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|.  List of symbols and abbreviations



Symbol Formula Name Description
Fo Measured Q;;mum fluorescence in dark—adapteggA oxidized (g¢=1), non-photochemical quenching relaxed (NPQ=0)
Fo_Dn Measured ?gllggz?n fluorescence  during daerA oxidized (g¢=1), non-photochemical quenching relaxing (NPQ>0)
1 Fo/ ((Fm —Fg) / minimum fluorescence during lightCalculated estimate: Qoxidized (¢=1), non-photochemical quenching induced
Fo_Ln
o Fu +Fo/Fy_Ln)  adaptation (NPQ>0)
Fo_Lss Measured ﬁ;eha;dy-state minimum - fluorescence '?QA oxidized (g¢=1), non-photochemical quenching at maximum (NPQ)ma
Fu Measured g’ggigmum fluorescence in dark-adaptegA reduced (g=0), non-photochemical quenching relaxed (NPQ=0)
instantaneous maximum fluorescenc . . .
Fum Dn Measured during dark relaxation 5A reduced (g=0), non-photochemical quenching relaxing (NPQ>0)
Fu Ln Measured maximum fluorescence  during “gthA reduced (g=0), non-photochemical quenching induced (NPQ>0)
- adaptation
Fm Lss Measured ﬁ;eha;dy-state maximum - fluorescence '6A reduced (g=0), non-photochemical quenching at maximum (NPQ)ma
= Measured peak fluorescence during the initialocal F-maximum resulting from rapid reduction dagtoquinone pool and slower
P phase of the Kautsky effect activation of re-oxidation mechanisms and of nontpbhemical quenching
instantaneous fluorescence durin da}[%stantaneous F-level during dark relaxation tlegults from a dynamic equilibrium
F:Dn Measured relaxation 9 of plastoquinone reducing and re-oxidizing processed from non-photochemical
guenching
instantaneous fluorescence during li ri]pstantaneous F-level during light adaptation tleatlts from a dynamic equilibrium
F¢Ln Measured adantation 9 191G plastoquinone reducing and re-oxidizing procesaed from non-photochemical
P guenching
F. Lss Measured steady-state fluorescence in light steady-state F-Iev.ell 'Fhat results from a dynamlullldaqu_um of plastqu|n0ne
- reducing and re-oxidizing processes and from nastgaemical quenching
= E_E variable fluorescence in dark-adaptedlariable fluorescence increment that is due thasitmn from dark-adapted state
v M=o state with all-open reaction centers to the all-closedestluring saturating flash of light
2 (Fm - Fw_Dn)/ instantaneous non-photochemical - . . N
NPQ_Dn Fy. DN quenching during dark relaxation non-photochemical quenching relaxing in dark
2 (Fm - Fy_Ln)/ instantaneous non-photochemical . . -
NPQ_Ln Fy LN quenching during light adaptation hon-photochemical quenching induced in light
NPQ Ls< (Fy - Fu_Ls3d/ steady-state non-photochemicasteady-state non-photochemical quenching in light
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Fum_Lss

guenching

(Fm_Dn — F_Dn)

coefficient of photochemical quenchin

3 . . .
gP_Dn {: D(nF)M_Dn ~  during dark relaxation gestlmate of the fraction of open PSII reaction eesPSldpen/ (PSlbpert PSlkiosed
o
(Fm_Lss—F_ Lsg - ; .
3 ~ coefficient of photochemical quenching, .. . .
gP Ln {: LS;M_LSS during light adaptation %stimate of the fraction of open PSII reaction esPSldyen/ (PSlbpert PSlkiosed
o
(Fm_Lss—F Lsg - ; .
gP _Ls$ [ (Fy_Lss - _coeff|C|dent of photochemical quenChmgestimate of the fraction of open PSII reaction eenPSlpen/ (PSlhpest PSlkiosed
Fo LsS in steady-state
4 (FM_Dn-F_Dn)/ instantaneous PSIlI quantum yield durin . .
QY_Dn Fy. DN dark relaxation Bsii quantum vyield relaxing in dark
4 (Fm_Ln - F_Ln) / instantaneous PSII quantum yield durin Lo -
QY_Ln Fu.Ln light adaptation Bsii quantum yield induced in light
QY _Ls¢' §'|::M_II_SSSS Fuls9 steady-state PSIl quantum yield steady-state R&lhigm yield in light
M_!
Fv/Fm (QY_maxj Fv/Fy maximum PSII quantum vyield maximum PSII quantueid/in dark-adapted state
(Fm_Ln — PSIlI quantum vyield of light adapted 1 i Tt
Fv/Fm_Lr Fo_Lss)Fm_Ln  sample PSIl quantum vyield in light-adapted state
(Fm_Lss — PSIlI quantum vyield of light adapted 1 i Tt 5
Fv/Fm_Ls3 Fo_Lss)/Fm_Lss sample at steady-state PSII quantum vyield in light-adapted steady-state
6 (Fp - F_Ln) / instantaneous fluorescence decline ratio . . o
Ri_Ln F.Ln in light empiric parameter used to assess plant vitality
Req_Lss® (Fp - Fls9 / fluorescence decline ratio in steady-state empai@meter used to assess plant vitality

F. Lss

! Oxborough K, Baker NR (1997) Resolving chlorophy# fluorescence images of photosynthetic efficientty photochemical and non-photochemical componeaisulation

of gP and F/F,, without measuring § Photosynthesis Researblt; 135-142

2 Horton P, Ruban AV (1992) Regulation of photosystem-{Ahotosynthesis Researgh: 375-385

% Horton P, Ruban AV, Walters RG (1996) Regulation of light harvesting in green pdaAnnual Review of Plant Physiology and Plant Molac®Biology47: 655-684

3



* Genty B, Briantais JM, Baker NR (1989) The relationship between quantum yielghaftosynthetic electron transport and quenchinchtifrophyll fluorescenceBiochimica et
Biophysica Act®90:87-92

> Oxborough K (2004) Imaging of chlorophyll a: theoretical ancagtical aspects of an emerging technique for tlmmitoring of photosynthetic performancéournal of
Experimental Botan$5: 1195-1205

® Lichtenthaler HK, Miehe JA (1997) Fluorescence imaging as a diagnostic tagbtant stressTrends in Plant Scienc& 316-320



lI. Introduction to Chlorophyll Fluorescence Techniques



[I.LA. Chlorophyll Fluorescence

Measurement of chlorophyll fluorescence kineticamsextremely important technique for the
non-invasive study of photosynthetic dynamics tadh plants, algae, and in cyanobacteria.
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FIGURE 1. The left panel shows a cuvette contaimirghlorophyll solution that is illuminated by adm of blue
light. The red light emanating from the soluti@sults from chlorophyll fluorescence emission. @ha&nge from
the absorbed blue light to the emitted red fluoesse is explained by the Jablonski scheme showimeimiddle
panel. The energy of the blue absorbed photorgbrthe chlorophyll molecule into the upper exciedylet state,
here $. Part of the energy is rapidly lost to heat chiemggthe energetic state to the lowest excited singflate,
here S. The $ energy is, in photosynthetic organisms, largelgdugor photosynthetic energy conversion in the
reaction centers (right panel). Only a fractiontbk S energy is lost to either heat dissipation or taoflescence
emission.

Chlorophyll fluorescence emission competes withtpéynthesis for excitation energlig.1).
The more effective is photosynthetic energy cornivarshe lower the chlorophyll fluorescence
yield, andvice versa In a healthy, dark-adapted plant, photosynthetacity is available at its
maximum and, thus, chlorophyll fluorescence yislaninimal ). The photosynthetic capacity
can be reduced to zero by herbicide or by a pulssrong light that transiently congests the
photosynthetic electron transport pathway. Wittotpeynthetic yield at zero, fluorescence
emission reaches a maximuriryj. An exhaustive review of all aspects of chlorgph
fluorescence emission is provided by Govindjee Bagageorgiou (2004). Several models of
photosynthetic apparatus and of fluorescence eomsdiynamics are available aww.e-
photosynthesis.org




[I.B. Oxygenic Photosynthesis

Oxygenic photosynthesis starts with light absorptia photosynthetic antenna complexes
(Fig.2). The antenna complexes deliver captured ener@htiosystem Il and Photosystem |
reaction centers. The effectiveness of the enespture, and of its transfer to the reaction
centers, is determined by the effective antennsscsectiors ps; andsps;”

The excitonic energy delivered to the reaction eentis largely used for primary charge
separation. A fraction of the energy is lost taofescence and heat dissipation. The
fluorescence yield is lowHp) when the photochemical yield is maximal, and ihigh Ey) when
photosynthesis is blocked, e.g., by congestiorhefglastoquinone pool that mediates electron
transport from Photosystem 1l to the Cyt b/f comp({Eig.2). The variability of chlorophyll
fluorescence yield originates from Photosystemslitlze fluorescence yield of Photosystem |
does not depend on the photochemical state ofdition centers.
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FIGURE 2. Schematic presentation of the principabtpsynthetic modules in plants and green algaghtLis
absorbed by antenna pigments of Photosystem fidirt) and of Photosystem | (in back). The excitgpaserated in
the antennae are rapidly transferred to the reatta@nters where their energy serves to drive th@any charge
separation. In PSIl, the primary charge separatian P680+-Pheo- is followed by secondary charge s$fan
processes: the electrons are extracted by the medbprimary donor P680+ from water by the O2-evajvcomplex
and by the YZ donor. On the acceptor side, thetrele is rapidly stabilized by a transfer from pipdgtin (Pheo)
to the primary quinone acceptor QA. A mobile migsinone pool shuttles two electrons sequentialken from
QA- and two protons taken from the stromal sidéhefmembrane to the lumenal side of cytochromedo®fiplex
where the protons are released and electrons an¢ ®ePSI. PSI uses the excitonic energy to gemereducing
NADPH.H+. The charge transfer reactions in the #kgdid membrane result also in accumulation of pnston the
lumenal side, and depletion on the stromal sidinefthylakoid. The difference in electrochemicakptials is used
by ATPase to generate ATP that is used togethér WADPH.H+ in the Calvin-Benson cycle to assimilate
inorganic CO2 into sugars.

! Irradiance of 200@mol(photons).if.s , typical of a sunny summer day at noon in Cerwope, results in ca.
1200 excitons arriving to the reaction center peosd when the effective antenna cross sectio0@fAf.
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[I.C. Essentials of Chlorophyll Fluorescence Technique

[I.C.1 Kautsky Effect Measured in Continuous Light Mode

The Kautsky effect represents the complex dynamiashlorophyll fluorescence emission and
plant photochemical yields during transition fromdark-adapted to a light-adapted state
(Kautsky and Hirsch 1931, Govindjee 1995).

The Kautsky effect is one of the most investigaieahsients in photosynthesis research. It is
elicited by a continuous, non-modulated actinichiighat drives photosynthetic reactions at
physiological rates (typically hundreds wiol(photons).rif.s'). The measured fluorescence
emission can be excited using the same light. Heweone must remember that in this
continuous light mode the fluorescence signal ispprtional to the actinic light. Increasing

irradiance means that the dynamics of the fluoresedransients will be faster and that the
signal will proportionally rise. Another aspect obntinuous light measurement is that the
fluorescence signal cannot be discriminated frockgeound light. Also, the fluorescence rise
during the initial phase of the Kautsky effect d@nso rapid that the typical integration time of
imaging fluorometers (ca. 20 ms) obscures the walee of Fy fluorescence emission. The

advantage of this technique is that the measumgblks, as well as signal-to-noise ratio, are
higher than in the pulse modulation mode (see below

Measurement of the Kautsky effect in continuoustligiode is a very simple and attractive
method to demonstrate and probe the dynamics dbpiathetic reactions during a transition
from dark to light. The method yields:

Upper estimate df, fluorescence emission of a dark-adapted plant;

Fp peak fluorescence attained during the first se@®)naf the transient when the
plastoquinone pool is largely congested by thetidsiven electron fluxFig.2) and neither
the photoprotective quenching mechanisms, nor the &similating machinery, are fully
activated.

