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* Thisarticleis not areview, but is a presentation explaining the basics and the
applications of Chlorophyll fluorescence in Biology, and, is designed for beginning
researchers and students.

1. Principles

Each quantum of light absorbed by a chlorophyll molecul e rises an electron from the
ground state to an excited state. Upon de-excitation from a chlorophyll a molecule from
excited state 1 to ground state, a small proportion (3-5% in vivo) of the excitation energy
is dissipated as red fluorescence. The indicator function of chlorophyll fluorescence
arises from the fact that fluorescence emission is complementary to aternative pathways
of de-excitation which are primarily photochemistry and heat dissipation. Generally,
fluorescence yield is highest when photochemistry and heat dissipation are lowest.
Therefore, changesin the fluorescence yield reflect changes in photochemical efficiency
and heat dissipation.
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Figure 1. Measurement of chlorophyll fluorescence from a maize |eaf
by the saturation pul se method using a PAM-2000 instrument (Wal z).



A typical measurement on an intact leaf by the saturation pulse method is shown in Fig. 1.
The plant was dark adapted for 20 min prior to the measurement. Upon the application of
asaturating flash (8000 pmol m? s* for 1 s), fluorescence raises from the ground state
value (Fo) to its maximum value, Fm. In this condition, QA, the first electron acceptor of
PSII, isfully reduced. This allows the determination of the maximum quantum efficiency
of photosystem 11 (PSII) primary photochemistry, given by Fv/Fm = (Fm-Fo)/Fm. In
healthy leaves, thisvaue is aways close to 0.8, independently of the plant species
studied. A lower value indicates that a proportion of PSII reaction centers are damaged, a
phenomenon called photoinhibition, often observed in plants under stress conditions.
Upon subsequent application of constant illumination, atransient rise in fluorescence
yield is observed. Thisis due to the lag phase before carbon fixation starts. Whilst
electron transport starts within milliseconds upon illumination, some carbon fixing
enzymes need to be light-activated. As a consequence, a substantial proportion of QA
(the primary electron acceptor after PSII) is reduced during the first seconds of
ilflumination and the fluorescence yield increases. Thereafter, upon the onset of
photochemical and heat dissipation processes, the fluorescence yield is quenched and
reaches a steady state value (Ft). Upon the application of a second saturation flash in the
presence of actinic light, the maximum fluorescence obtained (Fm’) is lower to that
observed in the dark (Fm). Since at Fm’, QA Isfully reduced again, the difference
between Fm' and Ft reflects the photochemical part of fluorescence quenching, and the
difference between Fm and Fm’ reflects fluorescence quenching due to heat dissipation.
From these data several parameters can be computed: The photochemical quenching [gP
= (Fm’'-Ft)/(Fm’ -Fo)] reflects the redox state of the primary electron acceptor of PSI|
QA,. The non-photochemical quenching [gN = (Fm-Fm’)/(Fm-Fo) or NPQ = (Fm-
Fm’)/Fm’] reflects energy dissipated as heat related to energization of the thylakoid
membrane due to lumen acidification. The quantum yield of e ectron transfer at PSI|
(PPSII), calculated as (Fm'-Ft)/Fm’, is a measure of the overall efficiency of PSII
reaction centersin the light. Finally, Fv'/Fm’ [(Fm’'-Fo)/Fm’] reflects the efficiency of
open reaction centersin light (see Chlorophyll a fluorescence measurementsin plant
biology for more details on the principles of chlorophyll fluorescence measurements).
Additional information about the principles of chlorophyll fluorescence anaysis can be
found in numerous review articles (Maxwell and Johnson, 2000; see also Govindjee,
1995 for a historica overview).

Chlorophyll fluorescence allows us to study the different functional levels of
photosynthesis indirectely (processes at the pigment level, primary light reactions,
thylakoid electron transport reactions, dark-enzymatic stroma reactions and slow
regulatory processes).

In the next sections, we show some examples from our own work to illustrate various
possihilities of using chlorophyll fluorescence to study photosynthesis.




2. Possibilitiesto use chlorophyll fluor escence to
elucidate the mode of action of substances interfering
with photosynthesis

In this section, some examples of the effects of known substances are presented to
illustrate the potential of chlorophyll fluorescence to study the mode of action of
herbicides.

