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Chlorophyll-a fluorescence —

what can we learn?

Dr. Hazem M. Kalaji




N // Natural Phenomena

”  Bioindicator
 Biomarker
« Stress fingerprint

« Sensitive

» Reliable
 Non-invasive
 Fast and low cost

* Applicable in all living organisms with
chlorophyll
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Fluorescence is re-emitted red / far red light
(mostly from PSII). Changes in efficiency of
SJluorescence emission inversely relate to changes
in the efficiency of PSII photochemistry.

. =1=HD+ChF+Photo
1“' Ll\%h t En ergy In put
| ;

Dissipation of Excess Energy

» Heat
STRESS o
Nutrient Deficiency (IR radiation)
Cold Stress
Heat Stress
Drought

Photoinhibition Chlorophyll

Fluorescence

Photochemistry

Out put Under physiological temperatures at least

95 % of the fluorescence emission is
derived from chlorophyll associated with

photosystem I1.
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. [Fluorescence and Photosynthesis
¥ l(Kautsky-Effect)
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When light strikes chlorophyll molecules,

absorbed quantum raises an electron

from a ground state to an excited state.
Upon chlorophyll de-excitation to a
ground state, a small portion of the
excitation energy is dissipated as red

fluorescence (690 nm).

Ground State

Excited Blata
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Chlorophyll fluorescence is a re-emission of
light energy absorbed by chlorophyll
molecules.

UNITS:

relative (r.u.)

arbitrary (a.u.)

1000%




B ll. Methodological Approach

Spectroradiometer (ASD FieldSpec Pro)
- Chlorophyll Fluorescence Emission Spectrum
- Red to Far-red Ratio (RF/FRF)
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Fig.1: :

ChIF - spectrum

with 2 maxima at s

690 nm and 740 nm. =

(N. tabacurn) ;“"
é

- Leaf Reflectance Spectrum
- Vegetation Indices e.g. Chlorophyll content

an 2 0s
Typical reflectance
spectrum with §os
green peak around ; 03
550 nm

(A. thakana)

3O 40 0 N0 0 60 60 0 TR M0
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Nicotiana tabacum var 'Samsun’

Cold Light Source (Schott 2500 LCD)
- Short Pass Filter cut-off wavelengths over
650 nm for better ChIF determination
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Fig.3.
Light emission spectra of the cokd light source.
Yellow line (unfitered), Cyan line (with fller)

- Advantages:
- broad leaves
- fast response to stress factors
- many different mutants available

e'Pu‘Se(!

& uorescence

- Dark adapted leaf

- Potential quantum efficiency (Fv/Fm)
- Light adapted leaf

- Actual quantum efficiency (AF/Fm')

- Electron Transport Rate (ETR)

- Non-Photochemical Quenching (NPQ)
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|
. ' o | Fig.4
'y | Overview of
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| parameters in
i J PAM fluorometry.
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Fluorescence signal  (rel units)
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Gas Exchange Analyzer (CMS-400)
- Carbondioxid flux (JCO3)
- Water vapor flux (JH20)

- Stomatal conductance (gs)
- Vapor pressure deficit (VPD)

Mini-Cuvette with climate modul
- Precise regulation and measurement of

[:>- Air temperature
- Leaf temperature

- Relative humidity

Mitarbeiter/Moersch
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Pulse = 60-80/minute Maximal quantum yield
Fv/Fm = 0.83-0.85 r.u.

AlgaeTorch
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Absorption and Emission Spectra with Overlap Profile

Absorption b Emission Spectral
@ Spectrum ®) Spectrum © &erlap
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Fluorometer (Stress meter)

Continuous Excitation Pulse Modulated
Fluorescence Fluorescence

Measurement System Measurement System



// Which technique to be used ?7?

|

|

« After dark adaptation

 After light adaptation







L LY.

Dark Adapted State. Intermediate State. Light Saturated State.

All electron acceptors Some electron acceptors All electron acceptors reduced
fully oxidised & available Reduced by light & no longer by light & no longer available
to receive light energy. available for photochemistry.  for photochemistry.

D

Quenching State.

Re-reduction of electron acceptors
occurs as energy proceeds to
photochemistry,  acceptors — are
again available for photochemistry.

L o Oxidised

electron
acceptors

@ Reduced
electron
acceptors

Steady State.

Equilibrium is established between
energy input / dissipation processes
and photochemistry.



After dark adaptation

Fo - fluorescence level when plastoquinone electron
acceptor pool (Qa) is fully oxidised.

Fm - fluorescence level when Qa is transiently fully
reduced.

Fv - variable fluorescence (Fm-Fo).
Fv/Fm - maximum quantum efficiency of Photosystem II.
Tfm - time at which Fm occurs.

Area - area over the curve between Fo and Fm, relates to the pool
size of PSII electron transport acceptors.

