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Fluorescence under UV light
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Chlorophyll fluorescence
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Chlorophyll a in solution

_ Fluorescence
Absorption Excitation

Chl,

Fluorescence
Emission

ChlF

uv

Cerovic et al. (1999) Agronomie, 19: 543

NIR
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Chlorophyll fluorescence
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Chlorophyll a in solution

Absorption

uv

Cerovic et al. (1999) Agronomie, 19: 543

NIR
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in vivo

Chlorophyll a in solution
Chlorophyl

Cerovic et al. (1999) Agronomie, 19: 543

Chlorophyll fluorescence
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Chlorophyll fluorescence
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Chlorophyll fluorescence

upper
epidermis
{3 FRF
mesophyll
EhiF
lower
epidermis NIR
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Cerovic et al. (1999) Agronomie, 19: 543
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Nomenclature and type of plant fluorescence
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= {1 FRF
Rr
Chlorophyll Fluorescence = ChIF Chl,,
Chl, |\ : Blue-Green
Red Fluorescence = FRF (685) {
ChIF % Fluorescence
Far-Red Fluorescence = FRF (735) = BGF
FRF_G
emission_excitation VIS NIR
200 300 400 500 600 700 800 900
ChlF_VIS ChlIF_UV BGF_UV
FRF_VIS FRF/RF FRF R/FRF_UV BF _UV/FRF_UV
"variable” emission excitation "blue”
fluorescence ratio ratio fluorescence
PAM sensors MiniVeg UV-A PAM Multiplex @
Imaging Laser-N-Detector Dualex Imaging
Multiplex Multiplex
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Proximal sensing of vegetation

Type of functioning PASSIVE

artificial the Sun as

light source light source

Reflectance or Reflectance or

Fluorescence Fluorescence
Working distance

contact —|small — medium — large

leaf clips  Multiplex LIDAR aircraft  MERIS
casy Satellite

(Fibre optics)
Spectral Domain

UV — visible — NIR +— SWIR — thermal — radio
Phen Anth Chl LMA |Prot Hz20
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Imaging
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Parallel imaging,

CDD cameras,
Microscopy, macroscopy
(only as illustration)

Not adapted
for fluorescence
from a distance

pa

Push-broom imaging (scanning),
DAD sensors,
spectro-microscopy, remote sensing

Raster imaging (scanning),
Single point measurement,
MICroscopy, macroscopy
Proximal sensing
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"Variable" ChlF
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excitation emission
Single source Single detector
- RF
Visible
(G, 0, R) FRF
laser, LED Ch”:

Variation of fluorescence yield
 with time or light intensity
* Photosynthesis related

STRESS
photoinhibition .. . .

. Limitation.

reezing

chilling need for pre-darkening

heat
nutrition
salinity . .
Chlorophyll a Fluorescence. A Signature of Photosynthesis. (2004)
drought Papageorgiou G.C. & Govindjee (Eds.) Springer, Dordrecht
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Leaf-light interactions
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Reflected & back-diffused
(Reflectance = Ir/Io)

visible (PAR = 48 % of Solar irradiance)

NeIGendignt:

Reflectance

Photosych‘és.s',

biomass =3 %

SEYAL o e A0
2 i t 14 &&, Y o, ‘1‘

2
L “Slaw.  4CCegatnes>cosidnetcIsaItnscentcane

Heat ~20%

Transmittance Heat =97 %

Transmitted & forward diffused Absorbed
(Transmittance = It/Io) (absorptance =1-R -T)
(absorbance = -logT )
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Portable field fluorometers "Variable" ChIF
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MINI-PAM
Photosynthesis Yield Analyzer

the ultiin ate answer to portaklty
and =nz= of operation

FPAM-2000
Portable Chlorophyll
Fluorometer
far invest

Finvestigat ng
photosynthes = n the field,
greenhause and laborstory

FluorPen FP 100, PSI

B photosynthesis
Il thermal

B fluorescence

Fs
N UL

Fo U | 4%

daf, CEELESLES
: T ﬂﬂ“ﬁ'ﬁ nchmic hp
2% pulsed measuring light
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DARS

ARs & micro-LI
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Lifetime LIDAR LURE

laser light source

0.8

(Fm'-Fs)/Fm'
0.6

0.4+

0.2+

normalised fluorescence

0 | | | |
0 0.020.040.060.080.10

photosynthetic quantum yield
Genty et al. (1989) BBA, 990: 87

LIFT

Mommalized Fluorescence (FsF o)

_— —
NS [®))
T T T T T T

—_
=)
—

_ Fs/Fo
0.8 |

"0 50 100 150 200
conductance (mmol H,0 m” s'l)
Flexas et al. (2000) RSE, 73: 283

water stress

Cerovic et al. (1996) RSE, 58: 311

0.7
n
£06
£ 05
3 04
~ 0.3 | |
0h 9h
first day

17 h Oh 9h 17 h

second day
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ChIF emission ratio

excitation emission
Single source Dual detector
visible RF/FRF

laser, LED

Chlorophyll quantification
* nitrogen nutrition related
* (cover fraction)