2.1. DCMU
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Figure 2: The effect of DCMU on el ectron transport in amaize leaf. Y.
Fracheboud, unpublished result.

DCMU, aherbicide known as diuron, blocks e ectron transport on the acceptor side of
PSII. In the example presented in Fig. 2, amaize leaf piece was poisoned by incubation
for 30 min in the dark in a solution containing DCMU. Thereafter it was illuminated with
amoderate actinic light (100 pumol m? s) and saturation pulses were applied at 20 sec
intervals. As seen from Fig 2, electron transport measured by ®PS]1 is greatly reduced in
the leaf treated with DCMU, due to a decrease of gP (not shown). From thisit can be
concluded that DCMU strongly inhibits electron transport shortly after PSII.



2.2. Methyl viologen

Known as the herbicide paraquat, methyl-violagen accepts el ectrons from PS| and
generates superoxide. Fig 3. shows the fluorescence emitted by a maize leaf which was
infiltrated with methyl viologen (MV) in solution for 30 min in the dark. After the
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Figure 3: The effect of methyl viologen on
the induction of chlorophyll fluorescence
guenching in amaize leaf. Y. Fracheboud,
unpublished result.

application of asaturation pulsein
the dark for the determination of the
maximum PSI| efficiency, the |eaf
was illuminated with a moderate
actinic light (200 pmol m?s?), and
saturation flashes were applied at
intervals of 20 s. Upon illumination,
the control leaf (treated with water)
showed the typical fluorescence
transient (called the Kautsky effect),
which reached its steady state value
after 12-15 min. In contrast, Ft in the
MYV treated leaf immediately reached
steady state value upon illumination,
as aready found severa years ago
(Munday and Govindje, 1969).
Since the Kautsky effect is dueto the
delayed start of carbon fixation
compared to the light reactions, it is
clear that MV isavery good electron
acceptor. The high florescence yield
obtained during the application of
the saturation pulses in the MV
treated leaf indicate a high rate of
electron transport and little heat
dissipation, whilst some non-
photochemical fluorescence
guenching is obvious in the control
leaf, asindicated by the difference
between Fm' and Fm. Therefore, in
can be concluded that some
limitation of electron flow by the
carbon cycleis present in the control
leaf, even under relatively low light.

Thisillustrates the feed-back control of carbon fixation on electron transport.



2.3. Nigericin

Nigericin is a protonophore which dissipates the proton gradient across the thylakoid
membrane.
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Figure 4: The effects of nigericin on the induction of chlorophyll
fluorescence quenching in amaize leaf. Y. Fracheboud, unpublished
result.

Fig. 4 shows the effects of nigericin application on the induction of chlorophyll
fluorescence quenching in amaize leaf. A leaf segment was incubated for 30 minin a
solution containing nigericin before beeing anal ysed with the saturation pul se method.
After determination of Fv/Fm, the leaf was illuminated with arelatively strong actinic
light (700 pmol m? s and saturation flashes were applied at 60 s intervals. Under such
high light intensity, alarge proportion of fluorescence quenching in the control leaf is due
to heat dissipation, as indicated by the large difference between Fm' and Fm. In contrast,
non-photochemica quenchingis strongly inhibited in the leaf treated with nigericin, and
resultsin alarge increase of the steady state of fluorescence (Ft). Thisis because the
proton gradient across the thylakoid membrane is necessary for the formation of the non-
photochemical quenching.
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3. The use of chlorophyll fluor escence to study the
effects of environmental stresses on photosynthesis

Chlorophyll fluorescence is aso very useful to study the effects of environmental stresses
on plants since photosynthesis is often reduced in plants experiencing adverse conditions,
such as water deficit, temperature, nutrient deficiency, polluting agents, attack by
pathogens. In this section, we present some examples from our own work to illustrate the
use of chlorophyll fluorescence to investigate temperature stress in maize.

3.1. Theuse of chlorophyll fluorescence to assessthe allocation of electrons
produced by photochemistry

The electrons produced by the photochemical process are not necessarily used for carbon
fixation. In conditions where carbon fixation is limited (e.g. low temperature, shortage of
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CO2 due to stomatal closure, etc.)
aternative sinks for electrons might be
enhanced, namely photorespiration and
reduction of molecular oxygen (part of
Mehler reaction). Whilst the first can be
considered as awaste of energy, the
latter may lead to a dangerous oxidative
stress. The allocation of electrons
produced by the oxygen evolving
complex can be studied by simultaneous
measurement of the quantum yield of
electron transfer at PSII (PPSII)
measured by chlorophyll fluorescence
and the quantum yield of CO2 fixation
(PCO2) measured by gas exchange. If
more electrons are used for
photorespiration or for the Mehler
reaction, the ratio ®PSI/PCO2 will
increase.