OJIP analysis (Strasser R.J., Srivasatava A. and Govindjee, 1995
Polyphasic chlorophyll a fluorescence transient in plants and
cyanobacteria, Photochemistry and Photobiology, 61, 32-34.).




Fluorescence level, relative units

n #
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Kautsky Effect

KAUTSKY
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Chlorophyll fluorescence
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JIP-Test fluxes of RJ. STRASSER, placed into any £-Scheme
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(O-J) phase
corresponds to a
complete reduction of

the primary electron
acceptor QA of PSII,

the release of
fluorescence
quenching during the
(J-I) phase is
controlled by the PSII
donor side (water
splitting activity).

(I-P) corresponds to
the release of
fluorescence
quenching by the
oxidised
plastoquinone pool



Fluorescence Rise

Srivastava A, Strasser RJ (1999) in: Crop Improvement for Food Security
(Behl RK et al. eds.) SSARM, HISAR, pp 60-71
(DHaldimann P, Strasser RJ (1999) Photosynthesis Research 62: 67-83




Fluorescence Rise

200 uM DCMU®™)

Srivastava A, Strasser RJ (1999) in: Crop Improvement for Food Security
(Behl RK et al. eds.) SSARM, HISAR, pp 60-71
(DHaldimann P, Strasser RJ (1999) Photosynthesis Research 62: 67-83




Fluorescence Rise
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Srivastava A, Strasser RJ (1999) in: Crop Improvement for Food Security
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(DHaldimann P, Strasser RJ (1999) Photosynthesis Research 62: 67-83




Fluorescence Rise
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Srivastava A, Strasser RJ (1999) in: Crop Improvement for Food Security
(Behl RK et al. eds.) SSARM, HISAR, pp 60-71
(DHaldimann P, Strasser RJ (1999) Photosynthesis Research 62: 67-83




Fluorescence Rise

Srivastava A, Strasser RJ (1999) in: Crop Improvement for Food Security
(Behl RK et al. eds.) SSARM, HISAR, pp 60-71
(DHaldimann P, Strasser RJ (1999) Photosynthesis Research 62: 67-83
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Technical parameters Derived JIP-test parameters table

Slope at the origin of the fluorescence rise Mo = (Fs00us-Fo) 7/ (Fu-Fo)
Relative variable fluorescence at 2 ms Vs = (Fons/’Fo) / (Fu-Fo)

{ { The specific fluxes (expressed per RC - reaction center)
Absorption, per RC ABS/RC = (Mo/V3) /7 ((1-Fo/Fp))
Trapping at time zero, per RC TRo/RC = Mo/Vs
Dissipation at time zero, per RC DIo/RC = (ABS/RC) - (TRo/ABS)
Electron transport at time zero, per RC ETo/RC = (Mo/V5) (1-V5)

The phenomenological fluxes (expressed per €S - cross section of the leaf tissue)

Absorption, per C5 ABS/CS = (TRy,/ABS) / (ABS/CS)
Trapping at time zero, per €S TRo/CS = (TRo/ABS) (ABS/CS)
Dissipation at time zero, per CS DIo/CS = (ABS/CS) - (TRo/CS)
Electron transport at time zero, per CS ETo/CS = (Mo/V3) (1-V5)
The yields (or fluxes ratios)

] ) ) ) Pro = TRo/ABS = (Fy-Fo) / F
Maximum quantum yreld of primary photochemistry
Probability that a traped exciton moves an electron further than v, =ETo/TRo= 1-V;
Qs
Probability that an absorbed photon moves an electron further — Qg,=@p, ¥, = (TRo/ABS) (ETo/TRo)
than Q4 = ETo/ABS = (1-Fo/Fy) (1-Vy)
Vitality Indexes
Density RCs per chlorophyll RC/ABS
Conformation term for primary photochemistry @po/(1 - 9p)) = TRO/DIo = Fo/Fy

Conformation term for the thermal reactions (non light

depending reactions) (¥,/(1 -¥,)) =ETo/(dQ,/dty)

P Inde
erformance Index PI g5 = [RC/ABS] [0p, /(1 - 9p,] [¥, /(1 - P, ]
Driving force on a chlorophyll basis AF 455 = log [PT 4ps]




These graphics present the constellation of selected JIP-test

parameters which quantify the behaviour of plants exposed to

different stress treatment.

Siper-plot
representation. Variations
of the normalised JIP-
test parameters by the
respective control. More
precisely, the nutritional
stress linked to a lack of
B and Mg is regarded as a
deviation of the
reference  state and
considered as non stress
(for which the control
values turn on a circle
with a radius of 100%).

Boron deficiency first
appears on the youngest
leaves whereas magnesium
deficiency can be
detected on the oldest
leaves.

