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DELAYED LIGHT EMISSION IN GREEN PLANT MATERIALS:
TEMPERATURE-DEFENIENCE ARD QUANTUM YIELD®

G. Tollin, B. Pujimori and M. Calvin

Radiation Laborstory and Department of Chemistry
University of California, Berkeley, California

July 1958

The discovery of the delayed light emisasion of plant materials by
Strehler snd Arnald in 1951 hes stimuilated a good desl of interest in
this rether remarksble property. The emitted light has been shown to be
due to an electronic traneition between the first excitod singlet state
of chlarophyll and the ground state.2’3 At roon tespersture, s lusinescance
18 cbserveble from about 0.0l secend’ to several mimutes® after excitetion.
Thus; the elactronic transition camnot be rete-determining and the process
represents nsither normal flucrescemce nor normal phosphorescence. Indeed,
tmummmh’smmmmummmum
resultant of more than ome rate-limiting process. Strehler and co-workers®’!

# The work deseribed in this peper wes sponsored in pert by the United States
" Atowle Energy Comwission end in part by the Department of Chemistry, University
of California, Derkelsy, California.
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have been able to demonstrate the existence of meny relsticnships between
delayed light emission snd photosynthesis snd thus have been lsd to imberpret
the luminescence phsnomens as & censequence of the reversibility of some of
the ensymatic photosynthetic reactians. However, Tollin and Calvin® have
shown that the faster decaying compomemts of the delayed light are present
to 88 lov & tempersture as ~100°C, suggesting thst the esrly processes
following light-absorption are mon-enzymetic in nature. These latter obser-
m,mm@n&mmwﬁw«lmw
me,B'15 have suggested an interpretation of the physical precesses
leading to delayed light emission, and, by analogy, to photosynthesis, in
toras of semiconductor theory.l8+1T+18

The earlier investigations in this labarstory’C have been ltmited to
the study of the light emitted sgpproximately O.1 second after exeitation by
a flash discharge. The recent reports of luminescences st still shorter timse
after encitation*” neve promgted the comstruetion of s device cepable of
continuously observing the light emission of a swple of plant material from
0.0015 second to sbout 30 seconds after the omset of flash excitation. The

present vork describes s series of experiments carried out with this spparstus.

NATERIALS AND METHODS

The chlercplast materisl wes prepared ss outlined previeusly.'® Chlerells
8 were grown in continmuous cultwre in owr laborstory and semples
were prepared for the luminescence measwrements by centyifugation of & sus-
pension of the algas to obtain a reletively thick paste. In general, messure-
ments were begun vithin 10 minutes of harvesting.