F._Lsssteady-state fluorescence in the terminal liglatpaeld phase. This parameter reflects
a balance between the various fluorescence quanamchanisms.

There is a large difference betwdénandF,_Lssin healthy plants, whereas it is much smaller in
stressed plants. This observation led Lichtenthaled Miehé (1997) to propose theg R
fluorescence ratio (B=(Fp - F_Ls9 / Fp) as an empirical parameter to quantify plant 8wte
Measurement of theq{Rparameter requires only very simple imaging insatation and can be
measured with low noise. The measurement is velgtitime consuming as it requires light
adaptation that can take tens of seconds, or up few minutes, depending on the measured
system and on incident irradiance.

[1.C.2 Kautsky Effect Measured in Pulse-Amplitude-Modulaélode (PAM)

The transitions from the dark-adapted state to ligbt-adapted state and back can be
investigated in great detail by the pulse-amplitotulated (PAM) technique that was first
introduced to chlorophyll fluorescence imaging byo#@n Systems Instruments, spol. s r.o. in
1996 [Nedbal et al. 2000]. Similar to the earhien-imaging application [Schreiber et al. 1986],
the fluorescence excited by short flashes of maaguight is dynamically discriminated from
the fluorescence excited by continuous light amaimfrany potential background light. The
measuring light flashes are so short that they twer only a small fraction of reaction centers
leading to a negligible perturbation of the plardni the dark-adapted state. The measuring
flashes are of constant amplitude so that the meddgluorescence signélt) is a good relative
measure of the fluorescence yidlt) that is multiplied by the effective antenna sszg((t).



The measurement starts with a dark-adapted plamntighcharacterized by a low, minimum
fluorescence emission signgb (Fig.3). Fo is interpreted as the fluorescence signal from
open PSII reaction centers with their primary quma@cceptor Q fully oxidized (Fig.2).
The open reaction centers have maximwrpljotochemical quenching and minimufy
fluorescence yield. At the same time, NPQ non-ptlmemical quenching is fully relaxed
with the effective antenna size at its maximsgg;(dark).

Graph |Numeric| Numeric Avgl Histograml Notepad |

ot I I e 4 EE i = [~ Nomalize

ot | W N " I R M e M v

900 -

} bt

to

Saturating flashes Far-red flashes

Actinic light

FIGURE 3. FluorCam window showing the result ofiaduction experiment measured in PAM-mode. The blue
labels mark the fluorescence levels measured eithttre dark (l, Fy) or during dark relaxation (Ft_Dn, jr Dn,
Fo_Dn). The green labels mark the fluorescence leredasured during light adaptation (Ft_LnyHn). The
yellow labels show the steady-state fluorescenagldeattained in continuous light (Ft_Lssy Fss, k_Lss). The
bright-red arrows indicate timing of flashes thaarsiently saturate the electron transport chaieducing the
plastoquinone pool and facceptor. The closed reaction centers do not dudlnorescence photochemically, and
the fluorescence signal reaches a local maximurhithenodulated only by non-photochemical quenchifg: in
dark, Ry_Ln during light adaptation, fr_Lss in light-adapted steady-state, angl Bn during dark adaptation. The
dark-red arrows indicate far-red flashes that s¢ilaly excite Photosystem | and facilitate effextig-oxidation of
the plastoquinone pool and of the @cceptor. The oxidized \acceptor in all PSII reaction centers results in
maximum quenching by photochemical charge sepavatmd a minimum fluorescence signal Bn that is
modulated only by residual non-photochemical quamgh

The measurement continues with a dark-adapted ghamntis exposed to a strong flash of
light (marked by the red arrow ifig.3) that transiently reduces the plastoquinone padl a
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the primary quinone acceptorn@Fig.2). The quenching by photochemistry of the reaction
centers @p) is eliminated and the fluorescence yield readgteemaximum £y). NPQ non-
photochemical quenching remains relaxed becausellthmination is transient and the
guenching mechanisms cannot respond on such a temerscale. The effective antenna
size thus remains at its maximuwng(dark). The measured fluorescence sighgl( Sps

. Fn) is at its maximum. This signal is often callegd maximum fluorescence (yield).

The variable fluorescencEy signal is defined as the differenég, — Fo. Fyv and the
maximum fluorescence valuéy, are used to calculate the maximum quantum yield of
Photosystem Il photochemist@®Y_max=Fy / Fy.

Dark relaxation following the saturating flash lead re-oxidation of the plastoquinone pool
and of the primary quinone acceptox Q The decline of fluorescence signal from the
level back to thé, dark-adapted levéFig.3) is dependent on the kinetics of reaction centers
re-opening.

The Kautsky effect is induced by actinic light (ked by the green-white horizontal bar in
Fig.3) that drives primary charge separation in the treaccenters of both photosystems
(Fig.2). First, the signal rises to tl& peak fluorescence level as the plastoquinone pool
becomes largely reduced by Photosystem Il act{fity.2). Later, the signal declines to the
Ft_Lss steady-state fluorescence le\(€ig.3). The decline is due to re-oxidation of the
plastoquinone pool by Photosystem | that transfieeselectrons to the activated Calvin-
Benson cycle. In parallel to electron transpodcpsses that relieve the congestion of charge
transport intermediates, fluorescence decline ithén enhanced by photoprotective non-
photochemical quenching that diminishes maximurorélscence fronky, in the dark to the
much lower leveF),_Lssin the light adapted steady-state. Steady-statephotochemical
guenching is quantified bMPQ_Lss= (Fu - Fv_Ls9/ Fu. Another parameter introduced to
characterize the Kautsky effect is thg fRuorescence decline rati®{, =(Fp - F;_Ls9 / Fp)

that is used to assess plant vitality [Lichtenthaled Miehé 1997].

Saturating flashes (bright-red arrowdHig.3) eliminate photochemical quenching transiently
by reducing the plastoquinone pool and the @ceptor(Fig.2). The fluorescence signal
reaches local maxima that reveal the dynamics ofpfmtochemical quenching during light
adaptation Ey_Ln). Non-photochemical quenching is quantified NPQ _Ln = (Fy -
F|\/|_Ln)/ Fu.

The instantaneous fluorescence sigrdl,Ln, is measured before any of the saturating
flashes. Minimum fluorescence levels during thghtliadaptation are estimated by the
formulaFo Ln  Fo/ ((Fu —Fo) / Fm + Fo / Fv_Ln). This estimate is needed to assess the
fraction of PSII reaction centers that are opea given time. This fraction is characterized
by photochemical quenchingy_Ln ( PSlbpen/ (PSlbpert PSlkiosed = (Fm_Ln —F_Ln) /
(Fm_Ln—Fq_Ln) (Fm_Ln—F_Ln)/ (Fym_Ln—Fo/ ((Fm —Fo) / Fm + Fo/ Fyv_Ln)).

Finally, saturating flashes serve to estimate thstantaneous quantum yield of PSII
photochemistrQY_Ln= (Fy_Ln-F_Ln)/Fy_Ln.

The instantaneous sign&k_Lss, and the maximum signdfy_Lss in the light-adapted
steady-state, are measured before and during tinasiag flash at the end of the actinic light
period (yellow labels inFig.3). This measurement is used to asses steady rsbate
photochemical quenchindNPQ _Lss= (Fy - Fu_Ls9/ Fv), the fluorescence decline ratio
(Reg =(Fp - Fi_Ls9 / Fp), and the steady-state quantum yield of PSII ptiwmistry QY _Lss

= (Fm_Lss-Fi Ls9 /Fy_Lsy.

The minimum fluorescence signal in the light-addptteady-statd-o_Lss is measured
immediately after the actinic light is switched affd the plastoquinone pool a@d acceptor
are re-oxidized by a far-red flash (dark-red ariowrig.3). The measureB, Lsssignal is
used to calculate the steady-state fraction of apaation centers estimated from the level of
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photochemical quenchinge_Lss ( PSlkpen/ (PSlbperit PSlkiosed = (Fm_Lss— Fi_Lsg /
(Fm_Lss—Fq_Ls9).

Dark relaxation (dark-blue horizontal bar kg.3) following the actinic light period is
monitored by measuring the fluorescence signalrbdfee saturating flashes(Dn), during
the saturating flashe§& (;_Dn) and during the far-red flashds( Dn).

Fluorescence signals measured during the darkgar® used to calculate the relaxation of
non-photochemical quenchi?édPQ_Dn= (Fy - Fv_Dn)/ Fy, the re-opening of PSII reaction
centersgp_Dn ( PSlbpen/ (PSlbpert PSltiosed = (Fm_Dn —F_Dn) / (Fy_ Dn — Fo_Dn)),
and the relaxation of PSII quantum yi€d¥ Dn= (Fy_Dn - F,_Dn) / Fy_Dn).
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FluorCam Instrument
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FluorCam is the name for a family of kinetic imagifluorometers developed by Photon
Systems Instruments, spol. s r(&ig.4). Every FluorCam version contains a camera, with
standard modules to capture and grab images, artllesoto control the measuring light
flashes, actinic light and saturating flashes #ratgenerated by version-dependent light sources.
Both the camera and the light sources use the bajhecapacity power supply. The operation of
the camera and light sources is controlled by aopod in FluorCam software (see section V)
that is transmitted to the cameria a USB-2 cable. The acquired data are transmiitted the
camera to the computer by the same cable.

Fig.5 shows a scheme of the FluorCam macroscopic syst{étaady FluorCam, Closed

FluorCam, Open FluorCam, Leaf Chamber FluorCam,caistom-made large-scale systems). In
some versions, light sources can be limited to omgas flashes and actinic light source. The
control unit can be integrated in the camera ines@arsions or can be in form of a separate hub.

(72]
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FIGURE 4. Scheme of macroscopic FluorCam versions.

FIGURE 5. FluorCam hardware versions: (a) Portabidandy FluorCam for single leaf / Petri dish
measurements. (l§jlosed FluorCamwith fixed working distance for small plant / Radish measurements. (c)
Open FluorCamwith variable working distance and angles for shpdént / Petri dish measurements. (daf
Chamber FluorCamcombined with cuvette for gas-exchange measursm@)Micro FluorCam with Zeiss Axio
Imager. (f) Custom-madeérch FluorCam for multi-angle fluorescence imaging of small anddium-size plants.
(g) Custom-mad@&ransect FluorCamfor 2m x 1m area fluorescence imaging. gover FluorCam —easy-moving
model for large-scale scanning.

14



I1I.LA. Closed FluorCam

Closed FluorCam is a durable laboratory versiothefFluorCam instrument for measurements
on small plants, attached or detached leaves, aldfaires etc(Fig.6). Fixed LED panels in the
cabinet provide even irradiance over samples ufp3to< 13 cm. Selectable shelving system
allows precise measurement of samples of divemessiThe cabinet may be closed for dark-
adaptation. The position of the LED panels andcdmmera objective are fixed and do not need
any adjustment. The only manual controls are finguand zoom of the objective. A scheme of
a typical configuration is shown Fig.6.

CCD Camera

FilterWheel

(4 or 8 positions)

Measuring Light
Actinic Light
Super Pulse (STF)

IR (735 nm)

FIGURE 6. Closed FluorCam.
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[11.B. Handy FluorCam

Handy FluorCam is a compact portable version oRleerCam instrument for measurements on
a single leafFig.7) or on samples in a Petri dish. The position ofltB® panels and the camera

objective are fixed and do not need any adjustm@&iie only manual controls are focusing and
zoom of the objective. The whole instrument cancheried in a convenient bag over the
shoulder. It can be attached to tripod and canrals@n batteries.

FIGURE 7. Handy FluorCam. (a) Portable device vansfor single leaf / Petri dish measurements in
laboratory. (b) Handy FluorCam field operationc) Blue-color device version with its leaf clip ope
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[lI.C. Open FluorCam

The Open FluorCanfFig.8) is a particularly versatile version of the Fluon€anstrument for
measurements on a single leaf or on a small plEné¢ LED panels and the light source
generating saturating flashes can be arrangedrmugaangles and distances from the sample.
The position of the camera may also be adjusteddded precisiorThis allows optimization of
the imaging configuration for samples of differembrphology. The maximum area for imaging
with standard hardware is 13 x 13 cm, respecti28lx 20 cm, depending on the size of selected
light sources. The FluorCam hub can support upto EED panels.

