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Chlorophyll fluorescence
Part 1 – background, theory
An introduction to principles and applications
Erik Murchie

Chlorophyll fluorescence
This is a basic introduction :

1. What is chlorophyll fluorescence ?
2. What can we measure with modulating instruments and some basic
advice for interpretation.
3. Examples of good practice (especially in the field)

4. Some useful variations for ecophysiology and crop science.
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Why use chlorophyll fluorescence ?

Indicators of abiotic and biotic stress
Photosystem II efficiency and electron transport

Indicators of photosynthetic performance
Acclimation to suboptimal conditions

Applications
•

Ecophysiology - non destructive, rapid,
sensitive, can be usefully related to
other parameters that measure
primary productivity.

•

Phenotyping for variation in stress
tolerance and enhanced
photosynthetic performance in crops.

•

Basic plant biology - e.g.
understanding how photosynthesis is
regulated
4
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Chlorophyll Fluorescence
•

Chlorophyll fluorescence is light which is re-emitted from the
chlorophyll in Photosystem II (mostly). It can easily be detected.

•

It is 1 - 3 % of the total energy dissipated, yet the amount or yield of
fluorescence can tell us how efficiently PSII is operating.

•

It can even be seen with the naked eye:

Chlorophyll in a cuvette

light
Fluorescence
appears at the side
DA Walker

When chlorophyll absorbs light, it transfers an electron to a higher energy
state and the molecule becomes excited.
This excitation energy must be dissipated or transferred to avoid photooxidative damage.
excited
chlorophyll
(Chl*)

There are three processes that can be
thought of to compete for dissipation :
1.Photochemistry (i.e. photosynthesis)
2.Heat loss (non-photochemical)

light

Chlorophyll

3.Fluorescence (light)
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Chlorophyll fluorescence principles

Software control
processing

Detector
Light source

fibreoptic

fluorescence
Measuring beam
and / or
actinic light
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Chl a

What colour is chlorophyll
fluorescence?
Chl b

Chl a

Chl b
9

thylakoid reactions

PSII

PSI

From Hopkins & Huner

CO2
ATP,NADPH
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Chlorophyll fluorescence
•
•
•

When actinic light is shone on a leaf, the three processes are in competition
with each other :
At first, fluorescence rises because photosynthesis induction is SLOW.
Then, as time progresses, two things happen :
1) The photosynthetic rate increases - photochemistry
2) The amount of heat dissipation increases - non - photochemical
events
So, the amount (and yield) of fluorescence decreases

These two processes compete
with fluorescence, together
resulting a decrease or
quenching of the fluorescence
signal - the Kautsky effect
DA Walker

Modulated and non-modulated fluorescence
Problem – background light interferes with the fluorescence signal. This is
Modulated fluorometers Apply the measuring beam intermittently at a
certain frequency.
The detector is set to the same frequency and can distinguish the
intermittent measuring beam from the background noise.
It outputs a signal equivalent to the proportion of light that is re-emitted as
fluorescence from the sample.
This means modulated fluorometers can be used in the light (however
variation in natural light causes large fluctuations in signal).
Modulated fluorescence signal

Total fluorescence emitted

Background light level increases
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measuring Fo
The measuring beam is a very low intensity and induces fluorescence but is insufficient
to drive electron transport : reaction centres are ‘open’ (the primary acceptor Qa is
oxidised).
We get the minimum amount of fluorescence possible : Fo in a dark-adapted sample.

Fo
baseline

Measuring
beam on

PSII reaction centre

LHCII
antenna

Fluorescence
signal

time

We then apply a saturating pulse (e.g. 0.8 s, 5000  mol m-2 s-1)
e-

excitation energy
from antenna
chlorophyll

P680

QA

reaction centre
chlorophyll

Fm

Fv

Qa becomes become temporarily reduced,
or ‘closed’. All dissipated energy is via
fluorescence, giving the maximal value:
Fm
Fv / Fm is a good estimate of the
maximum quantum efficiency (yield) of
PSII. Why ?

Fo

In an unstressed and dark adapted leaf
this value is around 0.83
Measuring
beam on

bright pulse
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What causes a reduction in the value of dark adapted
Fv/Fm ?
Short answer: anything that induces sustained quenching of PSII
chlorophyll fluorescence
Long answer:

•
•
•

Photoinhibition: This is often interpreted as damage to
PSII induced by sustained high light (perhaps in
combination with other factors)
Damage to other photosynthetic components induced by
oxidative stress (e.g. low / high temperature and
drought).
Acclimation to certain conditions e.g. cold in overwintering plants.