Limitation:
influence of "variable" ChlF

vic ‘10

© ZG Cero

Bonn, September 2010 @



Chlorophyll estimation from fluorescence reabsorption

absorptance (%) fluorescence (QSEU)
200 A
1 00 _ I I I 400 i é Z\fu:rzleos'%e;;ﬁlu:;a;ikaﬂend by minimum layer
WA > o ? ———= Fluorescence absorbed by % mm. layer
i gz of chlorophyll solution
z [ R e I:\ugre:rc:nce usb:grﬁ)e: by 3% mm. layer
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E Chlorophyll a+b (ug cm ) Chiorophyll a+b [ug/cm2]
o
o} Babani et al. (1996) JPP, 148: 471
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Tractor mounted sensors Q

maps ?
n M Flair
[
160 4 A Orestis
] a -8.775
T m A y=67064%""
2 120 A R? = 0,84+
£
£ 80 -
£
Z
40 A y = 3464.0%x %% A
R%=0.78%**
0
130 140 150 160 170 180 190 200

MiniVeg (Fritzmeier)
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ChlF excitation ratio

excitation

Dual source

UV & Visible

laser, LED

emission

Single detector

FRF
ChiF

UV-absorption by the screening effect
* Phenolic compounds quantification
* (Green absorption)

vic ‘10
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Limitation:
UV sources

Bonn, September 2010



ChlF screening method
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Instruments

Xe-PAM Bilger et al. (1997), cerovic et al. (1993)

UV-A-PAM Bilger et al. (2001), Kolb et al. (2005)
DE-FLIDAR Ounis et al. (2001)
Super-ACO Cerovic et al. (2002) -
Dualex Goulas et al. (2004) ° D
CCD Camera Lenk & Buschmann (2006)
Multiplex Cerovic et al. (2007, 2009)

logiFrgwFean)
2 = a4 om
e
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Dualex FLLAV - based on ChlF screening method @
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Leaf
section
under LWc

g I

Infra-red fluorescence

Photodiode

Goulas et al. (2004) Applied Optics 43, 4488-4496

iIsoorientin
chlorophylle ex - em

0.8

0.0
200 300 400 500 600 700 800

wavelength (nm)

Flavonoids are present in the
epidermis. They absorb UV radiation
and screen the mesophyll.

Chlorophyll from the mesophyll emits
near-IR fluorescence measurable on
both sides of the leaf.
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The Dualex ANTH <O

acc. Goulas et al. (2003) Patent W0O03029791

Malvidin 3-glucoside
chlorophylle ex - em

| | |
200 300 400 500 600 700 800
longueur d'onde (nm)

When anthocyanins are present in
the epidermis they absorb green
light and screen the mesophyll.

Infra-red fluorescence

Photodiode

Chlorophyll from the mesophyll emits
near-IR fluorescence measurable on
both sides of the leaf.
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Dualex evolution

0 AG Corgvle 10

Dualex 1 - Lab oon

Dualex 4 (2009)

Dualex 3.3 o0s)
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The Chl/Phen ratio: Nitrogen Balance Index (NBI) @

PHE Three Beneficial effects
Allocation .
_\L 1. The opposite dependence on nitrogen
Prot Phen increases the dynamic range
| | b = Chl/Phen
Dry mass V i g
N% <> Prot,, Phen,, ) i

| leaf N content (mg g ) leaf N content (mg g

Prot, Phen Allocation

2. The parallel dependence  chi/phen

Chl_ Flav,, on leaf age c}ecreases
leaf position influence  =f .
LMA L f_!_._,\". |
Chl, Flav, . i Ezgg i
3. The ratio of two f'ﬁ i

20
0 5 10 15 20 25

SPAD v Dualex 3 surface-based measurements

Dualex 4 avoids the influence of LMA
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Blue-green fluorescence

excitation emission
Single source Dual detector
UV B/G
laser, LED B/F RF

Alternative source of information
* Leaf phenology
* Presence of pathogen

Limitation:
multiple potential fluorophores
temperature variation

vic ‘10
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Autofluorescence of wheat leaves under UV—excitation@
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Variable ChlF
Photosynthesis

RF/FRF ratio
Chl content

ChlF UV-screen

absorptance (%) fluorescence (QSEU)

Phenolics 100 | 400
BGF 80 .
Structure

60
200

100

0
400 500 700 800

600
wavelength (nm)
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Plant and pathogen fluorescence

* Temperature

- Redox state om0
» Water stress m }
 Leaf development =
 Nutrition

« Pathogen on leaf

 Leaf response

 Field infection

Bravo et al. (2004)
Ag. Eng. Intl. FP 04008

© ZG Cerovic ‘10

30

Meyer et al. (2003)
J. Exp Bot 54, 757

1. Goulas (1992) thesis

psaA A
wr psaA A +Myxothiazol +SHAM

Cournac et al. (2002)
Plant Physiol. 129, 1921

cf. Chappelle et al. (1984)
Appl. Optics 23, 134

R

) _N

s

Z.G. Cerovic (2005)
unpublished

Poutaraud et al. (2007)
J. Agric. Food Chem. 55, 4917

G. Latouche (2010)
unpublished

Kuckenberg et al. (2009)
Prec. Ag. 10, 34
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XeCl Excimer lasers
308 nm