FIGURE 8. Open FluorCam. The positions and angiefght sources, and of the camera, can be adlisb
provide the optimum configuration for irradiance rhogeneity with samples that have different morpglo

making thus the instrument very flexible.
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[1.D. Leaf Chamber FluorCam Mounted to Gas-Exchange Cuvég

The Leaf Chamber FluorCalffig.9) can be combined with gas-exchange measuring sgstem
from all major producers of plant G@nalysis systems (Licor, PP Systems and othéraljoivs
measurement of chlorophyll fluorescence KkineticsileviCO, exchange from the leaf is
monitored at the same time. A great advantagbefeaf Chamber FluorCam is that the leaf
chamber can be used to control precisely the emwviemt of the sample, e.g., with respect to
temperature, relative humidity and the partial pues of various gasses that influence
photosynthesis and transpiration (£ O,, water vapor).

FIGURE 9. Leaf Chamber FluorCam with gas-exchamgasuring cuvette.
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I1I.E. Micro FluorCam

Micro-FluorCam extends the complete capacity oekinChl-fluorescence imaging to the realm
of individual cells and sub-cellular structures. dan be combined with any wide-field
fluorescence microscope satisfying the needs of uber. The major difference from the
macroscopic FluorCam versions is in the type oflitjet sources. Up to three LED systems
with two dichroic mirrors can be integrated int@ tnodule that fits the microscope condenser
port. Measuring flashes, actinic light, saturatfteshes as well as a source for ‘fluorescence
protein’ excitation are typically supplied in thmodule. A far-red light source is mounted
separately in the transmission direction. A typmahfiguration of the Micro FluorCam is shown
in the scheme ifig.10.

FIGURE 10. Scheme of Micro FluorCam.
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llI.F. Custom-Made FluorCam Versions (Rover, Transect, Arl)

The Open FluorCam can be mounted to various cugtamiobotic systems with motorized
positioning of the light sources and camera.

The Rover FluorCam (Fig.11) is an extremely stable structure with large arli sgheels that
allow easy movement in field. Large plants (e.grn¢ soy plant) can be studiedsitu without
detaching or destroying them. The camera and pghels can be enclosed in a cabinet for more
convenient control of dark adaptation and actiightl The system scans area of 20 x 20 cm and
its height can be adjusted from 20 cm to 150 cmedjuired, an additional camera can be used
for true-color analysis.

FIGURE 11. Rover FluorCam is a remarkably stabtecture. Its large and solid wheels allow easy nmest in a
terrain and the system allows dark adaptation.

The Transect FluorCam (Fig.12) can scan plants along a two meters long transgpically, it

Is used to scan large sets of plants in high tHipugscreening or it can monitor plants affected
by stress gradient. It can also be favorably usedmalysis of multiple samples in large growth
trays.
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FIGURE 12. Transect FluorCam. Another motorized aan be added transversally so that the covered &e x
1 meter.

The Arch FluorCam (Fig.13) is a customized fluorescence imaging system faeeth
dimensional studies. The stand and the frame areeelngly steady, yet the whole structure
provides very flexible viewing angles. Large plactn be analyzed from various positions
without the need to move them. Three dimensionagendata are collected and the software can
generate 3-D images of Chl-fluorescence emission.

FIGURE 13. Arch FluorCam.
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I\VV. Installation and Assembly Instructions
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Most FluorCam versions (Close, Handy, Leaf-Chaméter.) are delivered to customers in fully
composed forms and they do not require any spassgmblage. Basic installation tips for the
Closed FluorCam are depicted in Chapter IV.A. Thgse can also be used for the Handy and
Leaf Chamber FluorCam versions.

The Open FluorCam is a versatile model; its assagabis therefore described in detail in
Chapters IV.B. and IV.C.
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IV.A. Assembly Instructions for the Closed FluorCam

Carefully unpack the parcel.

Place all components on a flat and firm surfaceethem away from wet floors and
counters.

Check the contents of the package and compar¢httive enclosed package list.
Make sure that both the FluorCam and the powerlgugsp switched off.

Using the provided thick power cord, connect theoFCam and the power supply.
Connect the power supply to a 110/230V outlet a battery pack (Handy FluorCam).
Connect the FluorCam to the computer using theigeaVUSB2 cable.

Switch on the power supply, the FluorCam and threpmder.
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IV.B. Assembly Instructions for the Open FluorCam

Recommended tools: Allen key (provided by the maactufrer).

Step 1:
Carefully unpack the parcel.

Place all components on a flat and firm surfaceeKthem away from wet floors and
counters.

Check the contents of the package and compar¢httive enclosed package list.

Make sure that both the FluorCam and the power Iguape turned off during the
assemblage.

Step 2:

Place the four stainless steel rods into the sumgomkets on the stand and tighten them in place
(Figs.14, 15)using the Allen key provided.

FIGURE 14 and 15. Tightening the support steel rmalshe FluorCam stand.
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Step 3:

Attach each LED panel to its bracket ensuring ¢haasher is placed on either side of the slit in
the bracke{Fig.16). Tighten the knobs on the side of the LED parelxtthem in place.

FIGURE 16. Installing the LED pane into its bracket

Step 4:

Attach each LED panels to an upright steel supgadtlock in place with the steel clamp. Make
sure that the two White LED panels (for the satogapulses) are placed opposite each other.
This will ensure that the orange LED panels (fatinac light and measuring pulses) are also
placed opposite each other. The LED panels maydoeg at any height on the upright supports,
but during initial installation it is best if thegre set at the lowest positigRig.17). Lock the
panels into this position using the steel lockitegr.

FIGURE 17. Attaching the LED panel to the suppteebkrod.
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Step 5:

Place the upper support bracket above the fouglippostqFig.18) and lock it into place using
the Allen key.

FIGURE 18. Installing the upper support bracket.

Step 6:

Mount the camera on the support bracket. Insertckamera between the sides of the central
support so that the sockets for the camera adjusthkreobs are aligned with the track in the
bracket(Fig.19). Screw the knobs into the side of the camera bodytighten. The knobs can be
loosened and the track used to adjust the caméghth&he complete assemblage of the Open
FluorCam is shown ifig.20.
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FIGURE 19. Mounting the camera on the upper suppatket.

FIGURE 20. The fully assembled Open FluorCam.

Step 7:

Attach the cables from the while LED panels toitiputs (labeled “LED PANEL”) on the front
of the two large power suppli€sig.21).

FIGURE 21. Front panels of the two large power diggowith the cable connection.
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Step 8:

Connect the Trigger Ports (labeled “TRIGGER INFig.21) on the front of the white LED
power supplies to the Super Pulse input on the oédine Control ModulgFig.22) using the
cable provided.

FIGURE 22. The rear part of the Control Module d8dper Pulse’ connection.

Step 9:

Attach the power cables from the orange LED patwethe two inlets on the front of the smaller
Power SupplyFig.23). Attach the DIN cables from the orange LED parelshe two “LED
Panel A” labeled inputs on the rear of the Conloldule (Fig.23). Attach the DC power output
cable from the Power Supply to the Power sockeherrear of the Control Modu(&ig.23).

| l

FIGURE 23. Control Module (white box) and the PoBepply (black box).
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Step 10:

Connect the Serial output from the camera to theeZa port of the rear of the control panel
(Fig.24).Connect the USB outlet of the camera to the USB @oyour PC.

!

FIGURE 24. Connecting the camera.

Step 11:

The system is now fully assembled. After loading FluorWin software on your PC you may
turn on all three Power Supplies and use the Opgor€am for your chlorophyll fluorescence
analyses.
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IV.C. Lighting Configuration for the Open FluorCam

Ideally, all four LED panels should be positionechad5 degree angle with respect to the plane
of the sample, with similar LED panels aligned dilg opposite to one another. A light meter
should be used to ensure that the position of B panels creates homogeneous irradiance
across the imaged area. The LED panels may batetbwn the steel support rods and swiveled
to create different lighting configurations for cplex samples. However, the user should check
for homogeneity of light level at the sample pagiti especially when measuring fluorescence
parameters that vary with actinic light level (é=g./Fm’).

When the LED panels are placed at 45 degrees tpldree of the base plate, they create

homogeneous actinic light across an area of apmately 12 x 14 cm. This area may be

expanded a little by increasing the height of thegts and raising the camera to create a wider
viewing angle. However, it is always essential use a light meter to ensure that the

homogeneous lighting area is defined when the iposiif the panels is changed.

Note that light level in software is set as a petage of maximum. A light meter should be
used to measure the maximum level, as this wily vath LED position.
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IV.D. Filter Wheel Installation

FIGURE 25. Filter wheel: (a) Front view. (b) Sidiew.
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V. FluorCam Software
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V.A. Installation and Start

V.A.1 Installation Instructions
Connect FluorCam instrument and PC using a USBecdlble USB 2 port is required.
Please log in as the Administrator during the ifegian.

FluorCam7 runs on Windows XP, Windows Vista and &léins 7 (32 bit edition only).

V.A.2 Fluorcam7 Start

Most customers do not need to install the FluorGaftware themselves. In most cases,
the FluorCam device includes its own PC and théwswé has been installed by the
manufacturer.

Start the FluorCam operation by switching on thevgrosupply, the FluorCam, and the
computer (see Chapter IV of this Manual for theiceinstallation).

Start the FluorCam 7 software by clicking the F&am icon on the desktop of the
computer or by starting the FluorCam7.exe file.

Look for this icon:
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V.B.

Testing the Instrument in the Live Window

On start up, the FluorCam software shows tive window in auto mode that
automatically adjusts the camera electronic shuhel the sensitivity to ambient light
level.

To begin an experiment, place, in a dim lit roonplant leaf in front of the camera
objective and adjust the zoom and focus of the carmabjective so that you see a sharp
leaf image. The image is transmitted by ambierttlghotons scattered on the surface of
the leaf.

The brighter the ambient light, the lower the autonatic shutter setting and the
camera sensitivity.

V.B.1 Live Visualization Features Tested in Scattered Alenit Light

The live window shows an on-line stream of imagd®h by the camera. FluorCam generates
512 x 512 pixel images with2-bit resolution, i.e., discriminating a maximum of 4096 light
levels. 25 images are taken per second, one e®emyildseconds.

Fig. 25 shows the live window with software contiedtures marked by red labels:

The size of the image window can be adjusted u&ilegimagnifying icons — (1) in
Fig.25.

Details of the image can be viewed by adjustingztheem feature— (2) in Fig.25.
Thenumbered scalecan be viewed after clicking the correspondinggifie(3) in Fig.25.

The color schemecan be changed by clicking the color / gray shexide bar— (4) in
Fig.25.
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FIGURE 25. Initial adjustment with the Live Flu@a@ window. By clicking the magnifying and de-m#gmg
icons (1), one can increase and decrease the difleeoimage window on the computer screen. Bxiolicthe
zoom field (2), one can zoom while preserving ibe af the image window. By clicking the numetcale field (3),
the scaling bar is supplemented by a numeric scBkeclicking anywhere on the color / gray scale @B, one can
change the color scheme of the image.

