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

J. R. Azzi 

SUMMARY 

(1) The delayed light and fluorescence emiS8ion spectra of Cl1IoreIla h8ve been reinvestigated, 

and the similarity of the two spectra has been reconfirmed; that is, the observflble emi~sions £u:e 

coming from excited chlorophyll. The peaks of the emi,<;.sions are st 685 rnJ.l. 

(2) The delayed light emission spectrum of An8cysti.c; is essentially the same 81; that of 

Chiarella, with the emission coming from excited chlorophyll, and the peak of the emission i::l at 

675 rnp.. 

(3) The fluoreF;cence emissiou spectrum of Anacy:>lis is not the same as the detuyed light 

spectrum, since the phycocyanin emission can be observed as well as the chlorophyll emission. 

The phycocyauin emission can be intensified by exciting the cells with sodium light. 

(4) The delayed light emil':l':ion spedrum fot Parphytidium i::l essentially the l':ame IlS that of 

ChIarella, Ilnd the peak of the emi~sion is at 680 m/-!. 

(5) The fluorescence emission ~pectrum for Porphyridium is not Lhe !>ume as the delayed 

li!!,ht spectrum, for the accessory pigments phycoerythrin unrl phycocyanin are clearly emitting 

in the shorter wavelength region. 

(6) The rlelayed light und fllloteF:cence ::IplXtw for Scenedesmus wilL! Iype ar!' the same as 

Lhose of ChlorellB. with the peaks of the emi::lsiorlS ut 685 m/-!. 

(7) The delayed light emission .<:pectrum for fiutrl!lt 8 is el':l':entially the same OIl': that in both 

the wild type and Chlordla, with the peak of the emission at 685 m/,. 

(8) The fluorescence emission spectrum for mutant 8 F:hows a higher emission in the long 

wavelength region oIl'; compared with flUOleF:Cenee spedw for the wild type and fiutont 11. As 

l':tated in the text, thi!': mutant does not contain any measurable P-700. 

(9) The fluorescence emission spectrum for mutant 11 is the same as that of both the wild 

type <lnd Chlurf'/la, with the peak emission al 685 mV' 

(10) From other e'lperiment::l done in this laboratory (unpublisherl), the delayed light oo;ignal 

at 200 cydes per second from mutant 11 is 300 times less ill inten.<:ity than the delayed light 

sip;nal from the wild type. This signal waF: too small fo[ OUI' det.ection appuwtus to give a 

deluyed light emission ::;peetruJU for mntant 11. 

1 
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I. INTRODUCTION 

In 19S1 ~ curnmunil:i:ltion from this lahoratory l rle:>criben a Light emission by green plants 

which lasted for some seconrls .<lftf2't il1umin8tion. Since that time this delayed light has been un

der investigation in the hope thRt it will 1f2'<ld to <I better understanding of the first steps iu 

photosynthesis. 

The emission spedrUIll of the deloyed li!!:ht is basic to any unJer:>Lf.lnJin~ of the phenomenon, 

but the low intensity of the emission mak~s it tli(ficult to obtain spectrfl showing much detail. 

However, earlier !-,ubli::lheJ ::;pel:trli~'" for Chlf>rella and .c:pinach chloropla.c:ts ,:;howerl that the de

layed light and fluorescence emission sper:tra Wf>rf> Vf'ry similAr, ann thflt the delayed light must 

come from excited chlorophyll. In 1956,4 emis.c:ion spf'ctrA werf' publishf'n for the delayed light 

from blue-green and rf'n algAf'. Thf' nAtA innic_Mi"d that the delAyed light CcAme only from chlo~ 

rophyll, while the fluore!':cent light Ccame from the ACCf'!':.c:ory p;gmf'nls, phycocyAnin Rnd phy('o~ 

erylhrin, as well as from chlorophyll. 