A block diegrem of the spperstus used in the experiments is shown in




POITI 6T UBWLJ OQ) ISINT SPUSISBOIOTE POIpURY dATS *decas adoosOTTTIEC ey
8209310y ArenceweyTrEys PUS 9398 2GTTATITIM0Goud o) 893BAT308 Uong yend ¥
*SACTTOZ $9 £ JTOURINSEIR ¥ UT 2q0ase Jo souonbos oy ‘uemy ‘Arensms wy
*SOTISTINININTD USTSUTRIURIY
~esTnd wmTIdo GAPTURE Of aTqTReod se IR #8 44a GIBR PPOIT TEOLENOOTS
TIV ‘poepumgs o7 wejefs SUTmGBLR syl ‘Jojjoedec peoy paXeIOIOTM I %
YITA 93704 O00T 3% Dgesdo 0T SqRIUBWL3 Oy °ePuea wiBuoTeamA STYIRY ©
ur A37euequy quBTT UPTY ATqUUOSESX § UITA (N 4 JNOGE JO IOGAWSTD ¥ UITA
TeoTaeuds) orfe S0 MO8 TYWNS ¥ PUS (JUIMOINOUIW SOUCOSSUTUNT JO SUOTITPUOD
o3 XePUn SPACSISTITIN $°T 4TOQR) WOTIBMD 330u8 LTSATINYAE ¥ Bupmygeoe Jo
ofeyowApe SUY SUY YOTUR OLZ-3d DTXDETH TEIeWep owy 97 sjueatedxe suy vy
RSN OQMAYEWTS PGl UOTISATOND USYTS OQ3 JO WOTIBAND o3 £q ATHC PeATTT
sty @ Uy uydeq 03 SCUSOSVUTANT GU) JO UOTIRAINEQO O3 JO 380 ouy syperad
JWomPrRae sTHy ‘enay  CSedUANNGO SYBTT oy 6203aq aapsasdo LTy ewooeq
mmﬁmmmm:m:om.mmmwmﬂm
Jo fupuniieq U} UOAMING PRONPOIUT ST SPUOOSSOIOTR Q05 IWqE Jo LTep ¥
*0doDB0TTTOR0 ABI-6POTYED (-4TS XTUGNISE B JO GsaAs o3 37038 €3 DOSH OSTe
ST %8 ouy °qveTs oY) JO UOTINMD OfY OF POUOIME 6q Lew snyy PUL SPUOONS
~FITI § FNOGY OfF SPUCOSSAIOTH AGJ © WOXZ ITauimma Arsnonuyinos et eeyed
BupyE? oTy) IO WOTIRND UL *eang Uy UT PTTARTR Pureq moly opownpmo )
$8 PAgUASQTT FUOIVeTeISUd oy Jo Js0u IRBAd ©3F sasses STHI CPPOYINO
~03oqd ouy 03 309dsar MTA L3Tavrod JTHUY JO TRSIGARZ ¥ WE SITREAI [WPOIUA
PIOTY® oM Pov oSpOUAD omg J8IT2 oy 03 seTnd eBuyTas ® Jo worEITTEds ey
Yooy qewll w@TT PUTIToNe eny Fupamp (2627-X wWoEng) MTrarFTreciond
a3 Jo Supqwd, © SOATOANT J0IWST STQ] °*S0TADp STURINOTe UT A paderdex
-tmmWWmmmMmmugm
Peqraossp engnaedis oy of JUTIETS STl 6 ¥ ‘Arremadeoue) 1 Py

S6ug-"nm0 -4~



YONg °POGIoBGE $EA OTENES oy PUTIORRX HUETT AW} JO TTF VMR POUNSEE gma 3]
*oTdNNe UL WOXZ POITED WETT O3 PUS YSVIZ oU) WOLZ STNSS SU3 W0 JUSPTONT
IETT o) Y30 Ranseom O3 TeWN SRA Wowy ZePTAIITIWOgONd Bup  C EREwWOTOq
% pae JueT SPAVDIERE JO TSNy TPUOTHBN ¥ Supen pejeaqrree sex JoTTdpyTom
=03e0d o7y oouscseuTERT oGy JO PIOTL enjuwnh sy JO JUOERINSUON U} 04
*83TOA
OCET 39 poysaedo ATTenmu 7 eTTdpsTrmosond ey JepIooRl  Xemopeedg,
GnIRA0K PUR SPECT B PUR ISPI0ORI TST TOPON UROqERg § ‘edeosorT(ioso auy
opoeg wangy up wisTrdmexd sqr *(000T = UTR) IBTITTEMER *D°Q POSTIIAERS
UIOQWeE 9 OQUT ATIONITP PEJ ST aSUNRSTERI ST ssoaoe padoreasp aBeytos oqy
VB 039780 peoT wodem g ¥ WITA peTTddns et epouw IeTTEYTREONGE gy
g-wmmnmmw
o3 29TTdraTeejoud pus oTdmes ‘oo.nos FallroNe Jo jusmsPuesre TROTXGEWOS® oqy
*POAISSGO o8 oeTOdsoa TTERTANCM0Nd Y3 UT $300578 UOTRRIMGRES IO DuIRcuend
PWDTITNL] O ‘ZOAMMOE ‘WTQOXd BUTISAIE0S U} SOASUTWETe ATesrdmos smwon
ou Lg 37 YEnoqaTe ‘Uopieqioxe Bupamp oTTErTmoseqd oy wodn usproNy €%
PWIGA RIVRSTD YRRT] oU3 WOIT GUETT o) SITTHTUTH S283TTS JO jummbueiie
gong 'WMMwmgMMm!MWW
STamY Iy useaaq peowrd €1 JNGTTI PASRIWE Tepoeds Sumuam) wujows pue 0502
"Off BUTEI0) ¥ Y 06Ty IBOUR 3% WXk @ FuTawy Y 0OLy TOR Y COLE weemgaq
spBuotoana Jo OBTT Jo pamq ¢ seesud COTIWUTGEND ST, *IITIS POIeIIWE
Tryoeds Puynac) v pae Lofy “off Buyno) ® ‘CTTL *off Pupwan) v jo Pupgsisuco
w8l JqTIZ © uEnoqy oTdEs e OjUn POSNA0I #T ANRTT Purgrone ogy
*aTdmme oy WOXY JUPTT AA08q0 03 APesx weyy 57 ZeTTETITAR
=0q0qd oy PUR I3 GUAng 935F oW SINDOO0 STUR JNLJY EPNCOOSYTIIR £°T pUS

