak Ridgs, Tenneasee
oparated by
UNION CARBIDE CORPORATION
for the

. 5 ATOMIC ENERGY COMMISSION

OAK RIDGE NA [IONAL | ABORATOAYT LIBHARILS
| W IN\ |

3 4456 0S49bL40 b




CONTENTS

II. MATERIALS AND METHODS it et et s e

III. EXPERIMENTAL APPARATUS | e ettt e

IV, SPECTRAL MEASUREMEN TS, . i o i e e

VI. ACKNOWLLEDGMENTS ... e e e e e e e e

VII. REFERENCES ........ e ——- O P S DS

iii




THE DELAYED LIGHT AND FLUORESCENCE EMISSION SPECTRA FOR GREEN,
BLUE-GREEN, RED ALGAE, AND NONPHOTOSYNTHETIC MUTANTS

1. R. Azzi

SUMMARY

(1) The delayed light and fluurescence emission spectra of Chlorella have been reinvestigated,
and the similarity of the two spectra has been reconfirmed; that is, the observable emisgions ace
coming from excited chlorophyll. The peaks of the emissions are at 685 mpu.

(2) The delayed light emission spectrum of Anacystis is essentially the same as that of
Chlarella, with the emission coming from exciled chlorophyll, and the peak of the emission is at
675 my.

(3) The fluorescence emission spectrum of Anacysirfs is not the same as the delayed light
spectrum, since the phycocyanin emission can be observed as well as the chlarophyll emissicn.
The phycocyauin emission can be intensified by exciting the vells with sadium light.

(1) The delayed light emissioen speclrum fot Porphyridium is essentially the same as that of
Chlorella, and the geak of the emission is at 680 my.

{5) The fluorescence emission spectrum lor Porphyridium is nol the same as the delayed
light spectrum, for the accessory pigments ghycoerythrin and phycocyanin are clearly emitting
in the shorter wavelength region.

{6) The delayed light and fluotescence spoctra [or Scenedesmus wild type are the same as
those of Chiorells, wilh the peaks of the emigsions at 685 my.

(7) The delayed light emission spectrum for mutant 8 is essentiully the Same as that in both
the wild type and Chlorella, with the peak of the emission at 685 my.

(8) The fluorescence emission spectrum for mulant 8 shows a higher emission in the long
wavelength region as compured with fluorescence spectra for the wild type and mutent 11, As
stated in the text, this mutant does not contair any mewsurable P-700.

(9) The {luorescence emission spectrum for mutant 11 is the same as that of both the wild
type und Chlurella, with the pedk cmission at 683 mp.

(103 From other experimenty donte in this laboratory {unpublished), the delayed light signal
at 200 cyvles per second from mutant 11 is 300 times Icss in intensity than (he delayed light
signal [rom the wild type. This sigual was toa small [or our detection apparalus to give a

dclayed light emission spectruy for mntant 11.




I. INTRODUCTION

In 1951 & communication from this lahoratory ' described a light emission by green plants
which lasted for some seconds after illumination. Since that time this delayed light has been un-
der investigation in the hope that it will lead to a better understanding of the first steps iu
photosynthesis.

The emission spectrum of the delayed light is basic to eny underslanding of the phenomenon,
but the low intensity of the cmission makes it difficull to obtain spectre showing much detail.
However, carlier published spectru® ? for Chlorella and spinach chloraplasts showed that the de-
layed light and fluorescence emission spectra were very similar, and that the delayed light must
come [rom excited chlorophyll. In 1956,* emission spectra were publiched for the delayed light
from blue-preen and red algae. ‘The data indicated that the delayed light came only from chlo-
rophyll, while the fluorescent light came from the accessory pigments, phycocyanin and phyco-
erythrin, us well as [rom chlorophyll.

At the time the above experiments were done, it was not realized that the intensity of the
delayed light continged to increase as the time between illumination and measurement was
decreased helow lfg sec.”® The construction of a new phosphoroscope that allows measurements
of delayed light at times of a few milliseconds and that will fill our f/4 monochromator with Light
wakes it now possible to repeat the emission spectra for the delayed light from the grecn, the
blue-green, and the red algac, with greatly improved precision. In addilion Lo repeeling the vlder
experiments, we have deiermined the emission speclru for the wild type snd the nonphotosynthetic
mulants of the green alga, Scenedesmus, isolated by Bishop."s

Scenedesmus ‘'O’ mntant 11 is believed to have photoreaction 11 blocked and the “co,
mutant R is believed to have photoreaction 1 blocked along with the absence of P-700.%+1% We
felt that these mutants could possibly show important spectral differences which could further

elucidate the two photoreaction hypotheses.