At the time the above experiments were done, it was not realizi"d that the intensity of the 

delayed light continued to increase as the time bi"tween illumination Rnd measurement wns 

decreased he low \ sec. 5,6 The construction of R nE'W phosphoroscope that allows mensurE'ments 

of df'IRyed light at times of a few milliseconds and that will fill OUI' f/4 monoehromntor with light 

m;J,kes it now possible to repent the emission spectra fol' the delAyed light from the green, the 

blue-green, and the red algae, with greatly improved \-,reei:sion. In addition to re\-,caling the uluer 

cx\-,crirnents, we have determined the emission spedr~ fur the wihl type ~ml the nonphoto:synthetie 

muhml:s of the green alga, Sc;enede"mu", i:solated by Bishop.7,S 

Scenede"mus "0/' mntant 11 is believed to have photoreaction II blocked and the "CO/' 

mutant R is believed to have photoreaction 1 blocked along with the absence of P_700. 9 ,J 0 We 

felt that these mutants could possibly show important spectral differences which could furtber 

elucidate the two photoreaction hypotheses. 

II. MATERIALS AND METHODS 

Bialogical Materiel 

The stock cultures of Ch/ore!hi, Anacysfis, and Porphyridium were obtained from the Culture 

Colleetion of Algae, Illdiruw University. The SeelledE'smus wild type and mutants 8 and 11 were 

oblained frOm Norman I. Bisho\-" De\-,artment of Bolany, Oregon State University, Corvallis, 

Oregon. 

Chl(Jrella pyrf'.J](JirirJs.~, Emerson's !';train "2S2," was grown at 20°(; in Knop'!'; medinm unner 

neon l<lmps ~nd was bubbled with a mixture of CO~ (5%) ann air (95%), 

Antlcystis niriulans was grown at 3fi c,C in An<'iCysfil;" medium C \ I under a sodium Lamp {Gen

end Electric NA-9) ~nd Wtl::; bubbled with COl (5%) and air (95%). 

Porphyridium cruentum Wtl::; l2Juwn tit 20 cJ C in .lone::;' tlrtifieitll seaw<lter 1 ~ under fluorescent 

lumps covereu with a laycr uf yelluw <:dlvl-'hane and was a~tuled. 



Scenede.<;mu.~ obli'1uu<>, GafIron's strain D. wild type, and x-ray mutants B und 11 were r 

l/:TOwn at 20"C in Bishop's orl!;lJ.nic medium LJ ,14 in the d<l.rk, !':haking 8.t n Frequency of 50 cycles 

per minute. 

The concentmtion of cell:> was determined by either of two methods, and the concentration 

unit!': are given in the fil!;ure legend!':. The hematocri.t method (centrifugation of cell:> for 5 min 

at 500 x g in a hematocrit tube, which mea&ures mm 3 of cells per 10 cc suspension) wa!': used 

for Chlorella, Porphyridium, and S,;enedcsmus. Because of their small size, Anacystis could 

not be accurlJ.tely ~entriluged and measured by the hematocrit method; therefore, a determination 

of percent transmi!':sion of Anacystis Itt 800 mp on a Beckman spectrophotometer was the method 

used. 

PreliminlJ.ry experiments were done to determine an optimum concentration of cells for each 

all!;a used for the two spectra, The:>e results were plotted as dellJ.yed light intensity at 690 mil 

vs cell concentration. We chose the highest cell concentrations on the linear part of the curve, 

tUld this e:o;tablished an important condition for the spectral experiments; that is, to have mllximal 

signals without distortion i.n the shape of the spectral curve due to self-absorption by using a too 

concentrated cell suspension. 1 

III. EXPERIMENTAL APPARATUS 

A m<ldified Becquerel phosphQroscope was used for the spe(;tral experiments and is described 

in Fig. L An RCA-7102 photomultiplier was used to observe the light emission from the various 

algae, and it is described in Fig. 2. 

The componenls of the apparatus are schcmatically reprel';enti>d in Fig. 3. The signal from 

the phoLllmultiplier wa!': monitol'ed by a vibrlJ.ting-reed electromi>ter with a 6·sel: time con!':tanl 

useu as <l. smoothing circuit, then on [0 IJ. Brown recorder. 

The delayed light emission spcdrlJ. were taken when the shuttcrs rolaled <l.t 200 cyc\i>S per 

:>econd. The exciting light cOllsisteu of a 1000·w tungsten lamp, its filament focu!':ed on the cell 

suspi>nsion 10 give an ilnage of approximately 1 In. square, and the 'bulb':> inc<l.ndescent i>mission 

was filtered throngh 10 Clll of waleT. 