E63g-mH0n -G-



b= WRL-E293

za assumption is probably quite sgtiafactory inssmuch as the sanples used
were almost black in appearance. Appropriate correcticms were applied for
the filters, for the geometry of the system and for self-ebsorpticn in the
saple, The values cbtained for the quantum yield of the light emitted
between 0.0C15 second and 30 seconds after excitation sre probably scourste
only to within a factar of 2 or 3. Furthersore, the yield is too lov in
terms of total light emitted inasmch as we are unsbhls to detect emissions
of duration longer than 30 seconds or shorter than 0,0015 second. It is
unlikely, however, that inclusion of this energy would rsise the quantum
yield value by more than an order of magnitude inamguch 38 extremely sen~
gitive quantum counting devices are needed to observe the longer term
enissions’ and the present results indicste s steadily dscressing quamtum
yield a8 one goes to shorter times after cxcitation (see below).

RESULYE

Scme typical decay curve data obtained from Chlorells at 21% are shows
in Pigure 2. All of the results presented in this section have been obtained
from data of this type by sn evaluation of the luminescence intenaity at
variocus times after excitation. It is apparent thet the signsli-to-noise
ratio is generally quite good snd thus falrly accurste decay curves mey be
caleulated.

The results of the quantum yield measwrements for whole spinach chloro-
plasts, Scanedesmus end Chlorells are shown in Tsble 1. The total light
emission from different samples of the same orzsnism shows some vardstion
in intensity, presussbly due to differences in the physiological state of
the material. However, this rarely amounts to more then a factor of two.
Strehler and Armold have reported a figure of 10™0 for the rstio of the




quante emitted by Chlerells susp s seer the beglmning of the observed
decey cwrve Yo the quanta absorded. The quantum ylelds reported in the
present work sre consistent with this mumber.

A comparisen of the room tempersture emissions of spinsch chloreplasts,
Scenedesmus and Chlorella 1s given in Table 2. The choice of time ranges is
somavhat avhitrary. It is seen that the sigas give & much higher sheolute
yield of luminescence then do the chloreplasts (see also Table 1) and that
this higher yield is mainly due to a disproportionstely greater quantity of
alowly deesying light cbtained from the former as compured with the latter.
The decay curves for Chlarella and for Scenedeemns are, in fact, quite similmr,
essentially differing only by a seale factor.