V.B.2 Live Imaging with Continuous Light Excitation
The live window can be used to reproduce the fankaudgsky and Hirsch experiment [Kautsky
and Hirsch 1931]:
First, the right actinic light irradiance, electroshutter and camera sensitivity must be
adjusted by controls describedRiy.26.
With theactinic light off and with theauto mode off the plant must be dark-adapted for
a minute or more.
Then, switch on the actinic light and follow theadlges in the brightness of the leaf
image on the computer screen. The fluorescencelswgll rise during the first second
and decline thereafter. The hand-drawn recordiris transient was the essence of the
famous paper by Kautsky and Hirsch.
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FIGURE 26. Testing continuous actinic light modéhwhe live FluorCam window. The actinic lightsitched
on and off, and its power is set by the controlsgid (2). In the ‘Auto’ mode, the electronic shutand the
camera sensitivity are adjusted automatically. Auto mode can be switched off (3) and the shatidrsensitivity
can be adjusted manually using the controls (4) @é)d

Keep in mind that there are different FluorCam deviersions. In some of them, certain software etésnmay
stay inactive, e.g., ‘UV’ or ‘UV/LED’ are inactivieere in the fields ‘Light Sources’ or ‘Light Intétiss’. These
features depend on the actual device configuradioth included options.
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V.B.3 Live Imaging with Excitation by Measuring Flashes

The live window can also be used to test the PAMIenof the instrument. In this mode, the
measured fluorescence that is excited by very dtashes of light can be discriminated from
fluorescence due to saturating pulses, or due mbiremus light. Also, the signal originating
from ambient light that has the same wavelengththas chlorophyll fluorescence can be
subtracted. The operation controls are showrigm27:

The PAM mode can be tested switching on the flasheswith auto mode on -1 and(2) in
Fig.27.

The auto mode is switched off thereaft€?) in Fig.27.

Shutter opening time and camera sensitivity can be adjusted bthe two bars in the right
bottom part of the window 3§ and (4) in Fig.27

FIGURE 27. Live imaging in PAM mode with measuflaghes. The flashes are switched on by checkingrhe

auto mode automatically adjusts the shutter anagisgity to yield optimum signal. The auto mode & switched
off by (2). With the auto mode off, the shuttest aansitivity can be adjusted manually by (3) at)d Please, note
that the shutter opening time controls also dunatid the measuring flashes.

The shutter opening controls also ttheration of the measuring flashesand that cannot be

longer than 20 ms. The apparently brighter meaguight with longer shutter opening time is
due to the longer on-time rather than to an in@@gshoton flux. The brighter fluorescence
signal with longer shutter opening is due to longezgration in the CCD chip.
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The higher signal, and thieetter signal-to-noise ratio with longer shutter opening time, is
unfortunately traded by increased actinic effedtshe measuring light. The measured signal
deviates from the trugy if the measuring light is too strong. The probleam be alleviated by
low repetition frequency of the measuring flastsee(the Protocol description below).

V.B.4 Testing More Features of the Live Window

Switch on the PAM mode (flashes on). Set¢henera sensitivity to ca. 60-80%and adjust the
shutter opening time so that the signal of the @al&pted leaf fluorescence is aro&w@d (out of
maximal 4096).

Set theactinic light intensity to ca. 50% and switch the light on €1) in Fig.28.0bserve the
Kautsky effect on the computer screen. Test tliecesf of changing actinic light intensity.
Switch the actinic light off.

In the hardware versions containing the super pigatire, set thpulse intensity to ca. 50%
andactivate the super pulse (2) in Fig.28.0bserve the transition froiffy to Fy and back on
the computer screen. Repeat with changing sugse ntensity.

Set the sensitivity to a high level and thleutter to the lowest levelthat still yields a leaf
fluorescence signal that is clearly visible on flteeen. With this setting, the images displayed
on the computer screen will be relatively noisyo feéduce the noiseswitch on the average
mode - (4) in Fig.28. Note the improvement of the signal-to-noise raf\weraging is also
possible in the instrument protocols (see below).

Decrease the camera sensitivity and the shuttirettowest level that yields a leaf fluorescence
signal (low but visible on the screen). Contrasttted images will be low. To increase the
contrastswitch on the contrast mode (5) in Fig.28.Note the improvement of the contrast that
Is achieved by re-scaling of the image window fi@ito-4096.

The FluorCam is typically operated using a protodtle protocol specifies intensity setting of
an experiment. One can find the optimum settingpénlive window andransmit this setting to
the protocol. Keep in mind that it is necessary to confirm¢heice of protocol {6) in Fig.28.

Fluorescence transients are recorded using protspekifications. As an alternative, a
fluorescence image can be recorded also in liveemmd clicking thesnapshoticon - (7) in
Fig.28.

The FluorCandevice ID andhardware version are automatically recognized8) and (9) in
Fig.28. According to your particular device ID and hardwsaegsion, certain software elements
may stay inactive, for instance, in the ‘Light Szes’ or ‘Light Intensities’ fields.

Any signal exceeding the maximum CCD well capa¢i§o6 levels) is indicated by a warning -
(10) in Fig.28.This is especially important when using a combamabf measuring flashes with
strong actinic light and strong super pulse int@sithat can generateackground signal
comparable to fluorescence. The CCD capacity caaxibeeded by such a strong background
even though the fluorescence signal excited byrteasuring flashes does not approach the 4096
maximum. If this is the case, reduce the shufpenang time, or the camera sensitivity, to avoid
the saturation.

The picture may be magnified or de-magnified arel rigsolution is also displayed(%1) and
(12) in Fig.28.
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FIGURE 28. More features in the Live window: HEudinic light is switched on and off and its intiéynss set by
(1). The super pulse is triggered and its inten@tywet by (2). The far-red light is switched ardeoff and its
intensity is set by (3). The average mode ancctimdrast modes are controlled by (4) and (5). Tégirsy of the
live window can be transmitted to the protocolisgh (see below) by (6). The image shown in thgéwaindow
can be captured as a snapshot by (7). The Fluor@arand Version are automatically recognized by rinstents
made in 2005 or later (8) and (9). Any signal eeding the maximum CCD well capacity (4096 levalshdicated
by (10). The picture may be zoomed in/out (11)itsksolution is also displayed (12).
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V.C. Designing a Protocol to Capture Fluorescence Transnts

The protocol is a list of instructions by which the user spesifwhat, and when, the FluorCam

instrument does during a measurement. Chaprl depicts how to use the protocols that are
part of the installed software. These protocols ehdeen pre-designed for the user’s
convenience. We recommend that the users who wtaking with the FluorCam device use

these pre-designed protocols first.

More advanced users of the FluorCam device mayddhieir own protocols. Basically, there
are three modes of designing experimental protoédlshree methods are described in detail in
chapters/.C.2 - V.C.4.

V.C.1 Protocols a la Carte.

First click the wizard icon €1) in Fig.29 This opens the Protocol Menu. Make your choice by
clicking the selected protocol or graph window (@fd) —(2) and (3) in Fig.29.

Upon clicking the selected name, the correspongirgfocol is loaded into therotocol
window. There is no need to learn the code in which théopab is written unless the user
needs to design new protocols or to modify thet@gsprotocols (see below). If you don’t
intend to modify existing protocols, or create npietocols, you can skip reading the next 3
sectionsv.C.2 - V.C.4.

FIGURE 29. Protocol Menu and Wizard window.

* Note: Pre-defined protocols can be subjects afraje without notice.
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V.C.2 Protocol Template Filled by the Wizard.

The wizard offers flexibility in designing protosolithout requiring that the user has expertise
in the protocol syntax. This flexibility may begugred in many experimental situations. For
example, the Kautsky effect transient largely dejseon the actinic light intensity. A mutant or
localized stress can be distinctly visible wittowlirradiance and can be missed with a high one.
The modification can be done either using the vdz@mplate or by modifying an existing
protocol (se&/.C.3.

(1) The wizard that constructs protocols fautsky effect measurements(Fig.30B) in
continuous light requires two parameters:
- ‘Experiment duration’ determines (in seconds) teaqu for which the plant is illuminated
by the actinic light;
- ‘Actinic light intensity’ determines (in percentf)e relative irradiance of the actinic light
source.

(I1.) The wizard foPAM guenching analysis(Fig.30A)requires the following parameters:

- ‘Subtractbackground signals’, if checked, leads to subtraction of lggokind signals that
are measured 40 ms before fluorescence is samptedych measuring flash;

- 'Fo duration’ defines (in seconds) the period overcvhiheFy measurement is repeated
once per second.

- Fu ‘Pulse duration’ defines (in milliseconds) the ation of the flash that transiently
reduces the plastoquinone pool and theaQceptor.

- Fu ‘Pulse intensity’ sets relative power of the pbagtinone / Q reducing flash.

- ‘Dark relaxation period after Fm’ defines (in sedeh duration of the dark relaxation
following the Fy measurement.

- ‘Actinic light exposure’ determines (in secondsyation of the period in which the sample
is exposed to actinic light.

- ‘Actinic light intensity’ determines (in percent)d relative power of the actinic light.

- ‘Number of pulses’ defines the number of saturaflaghes, and corresponding number of
Fm’ measurements, during the actinic light exposure

- ‘Dark relaxation period after Kautsky' determines Geconds) duration of the dark
relaxation following the Kautsky effect measurement

- ‘Number of pulses’ defines the number of saturaflaghes, and corresponding number of
Fm’ measurements, during the dark relaxation falhguthe Kautsky effect measurement.

(I11.) The wizard constructing protocols fQa re-oxidation kinetics (Fig. 30C) requires the
following parameters:

- ‘Dark interval separating ST flashes’ defines tleeiqd of relaxation between two single-
turnover (ST) flashes. This parameter defines &0 period of the pump-and-probe
measurement. One data point is collected per period

- ‘No. of data points / decade’ defines the resoftuiid the measurement on a logarithmic
time scale. Keep in mind that re-oxidation kinetare measured in pump-and-probe mode
and that number of data points / decade multipigdhe number of decades and by the
dark interval between the measurements definetothkeduration of the experiment. With
a dark interval of 5 s separating the measureméndata points per decade and 4 decades
of time scale covered (10%, 1 ms, 10 ms, 100 ms), the total experiment tuitiebe 80 s.

42



- ‘First data points delay’ defines how many micrasets pass between the single-turnover
flash and the first measurement.

- ‘ST flash duration’ defines the period of the sayirnover flash. The flash should be
short to prevent double-turnovers. At the sameetithe flash should be saturating. The
saturation requires high power and long duratioA. compromise between the two
requirements must be found.

FIGURE 30. Wizard windows. (A) The PAM quenctdnglysis consists of three phases: measuremenrdar&f d
adapted levels §and Ry, measurement of the Kautsky effect and of nonephetnical quenching in the light.

(B) The protocol for Kautsky effect measuremenh wibntinuous light excitation requires only to sfedhe
duration of the actinic light exposure and the aittilight intensity.

(C) The Q re-oxidation kinetics is measured in pump-and-gretith short saturating flashes repeated at a low
frequency and with measurements taking place witeadefined delay after the,@educing flash
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V.C.3 Modification of the Menu and Wizard Protocols

The pre-designed protocols offered in the menuherprotocols generated by the wizard, are
displayed in the protocol window in the form of ext file that can be edite(Fig.31). The
protocols can be saved under their current nane(83en Fig.31) or saved under a new name -
(4) inFig.31. The syntax of the modified protocol can be chdck®) in Fig.31.The FluorCam
program displays potential warnings and errors alc by syntax check in a separate text
window - (10) in Fig.31 Several lines of a protocol source code thatfraguently and easily
modified are shown ikig.31 (5-8).

FIGURE 31. Protocol window. (1) New protocol icerases the protocol memory. (2) Open an existirmgogol.
(3) Save the active protocol under its present nafdg Save the active protocol under a new name.

(5) Line specifying electronic shutter opening ti@el2 for continuous light mode and 0-2 for PAMdap (6)
Line specifying the relative sensitivity of theedtipn (0-100%). (7) Line specifying the relatpewer of the
actinic irradiance (0-100%). (8) Line specifyingethelative sensitivity of the super pulse (0-100%9) Syntax
checks of the protocol source file and protocol phation. (10) Syntax check report with identifica of potential
warnings and errors.

V.C.4 Designing New Protocols from Scratch

The spectrum of protocols that are offered in thetqeol menu and that can be designed with
help of wizard templates is broad and covers gicgl experimental designs required in plant
science and in plant applied research. Users thabtineed more specialized protocols can skip
the present section and proceed to the Chapter V.