The excit-lng light for the fluoTe:;cence emi",sion spectra wal> either a lOOO-w tungsten lamp, 

which was filtered through 10 cln of slJ.tur<l.ted CuS0 , or a sodiulll Lab-Arc with filter 9782 in the 
1 

exciting light becun. The intensity of the exc:itfng light was adjusted to give a fluore",c:ent !':ignal 

a little larger than the delayed liF;ht. 

IV. SPECTRAL MEASUREMENTS 

Conection of the rlelayed light ;:-'lId fluon:scence emission data W:'lS started aftcr the dtirK

light transients were diminished. With the transients over and with the 6-sec time consLanL, the 

:signal tit elJ.ch wavelength would reach a plakau in 30 sec. Therefore, each wavelength mcas

memelll was taken for .:;;0 sec, and thi> <t€'lls were illuminated I;ontinuously "'(} that the transients 

did not l'eoccur during the ~xperiment.<;. 

, .. 
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As a st""rling reference, the first wl:l.vdcngth meflsnrement was taken at 680 mil., thli"n taking 

the eVf!n jncremenl~ of 10 mlJ t'rom the short wtlvc1engths up to 800 !nil partil:l.lly completed the 

spectrum, The 680 Illil was repe8terl as a check on reproducibility, then takin~ the odd increments 

of 10 illp from 755 m/I down to thl? ,,;hort waveh:ngLhs C'omplett'd the spectrum with wr.velengt-h!': 

5 rnp 8part. A fin~oI1 setting ctt 680 rnp was recorded 8S n check on any chl;lngcs thut occurred tn 

the cell !':uspension in the 30 to 40 min to mi:tke the spectrum. All experiments were done <It rOom 

temperatttff', 22 to 2S"C. 

v. RESULTS 

The signal at elir:h wavelellg:h of the delayed light and fll1ore~ct'ncl' emi!>siou spectra wa.c: 

fC<ld dil'l'ctly from the Brown recorder chart. In order to h:we the signal repres~nlcd as relativE>, 

energy pel' unit wavelenF;lh, the dat<1 were crJrreLleJ f VI the linear di.~p('rsion o[ the monochrom ..tor 

&/ld [or the sem::itivih" of the phQtaceJ[ (Fig. 4). Th~ corrected spectra wer~ normalized at the 

petlk wavelength emis~ion to full Seide and plotted as relative energy per unit wavelength v.c; 

WE!velenglh. 

The resn!t.c; are gIHphically lepr"".c;ented by the delayed light lind fluorcscence emission spectrE! 

[or each alga .c;tudied, Hlong with a brief description of each t:urve in thl' figure legends. 
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Fig. 1. Schematic DiCigrom of CI Modified Becquerel Phosphoro$cope. The entrance and exit apertures 
for the exciting light and emitted light respectively are 1 in. long and ~6 in. wide. These apertures were 
chosen in order to fill the Farrand monochromator, model 300 VIS, whkh has on aperture of 1/4. 

The apparatus consisted of two balanced sh"tters mounted on (I common shoft. The shutters rotated 
in narrow slits of the aluminum hovsing. The shutter diagrammed in Fig. 1 hos two open fiegments that 
ore exactly opposite and 700 wide. With the front shutter open, the cell suspension was illuminated, while 
the back shutler waS closed, thus protecting the photolnultiplier from the bright exciting light. When the 
front shutter closed, the preiJluminated cel\~ emitted delClyed light through the now open bock shutter 
which allowed fhe cells to be viewed by the photomultiplier for a period between each exciting flash. 

On the side of the phosphoroscope perpendiculor to the entrance and exit apertures and loco ted 
between the two shutters was ano'her entrance operture with a diamefer of 1 in. (Fig. 3). The cells were 
illuminated through this aperture with the back shuffer open so that the photomultiplier could observe ,he 
fluorescence emission 01 the cells. 