In Pigures 3, & and 5 and Tables 3 end k are given the results of ex-
periments in which the luminescenee of spimach chlereplests and of Chlorells
are studied as a function of the tespersture. It i3 spparent that the

lence of the light emission in both types of meterial 1a

gquite complex. Furthermore, at no terpersture can the decay curve de rep-
resented by a simple kinetic expreseion (either unimoleeulsr or bimoleculsr).
The most striking chenge upon coaling in both meterials is the fairly rapid
changeover from a decay curve in which most of the light is emitted in the
longer times (greater than 0.1 second) to a deeay curve in which essentially
all of the emission decays repidly (see Tables 3 and 4, Column §). Another
change of interest is the general (although not quite monotenic) increase
in the gbgolute intensity present in the faster components as one cools to
internediste temperatures, followed by a deercase in this intensity as one
cools still further (see Figwre 5). This effect is particularly large in
spinach chloroplasts and results in an almost threefold increase in the
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eurve for spinach chloreplasts does not undergo any measwrshble chenges
vetween -126°C and -166°C. This would suggest a corvesponding simplificetion
in sechanism.

Some interesting effects are obtained if one allows the sasplse to age
on the ssmple holder in the dark at room temperature. A typical result is
shown in Table 5. A marked decrease in the total integrsted light intensity
is gbeervad after 20 howr's of aging with the slower components having descressed
to & much grester extent than the faster ones. 7The msterial 15 guite dry snd
hard at this time, If one rewets the sample with a drep of water oune oen
achieve some resctivetion. Howsver, the percent of the originsl intensity
presemt after wetting 1s mueh rester for the faster compoments than for the
slewer ones. Even after ss mich as ten days of aging, the fast deenys are
still present and some resetivation of the slow deceys i possidie.

PISCUBSIN

It is highly unlikely that a tenmperature-dspendence as complex as that
observed in the present expsriments for delsyed light emission can be & reflection
of sn underlying mechanistic siamplicity. Indeed, the genersl fextures of
the changes in the lnminescencs decay curves upon cooling msy reedily be
scocunted for qualitatively by postulating s series of either parallel or
sequentisl rete-liniting processes as comstituting ths dasie kinetic pattern
of the luninescence phenomencn. BSuch 3 complicsted sequence of events lesding
to an electromically excited chlorophyll molecule is consistent vith vhat
18 knoun sbout the photosynthetic pathway and sbout medabolic processes in
general.
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If one grants the validity of separating the -170°C decay into two components,
one could identify the faster of these decays with a charge carrier lifetime
and the slower decay with the emptying of a shallow trapping level. Both of
these processes should be relatively temperature-independent over the range
studied, It is striking that the time constant of the slow decay (v 0.03
second) is of the same order of magnitude as those observed for: (a) the
minimum dark time for photosynthesis by Chlorella in flashing light by Emerson
and Arnold,’ (b) the corresponding dark time for the Hill reaction in
Chlorella by Clendenning and Ehomentravt,’' (c) the decay time in Chlorelle
for sbsorption spectra changes at 5150 ) by Witt?® ang (d) the minimm dark
time for oxygen production in the Hill reaction in Scenedesmus in the presence
of thioctic acid by Bradley and calvin.n Such a correlation would argue that
the rate-limiting step in these processes is physical rather than enzymatic,

The fact thet algee yield a much greater light intensity in the slow
decays than do chloroplasts is probebly a consequence of the partial removal
of enzymes and smaller molecules in the preparation procedure. This suggests
chemical transformations as the rate-limiting steps of the slower compements.
An explanation in these terms would also be consistent with the large temper-
ature coefficlent of these components s observed in the cooling experiments
(Tables 3 aad 4), with the aging experiments (Table 5), and with the resuits
of Strehler and f:c-\mrlt:aa's.“"7

The extremely low quantum yields observed in the present experiments
are in sccordance with the interpretation of delayed light emission as an
indication of the reversibility of at least part of the photosynthetic path-
way. These low values are probably a2 reflection of the high efficiency with

which the absorbed quenta pass over into the chemicel processes involved in
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photosynthesis. It is interesting to nete that the much higher quanium yleld
of Flucrescsaca > (v 10°2) suggests s considersbly lover order of efficiency
of quantun conversien for tbe earliest physical stages.