The spectrum of experiments that can be done witbrEam hardware is broader than that
covered by wizards. Full versatility of the hardevaan be exploited by user-designed protocols.

The protocol syntax is explained here using theogoa for quenching analysis offered in the
protocol menu. An example of measurement with phagocol is shown ifrig.3.

The protocol starts with the header section
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;Quenchin analysis Dec. 1, 2005
include default.inc

include Handy.inc
ElectronicShutter=0; ##
Sensitivity=80; #Ht
Irradiance=15; ##
Superlrradiance=60; ##

The protocol starts with the header section. Tist line represents the comment format. The
semicolon symbol () can start a comment section in any line. Commant ignored by the
protocol compiler.

The next two linesirfclude default.inc andinclude Handy.inc) specify the names of the files, which
define the FluorCam compiler instructions and symththe FluorCam protocols. Thiefault.inc
defines those commands that are valid for all Fdaon versions. Thelandy.inc file lists
commands that are specific for a particular FluonGarsion.

The line ElectronicShutter=0) determines the duration of the interval duringickhthe
electronic shutter is opened during measuremeht® electronic shutter settings are numbered,
and the actual duration of the shutter opening tsrshown in Tab.1. The line ends by a string (

##), which is a comment ignored by the compiler, #mat serves to mark an easily modified
line. The modification is easy because it does mofuire modifications elsewhere in the
protocol.

PAM mode continuous light mode
Electronic 0 1 2 3 4 5 6 7 8 9 10 11 12
shutter #
Shutter 10 | 20 | 33.3| 100|250 500| 1 2 4 | 63|10 16.7| 20
openingtime | ms | ng | ng | ns | ns | ng | mMs| ms| ms| MS|MS| ms | MS

The sensitivity of FluorCam detection is defined the Gensitivity=80) line. The
sensitivity scale is linear and relative (0-1009%)meaning minimum sensitivity and 100%
meaning maximum sensitivity. The maximum sengitivange (80-100%) should be used only
when necessary, because it can lead to a relatolgignal-to-noise ratio.

Actinic light power is determined by thergdiance=15) line. Again, the scale is linear
and relative. The actual absolute irradiance atsgimple plane must be measured by the user
with any of the widely available PhaR meters. Absolirradiance is determined by the actinic
light settings, by the topology of the particulastrument, and of the particular sample.

The power of the plastoquinone pool reducing flakle, SuperPulse, is defined by the
(Superlrradiance=60) line.

The header protocol section is followed by sectithreg primarily define new protocol
variables as well as timing of individual triggerdameasurement events.

Jeeeeer Fo Measurement
FOduration=2s; ##
<0,200ms..FOduration>=>mfmsub?2
<0s>=>checkPoint,"startFo"
<FOduration>=>checkPoint,"endFo"
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The comment line;{+** Fo Measurement) IS followed by introduction of a variable that
defines duration of the Fp measurement F(Qduration=2s). The next line
(<0,200ms..Foduration>=>mfmsub2) determines th&, measurement sequence.

<0,200ms..Foduration> defines the time series that is interpreted by ¢belpiler using the
following syntax elements: Parenthesis <> reprebeear scale of the timing. The first event of
<t, t,.. ty> IS at the time,, the second event is at(t, =t, + dt, wheredt =+t, - t;), and the third
event is at; (t; =t, + 2dt). The last event is determined by the last et@roéthis series that is
equal or shorter thaR. The symbok> tells the compiler that at the instants specifigdthe
time series, the FluorCam must execute the comméanslib2. The command is interpretedras

. measurefm ... flash & measure, anslib ... subtract. First, an image is taken without the
measuring flash to capture the background signal/ary pixel. A second image is taken 40 ms
later synchronous with a measuring flash. The $ignéhe second image consists of both the
background signal and the fluorescence signal exdity the measuring flash. By subtracting
the first image from the second image subtractd#uoikground and obtains the net fluorescence
signal. The technique requires that the backgrasmibt changing on the time scale of tens of
milliseconds (avoid measuring in bright fluorescelnght). Also, neither of the two
measurements should reach saturation (4096).

The next two lines determine that all the imag&enabetweer0s> and<Foduration> can

be jointly addressed under the fluorescence feaiamnee'Fo". The images, under this name, can
be averaged, displayed, and used for calculatiorieg image processing part of the software.
The details of the prescribed processing formulae defined in numerix.nmx and
numerixavg.nmxa files.

The next protocol block determines timing of thgmeasurement:

;eeekkkk Saturating Pulse & Fm Measurement

PulseDuration=960ms;  ##

al=FOduration

a2=al+160ms

<al+40ms>=>SatPulse(PulseDuration)

<al+40ms>=>actinlightOn(PulseDuration)

<a2,a2+160ms..al+PulseDuration>=>mfmsub2

<a2>=>checkPoint,"startFm"

<al+PulseDuration>=>checkPoint,"endFm"
Following the comment ling*¢**** Saturating Pulse & Fm Measurement), three time variables are
set: PulseDuration defines duration of the saturating Super Puigerenames the end of the
previous series, ara? defines the start of tHgy measurement.
The SuperPulse is triggered>6atPulse(PulseDuration)) 40ms after the end of the preceding
series<al+40ms>. The Pulse is on for an interval specified;intseDuration. The actinic light is
switched on in paralleké1+40ms>=>actinlightOn(PulseDuration)). The first measurement is taken
120 ms after the saturating flash is triggeres®,62+160ms..al+PulseDuration>=>mfmsub2). The
measurement is delayed to allow full reductionhs plastoquinone pool by the Super Pulse.
The last two command lines assign the images taBetweena2 (= al+160ms) and
al+PulseDuration to a single collective name of the fluorescencampater +m.

The dark relaxation following thiéy measurement is defined in:
jeeekksx Dark Relaxation Measurement
DarkRelaxation1=27s; ##
b1=FOduration+40ms+PulseDuration
b2=80ms
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b3=2s

<b1+b2, b1+2*b2, b1+4*b2, b1+8*b2, b1+16*h2>=>mfmsub2

<b1+b3, b1+2*b3..b1+DarkRelaxationl-b3>=>mfmsub2

<bl+DarkRelaxation1-40ms>=>mfmsub2
Dark relaxation period is set to 273atkRelaxation1=27s). The variableol defines the start of
the measurement of relaxation kineti¢a=foduration+40ms+PulseDuration). The variableb2
defines 2=80ms), the step of the initial logarithmic measureménte series following the
Super Pulsebl+b2, b1+2*h2, bl+4*b2, b1+8*b2, bl+16*b2>=>mfmsub2. The second time series
resets the measurement for the time scale of seconpl3=2s, <bl+b3,
b1+2*b3..b1+DarkRelaxation1-b3>=>mfmsub2). The last line of the protocol block defines thst
measurement point before the actinic light expasiine data point is set to the last FluorCam
measurement when the sample is still in the dark.

The actinic light is switched on for 71&Lferiod=71s) at time c1:
eeekkk Actinic light Exposure
ALPeriod=71s; #it
c1=FO0duration+PulseDuration+40ms+DarkRelaxation1
<cl>=>actinlightOn(ALPeriod)

The Kautsky effect is measured during the actigictiperiod:

ek Kautsky Effect Measurement

c2=40ms

c3=2s

<cl+c2, cl+2*c2, cl+4*c2, c1+8*c2, c1+16*c2, c1+32*c2>=>mfmsub2

<cl+c3, c1+2*c3..c1+ALPeriod-80ms>=>mfmsub2

<cl+c2+1s>=>checkPoint,"startFp"

<cl+c2+2s>=>checkPoint,"endFp"
The first data point is taken 40ms after the actilght is switched oncf+c2). The initial
measurement seriesc{+c2, c1+2*c2, cl+4*c2, c1+8*c2, cl+16*c2, c1+32*c2>=>mfmsub2) defines
the data pointgoms, 80ms, 160ms, 320ms, 640ms, and1.28s after the actinic light is switched on
(c1). The subsequent measurement seri@a+¢3, cl+2*c3..c1+ALPeriod-80ms>=>mfmsub2)
continues witles, 4s, 8s, and so on until the end of the actinic light exgesuThe last two lines
define new fluorescence feature name This feature is defined in the numerix.nmx and
numerixavg.nmxa files as the image in which theayed signal reaches a local maximum.

The following block defines the first SuperPulselueing transiently the plastoquinone pool
during the actinic light exposure:

yeeekkkk Saturating Pulses - Fm_L Quenching Analysis

fl=c1+<9s>; #Ht

f11=f1#<160ms,320ms..960ms>

f11=>mfmsub2

fl=>checkPoint,"startFt_L1"

f1+960ms=>checkPoint,"endFt_L1"

f2+40ms=>SatPulse(PulseDuration)
f21=f2#<160ms,320ms..PulseDuration>
f21=>mfmsub2

f2=>checkPoint,"startFm_L1"
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f2+PulseDuration=>checkPoint,"endFm_L1"
First, the actual fluorescence before the satugadumper Pulse is measured starting at 9s after the
actinic light is switched onfi=c1+<9s>). The measurements are defined by the time series
(f11=f1#<160ms,320ms..960ms>) and executed byil=>mfmsub2). The fluorescence feature L1
is defined thereaftefic>checkPoint, "startFt_L1", f1+960ms=>checkPoint,"endFt_L1").
The origin of the Super Pulse flash is set to 19 &fer the actinic light is switched oo=f1+1s,
f2+40ms=>SatPulse(PulseDuration)). = The measurements are defined by the time series
(f21=f2#<160ms,320ms..PulseDuration>) and executed byffl=>mfmsub2). The fluorescence
featureFm_L1, the maximum fluorescence taken in the first fldshing the actinic light period,
is defined thereaftefic>checkPoint, "startFt_L1", f1+960ms=>checkPoint,"endFt_L1").

The Ft_Ln and Fm_Ln measurements are repeated/&0) at 29 / 30s, and at 49 / 50s:
f3=c1+<19s>; #it
f31=f3#<160ms,320ms..960ms>
f31=>mfmsub2
f3=>checkPoint,"startFt_L2"
f3+960ms=>checkPoint,"endFt_L2"
f4=f3+1s
f4+40ms=>SatPulse(PulseDuration)
f41=f4#<160ms,320ms..PulseDuration>
f41=>mfmsub2
fd=>checkPoint,"startFm_L2"
f4+PulseDuration=>checkPoint,"endFm_L2"
;I\/\I\/\I\/\I\/\I\/\I\/\/\I\/\I\/\
f5=c1+<29s>, Hit
f51=f5#<160ms,320ms..960ms>
f51=>mfmsub2
f5=>checkPoint,"startFt_L3"
f5+960ms=>checkPoint,"endFt_L3"
f6=f5+1s
f6+40ms=>SatPulse(PulseDuration)
f61=f6#<160ms,320ms..PulseDuration>
f61=>mfmsub2
f6=>checkPoint,"startFm_L3"
f6+PulseDuration=>checkPoint,"endFm_L3"
; NANNNNNNNNNNNNNNNN
f7=c1+<49s>; #it
f71=f7#<160ms,320ms..960ms>
f71=>mfmsub2
f7=>checkPoint,"startFt_L4"
f7+960ms=>checkPoint,"endFt_L4"

f8=f7+1s

f8+40ms=>SatPulse(PulseDuration)
f81=f8#<160ms,320ms..PulseDuration>
f81=>mfmsub2
f8=>checkPoint,"startFm_L4"
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f8+PulseDuration=>checkPoint,"endFm_L4"
SANNNNNNNNNNNNNNNN

The steady state fluorescence features Ft_Lssm@and $5 are measured at 69 / 70s:
f9=c1+<69s>; #it
f91=f9#<160ms,320ms..960ms>
f91=>mfmsub2
fo9=>checkPoint,"startFt_Lss"
f9+960ms=>checkPoint,"endFt_Lss"
f10=f9+1s
f10+40ms=>SatPulse(PulseDuration)
f101=f10#<160ms,320ms..PulseDuration>
f101=>mfmsub2
f10=>checkPoint,"startFm_Lss"
f10+PulseDuration=>checkPoint,"endFm_Lss"