The somple holder, a cellulose nitrate tube No. 661, posifioned between the two shutters contClined 
36 ml of cell suspension. The shutters and interior walls of the oll!minuln housing were painted with 
ila1 black pain1 (3M Co., Velvet Coating No. 9564). 
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Fig. 2. Schematic Drawing of the Photomultiplier Tube RCA.7102 Enclosed in on Incon.1 Hauling. 
The 7102 photocell is a lO.stage, head-on type with on 5-1 response. The apparatus was inserted into 
a styrofoam caaler ond surrounded with dry ,'ce. This system of cooling the photocathode lowered its 
dark current. thus inr;reos ing its efficiency and sllnsitivity. 

The high-voltage, signol, and ground leods were of constantan wire No. 40. By using this wire and 
the Inconel metal (11100 in. thick), we could hove the two ends of the photomul1iplier housing at room 
temperature while the photocell remained cold, for there is practically no heot flaw 1hrough these Very 

lhin materials. 
The magnetic shield is 0 cylinder of MUnlelol No. 80802~C (James Millen Monufoc:turing Company, 

Malden, Mass,), The magnetic shield was elecfrically c:onnected to the photocathode and wrapped with 
a layer of teflon, then inserted into the inconel housing. 

The front windows were of Saran Wrap, and the dry air spac:e between the windows prevented frost 
from forming on them, A jet of air was passed over the ends protruding from the cooler in order to keep 
frost from forming on the lope joints and terminals. In order 10 keep light from leaking into the photo~ 

multiplier housing, the brass and aluminum couplings were tightly fitted into the housing, and the 
joints were sealed with several layers of vinyl plastic: electrical tope. 
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Fig.3. A Block Diogrom of the Compone-nts Invtllved in Obtaining Delayed light and Fluorescence 
Emission Spectrt!. The phosphorosc:ope, monochromator, and photomultiplier were connected to each 
other with light.tight seals of vinyl electrical tape, 

The delayed light spectra were taken when the pho5phoroscope shutters rotated at 200 cycles per 
second. For the fluorescence emiBion, the cells wl'lre illuminated from the side with the back shutter 
open (front shutter would be closed). 
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Fig. 4. The Pho1oc:ell Sensitivity Curve. From RCA·7102 specificotions, obfained from Electron Tube Division, RCA, Harrison, 
New Jersey. The linear dispersion curve is from a Forrand manual, obtained from Farrand Optical Company, New York, N.Y. 

The signed reod from the Brown recorder chart WQS corrected by the fallowing formula: .1 ~ S/D,\ • PAr where] is the corrected 
emission in relative energy per unit wove}ength, S is the experimental doto (sLgnal). D is the linear dispersion of the monochroA 
mator in millimicrons per millimeter, ond P).. is the photocell sensitivity in arbitrary units. 
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Fig. S. ChloreJln Fluor"'H:enCp. Emiuion Spectrum (e-.). Cells 3 cloys old set 010 concentrolion of 5 mmJ/lO cc; blue light 
excitetion; slit widths in millimeters (0.\ entrance, 0.17 exit). ChIarella delayed light emission S:lectrum {O--O}. Cells 4 doys 
old set ot 0 COncentration of 4 mm)/lO CCi white light ex::itolion; slit widths some as above. 

A<; previously reported by Arnold and Davidson in 1954, the present experiments for Chlorel1a aha ihow that the delayed light 
and .fluorescence emissions are coming from excited chlorophyll ....,ith the wove1eng1h peak of 685 MI" 
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Fig. 6. Anacysrjs Fluorescence El'1'ission Spectrum (.-e). Cells 2 doys old set at 80% transmission of 800 mIJ; blue light 
excitation; slit widths in millimeters W.24enlrance, 0.31 e,.;il). Anacyslis delayed light emiHion spectrum (0--0). Cells 2 days 
old set at 80% transmission at 800 mil; while light e,.;<;itotiani slil widths some as above. 

The delayed light emission spectrum for An,~cystis shows no phycocyanin emission and is essentially the some as the 

ChIarella delayed lighl spectrum, except the peo~ is elt 675 mJi (Chlorella 685 m/l). The fluorescence emission spectrum sho.... s 
the phycocyanin emission between 620 ond 660 mil as well as the chlorophyll emission when the cells ore i1luminClled with 
blue exciting lighl. 
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Fig. 7. AnDcysris FII/orescence Emiuion Spectrum (.-.). Cells 1 day old sel 0180% transmission at 800 mil.; sodium light 
excitation with filter No. 9782 in e.lll;:iting light beam; slit widths in millimeters (0.1 entrance, 0.17 exit). Amlcystis delayed 
lighf emission spectrum (0--0). Same spectrum as in Fig. 6 except normalized to 0.5 scale in order 10 plot the delayed light 
spectrum under the sodium light fluorescence spectrum. 

