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Abstract. Delayed fluorescence (DF) only occurs in living plant cells. DF is a measure of the 
photosynthetic activity and it is the result of an electron hole recombination fluorescence (680 
–740 nm) at the reaction center P680 during dark-adaptation after light absorption by photo-
synthetically active pigments (chlorophylls, xanthophylls and phycobilins). DF can be observ-
ed over several minutes until a charge equilibrium between inner and outer side of the thyla-
koid membrane is reached. DF is an intrinsic fluorescence label of the efficiency of charge se-
paration at P680 and a useful tool to investigate processes in photosynthesis, discriminating 
especially between processes occurring within the antenna or the electron transport chain. 
The decay kinetic of the DF depends on the distribution of electrons and holes within the 
entire electron transport chain and the charging of the thylakoid membrane. Therefore, it is 
influenced e.g. by 1) electron blockers (herbicides), 2) the ratios of the pumping rates at PSI 
and PSII and 3) availability of CO2. The DF decay curve can be used to determine the 
concentration of photosynthetically active pigments and primary productivity. 
Exciting a cell suspension (algal cultures, phytoplankton or chloroplasts) by monochromatic 
light (400–730 nm) DF action spectra can be measured and photosynthetically active pig-
ments of different algal classes can be discriminated. DF excitation spectra change due to 
growth conditions (e.g. high light) which influence the exciton transfer within the antenna and 
the efficiency of charge separation at the reaction center  P680. 
 
Introduction 
 
Delayed fluorescence (DF) only occurs in photosynthetically active material and is emitted 
from living cells with decay times from milliseconds to minutes. Research on the complex 
behavior of the DF (Strehler and Arnold 1951, Malkin 1977, Amesz and Gorkom 1978) have 
shown that DF decay kinetics can be used to determine in vivo the concentration of photo-
synthetically active pigments in freshwaters (Gerhardt et al. 1981, Krause et al, 1982, 1987). 
Herbicides can be detected by evaluating the difference in the decay kinetic of poisoned and 
unpoisoned algal cultures (Gerhardt and Putzger 1989). DF excitation spectroscopy is used to 
analyse the phytoplankton composition in freshwaters (Bodemer 1998, Bodemer et al. 2000). 
 
Materials and Methods 
 
The origin of DF is shown in Fig. 1. During photosynthesis charge separation at PSII and PSI 
starts due to light absorption. Electrons are transported through the electron transport chain to 
the Calvin cycle. Stopping illumination the processes of the light phase reverse: electrons on 
the electron transport chain flow back to the oxidized reaction center P680+, leading to an ex-
cited state P680*. This excited state P680* decays to the ground state emitting a delayed fluo-



rescence quant (680–720 nm). DF can be observed over several minutes until a charge 
equilibrium between donor side (water splitting complex, inside of the thylakoid membrane) 
and acceptor side (plastoquinone, photosystem I, outside of the thylakoid membrane) is 
reached by recombination. The resulting decay curve can be fitted well (Fig. 2): The fast de-
cay (components A and B) are produced by recombination of electrons and holes which are 
located near P680+ after stopping illumination; the long-lasting decay components C and D 
are caused by those electron-hole pairs which are located at greater distances from P680+ (e.g. 
electrons near PSI together with holes at the Mnn+ complex, charges of the thylakoid 
membrane) (Krause et al. 1984, Kretsch and Gerhardt 1987). 
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charged by the Calvin cycle due to a lack of CO2. Electrons remain within the electron trans-
port chain (Fx, Fd, FdR) and flow back causing enhanced DF at P680 after illumination is 
stopped (o in Fig. 5). Adding CO2 leads to an increased uptake of electrons by the Calvin 
cycle. 
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Fig. 5. Different DF decay kinetics in Chlamydo-
monas reinhadtii cultures with and without CO2. 
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ning with high reproductiveness from day to day (Fig. 7.b); PPP (µg L-1 h-1) is changing over 
day due to varying light intensity; in the night PPP is negative (Fig. 7.c). In contrast to prompt 
fluorescence (PF) DF is proportional to the fraction of absorbed light that leads to the charg-
ing of the thylakoid membrane. Therefore, DF may have a strong correlation to primary pro-
ductivity of the cell. 
 