Il. MATERIALS AND METHODS

Bialogical Material

The stack cultures of Chlorella, Anacystis, and Porphyridium were obtained from the Culture
Collection of Algae, Indiana University. The Scenedesmus wild type and mutants 8 and 11 were
oblained from Normean [ Bishop, Department of Bolany, Oregon State University, Corvallis,

Orcgon.

Chlnrella pyrennidnsa, Emerson’s strain ‘252’7 was grown at 20°C in Knop’s medinm under
neon lamps und was bubbled with & mixture of CO_‘ (5%) and air {95%).

Anacystis nidulans was grown at 367C in Anacystis medium C'' under a sodium lamp (Gen-
eral Electrie NA-9) und wus bubbled with CO, (5%) and air (95%).

Porphyridium cruentum wus grown at 20°C in Jones® artificiul seawater' * under fluorescent

lainps covered with a layer of yellow celluphane and wus agoated.




Scenedesmus ohliquus, Gallron’s strain D,, wild type, and x-ray mutants 8 and 11 were
grown at 20°C in Bishop’s orgunic medium® ¥+ in the dark, shaking at n frequency of 50 cycles
per minute.

The concentration of cells was detetmined by either of two methods, and the concentration
units are given in the [igure legends, The hematocrit method (centrifugation of cells for 5 min
at 500 » g in a hematocril tube, which measures mm? of cells per 10 cc suspensicon) was used
for Chlarella, Porphyridium, and Scenedesmus. Because of their small size, Anacystis could
not be accurutely centrifuged and measured by the hematocrit method; therefore, a determination
of percent transmission of Anacystis ut 800 my on a Beckman spectrophotometer was the method
used,

Preliminury experiments were done to determine an optimum concentration of cells for each
alga used for the two spectra, These results were plotied as deluyed light intensity at 690 my
vs cell concentration. We chose the highest cell concentrations on the linear part of the curve,
and this established an important condition for the spectral experiments; that is, to have maximal
signals without distertion in the shape of the spectral curve due to self-abgorption by using & too

concentrated cell suspension. !

Ill. EXPERIMENTAL APPARATUS

A modified Becquerel phosphorascope was used for the spectral experiments and is described
in Fig. 1. An RCA-7102 photomultiplier was used to observe the light emission from the varicus
algae, and it is described in Fig. 2.

The components of the apparatus are schemalically reprerented in Fig, 3, The signal from
the pholomultiplier was monitored by & vibruting-reed electrometer with a 6-sec time constant
used as a smoothing circuit, then on lo u Brown recarder,

The delayed light emission spcclru were taken when the shuticrs rolated at 200 cycles per
second. The exciting light consisted of & 1000-w tungsten lamp, its [ilament focused on the cell
suspension to give an iinage of approximdtely 1 in. square, and the bulb’s incandescent emission
was filtered through 10 cm of waler.

The exciting light far the [luvrescence emission spectia was either a 1000-w tungsten lamp,
which was filtered through 10 cin of suturated CuS0O , or a sodium Lab-Arc with filter 9782 in the
exciting light beain. The inlensity of the exeiting light was adjusled Lo give a flunrescent signal

a little larger than the delayed light.

Y. SPECTRAL MEASUREMENTS

Collection of the detayed light and tluoruscence emission data was started after the dark-
light transients were diminished. With the lransients over and with the f6-sec time conslanl, the
signal al euch wavelength would reach a platcau in 30 sec. Therefore, each wavelength mcay-
urement was laken for 30 sec, and the cells were illuminaled continuously se that the transients

did not reoccur during the experiments.




As d sturling reference, the first wavelength measurement was taken at 680 my, then taking
the even increments of 10 my trom the short wuvclengthis up to 800 my partiully completed the
spectrum. The 680 m; was repeated as a check on reproducibility, then tuking the odd increments
of 10 my from 755 my; down to the short wavelenglhs completed the spectrum with wavelengths
5 my apart. A finael sctting at 680 my was recorded as a check on any changes that occurred to

the cell suspension in the 30 to 40 min to make thc spectrum. All experiments were done at room

temperature, 22 to 25°C,

Y. RESULTS

The signal at euch wavelengh of the delayed light and fluorescence emissiou spectra was
tead directly from the Brown recorder chart. In order to have the signal represenicd as relative
encrgy per unit wavelength, the dats were correcled fur the linear dispersion of the monochromator
and for the sensitivity of the photacell (Fig. 4}. The corrected spectra were normalized at the
peak wavelength emission to full scale and plotted as relative energy per unit wavelength vs
whvelength,