The actinic light period can be followed by a shexposure to far-red irradiance that selectively
excites Photosystem | and, thus, oxidizes rapityplastoquinone pool (Fig.2). In this way, the
minimum fluorescence of a light adapted plasot,Lss, can be measured. The far-red irradiance
is switched off during the measurement becausenegtes a background signal that would
saturate the CCD camera chip:

jreeekiix Ear-Red Exposure

FRPeriod=2s; ##

d1=FO0duration+PulseDuration+40ms+DarkRelaxation1+ALPeriod

<d1>=>IR(520ms)

<d1+640ms>=>IR(120ms)

<d1+840ms>=>IR(120ms)

<d1+1040ms>=>IR(120ms)

<d1+1240ms>=>IR(120ms)

<d1+1440ms>=>IR(120ms)

<d1+1640ms>=>IR(120ms)

<d1+1840ms>=>IR(120ms)

<d1+600ms,d1+800ms..d1+FRPeriod>=>mfmsub2

<d1+1200ms>=>checkPoint,"startFo_Lss"

<d1+FRPeriod>=>checkPoint,"endFo_Lss"

Dark relaxation following the actinic light periegimonitored for 100s:
jeeekkx Dark relaxation after actinic light period
DarkRelaxation2=100s
h1l=FOduration+PulseDuration+40ms+DarkRelaxation1+ALPeriod+FRPeriod
ekt Relaxation Measurement
h2=40ms
h3=2s
<h1+h2, h1+2*h2, h1+4*h2, h1+8*h2, h1+16*h2, h1+32*h2>=>mfmsub2
<h1+h3, h1+2*h3..h1+DarkRelaxation2-80ms>=>mfmsub2
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Dark relaxation of non-photochemical quenching sasured during 3 flashes at 29/30, 59/60
and 89/90 seconds after the actinic light is sveitcbff. Each flash is followed by a short far-red
irradiance to reveal the instantaneétidevel:

jreekkkx Saturating Pulse - Fm_D1 Quenching Analysis

g1=h1+<29s>; #

g11=g1#<160ms,320ms..960ms>

gl1l=>mfmsub2

gl=>checkPoint,"startFt D1"

g1+960ms=>checkPoint,"endFt_D1"

g2=gl+1s

g2+40ms=>SatPulse(PulseDuration)

g21=g2#<160ms,320ms..PulseDuration>

g21=>mfmsub2

g2=>checkPoint,"startFm_D1"

g2+PulseDuration=>checkPoint,"endFm_D1"

NANANANNNNNNNNNNNNNN
1

jreeekixx Ear-Red Exposure D1
g91=g2+40ms+PulseDuration
g91=>IR(520ms)
092=gg1#<600ms,800ms,1200ms,1400ms,1600ms,1800ms>
gg2=>mfmsub?2
093=gg1#<640ms,840ms..FRPeriod>
g93=>IR(120ms)
gg1+1200ms=>checkPoint,"startFo_D1"
ggl+FRPeriod=>checkPoint,"endFo_D1"

; NANANNNNNNNNNNNNNNN

jreekkx Saturating Pulse - Fm_D2 Quenching Analysis
g3=h1+<59s>; #
g31=0g3#<160ms,320ms..960ms>
g31=>mfmsub2
g3=>checkPoint,"startFt_D2"
g3+960ms=>checkPoint,"endFt_D2"
g4=g3+1s
g4+40ms=>SatPulse(PulseDuration)
g41=g4#<160ms,320ms..PulseDuration>
g41=>mfmsub2
g4=>checkPoint,"startFm_D2"
g4+PulseDuration=>checkPoint,"endFm_D2"
; NANANNNNNNNNNNNNNNN

ek Ear-Red Exposure D2
093=g4+40ms+PulseDuration
g93=>IR(520ms)
gg94=gg3#<600ms,800ms,1200ms,1400ms,1600ms,1800ms>
gg4=>mfmsub?2
095=gg3#<640ms,840ms..FRPeriod>
g95=>IR(120ms)
gg3+1200ms=>checkPoint,"startFo_D2"
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gg3+FRPeriod=>checkPoint,"endFo_D2"

; NANNNNNNNNNNNNNNNN

jreekkx Saturating Pulse - Fm_D3 Quenching Analysis
g5=h1+<89s>; #
g51=g5#<160ms,320ms..960ms>
g51=>mfmsub2
g5=>checkPoint,"startFt_D3"
g5+960ms=>checkPoint,"endFt_D3"
g6=g5+1s
g6+40ms=>SatPulse(PulseDuration)
g61=g6#<160ms,320ms..PulseDuration>
g61=>mfmsub2
g6=>checkPoint,"startFm_D3"
g6+PulseDuration=>checkPoint,"endFm_D3"
; NNANNNNNNNNNNNNNNN

jreeekixx Ear-Red Exposure D1
0g91=g6+40ms+PulseDuration
g91=>IR(520ms)
092=gg1#<600ms,800ms,1200ms,1400ms,1600ms,1800ms>
gg2=>mfmsub?2
093=gg1#<640ms,840ms..FRPeriod>
g93=>IR(120ms)
g91+1200ms=>checkPoint,"startFo_D3"
ggl+FRPeriod=>checkPoint,"endFo_D3"

END *% *kkkkkkkkkk *kkkk *% *kkkkkkkhhhhhhhrkkxkx *kkkkkkk
1

51



V.D. Experiment and Data Pre-Processing

The experiment encoded in the protocol is execufsah clicking the trigger (1) in Fig.32
First, the protocol is compiled in the computer amqdoaded to the FluorCamia the USB-2
cable. The experiment proceeds according to tbhegol instructions. The experiment can be
interrupted by clicking the stop sigif2) in Fig.3Z.

The sample and the experiment can be assignedabadgat code from an optional bar code

reader: either automatically, in serial experimentthe multiple trigger mod€3 in Fig.32),or
manually by the bar code reader activaimn Fig.32).

FIGURE 32. Top icon bar of the FluorCam softwal®. Trigger starting compilation of the protocof (iot done
in the protocol window) and initiating executiontbe experiment. (2) Stop interrupts executiorheféxperiment.
The experiment can be re-started (but not resuraéidy the stop is used. (3) Multiple trigger withtamatic bar
code reading and file assignment. (4) Manuallyheded bar code reader.

V.D.1 Experiment

Upon triggering the experiment, the protocol is pded and uploaded from computer to the
FluorCam. The progress of compilation and uplaadghown in the LogView window that
transiently appears on the computer screen. Ttie gmogress of the experiment is monitored
and recorded in ‘psiserver.log’ and in ‘logfile.lddes in the FluorCam directory.

FIGURE 33. The bottom bar shows (in percent) ttoggess of the experiment.

2 Attention: The experiment interrupted in this wannot be resumed and the data are lost.
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V.D.2 V.D.2 Data Upload, Pre-Processing and SelectiorRa&gions-of-Interest

The data are uploaded to the computer RandomAddessory (RAM) during the experiment.
As soon as the experiment is over, the computestess the data from RAM to its hard drive
forming a temporary experiment file in a ‘psitemflder. Simple automatic image
segmentation is proposed by the FluorCam softwarseparate the image regions with a
fluorescence signal from the dark background. Bleigmentation is only tentative and can falil,
for example, when there is no background or whersignal is too low.

Fig.34 shows the FluorCam window offering more pre-preoes features. The green area in
the image indicates the region-of-interest thatlisdinct from the background(d) in Fig.34
The signal integrated over all pixels of this regis represented in the lower panel by the green
kinetic tracé. Using the computer mouse, one can place a cwossr anywhere in the image
window, and the fluorescence transient correspandgiinthe pixel selected by the cursor is
shown by the red kinetic trac€2) in Fig.34

The displayed image can be changed by sliding tingoc along the time axig3) in Fig.34 By
clicking the view icon one can toggle between gtei-all’, ‘show-image’, and ‘show-kinetics’
display modes ¢4) in Fig.34

FIGURE 34. The pre-processing window shows a teely image segmented fluorescence image in in@aoel.

The green shading shows the region-of-interest thast likely represents the fluorescing object. $heounding

area is tentatively identified as background. Fhgnal in the region-of-interest is integrated €ijd kinetics of the
integrated signal is shown in the bottom kinetiagla The cursor (2) can select a pixel anywherthaimage, and
the transient in the selected pixel is be shownhleyred kinetic trace. The displayed image can henged by
moving the sliding cursor (3). The display canglegoetween ‘show-all’, ‘show-image’, and ‘showios’ modes
by clicking (4).

%It can take several seconds to calculate thigiated transient.
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Fig.35 shows more features of the pre-processing winddke signal level in the pixel selected
by the cross cursor is indicated in the scale l§a) in Fig.35. The scale bar can be shown with
or without the numeric scale(2) in Fig.35. The segmentation of the image can be assisted by
the four scale dividers (3) in Fig.35 -that separate up to five regions-of-interest caimgsof
pixels within the given signal range. The regiofisaterest can be selected, and de-selected, by
clicking the black vertical line along the corresding scale bar segment. The image segment
with pixels in the lowest signal range 0-300 issé¢ectedin Fig.35 This corresponds to the
black segment of the image window showing the beadtkground. By moving the scale divider
from 300 to lower values, pixels in the backgroumdl start to be included in the image
processing and averaging. The image that is usedeigmentation can be any frame that is
selected by the cursor from the measured sequ&@en Fig.34,or any frame, or combination

of frames, that is pre-labeled and defined in nixmanx files. The list of the images that are
pre-labeled and available for segmentation is plediin the ‘Source’ field (4) in Fig.35. In

this way, one can separate, for example, regionstefest that differ in quantum yields, or in
non-photochemical quenching, rather than in diyecptured fluorescence signals (eKy ,or

Fun).

FIGURE 35. More pre-processing tools. The signahat position of the cross cursor (1) is shownhgyindicator
on the scale bar (1 arrow). The scale bar can bspldiyed with or without a numeric scale (2). Aefin
segmentation of the image is possible by usingraading the scale dividers (3, see also Fig.24). dBfault, the
image shown in this window corresponds to the frémag is selected by the sliding cursor (Fig.22owever, one
can also display images that are generated by fraomabinations defined in the protocol, and in thenerix.nmx
and numerixavg.nmx files. The list of availabl@ag®es is available in the ‘Source’ field (4). Rdswh between
minimum and maximum signal levels is possible lBc8eg the ‘Contrast’ field (5). The ‘Selected wriield (6) is
relevant only in a second iteration of the imaggmsentation and, if checked, limits the segmentatoitines to the
region-of-interest that was selected and analyretthé primary segmentation step. The ‘Min Sizéd f{&) defines a
minimum number of pixels that are considered tahee user defined region-of-interest. The ‘Adjusteivals’
switch (8) triggers the tentative image segmentativat roughly separates the background from theemtal
region-of-interest. The ‘Auto’ mode (9) limits tkegmentation to ‘Adjust Intervals’ pre-segmentat{8) and to
manual movement of scale dividers (3).
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Sometimes (e.g. witko), the measured image can be too dim for segmentafThen, one can
use Contrast to re-scale the signal between thénmoax and the minimum signal levelg5) in
Fig.35.

The ‘Selected Only’ field is active for secondamnyage segmentation(é) in Fig.35 One can,
for example, use one fluorescence parameter tonaldfe primary region-of-interest, and
perform secondary image segmentation only withis phimary region-of-interest using another
fluorescence parameter.

The ‘Minimum Size’ field limits the size of the negs-of-interest that are included in the image
processing {7) in Fig.35 By setting this value at a low level one canudel small objects but
can, unintentionally, also include small groupspofels that are separated by the artifact of a
noisy signal.