Figure 5: Relationship between ®PS|1 and ®CO2 in maize leaves
grown inthefield at different dates. M easurements were made between
May 28 and 31 (white symbols), June 4 and 6 (grey symbols) and June
11and 13 (black symbols), 1996. All measurements were performed a

25°C. Adapted from Leipner et al., 1999.



In the example presented in Fig. 5, segments from maize leaves grown in the field at
different dates were sealed in asmall chamber adapted for simultaneous measurements of
chlorophyll fluorescence and carbon fixation by infra-red gas anaysis. #CO2 was
determined from CO2 fixation at different light intensities after correction for dark
respiration and leaf absorptance. The result obtained indicates that the relation between
®PSll and ®CO2 isvery ssmmilar in the different leaves. Therefore, it is unlikely that the
symptoms of cold injury of leaves developed early in the season (low pigment content,
low photosynthesis, not shown) which are typical for cold stressin maize (Haldimann et
al., 1995) are due to an oxidative stress through an excessive production of superoxide.
Actually, these data suggest that ®PSII can be used to estimate photosynthesis accurately
in awide range of environmental conditions and can be used as selection tool for cold-
tolerance of photosynthesis (Fracheboud et al., 1999)

3.2. Separating dark and light reactions

Upon exposure to low temperature, photosynthesis of maize leavesis strongly inhibited.
Besides the obvious inhibition of the enzymes of the carbon cycleit is also possible that
cold temperature inhibits the activity of the water splitting complex or electron transport
because of a possible decrease of the thylakoid membrane fluidity. The two phenomena
can be separated by substituting
the carbon cycle with the electron
acceptor methyl viologen (asin

0.7 section 2.2). In the example
shown in Fig. 6, maize leaves

06} were infiltrated with methyl
viologen for 30 min in the dark,

05l Q before beeing exposed to low

light (100 umol m? s™) at given
temperature. ®PSI| was

;l? L measured after 20 min
illumination by the application of
03t asingle saturation flash. The
result (Fig 6) shows that maize
0sl 4 e leaves infiltrated with methyl
o MY viologen can perform water
splitting and el ectron transport
LH: - 2 T = = until PSI relatively well at low

temperature. At 1.5°C, ®PSII in
MV treated leaves was only
decreased by 24% compared to
25°C, whilst e ectron transport in

Temperature (°C)

Figure 6: Response of ®PSII to temperature in maize

|leaves infiltrated with methyl viologen. Y. control |eaves was strongly
Fracheboud, unpublished result. Inhibited at temperatures below
10°C.



3.3. Energy dissipation under field condition in relation to changesin

pigment composition

Although it is convenient to study chlorophyll fluorescence in the laboratory under
controlled temperature and light conditions, measurements under natural conditions are
very relevant. Since about ten years, these have been made possible by the devel opment
of new compact instruments. With the help of special dark adaptation clips, it is now
possible to monitor all the parameters presented in section 1 on attached leaves under
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Figure 7. Changesin photosynthetically active
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O (AT T (mel mal™)

symbols) and de-epoxidation state of xanthophyll

cycle pigments (open symbols) of maize leavesin the
field on June 7, 1995 at Eschikon (ZH). Y.

Fracheboud, unpublished result.

field conditions.

Withincreasing illumination,
more light energy is dissipated as
heat in the pigment bed. This
process requires energization of
the thylakoid membrane and is
associated with changesin the
xanthophyll cycle pigments
through a still debated
mechanism. Under strong
illumination, the xanthophyl|
cycle pigment violaxanthin (V) is
de-epoxidised into
antheraxanthin (A) whichis
further de-epoxidised into
zeaxanthin (Z). Both A and Z
seem to be involved in the energy
dissipation mechanism (see
Demmig-Adams and Adamslll,
1996, for review) . Upon removal
of excesslight, A and Z are
epoxidised back to V. Upon
increased energy dissipation as
heat, non-photochemical
guenching of chlorophyll
fluorescenceis observed and the
efficiency of open PSII centers
decreases. In the example
presented in Fig. 7, the energy
dissipation mechanism in maize
leaves was investigated in the
field, by monitoring the changes
in efficiency of open PSII centers
(Fv'/Fm’). For this, adark