SUMMARY

A device has been comstrueted which is cepable of recording the dsesy
curve of groem plast luminescence from 0.0015 second to spproxiustely 30
secends sfter excitetion by s flaeh discharge. Absolute quentus yleld
usssurements of the emitted 1ight give values of the order of 107 for
Chlorells snd Scenedeswus and 107! for spinsch chloroplasts. Such low yields
are in accord wvith the interpretation of dslayed light cmission a3 & reversal
of photosynthesis. The luminescence has been found to exhibit an extremely
complex temperature-dependsnce which is suggestive of a multiprocess mechanissm.
A substantisl Lhuminescence decay 18 msasurables st temperstures as low as
-170%. This 1s interpreted as demnstrating that the early processes follow-
ing 1light sbsorption sre physical rether than enxymstic, Evidence is pre-
senied to mupport the comtention that the later stages of emission are of
sa enzymatic nsture. At all of the temperatures iavestigated, the lumi-
nescence originates in the first excited singlet siats of chlorophyll.

The authors vish to express their sppreciation to Mr. Fred Yogelskerg
of the Radiation Leborstory for his invalusblo assistence in setting up the
spparabtus used in this werk,
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Pgble L

ABSCLINT QUARTUM TIELDS OF LIMINSSCENCE OF VARIOUE GRERN PTANT MATERTALS

Material {Guante Xaltted/Quanta Absorbed)
Spinsch Chloreplasts 4 21077
Scemedegmmus 3 x 10'6
Chlorella - h x 19'6
Table 2

Integrated light intensities in wricus Total integrated

time ranges after exeitation has ceased light intensity

{normalized to 0.001-0.01 sec. rsnge of {normulised to
Material spinach chloraplasts) '

0.001-0.01 0.01«0.1 0,1-1.0 1.0-10.0

m. m' m. m.
Bpinach
Chicroplasts 1.0 1.5 2.6 h.l 1.0
Chlorella 3.2 6.2 2h.1 93.5 9.h

Scenpdesmus 2.0 .1 17.3 36.0 B.4
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Teble 3
TEIPERATURE -DEPEUDENCE OF EPINACE CHLOROPIAST LUMINESCENCE

Temp. excitation has  intensities (normelized  integrated light imtﬁ{g
°¢ cuased (sec)  to 0.001-0.01 range 21%)  intemsity (normalized to 21°0)
0.001~0.01 1.0 10.5%

21 0.&‘001 105 l6'3 1 o
0.1-1.0 2.6 28, g *
1.0-5.0 M1 -

0.001-0.01 52.3k 53.5
0.01-0.1 o. 19.5
n 0.1-1.0 0.66 15.3 0.k2
1&-5.0 0-55 u'?
0.001-0.01 3.1 hg.z
0.01-0.1 1.1 1%,

3 0.1-1.0 1.2 15.7 0.8
1.9-5-0 1095 25'“'
0.001~0.01 3.5 8.4

o 0.01-0.1 1.6 31.3 0.56

001"109 00% 303 ¢

1.0-5.0 ) 0
0.001-0.01 3.2 221
0.01-0.1 1. .9

-5 0.1-1.0 o o 0.55
100'500 . 0 0

0.001-0.01 5.9 é'zg.s
| 0.01.0.1 2.1 02
-18 0.1-1.0 0 0 0.86
1.0-5.0 0 o
0.001-0.01 13.1 53.2
0.01-0.1 9.1 7.
-36 0.1-1.0 2.1 8.7 2.6
1.0-5,0 o o
0.001-0.01 7.5 “33.3
0.01-0.1 5,2 .2

-6e 0.1-1.0 2.7 16.5 1.7

1.0-5,0 ) o
0.001-0,01 3.;8 80.8
0.01-0.1 C. 17.0

=95 0.1-1.0 0.10 2.2 0.50

1.0-5.0 o 0
6.0010.01 1.7 TT.3
0.01~0.1 0.5 28.7

-128 0.1-1.0 o o 0.24

1.0-5.0 0 0
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Table &
PRMPERATIRE -DEPERDENCE OF CHLOMELIA LUMINESCENCR