The resnlts are graphically 1epresented by the delayed light and fluorescence emission spectra

for each alga studied, ulong with a brief description of each turve in the figure legends,
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Fig. 1. Schematic Diagram of o Modified Becquerel Phasphorascope. The entrance and exit apertures
for the exciting light and emitted light respectively are 1 in. long and 5’36 in. wide. These cpertures were
chosen in order to fill the Farrand monochramator, model 300 VIS, which has on aperture of i/4,

The opparatus consisted of two balanced shutters mounted an a common shaft. The shutters rototed
in narrow slits of the aluminum housing. The shutter diagrammed in Fig. 1 has two open segments thot
are exoctly opposite and 70° wide. With the front shutter open, the cell suspensian was illuminated, while
the back shutter was closed, thus pratecting the photomultiplier from the bright exciting light. When the
front shutter closed, the preilluminated cells emitted delayed light through the now open bock shutter
which allowed the cells to be viewed by the photomultiplier for a peried between each exciting flash.

On the side af the phosphorocscope perpendicular to the entrance and exit apertures and lacoted
between the two shutters was another entrance aperture with a dinmeter of 1 in. (Fig. 3). The cells were
illuminated through this aperture with the hack shutter open so that the photomultiplier could observe the
fluorescence emission of the cells.

The sample holder, a callulase nitrate tube Mo, 661, positioned between the two shutters contained
36 ml of cell suspension. The shutters and interior walls of the aluminum housing were painted with

flat black paint {3M Co., Velvet Cooting No. 9564),
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Fig. 2. Schematic Drawing of the Photomultiplier Tube RCA-7102 Enclosed in on Inconel Housing.
The 7102 photoceil is a 10=stage, head-on type with an 5-1 response. The apparctus was inserted inte
o styrafeam caaler and surrounded with dry ice. This system of cooling the photocathade lowered its
dark current, thus increasing its efficiency and sensitivity.

The highevoltage, signal, and ground leods were of constanton wire No. 40. By using this wire and
the incone| metol {1/100 in. thick), we could have the two ends of the photamultiplier housing at room
temperature while the photocell remained cold, for there is practically no heat flaw through these very
thin materials,

The mognetic shield is a eylinder of Mumietol No. 80802-C (James Millen Monufocturing Compony,
Malden, Mass.). The mognetic shield wos electrically connected to the photocathede and wrapped with
a layer of teflon, then inserted inta the inconel housing.

The front windows were of Saran Wrap, ond the dey air spoce between the windows prevented frost
from forming on them. A jet of oir wax passed over the ends protruding from the cooler in erder to keep
frost from forming on the 1ape joints ond terminols. In order 10 keep light from lecking into the photos
multiplier housing, the brass and aluminum ceouplings were tightly fitted into the hausing, ond the
joints were sealed with severcl layers of vinyl plostic electrical tope.
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Fig. 3. A Block Diogrom of the Components Involved in Obtaining Delayed Light and Fluerescence
Emission Spectro, The phosphoroscope, moanachromator, and photomultiplier were connected to each

other with light-tight seals of vinyl electrical tape.
The delayed light spectra were taken when the phasphoroscope shutters rotated at 200 cycles per
second. For the flucrescence emission, the cells ware illuminated from the side with the back shutter

open (front shutter would be closed).
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Fig. 4. The Photoecell Sensitivity Curve. From RCA-7102 specifications, obtained fram Electran Tube Division, RCA, Harrison,
New Jersey. The lineor dispersion curve is fram o Forrond manual, obtoined from Forrand Optical Compony, New York, N.Y.

The signal read from the Brown recarder chart was carrected by the fallowing formula: 7 & 5/8y - P, where [ is the corrected
emission in relative energy per unit wovelength, S is the experimental dato [signal), D, is the linear dispersion of the monochro-
matar in millimicrons per millimeter, and P, is the photocell sensitivity in arbitrory units.
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Fig. 5. Chloreflo Fluorescence Emission Spectrum (e—e). Cells 3 days old sef ot a concentration of 5 mm>/10 cc; blue light
excitotion; slit widths in millimeters (C.1 entrance, 0.17 exit). Chlorella delayed light emissian spectrum (0--0). Cells 4 days
old set ot @ concentration of 4 mm3/10 cc; white light exzitotion; slit widths some as above.

As previcusly reported by Amold and Davidsan in 1954, the present experiments far Chiorella also show that the delay=d light
ond fluorescence emissions are coming from excited chlorophyll with the wavelength peak of 685 ny,

b1
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Fig. . Anccystis Fluorescence Emission Spectrum (e—e). Cells 2 doys old set at 80% transmission ot 800 mu; blue light
excitation; slit widths in millimeters {0.24 entrance, 0.31 exil). Anacystis delayed light emission spectrum (o--0). Cells 2 days
old set ot 80% tronsmission at BOO my; while light excitotian; slit widths some as above.