adaptation clip was fixed on the leaf, which was immediatel y subjected to the application
of asaturation flash followed by 5 sillumination with far red. Far red light activates PSl,



and therefore sets all open PSII centersinto arelaxed state. This allows re-determination
of the ground state fluorescence Fo’, which is not necessarily identical to Fo measured
after 10 or 20 min dark adaptation, especialy in leaves under stress conditions. In this
case, Fo' isused instead of Fo for the calculations of the quenching parameters. The
portion of leaf under the clip was then allowed to dark adapt for 15 min prior to the
determination of the max. PSI| efficiency by the application of a second saturation flash.
Simultaneously, leaf samples were collected, and their pigment composition were
determined by HPLC. The solar radiation was recorded with aweather station |ocated at
about 50 m of the experimental field. Fig. 7 shows that the efficiency of open PSII
reaction centers (Fv'/Fm’) changed markedly during the course of the day, being the
lowest when sun radiation was maximum. This decrease of Fv'/Fm’ was accompanied by
an increase of de-epoxidation state of the xanthophyll cycle pigments (A+2)/(V+A+Z).
At noon, about 80% of the xanthophyll cycle pigments were in the form of zeaxanthin or
antheraxanthin, whilst during the night, violaxanthin was the most abundant. When
plotted against each other, Fv’/Fm’ and (A+Z)/(V+A+Z) show aremarkable inverse
linear relation (Fig. 8) which implicates the involvement of the xanthophyll cyclein the
down-regulation of PSII in natural conditions.
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Figure 8: Relation between Fv'/Fm’ and the de-epoxidation state of the
xanthophyll cycle pigmentsin maize leaves under field conditions. Y.
Fracheboud, unpublished result.



4. Studies of specific components of the photosynthetic
appar atus by chlor ophyll fluor escence

In certain cases, chlorophyll fluorescence also allows to investigate specific components
of the photosynthetic apparatus. In this section, we present examples where chlorophyll
fluorescence was used to investigate the effects of temperature stress on water splitting ,
on the efficiency of PSII reaction centers and on the light harvesting complexes of maize
leaves.

4.1. Inhibition of water splitting activity by heat

Upon sudden illumination of a dark-adapted leaf, PSII fluorescence yield increases
following atriphasic kinetics (O-J, J1 and |-P, Strasser et al., 1995; seealso Fig. 9). The
three phases have been interpreted as follows:. the (O-J) phase corresponds to a complete
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Figure 9: Induction of chlorophyll
fluorescence in a dark-adapted maize
|eaf recorded with a PEA instrument
(Hansatech). Adapted from Sinsawat
(1999).

10

reduction of the primary electron
acceptor QA of PSII, the release of
fluorescence quenching during the
(J1) phaseis controlled by the PSI|
donor side (water splitting activity)
and the third phase (1-P)
corresponds to the release of
fluorescence quenching by the
oxidised plastoquinone pool
(Neubauer and Schreiber, 1987,
Schreiber and Neubauer, 1987).
Thus, the () fluorescence phase
isauseful indicator of water-
splitting activity, although the
exact mechanism involved remains
to be established.
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Figure 10: The effect of short heat stress in the dark on the OJIP
transcient increase of chlorophyll fluorescence of maize leaves.
Adapted from Sinsawat (1999).

Fig. 10 shows the effect of a 20 min heat treatment of maize leavesin the dark on the
induction of chlorophhyll fluorescence. The result suggests that the water splitting
activity becomes sensitive to heat stressin the dark around 35-40°C. The effects of heat
on the OJIP transients shown in Fig. 10 are similar to those previously observed in peas
(Srivastavaet al., 1997).
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4.2. Damageto PSI| reaction centers by high light and cold