15

Quick Example :
Cold shock experiment with a tropical species:
Rice plants grown at 30 0C , 800 umol m-2 s-1
Transferred to 7 oC for 5 days
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Photoinhibition can occur in ‘optimal’ environments

2000 μmol m-2 s-1
30-35 oC
Sustained for 4 – 5 hours
recovers overnight
Murchie et al (1999) Plant Physiology

What do I mean by ‘dark adapting’ ?

Un-quenched

e.g.
500 umol m-2 s-1

Fm

Fm

quenched !

Fm’
F’

Fo

Fo’
Measuring
beam on

e.g. 20- 30 minutes
pulse

‘actinic’ light on

pulse
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Why it’s important to relax
non-photochemical quenching (NPQ) or feedback de-excitation
is a dynamic protective process that has an high level of metabolic control.

85 - 100 %

NPQ

0 - 15 %
?

qE or high Energy state quenching
qT or state Transitions
qI Inhibitory quenching

qE can take 15-30 minutes relax, or longer depending on the
conditions / species etc.
qT takes 15 minutes.
You can test your system to see what the required dark adaptation
period is.

So, quenching in the light is caused by the induction of 2 processes:

•Photochemistry (photosynthesis)
•NPQ (heat emission)

The light (saturating) pulse and hence the measurement
of Fm’ separates these two processes. Why ?
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Fm
This part tells us about non
photochemical quenching
(NPQ)

Fm’

This part (Fq’) gives us
the operating quantum
efficiency of PSII

Fm-Fm’ /Fm’

= Fm’-F’ / Fm’

F’

Fo

a.k.a
ΔF/Fm’, Yield, ΦPSII, Fq’/Fm’

Turn actinic
light on

•It is the efficiency by which light absorbed by PSII is used for electron transport
•It can be used to give a value of the rate of electron transport through PSII .
•It is a popular measurement since it can be made in the light and does not require a
measurement of Fo’.
•ΦPSII can be correlated with CO2 assimilation under certain conditions.

The measurement of Fo’ tells us more:

Fm

Fm’

F’
Fo

Fo’

Turn actinic
light on

Turn actinic
light off

This relates the PSII operating efficiency to
the PSII maximal efficiency.
It is a (non linear) indicator of the state of
reduction of PSII :
the photochemical quenching coefficient (qP)
=

(Fm’-F’) / (Fm’-Fo’)
or
Fq’/ Fv’

The measurement of Fo’ can be highly problematic
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How can I interpret ΦPSII ?
It is a good indicator of linear electron flow through PSII if we know how
much light is absorbed by the leaf and by PSII itself :
Electron transport through PSII (ETR) =

ΦPSII x Abs x FracPSII x PAR
FracPSII = proportion of absorbed light that excites PSII (assumed to be 0.5)
Abs = leaf Absorptance, assumed to be 0.84

•
•

Take ETR values with a pinch of salt unless you have accurately
measured all the components.
In particular, do not try to compare species/treatments with a large
structural / compositional difference in the leaves

Combined with infra red gas analsysis we can:

1. Relate this to parallel metabolic and physiological processes.
2. Determine the ‘partitioning of electron transport between different
metabolic processes. If we compare 2 % and 20 % oxygen we can
calculate the proportional flux through carboxylation and oxygenation
processes. i.e. we can measure photorespiration.
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So, my Fv/Fm , ΦPSII etc has changed - why ?
1. Is it measured under conditions relevant to my growth environment ?
2. interpretation should consider that Chl fluorescence can be influenced
by interacting and multiple sites of action, including :

Stress factors – drought, temperature, salt
Stomatal closure(not always!)
Electron transport
Sink inhibition, CHO export / storage, Metabolism / CO2 fixation

Issues of interpretation of Fv/Fm data
•

Are you sure that the dark adaptation is sufficient and that all ‘dynamic’ non
photochemical processes have relaxed (see later).
30 minutes is a reasonable time but it is not a constant - can be affected by
environmental conditions e.g. cold.

•

Overnight Fv/Fm makes a good reference point.

•

The origins are complex and it is not always damage to PSII that is the cause
e.g. retention of zeaxanthin .

•

Don't rely on absolute values of Fo and Fm: changes can occur in the physical
properties of the leaf during stress that alter e.g. the amount of incident light
actually absorbed by PSII

•

It does not necessarily mean that photosynthesis in normal / ambient growing
conditions is reduced. Maximum quantum yield is only achieved under low
light conditions.
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So can I use ΦPSII to measure CO2 assimilation ?