FIGURE 36. The manual image segmentation is ssleloy (1). The segments are rectangular (2), élif8) or
polygonal (4). The segments can be moved indilid(&) or in a group (6). The segments can besedaby (7)
and (8). The segments can be saved (10) and Idaoledmemory (9 and 11). The signal in the selentgibns-of-
interest can be integrated by ‘Analyze’.
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The ‘Background exclusion’ trigger (s€8) in Fig.35) re-sets the lowest scale divider to a
minimum value of the image histogram so that thekgeound can be tentatively de-selected -
(3) in Fig.35

The ‘Auto’ mode (se€9) in Fig.39 relies on image segmentation by the scale disideze(3)
in Fig.35 and by the ‘Adjust Intervals’ routine.

The ‘Manual’ mode of image segmentation is selebted (1) in Fig.36 The regions-of-interest
can be square (s€2) in Fig.36, elliptic (see(3) in Fig.36, or polygonal (seé) in Fig.39.
Individual region of interest can be moved5} in Fig.36 Multiple regions-of-interest can be
moved as a group -6)in Fig.36 Individual, or all regions-of-interest, can based - se€7)
and (8) in Fig.36

The regions-of-interest can be saved and reloadsde-10) and (9) in Fig.36 This is a

particularly handy feature in those situations wiaereproducible pattern, e.g., of multi-well
plates, is repeatedly imagel) in Fig.36.

The segmentation of the image by scale divideexjdained in detail ifrig.37.

FIGURE 37. Image segmentation by scale dividera. thie top left panel, the space dividers are distted

uniformly from 0 to the maximal signal level, arllifize scale ranges are selected as indicatedhgyvertical line
along the scale bar. With the entire signal rasgéected, the square, elliptic, and polygonal sisafde3) are fully
selected, including the segments that show thegoackd. Upon pressing ‘Background Exclusion’, thevest

scale divider is moved to the histogram minimunt thgically separates background from the usefghal range

(thick red arrow). The function of the scale divilecan be demonstrated by sequentionally selectireg
corresponding signal range. First, select the lstvange 0-300 as in the lower leftmost panel. 3¢lected range
corresponds to 'background only’ segment showhénpanel image window. The green kinetic trag#dse to the
zero level, confirming that the selected segmeintdsed background. The red kinetic trace showsémnparison
kinetics in one of leaf pixels selected by the muBy selecting only the 300-600 signal range @dowow, second
panel from the left), one excludes the backgroumtl selects only the stem pixels that, being in anperiphery,

exhibit low signal levels. The green kinetic trateady shows a typical pattern of the Kautskgafthat is shifted
to lower signal levels compared to the red kinétéce in the pixel selected by the cursor. One s@am through
the other scale ranges selected by the other diside
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V.E. Results Analysis

FIGURE 38. The Results window consists of fourefmifmarked by yellow color). Panel A representatiap

dimensions by one image of the fluorescence transefjuence. Panel B shows kinetics of the fleere=e signals
averaged over the image segments that were selpdi@dto analysis in the Pre-processing window &hdt are

shown in Panel A. Panel C shows all images defaretllabeled in the numerix.nmx and numerixavg.nies. f By

clicking any of the frames in the Panel C, one $fars the selected image to the Panel A windoweParoffers

controls to customize the Results panel.

Panel A can be zoomed in and out (1). The fieldnf@yms about the segment that is currently selbcand about
the image that is selected by clicking on any efftames in panel C (here 3). By pointing the cuteaa particular

segment, one can rename it (4). By pointing anysvirethe image, one can save its bitmap. By dligkhe top
icon in 5, one can toggle between two panels Ac@pa B (time), show A (space) and show B (tinl#)e bottom
icon in 5 toggles between showing and hiding thmemic scale.

V.E.1 Spatial Heterogeneity of the Measured and Calculhtearameters

The Results windowfig.38) shows, in panel C, all images that are calculbtednalysis of the
pre-processing windo\Fig.36). These images are directly captured and averagetks (e.g.,
Fo, Fm, Ft) or they are calculated from the captured franeeg. (Fv= Fu-Fo, NPQ= (Fu-Fw')/

Fm'). Any of the images in panel C can be selectedhbyse clicking. The selected image is

shown in an expanded form in the panel A. The edpd image is segmented according to
actions made in the pre-processing windévg.36). The signals from all pixels of each segment
are integrated, and the averaged value repredamtsegment fluorescence at given time point.
Time sequences of these fluorescence levels catesfitiorescence transients shown in panel B.
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A trace is also shown that represents values pkaific pixel selected by the mouse cursor (the
noisy red line in the panel B). Panel D is usedustomize visualization of the results.

FIGURE 39. Visualization of the spatial heteroggnef fluorescence emission. Any image from théi panel
window can be selected for closer inspection biydéfking it (1). The formula by which the seksttimage is
calculated is shown in field (2). Right clickingems a sub-menu (3). By selecting ‘Save Image’,canesave the
corresponding image in the bitmap format (4) faletaimage presentation or manipulation. By selagtiChange
Multi-Panel’, one can show, or hide, the imageshis window (5). Only a sub-set of the images #ratcalculated
in the analysis window is shown by default. Bedéalg ‘Save Multi-Panel’ (6) or ‘Load Multi-Pane{7), one can
save or load the configuration of the window.

The false color scheme of the images can be chamgeticking the color scheme bar (9). With (18lested, the
images are colored pixel-by-pixel without averaginBy selecting (11), one switches a mode in wthehvalues
are calculated for each pixel, and averaging is el@fiter the calculation, e.g., Average/,). By selecting (12),
one switches to a mode in which values are firgrayed and then used for a calculation, e.g., Agerér)/
Average (k).

Visual perception of the images is controlled bwptiee scaling of the false colors. By selectitd)( one chooses a
default grouping of the fluorescence images witmtital color scales. Typically, all directly measd signals
(e.g., R, Fy) and their linear combinations (e.g.,,A=p) are shown using one scale so that, e.g.isfblue, F is
red. Ratio images (e.g., NPQ, QY) are shown withtlzar scale.

Alternatively, one can select (14) to see the logteneity of the image the greatest resolution betwmaximum
and minimum values of the signal. Sometimes itboeaadvantageous to define the scale limits manumilglicking
(15) and typing the chosen minimum and maximuntslimi

Saving of a particular image, as well as changsaging and loading a customized configuration
of the multi panel Results window is describedFig.39 (red numbers and arrows).

Visual presentation can be pixel-by-pixel withoutyaaveraging {10) in Fig.39,or one can
select only the averaged values of measured ouleééd signals. Whe(l1) in Fig.39selected,
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the software first calculates the requested pammniet each pixel and averages the calculated
parameters over the selected segment of the infageexample, assuming that the fluorescence
signal in a hypothetical 2-pixel segment ig;=2.5 and =0.5, then [1=2 and k=8, the
parameter defined as.fe=(Fw-Fo)/ Fu is first calculated for each pixel: fd = (2-1.5)/2 = 0.25
and FZ0 = (8-0.5)/8 0.94. The average value off in the 2-pixel segment is, therefore,
0.59. All three pixels are assigned a color tlvatesponds to 0.59.

The mode selected K{1) in Fig.39yields mathematically correct averages, but hassewere
limitation in that the signal-to-noise ratio is loun some cases, fluorescence signals, or
calculated differences of fluorescence signals, @pproach 0. If these signals are used in
denominator of a ratio, such pixels can contridotealculated averages by disproportionately
large parameter values. This noise artifact igtéichin mode(11) in Fig.39by eliminating
pixels that would contribute to averaging by a edloat is outside of pre-set limits.

Alternatively, the user can avoid this noise actifay choosing modé€l12) in Fig.39 In this
case, the software first calculates the averageegahnd the ratios of the averaged parameters.
In the example described above, the averaged digmall and the averaged signgl 5 5. The
ratio of the averages isafo =(Fu-Fo)/ Fu = (5-1)/5 = 0.8. This value is not the numerigall
correct average of the parametegifin the two pixels (Flio = 0.25, F2io 0.94) and its
interpretation can be difficult. On the other hatite averaged values of;Fand kb are much
less susceptible to noise artifacts, and typicdallg numerical error in using the ratio
[Average(k) — Average(b)] / Average(k), instead of the more correct one Average[¢H)/
Fo)] is very low. It is up to the user to choose thest option for a particular experimental
situation. With high signal-to-noise ratio it igptcally possible to use the mathematically
correct mode {11) in Fig.39 whereas in experiments with low signal-to-noiseésicertainly
better to use modgl2) in Fig.39 These two modes are available for the tabulatederical
values of the fluorescence parameters as desanldad.41.

FIGURE 40. Histogram. The histogram of any seldateage (1) can be enabled / disabled by (2).n#téed, the
window (3) can be opened to see number of pixetegmonding to a given interval of signal levelghin the

59



selected segment, or within the entire image (if 40t checked. The number of signal level inclugdedhe

histogram can be modified by (5). The details ef ifstogram can be inspected by pressing the leftsa button
and by dragging a rectangular zoom area in the clien indicated by the arrow 6 (top-left to bottaight). The

show-all zoom can be re-established by dragginthénopposite direction (7). By pressing the rigtduse button
with the cursor in the histogram plot area (8), ara move around the detailed view of the histogram

V.E.2 Kinetics of Measured and Calculated Parameters

The kinetics of fluorescence parameters can batgtratly inspected in the multi-panel window
described irFigs. 38 and 39.The quantitative assessment of kinetics can l&red using the
Graph window in Resultg-ig.40).

FIGURE 41. Kinetics of the fluorescence transisndisplayed by selecting (1). The traces for danspgments
defined in the Pre-Processing window are shownoimét defined in the Chart Parameters window (Z)he
caption of individual segments can be modifiedegithy clicking the segment in the main image wing8vieft
arrow) or by changing the name directly in (3 rigiitow). Any particular segment can be shown aldein (4).
The color of the trace, as well as the color of segment in the Averaged modes (11 and 12 in Figcah be
changed by (6) — Sometimes the kinetic traces glyawerlap, and it is better to use an offset (Also, one may
need to re-normalize the trace using a multiplicatfactor (7). Details of the kinetic trace canibspected and the
numerical values of individual data points obsen{8dand in Fig.30). The details of the kinetiades can be
zoomed in by pressing and dragging the left mowsti in the direction (9). The zoomed-in graph te&nmoved
around by dragging with the right mouse button pees(10). The graph can be zoomed out by draggitigthe
left mouse button pressed in the direction (11)terAatively, the zooming out can be performed ligking the
icons group 12: left icon for signal dimension, di@ icon for the time dimension, and right icon footh
dimensions.
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The kinetic traces can be zoomed in and out usiagsame convention as describedrig. 40
for the histogram. The zoom-in area can be defingdoressing the left mouse button and
dragging it in the direction top-left to bottom-hnig- (9) in Fig.41. The zoomed-in graph can be
moved around by dragging with the right mouse buficessed ¢10) in Fig.41 The original
show-all zoom can be re-established by dragging thié left button clicked in the bottom-right
to top-left direction.

Fig.42 demonstrates additional features that are availfblkinetic analysis of the fluorescence
transients.

FIGURE 42. Additional visualization features awadile for kinetic analysis. The panel showing tlherescence
transient can be expanded by (1). By clicking ()e can open the window to visualize the time smwof
controlling signals defined in the protocol. Thegenta arrow (3) shows the line that denotes thasméng

flashes in the kinetic window (3’ below). The bareow (4) shows the corresponding line for theirict light

on/off status. The blue line (4’ below) showsabtnic light signal in the kinetic window. The-sift’ (5) and the
‘Multiplier’ (6) columns offset and re-scale thentml signals. Details of the transients can bepected by
zooming-in (7) by left mouse button dragging. $hew-all zoom level can be restored by dragginthéopposite
direction (see Fig.29). Details of the initial pdeaof the fluorescence transient can be best vimdlusing a
logarithmic time scale (8). Double-clicking of tleft mouse button positions a cursor (9) that degfitiming for the
normalization (10). The graph can be moved withi& window by cursor dragging with the right moumgton

pressed.
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Fig.43 shows a zoomed-in detail of a kinetic trace shgvtire measurement Bf,.