Time after Integrated light $ of total Total integrated
Teup. excitation has intensities (normmlized integrated lignt intensity
o ceased (sec)  to 0.001-0.01 range 219C) _imtemsity (normalised to 219¢)
0.001-0.01 1.0 3. 7%
0.01-0.1 1.9 7.1
2 0.1-1.0 1.5 271.7 1.0
10g.w0° lbog 6105
0.001~0.01 1.31 2.6
0.01-0.1 1. .3 |
13 0.1-1.0 5.0 23.0 0.80
1.0-10.0 1k 66.1
0.001-0.01 1.7 13.5
0.01-0.1 0.9 7.0
5 0.1+1.0 2.5 20.0 0.ké
l.O-l0.0 70 5905
0.0010.01 1.2 -.«:B.I
Qo&'ﬁﬁl GO 9' &
G 0u1n1.0 1.3 19.9 0.2k
1.0-10.0 2.7 ha G
0.001-0.01 2.0 38.1
-5 0.01-0.1 0.65 132.5 0.19
Q.l‘l‘o 009 1700 *
1.0-10.0 1.7 39,4
0.003~0.01 2.355 %3.3
0.01-0.1 0. 17.3
-13 0.1-1.0 0.5 10.3 0.18
1.0-10.0 1.4 29.1
0.001-0.01 0.3 hc.%
0.01-0.1 0.5 59.
-3 0.1-1.0 0 0 0.03
1.0=10.0 0 o
0.001-0.61 0.83 ;5.2
0.030.1 0.17 .
-63 0.1-1.0 0 0 0.3
1.0-10.0 0 0
0.001-0.01 0.25 Eg.ﬁ
0.01-0.1 0.17 G.
-110 0.1-1.0 o 0 9.615
1.0-10.0 0 0
0.001-0.01 o.gg EZ.},
0.01-0.1 0.24 .9
-i70 0.1-1.0 0 0 0,020
1.0-10.0 ) 0




Table 5

EFPECT OF AGING AND REWETTING G ROON-TEMPERATURE 5

Integrated light intesnsities in various Total integrated
time rangss after exeifation hes ceesed light Ilaxtsnsity
{normalized to 0.001-0.01 sec. range of (normalized to

Haterial fresh msterial) ; fresh nsterial}
0.,001-0.01 0.01-0.1 0.1-1.0 1.0-10.0
pae snc S6C 0
Fresh 1.0 2,05 8.7 18.0 1.0
Aged 20 ,
: 0.20 0.23 0.41 0.12 0.03
Rewet
after 0.63 0.95 2.3 2.95 0.21
aging .
% of ariginal
intensity 63 hén 264 12% 214




-19.
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Fig. 1. Block diagram of luminescence apparatus.
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Fig. 2. Tracings of decay curve data obtained from Chlorella
at 21°C. The three longer-term curves were obtained with
a single flash excitation. The fastest curve (0.0015-0.009
second) was obtained independently.



-21- UCRL-8293

200
1001 SPINACH CHLOROPLASTS
i A -18°C
- v - 36°C
o -62°C
* =-95°C
1oe ® —128°Cand-16B°C
>
£ L
>-
}: 10
wn -
prd —
] -
— -
r L
ud
S
] OIOE
Q bom
brd -
i C
z L
5 L
> -
-
.0I0~
0001 | Lol Ll i Pl Ll \\r oLt { [ {
' o00i 00/ X} 10 10
TIME (Seconds)
M-85, 35t

Fig. 3. Temperature-dependence of spinach chloroplast
luminescence.
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Fig. 3 continued
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Fig. 4. Temperature-dependence of Chlorella luminescence.
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Fig. 4 continued
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Fig. 5. Temperature-dependence of the integrated light
intensities of Chlorella and spinach chloroplasts in various
time-ranges. 1he integrated intensity values have been
normalized for each organism to the 0.001-0.01 second
range at 21°C.



INTEGRATED INTENSITIES (ARBITRARY UNITS)

-26- UCRL-8293

Fig. 5 continued
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chloroplasts at two temperatures.
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Luminescence decay curves of Chlorella and spinach