The fluorescence emission spectra show the phycocyanin emission much more intensified (peak at 645 miL) when the cell.!; 
were illuminated with sodium light tho ... with blue light. If the chlorophyll emissions were sub1rocfed from the spectrum, there 
wauld be phycocyanin emission at 645 mp., a trough at 680 mil, and extra phycacyanin emission between 700 and 750 mji. 
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Fig, 8. PorphyriJium Fluorescence EmiSiion Spectrum '.-.). Cells 5 days old set at 0 concentration of 7 mm 3/10 cCi 

blue light excitationj slit widths in millimeters (0.17 entrance, 0.24 eKlt). PorphyridiwIl delayed light emission spectrum 
(c--o). Cells 6 days old set at a concentration of 7 mm 3/10 ce; white light excitation; slit widths in millimeters (0.2 

entrance, 0.27 exit). 

The delayed light emission spectrum was normalized underneath the fluorescence spectrum in order to keep the curves 
from overlapping. The fluorescence emiSSion spectrum shows the emissions from phycoerythrin at 575 ml~, phycocyanin at 
655 mit, and chlorophyll at 675 mlJ.• If the chlorophyll emission were sublrocted from the spectrum, there would be phyco. 
erythrin emission at 575 mlJ., phycocyanin emission at 655 mjl, a trough ot 675 mlJ., ond exira phycacyanin emission be

tween 700 and 750 mV' 
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Fig.9. Summary of Three Delayed Light Emission Spectro Repre!Oenting tile Green, Blue-Green, and Red AIg<le. 

The spectra show 1hot the delayed light is coming from excited chlorophyll. None of our experiments showed any indio 

coliQn of delayed light emission from the accessory pigments. 
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Fig. 10. Scenedesmus Wild Type Fluorescence Emission Spec'rum (e-.). Cells 3 days aid set at a conceniTlJtion of 
4.5 mm 3/10 cc; blue light excitotion; slit widths in millimeters (0.1 entrance, 0.17 exit). Scenedesml1s wild Iype delayed 
light emission spectrum (0--0). Cells 3 doys old set at (I concentration of 4.5 mm 3/10 CCj white light excitation; slit 
widths some as above. 

The delayed light and fluorescence emission spectra for Scenedesmrls wild type ore similar to eoch other and to the 
two ChIorella spectra. The wavelength peoh ore at 685 mIJ.. 
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Fig. 11. Scenedesmus Mutant 8 Fluorescence Emission Spectrum {e_e). Cells 2 doys old set of a concentration of 
3.5 mm 3/10 cc; blue light excitation; slil width,. in millimeters (0.' entrance, 0.17 exit). SCf>lJedpsrl/us mutont 8 delayed 

light emission spectrum (0---0). Cells 3 days old set at 0 concentrQlion of 5 mmJ/10 cc; while Ught excitalion; slit 
widths some as ()bo~·e. 

The delayed light emission spectrum for mutant 8 is similar to the delayed light spectro of Chlor~lla and the wild 
type. The fluorescence emission specrrum, however, shaws a higher fluorescence emission out in the long-wavelength 
region as compared with the wild type and mutont 11, ye! it does not hove P_700. 9,10 
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Fig. 12. Sr:eneJesml1$ Mutant 11 Fluorucence Emission Spectrum (e-e). Cells J days old set at a concent-QTion of 
4.5 mm 3/10 cc; blue ligrt excitation; slit widths in millimelers (0.1 entronce, 0.17 elli7). 

The delayed light intensit~· from mutant 11 is too weak +0 allow (J delayec light emission 5pectrum to be mod", with 
aur equipment. The fluorescence e'''ission spectrum for mu"ant 11 is the some 05 those of Chlor",l1a and S<;encd"snlUs 
wild type with the wavelength peak at 685 rT11J. 
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