• If the partitioning of electrons to all possible sinks is constant (e.g.
photorespiration, water-water cycle / Mehler reaction) and that
Abs and FracPSII remain the same then we could use it.
• Not the case ! These ratios change constantly and we cannot
easily separate them in the field.
• However ΦPSII has been directly related to the quantum yield of
photosynthesis in ΦCO2 and ΦO2 in C3 leaves when
photorespiration is inhibited and conditions are stable. In such
leaves 4 electrons are required to fix one CO2 molecule.

27

Applications and examples

28
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Can chlorophyll fluorescence be used as an indicator of
drought sensitivity and yield ?
Review:
Baker NR, Rosenqvist E.( 2004) Journal of Experimental Botany
55, 1607-1621.
Wheat
Araus et al (1998) Field Crops Research 55: 209-223
Flagella et al (1996) Plant Science 118 127-133.

Potato
Jefferies (1994) Physiologia Plantarum 90, 93–97.
Grapevine
Flexas et al (2002) Functional Plant Biology 29, 461–471.
29

Stomatal closure by itself is often not sufficient to result in a
significant change in chlorophyll fluorescence parameters.
Why ?

30
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Fv / Fm can be a reliable indicator of sensitivity to
drought stress in barley and wheat

Li Rong-Hual et al (2006) Evaluation of Chlorophyll Content and
Fluorescence Parameters as Indicators of Drought Tolerance in
Barley .
Agricultural Sciences 5(10), 751

Increasing drought sensitivity

31

Li Rong-Hual et al (2006) Evaluation of Chlorophyll Content and Fluorescence Parameters as
Indicators of Drought Tolerance in Barley . Agricultural Sciences 5(10), 751

Increasing drought sensitivity

32
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Flagella et al (1996) Plant Science 118 127-133.

% Decline in DF/Fm’ under water deficit was a good indicator of
drought resistance in durum wheat (severe drought)

33

Derkx et al (2012) Journal of integrative plant biology 54(8) 555.
Correlation of Fv’/Fm’ with leaf senescence

34
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Shanguan et al (2000) Journal of Plant Physiology 156, 46-51

Demonstration of leaf water potential affecting operational
parameters :
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Another case study: photoinhibitory stress in tropical
crops

Photosynthesis
CO2 assimilation rate

Photoinhibition can affect the
CAPACITY and EFFICIENCY of
photosynthesis

1

CAPACITY
2
3



Quantum yield
Light intensity

1 : no photoinhibition
2 : moderate photoinhibition
3: severe photoinhibition
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Full
sunlight

Murchie et al (1999) Plant Physiology, 119, 553-563.
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Problem 1: leaf angle
12:00 pm

8:00 am
face 1 exposure

3:00 pm
face 2 exposure

Problem 2: Fo’
Problem 3: consistent
developmental stage - tag
the leaves when they
emerge!
38
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Evidence of light stress (photoinhibition and
photoprotection) under optimal conditions

Fv / Fm

Chlorophyll fluorescence shows
sustained decline in photosynthetic
quantum yield during the day
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Diurnal variation in photosynthesis:
IRRI experiment

Mid-day depression of photosynthesis (light-saturated photosynthetic rate)
40
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Inhibition of photosynthesis was linked to:
Photoinhibition and zeaxanthin
accumulation
Rubisco inactivation
substantial CHO accumulation
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Variations in technique
Imaging chlorophyll fluorescence
Non modulated (continuous) fluorescence measurements: OJIP /
fluorescence induction analysis.
Simultaneous P700 (PSI) absorbance measurements at 820nm) for
ΦPSI.
Monitoring PAM - for long term field use.
Gas exchange - fluorescence combinations
Laser induced Fluorescence Transient (LIFT) for remote
measurements.
42
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Fluorescence imaging –
screening for useful traits

The resistance to herbicides.
The response to environmental stress.
The response to environmental
perturbation.

Monitoring PAM fluorometry
Modulated, continuous measurements using rugged, weather proof units
that can operate without human presence for long periods. They provide
integrated analysis, useful for productivity studies

fluorescence
Head

Data storage
/ control

Solar power
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Summary
•

Chlorophyll fluorescence is a sensitive and easily measured process
for assessing the onset of stress and the photosynthetic productivity
of crops

•

Despite complex nomenclature and analysis techniques we can
identify a few quick protocols for screening in the field.

•

For severe drought stress, dark-adapted Fv / Fm is a good indicator.
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