The delayed light emission spectrum for Anacys!is shows no phycocyanin emission and is essentially the some as the
Chlorelia delayed lighl spectrum, except the peok is ot 875 my {Chlorelia 685 mpu). The flucrescence emission spectrum shows
the phycocyanin emission between 620 ond 660 mp as well as the chlorophyll emission when the cells are illuminaled with
blue exciting lighl,

91
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Fig. 7. Anocystis Flusrescence Emission Spectrum (8—o). Cells 1day old set ot 80% transmission at 800 my; sodium light
excitation with filter Na. 9782 in exciting light beam; slit widths in millimeters (0.1 entrance, 0.17 exit}). Anacystis delayed
light emissian spectrum (9--0). Same spectrum as in Fig. & except normalized to 0.5 scele in order 1o plot the deloyed light
spectrum under the sadium light fluorescence spectrum.

The fluorescence emission spectra show the phycocyarin emission much more intensified {peck ot 645 myz) when the cells
were illuminated with sodium light than with blue light. If the chlorophyll emissions were subiracied from the spectrum, there
wauld be phycacyanin emission ot 643 my, o trough at 680 my, and extra phycacyanin emission between 700 and 750 my.,

BI
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Fig. 8. Porphyridium Fluorescence Emission Spectrum (#—#), Cells 5 days oid set at o concentrotion of 7 mm3/10 cc;
blue light excitation; slit widths in millimeters (0.17 entrance, 0.24 exit). Porphyridium delayed light emission spectrum
(c-—0). Cells 6 days old set at o cancentrotion of 7 mm <710 cc; white light excitation; slit widths in millimeters (0.2
entrance, (.27 exit).

The delayed light emission spectrum was normalized underneath the fluorescence spectrum in order to keep the curves
from overlapping. The flucrescence emission spectrum shows the emissions from phyceerythrin at 575 my, phycecyeonin at
655 my, and chlorophy!l at 675 mg.. |f the chlorophyll emission were sublracted from the spectrum, there would be phyco-
erythrin emission at 575 my., phycocyanin emission at 655 my, a trough at 675 my, and exirc phycacyanin emission be-

tween 700 and 750 my .
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Fig. 9. Summary of Three Delayed Light Emission Spectro Representing the Green, Blue-Green, and Red Algae.

The spectra show that the delayed light is coming from excited chlorophyil. None of our experiments showed any indi-
catian af delayed light emission from the accesseory pigments.
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Fig. 10. Scenedesmus Wild Type Fluorescence Emission Spectrum (@ —w). Cells 3 days ald set at a conceniration of
4.5 mm 3710 cc; blue light excitation; slit widths in millimeters (0,1 entrance, 0.17 exit). Scenedesmus wild Ilype deloyed
light emission spectrum (G--a), Cells 3 days old set at a cancentrotion of 4.5 mm /10 cc; white light excitation; siit

widths same as abave.

The deloyed light and fluorescence emission spectra for Scenedesmrrs wild type are similar to each other and to the
two Chlorella spectra. The wavelength peaks are at 685 myu.

v
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Fig. 11. Scenedesmus Mutant 8 Fluorescence Emission Spectrum {#—@e)}. Cells 2 days cld set at a concentration of
3.5 mm*/10 cc; blue light excitation; slit widths in millimeters (0.1 entrance, 0.17 exit). Scenedesmus mutant 8 delayed
light emission spectrum (0---0). Cells 3 days ald set at a concentration of 5 mm?/10 cc; white light excitation; slit
widlths same as abave,

The delayed light emission spectrum far mutant 8 is similar to the delayed light spectra of Chlorelia ond the wild
type, The fluorescence emission spectrum, however, shaws a higher fluorescence emission out in the long-wavelength
region as compared with the wild type and mutant 11, yet i1 does not have P-700.%.10
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Fig. 12. Seenedesmus Mutant 11 Flucrescence Emission Spectrum (e—e). Cells 2 days old set at a concent-ation of
4.5 mm3710 ce; blue light excitation; slit widths in millimeters (0.1 entrance, 0.17 exi).

The delayed light intensity from mutant 11 is too weak +o allow a delayec light emission spectrum to be mode with
aur equipment. The flugrescence emission spectrum for mu-ant 11 is the some as thase of Chiore!lz and Scenedssmus
wild type with the wavelength peak ot 685 my.
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