Respective control
B deficiency (youngest leaves)
Mg deficiency (mature leaves)
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. Principles of quenching analysis by the saturation pulse method. Fluorescence yield is measured with a modulation
fluorometer. Depending on the light conditions 5 different states are distinguished and the corresponding points in the induction
curve characterized by fluorescence yield notations (e.g., F,, F, ) and quenching coefficients (q, and qy). Fluorescence quenching
at a given time following the onset of actinic illumination (at point 3) is evaluated by comparison with a dark-adapted reference
state (1). which is characterized by q, = 1 and q, = 0. In both cases a pulse of saturating light is applied to close all PS II reaction
centers. thus eliminating photochemical quenching (q, = 0) (points 2 and 4). It is assumed that.non-photochemical quenching is
not affected during a saturation pulse. q, and q, are quenching coefficients, designating the relative decrease in variable
fluorescence yield. The fuorescence vield F;, i.e., in the energized state with all centers open, is determined briefly after
switching-off actinic light in the presence of weak far-red illumination (point 5). ML, weak modulated measuring light (approx.
6 nmol m~2s™' at 660 nm); SP, saturating light pulse (approx. 10000 umol m™* s™', 400 nm < A <700 nm, applied for 0.5-2 s);
AL. continuous actinic light; FR, far-red light (approx. 6 pmol m~2s”!, A>700 nm).



F| Parameter:

Measurement:

Units:

Derivation:

PAR

Temp
Fs

Fy’

Incident
photosynthetically
active radiation
Temperature
Steady state
fluorescence yield
light-adapted
fluorescence
maximuun
Light-adapted
variable fluorescence
Antennae efficiency
of PSII
quantum efficiency of
PSII
photochemical
quenching co-efficient
Non-photochemical
quenching co-efficient
Alternative definition
of non-photochemical
quenching
Electron Transport
Rate

pmolm™s™
°C
Bits

Bits

Bits
No units
No units
No units
No units

No units

No units

=Fm’-Fo’
= (Fm’-Fo’) / Fm’
= (Fm’-Fs) / Fm’
(Genty er al. 1989)
= (Fm’-Fs) / (Fm’- Fo’)
= (Fm-Fm’) / (Fm-Fo’)

= (Fm-Fm”) / Fmv’

=PAR * 0.5 * 0.84 * bpsn




morning noon afternoon

Fm —p A

fluorescence intensi

time of day

Sequence of the determination of various chlorophyll a
fluorescence parameters in barley leaves in the course of the
natural day using the MiniPam.
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Fluorescence

M0 O

Saturating light (~2000 uMol-s-'-m-2)

FV/FM = FMF_MFO
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30 ¢ 100 min
—
saturating pulse measuring light
(1s, 3000 pmol m-2 s-1) (weak red light pulses)
|
F, = .dead’ fluorescence F., = maximum (dark adapted)
F, = kinetic peak F..” = maximum (with actinic light)
‘X

= steady state F., X = maximum (X min after actinic light)




Photochemical activity of PS Il

from Lichtenthaler and Buschmann 2004

Chl Fluorescence

|

optimal quantum conversion: Fv/Fmor Fv/Fo (Kitajmaand Butler 1975)

effective quantum efficiency: AF /Fm'’ (Genty et al. 1989)
photochemical quench: gp= AF / FV' (Bilger and Schreiber 1986)
non-photochemical quench: gy =NF / Fv (Bilger and Schreiber 1986)

NPQ = NF / Fm (Bilger and Bjérkman 1990)




RFd-measurement

from Lichtenthaler 1988

HHHHHH saturating light
WINPT
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Feprnted with permission from ELSEWIER, lnc.

Postharvest Bology and Technology Homepags: httpoifwawe _sciencedirect.comy'scienceffournalfiDo9255214 Postha rvest
Biology and
Technology

Postharvest Biology and Technology 24 (2002) 201 —-205

www elsevier. com locate/postharvbio

Research note
Oxvyvgen concentration afftects chlorophyll fluorescence 1n
chlorophyvyll-containing fruit™

Robert K. Prange '*., John M. DelLong ?, Jerry C. Leyvte *, Peter A. Harrison #

Agriculture and Agri-Food Carnada., Aelaniic Food and Horticulture Researchh Cenitre. 32 AMain Srrect. Kentoville.
NS, Canada Ba4N IJ5
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Fig. 2. Changes in apple fruit F, and F,/F,, chlorophyll fluorescence and O, concentration over time. ‘Start’” indicates a change in
both F, and F,/F,, due to low O,. ‘End’ indicates an increase in O, concentration and a corresponding reversal in F_ and F,/F,,
values.







http://daac.gsfc.nasa.gov/oceancolor/scifocus/oceanColor/warming.shtml
http://oceancolor.gsfc.nasa.gov/
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