Upon exposure to excess light, the D1 protein of PSII reaction center gets inactivated by
phosphorylation and then degraded, |eading to an inactive PSII center. The maximum
PSII efficiency Fv/Fm can be used as an indicator of this process since thereis a good
correlation between degradation of D1 protein measured by radioactive labelling and
Fv/Fm (Rintamaki et al., 1995). Chilling sensitive plants are usually more susceptible to
low temperature photoinhibition than chilling tolerant ones (Hetherington et al., 1989). In
the example shown in Fig. 11, segments of maize leaves were subjected to strong
illumination for 8 hours at 6 or 25°C. to study the effect of the combination of low
temperature and high light on photoinhibition. Thereafter the segments were placed in
low light at 25°C, to investigate the recovery from the photoinhibitory treatment. Fv/Fm
was measured by the application of a saturating pulse after 15 min of dark adaptation.
The results indicate that photoinhibition was more pronounced at low temperature.
Twenty hours after the end of the photoinhibitory treatment the leaves had recovered to a
large extent, indicating that the damage was mostly reversible.
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Figure 11: The effect of temperature on high light-induced
photoinhibition in maize leaves. Adapted from Haldimann et al., 1996.
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4.3. Changesin thedark fluorescenceyidd (Fo) in relation to a possible
dissociation of light harvesting pigment system of PSI| from the PSI| core

Grovun at 25°C

Groven at 91 °C

Fo fluorescence (rel.)

m 25 1] 5 L] g5 &0 &5 0
Leaf temperature (°C)

Figure 12: Change of Fo in maize leaves subjected to slow heating in
the dark. The vertical lines indicate the temperatures coresponding to
half increase of Fo. From Sinsawat, 1999.

Upon exposure to increasing temperature, the dark level of fluorescence Fo increases.
From its theoretical expression, an increase of Fo can be interpreted as areduction of the
rate constant of energy trapping by PSII centers (Havaux, 1993) which could be the result
of aphysical dissociation of light harvesting complex from PSII core asit has been
observed in severa plant species as aresult of heat damage. (e.g. Armond et al., 1980).
Furthermore, a close correlation has been found between change in Fo and necrosis test
after heat stressin alarge number of plant species (Bilger et al., 1984). Fig. 12 showsthe
change of Fo in maize leaves heated at arate of 1 °C min™. Clearly, apossible
dissociation of light harvesting complexes from PSII core, occured only at very high
temperature. Interestingly, the temperature corresponding to half increase of Fo was
2.3°C higher in the leaf developed at 41°C compared to the leaf developed at 25°C
indicating that acclimation to heat stress can be induced by supra-optimal growth
temperature.
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5. Chlorophyll fluoresecence asa tool for breeding

Thelinear correlation between ®PSII and ®CO2 observed in maize (Fig. 5) suggests
that ®PSII can be used as atool to select for plants with different photosynthetic
capacity. This hypothesis was tested in a maize breeding population (with a high genetic
variability) grown at low temperature. C.a. 600 seedlings were grown at 14-15°C and
screened for ®PSl1 (see Fracheboud et al., 1999 for details about the method) . The eight
individuals with the highest ®PSII values and the eight individuals with the lowest ®PSl|
values were transplanted in the field and allowed to set seeds by selfing. ®PSI| was then
measured in the S1 offsprings and in the origina population grown at low temperature.
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Figure 13: Distribution of ®PSI| in pooled S1 progenies of maize
plants selected for high or low ®PSII at low growth temperature (From
Fracheboud et al., 1998)

Theresult, shown in Fig. 13, indicates that ®PSII can be used to breed both for cold-
tolerance or cold-sensitivity of photosynthesis, since the distributions of the progenies are
clearly shifted from the distribution of the original population. Furthermore, applying the
selection for asecond cycle yielded lines with different capacity of carbon fixation when
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grown at low temperature (Fig .14). These results show that ®PS|1 can be used for
breeding.
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Figure 14: Carbon fixation in S2 maize lines selected for high ®PSII (H2-3,
H3-6 and H5-4), low ®PSII (L1-1, L2-2, L5-3) and in the breeding population
they are derived from (O) grown at 25°C (white bars) or 14°C (black bars).
From Fracheboud, 1999.

Conclusions

The examples presented here illustrate how chlorophyll fluorescence can be used to study
components of the photosynthetic apparatus and their reactions to changesin the
environment as well as photosynthesis as awhole. Thisisinteresting in the view that
photosynthesis is a good indicator of adaptation of plantsto their environment. Since the
measurements are non-intrusive, fast and reliable, this makes chlorophyll fluorescence an
attractive tool for environmenta research and for breeding purposes.
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