700

800

900

1000
210 µg L-1 h-1

283 µg L-1 h-1

186 µg L-1 h-1
266 µg L-1 h-1

0.242 h-1

0.342 h-1

0.221 h-1

0.395 h-1

 July 3

 July 4

 

 4:00                              5:00                              6:00

ph
ot

os
yn

th
et

ic
al

ly

ac
tiv

e 
pi

gm
en

ts
 [µ

g 
L-1

]

b  
 
 
 
 
 
 

0

400

800

1200

ph
ot

os
yn

th
et

ic
al

ly

ac
tiv

e 
pi

gm
en

ts
 [µ

g 
l-1 ]

a 

 

c 

-120

-60

0

60

120

30.6            1.7            2.7.            3.7            4.7

ph
ot

os
yn

th
es

is
 p

ig
m

en
t

pr
od

uc
tiv

ity
 (P

P
P

) [
µg

 L
-1

 h
-1

]

F
t
D
(
C
p
n

 
References 
Amesz J, van Gorkom HJ (1978) Delayed Fluoresc
29, 47-66. 
Bodemer U (1998) DF excitation spectroscopy of P
lations and discharge. Archiv für Hydrobiologie Sup
- (2001) Adaptation of photosynthesis of Chlorella 
ration detected by in vivo delayed fluorescence exc
thesis, Brisbane 2001,    . 
Bodemer U, Gerhardt V, Yacobi YZ, Zohary Z, Frie
Composition of Freshwaters Systems Determined 
Archiv für Hydrobiologie Special Issues Advances in
Gerhardt V, Bodemer U (1999) Indirekte Biomasse
In: Tümpling Wv, Friedrich G (ed.) Methoden der
wässeruntersuchung, Jena, 375-398. 
- - (2000) Delayed fluorescence excitation spectros
Archiv für Hydrobiologie Special Issues Advances in
Gerhardt V, Krause H, Raba G, Gebhardt W (198
plankton in the time range from 1 to 55 seconds. Jou
Gerhardt V, Putzger J (1989) Entwurf eines Biotes
Fluoreszenz von Algen. In: Ernst D, Schmidt C (e
fluoreszenz. Dortmunder Beiträge zur Wasserforsch
Krause H, Helml M, Gerhardt V, Gebhardt W (1982
systems in fresh waters using delayed fluorescence
47-54. 
Krause H, Kretsch G, Gerhardt V (1984) Differentia
Journal of Luminescence 31/32, 885-887. 
Krause H, Dirnhofer P, Gerhardt V (1987) The appl
Archic für Hydrobiologie, Ergebnisse der Limnolog
Kretsch G, Gerhardt V (1987) Numerical analy
Hydrobiologie, Ergebnisse der Limnologie 29, 47-5
Malkin S (1977) Delayed Luminescence. In: Barber
Strehler BL, Arnold W (1951) Light production by g
 
 

ig. 7.a. Diurnal cycles of the concentration of photosyn-
hetically active pigments of Chlorella spp. determined by 
F kinetic; b. Increase in two phases in the early morning 

4:03-4:36, 4:47-5:22) (measurements every minute). c. 
hanging (positive and negative) photosynthesis pigment 
roductivity (PPP) over day, negative growth rates over 
ight. 
ence in Ph

hytoplank
plement 11
spp. to ligh
itation sp

drich G, P
by DF Exc
 Limnolog
bestimmu
 Biologisc

copy: a me
 Limnolog
1) Delaye
rnal of Lu

tverfahrens
ds.) Grund
ung 37, 87
) In vivo m
. Archiv f

l equation

ication of 
ie 29, 55-6
sis of del
4. 
 J (ed.) Pri
reen plant
otosynthesis. Annual Review of Plant Phy

ton: relationship between dynamics of alga
5/2 (Large Rivers Vol. 11 No. 2), 125-138
t conditions: changes in efficiency of charg

ectroscopy. Proc. 12th Int. Congress on Ph

ohlmann M (2000) Phytoplankton Abunda
itation Spectroscopy and Conventional M
y 55, 87-100. 

ng des Phytoplanktons durch in-vivo-Fluor
hen Wasseruntersuchung, Bd. 2, Biologisc

thod for determining phytoplankton comp
y 55, 101-120. 
d fluorescence from photosynthetic active
minescence 24/25, 799-802. 
 zum Schadstoffnachweis mittels der verz
lagen und Anwendungsbereiche der Chlor
-95. 
easurements of photosynthetically active p

ür Hydrobiologie, Ergebnisse der Limnolo

s for delayed fluorescence kinetics in living

delayed fluorescence of phytoplankton in e
2. 
ayed fluorescence kinetics in algae. Arc

mary Processes in Photosynthesis, 349-431
s. Journal of Gen. Physiology 34, 809-820.
siology 

l popu-
. 
e sepa-
otosyn-

nce and 
ethods. 

eszenz. 
he Ge-

osition. 

 phyto-

ögerten 
ophyll-

igment 
gie 16, 

 plants. 

cology. 

hiv für 

. 
 


	S11-009
	1 Department of Physics, University of Regensburg
	2  Department of Botany, University of Vienna, au
	
	Results and Discussion
	References