FLIDAR-3
IROE-CNR
Firenze

Airborne detector identifies tiny oil slicks

SaeT -‘ E 1
Optimare + Oldenburg University

Frequency tripled YAG lasers 355 nm
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Excitation Emission Matrix @ErGEs Chl HCA
G - -

excitation emission
Multiple source Multiple detection
Lamp + Monochromator
Monochromator + detector ewu, o)
LED (Spectrograph)

Multi-detectors

Complete information
* Quantification
» Statistics

Limitation:
often laboratory set-ups
slit entrance

vic ‘10
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The Multiplex sensor

Stress
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Blormatised intansity oF Transmittance

10
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=1
T

20 us flashes

4 excitations

3 emission channels
Repeated 500 times
6000 measurements
0.5 s per sample

In situ

Under daylight

A

Chi

HCA




Multiplex signals (grapes maturation)
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The Multiplex signal matrix: time & space

ANTH_RG (Mx units)

excitation UV Blue (B)
. |
Grape B a v
. R % 218
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kinetics
z: 207 %
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Mapping / Zoning / Block selection COTD

Mounted Muitiplex

Vine mapping

(N status, Chi) cfﬂhfzﬁﬁa
Grape quality zoning -
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Precision agriculture: Multiplex
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wheat

Martinon e al. {2010
108 ICPA, Derver

me

Dabuisson ot of. (2010)
IOAICPA, Denver

Lifenile ef of. (2010)
T ICPA, Demesr

turf

NBI mapping
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Plant descriptors and fluorescence indices for agronomy

Light machines "variable" ChlF
FRF/RF

Autotrophic organisms
Energy capture and conversion

Biochemical machines .

Dependent on heath P — temp‘*“z‘um

————
n.g.} Aot v

o — v

o~ 4 «

R — -
= P Tl e i — LT - - - - = ——

_ e — . —— — — -

S - _— — - T -

S— P —

Water pumps -

Soil-plant-atmosphere water stress - Fs/Fo
continuum — s e S

o s—-m"’:*"';' ‘
."- '. < ‘ "

Prlmary producers of biomass

Mineral nutrition N itrogen - NBI
H,0, CO,, N, K, Pi, S ...

Prone to pathogens and pests Su sceptibility - NBI
30 % crop losses

Defence - Phytoalexins pathog ens - BGF



Plant Biospectroscopy team

e U Plant Ecophysiology Department Ecologie
h _ Ecology, Systematics and Evolution Laboratory Eﬂsgstémaﬁque
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Thanks to:
Giovanni Agati (Firenze) Aurélie Cartelat (Paris) Jean-Luc Ayral Constance
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Fermin Morales (Zaragosa)  Erwin Dreyer (INRA-Nancy) Vincent Martinon
Guy Samson (Trois-Riviéres) Philippe Gate (Arvalis-La Miniére) Marine Le Moigne
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Passive vs. active fluorescence sensing @

Active sensing Passive sensing

Short distance Long distance
L Solar spectrum
cut-off f
filter [+ (300-1000 nm)
orange £ oI 1
LED _ 1l ‘ “/,/I. W) \ g\:/\‘ H(l
1N Low yield < 1% l l A
500 600 700 800 . 2
wavelength (nm) Need to enrich the : l
il fluorescence : Q
s signal g
Schreiber, U.
etal (1986)
Actinic . ':‘.----,i..
Fv microsecond
____________ flashes 8;
Pulsed I—_ N ¥ "'z
Fo . Actinic Fy . ; ._\' .
A T S synchronised ‘ e v ™
O 1177 VETTT B AT detection 400 500 600 700 800
Tpulse 1Acnmc M;tmc wavelength (nm)
Variations in Fluorescence = 25 & 2.5 % of
= <« fluorescence reflected light
yield
3 Spectral and time selection Hyper-spectrale selection
S p yper-sp
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FLD (Fraunhofer Line Discriminator) passive sensing
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o, | P,

\‘LA‘\ ) Al =5
ol

red 7 |
fluorescence

( Vi,

650 700 750 800
wavelength (nm)

projects

FLEX (ESA)

FLEXSAT (NASA)

FKD MKII

Plascyk J.A. (1975)
Opt. Eng. 14, 339-346

654.1 nm 656.3 nm

654 655 656 657 658
Wavelength (nm)

Ho LURE-CNRS Orsay

Moya I. et al. (2002)

CNES
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FLD in the oxygen bands
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red
fluorescence

Ratio
NIR/Red

Aerodyne Research USA

Kebablan PL. et ol. (1999)
Rev. Sl Instrum. 70, 4386-4393.

650

B 687 nm
A 760 nm

700 750 800
wavelength {nm)

PMFD LURE-CNRS Orsay

ATRFLEX - LMD - CNRS

Moya £. et al. (2008)

unpublished

Moya I et al. (1998) in Photosynthesis: Mechanisms and Effects
{Garab, G, ed), pp. 42654270, Kluwer Acad. Pub., Dordrecht.
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