FIGURE 43. The attributes of the zoomed fluoresedransient can be set in the ‘Chart Parameterigsidow (1).
The signals of the first 3 segments are hidderaf2) only the fourth transient shown (3). The lidor is black.
The red noisy line corresponds to a pixel thaeiested by the cursor. The black kinetic tractheffourth segment
is shown with marks (4) that indicate the numemtue of the signal. One can also see timing foriviiddial
checkpoints (5, dotted line) that are used to dalkeufluorescence signals for the images in thetippainel window.
Here, for example, the checkpoints StartFm and EmdFe shown (5). These are used to calculate theaged Fy
signal between them. The definition gf frinted in (6) is stored in the numerix.nmx andnewicsavg.nmx files.

V.E.3 More on Checkpoints

Checkpoints are marks separating and naming diffgpbases of the fluorescence transient.
Paragraph V.C.4 describes how the checkpoints efieed in the experimental protocol. For
example, by writing

<0s>=>checkPoint,"startFo"

<FOduration>=>checkPoint,"endFo"

and

<a2>=>checkPoint,"startFm"

<al+PulseDuration>=>checkPoint,"endFm"

one defines 4 checkpoints named:
- startFo as the first measurement after Os
- endFo as the first measurement after the time definddanvariable-0duration
- startFm as the first measurement after the time definddanvariablea2
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- endFm as the first measurement after the time defindtenvariableal+PulseDuration

Clearly, one can use these 4 checkpoints to opesttied different frames or, more typically, to
operate with 2 sets of frames, each limitedtay andend timing.

The use of checkpoints, and the potential aritheneperations with the frames defined by
checkpoints, is defined in the numerix.nmx and nuxagg.nmx files. For example, one can
find there the following lines:

a. <EXIST name="startFo"/>

b: <NOEXIST name="endFo"/>

C. <FORMULA var="Fo" term="frame{startFo}" accurge"2" visible="true" export="true"/>

These can be de-coded in the following way: if ackpoint namedstartFo" is defined in the
protocol, and if there is no definition of any chpoint namedendFo', the frame labeledtartFo"
will be used as th&ro" frame variable with the prescribed numeric accul@ey digits after the
decimal point. TheFo" frame variable will be represented in the multi-@aresults window
(visible="true") and will be included in the export filesxport="true).

The piece of protocol described above containgl#imition of the checkpointndro"and, thus,
a block of numerix file exists:

<EXIST name="startFo"/>

<EXIST name="endFo"/>

<FORMULA var="Fo" term="average(frame,startfr@Eo)" accuracy="2" visible="true" export="true"/>
defining the'Fo" frame variable as an average of all frames thabareeern'startFo" and"endFo"
checkpoints.

Similarly, the"rm" frame variable is defined by
<EXIST name="startFm"/>
<EXIST name="endFm"/>
<FORMULA var="Fm" term="average(frame,startFngém)" accuracy="2" visible="true" export="true"/>

One can also define arithmetic operations with #ane.g., by:
<FORMULA var="FVv" term="Fm - Fo" accuracy="2fsible="true"/>
<FORMULA var="QY_max" term="Fv/Fm" accuracy="2isible="false"/>

In this way the checkpoints define the images ia thulti-panel results window, and the
parameters calculated in the Numeric and Nimerig fables.

The checkpoints can be moved by deleting and addlingny case, only checkpoint names that
are properly defined in the numerix and numerixang files can be used to define images in
the multi-panel window and the numeric tables.
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V.F. Snapshot Mode - Imaging of Fluorescence Proteins dr-Fluorescent Dyes

In addition to ChIF kinetics, FluorCam, in prin@pl allows to capture images of any
fluorescence signal, e.g. blue-green plant autorflscence, fluorescent proteins or samples
stained by fluorescent dyes. For multi-color flismence, the system must be equipped with:

appropriate wavelength ekcitation light

Available LED panels Fluorescent proteins and dyes

390 nm Blue-green plant auto-fluorescence, wtGFé&dHst 34580

455 nm ChlF, CFP, GFP, Fura Red (Ca), Calcofluorit¥yH ucifer Yellow,
Alexa 430

470 nm eGFP, Fluorescein, BODIPY, SYTO 18, YO-PRCFILo-4, Oregon
green, Alexa 488

505 nm YFP, Acridine Orange, Rhodamine-123, FliiBjdium Bromide

570 nm DsRed, Propidium lodide, Nile Red, Calciunarige, Texas Red

605 nm HcRed, YOYO-3

630 nm ChIF, Cy5, TOTO-3

Filter wheel with appropriateemission filters

High resolution camera— the most of the fluorescence dyes and fluoresc@noteins
require longer integration time to acquire reas@madignal, typically hundreds of
milliseconds. In contrast to the low resolution C@bDich is limited to maximum shutter
of 20 ms, the high resolution camera allows tograée from 1ms up to minutes in
“Snapshot Measuring Mode”. The disadvantage ofShapshot mode is the frame rate
that is restricted to 2 fps (frame per second)anti@st to the Live Mode (10-50 fps
regarding selected image size).

V.F.1 Switching to the Snapshot Mode

Click Setup button in the top panell(in Fig.44 and selecDevice (2). This opens the Setup
Menu with the advanced camera settirgys4(in Fig.44.

a) Resolution:

The dropdown list provides available display resohs. Various sizes of an image are defined
with regard to subwindowing and binning options.

Subwindowingalso known as region of interest (ROI), is thditgbof camera to output the
smaller image size than the whole image array. $vdonwing is actually a smaller field of view
than the maximum resolution available.

Binning is a process of combining charge from adjacentlpixn a CCD during readout. The
primary benefit of binning is to improve signal#oise ratio (SNR). Moreover, both
subwindowing and binning increases the frame raliegit at the expense of reduced spatial
resolution.
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Image size Subwindowing Binning Frame rate

1392 x 1040 full resolution - 2 fps

1024 x 768 ROI 1024 x 768 - 10 fps
696 x 520 ROI 1024 x 768 2x2 26 fps
464 x 344 ROI 1024 x 768 3x3 20 fps
348 x 256 ROI 1024 x 768 4x4 25 fps

b) Measuring Mode:

Measuring Mode allows choosing between uncompressade live streaming in Video mode

and manual image capture in the Snapshot mode. \6heerging the mode, be aware of keeping
the same image size. The image size can be defioedvideo and Snapshot modes

independently.

FIGURE 44: Advanced camera control settings, Rasniu3) and Measuring Mode (4) are available thghuthe
Setup Menu. To open the Setup Menu, click Setta(Lpevice (2).

V.F.2 Live Imaging in the Snapshot Measuring Mode

The live window in the Snapshot Mode does not shise video streaming. The image is
displayed only if it was captured manually by clickGet Frame button 6 in Fig.49.

The major advantage of the snapshot mode is “utddthi shutter opening time (camera
integration time4 in Fig.4) that can be defined from 1 millisecond up to unés.

In the snapshot mode, it is not recommended toyapperage filtering on displayed images.
Average filter averages 3 consecutively capturean@s together to reduce random noise.
However, this option will produce undesirable résuvhen the field of view contains object in
motion or fluorescence signal changes in time erdamera settings of 3 consecutive images
were not kept the same.
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In contrast to ChlF, the fluorescent signal coroesfing to the blue-green plant auto-
fluorescence, or fluorescent proteins and dyestasc. These signals are not measured in the
PAM mode using measuring pulses, but simply undtter ¢ontinuous illumination. So, the
scattered ambient light interferes with this meeswent. It is recommended to place the
equipment to a dark room or pre-darkening box.

In most FluorCam setups, blue Actinic light 2, (2 in Fig.%6) is used to excite green
fluorescence emission of GFP.

FIGURE 45: Live FluorCam window in Snapshot MeasgrMode: The actinic light is switched on and affd its
power is set by the controls (1) and (2). The caniglter (3): None — raw data are displayed in tine window,
Average — averages of 3 images captured consebutid) Camera integration time can be defined frbmp to
thousand milliseconds. (5) Image is captured argpldiyed in live window only if clicking Get Frametton. (6)
Sensitivity of the camera can be adjusted manuadlyg the control bar. (7) The dropdown list shaamission
filters available in the filter-wheel. (8) Actuake of the displayed image.

V.F.3 Taking Snapshot

In snapshot mode, a fluorescence image can bedeston live window by clicking the
shapshoticon - (1) in Fig.46. The snapshot image is displayed in a separate wiridgether
with false color scal€?), (3) in Fig.46 Such view can be saved as it is by clicking “Sdodton
(4) in Fig.46.The image is saved in *.bmp format. The raw data loe “Exported” in *.fcimg
file format which can be handled and processedtlieroimage processing programs such as
ImageJ.
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FIGURE 46: The image shown in the image windowlmacaptured as a snapshot by (1). The image Hajied
with its false color scale (2, 3). By clicking themeric scale field (2), the scaling bar is suppaited by a numeric
scale. The image view can be saved to bmp filedfotogether with borders and false-color scale ¢dexported to
raw data format *.fcimg (5).

V.F.4 Predefined Protocols and Wizard Protocols in ShapsMode

Alike in video mode, image capturing can be aut@uaising predefined list of instructions —
the protocol. However, the protocols must be dexigspecially for the snapshot mode in which
the frame rate is limited to 2 frames per secormb)(f Nowadays, there is available one
predefined protocol (GFP) and one wizard (Dyes&RBsheasure static fluorescence emission
of fluorescent proteins or dyes.
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FIGURE 47: Protocol Menu and Wizard window: (1)cklithe wizard icon to open the Protocol Menu. (2)
Predefined protocol for GFP imaging. (3) Wizard m@ate for measuring static fluorescence signal &sFand
fluorescent dyes. The wizard allows to define ¢enparameters such as the source of excitationt l{gh Exposure
time (5), Averaging (6)...to design own protocols.

*Note: Pre-defined protocols can be subjects of olga without notice.

a) GFP protocol

GFP protocol is a simple protocol in which bluerctlight (Act2) is switched on for 2s. During
illumination period, three consecutive frames amguired and averaged.

b) Dyes & FPs wizard
This wizard is more versatile.

It allows choosingexcitation light Actl or Act2 according to the wavelength needeéxoite
fluorescent probe or dye. In most FluorCam setbpge Actinic light (Act2) is used to excite
green fluorescence emission of GFP.

TheExposure time(5 in Fig.47 can be defined between 1 up to thousands ofsadtnds.

To reduce the image noise and improve S/N ratiosex can interactively choose number of
images subjected @veraging (6) in Fig.47.

The period of measurement(7 in Fig.47) can be prolonged to avoid photo-bleaching of
sensitive samples when high number of averagingesied.
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VII. Figure captions

FIGURE 1. The left panel shows a cuvette contair@rghlorophyll solution that is illuminated by aabe of blue
light. The red light emanating from the soluti@sults from chlorophyll fluorescence emission. Thange
from the absorbed blue light to the emitted redriiscence is explained by the Jablonski schemershothe
middle panel. The energy of the blue absorbedqrhbtings the chlorophyll molecule into the uppecited
singlet state, here,S Part of the energy is rapidly lost to heat cliagghe energetic state to the lowest
excited singlet state, herg. S he S energy is, in photosynthetic organisms, largelgdutor photosynthetic
energy conversion in the reaction centers (rigimepa Only a fraction of the;Snergy is lost to either heat
dissipation or to flUOrE@SCENCE EMISSION. ......uuuuuriiiiiiiiiiiiiiie e e e e e e e e e e e s e e e e e e e e e e e e e s e s s e s annnnnnrennenne 6

FIGURE 2. Schematic presentation of the principabtpsynthetic modules in plants and green algaghtLis
absorbed by antenna pigments of Photosystem Ifrgint) and of Photosystem | (in back). The excitons
generated in the antennae are rapidly transfeordidet reaction centers where their energy servesite the
primary charge separation. In PSII, the primaryrghaseparation to P680+-Pheo- is followed by seapnd
charge transfer processes: the electrons are tedrhy the oxidized primary donor P680+ from wadtgrthe
02-evolving complex and by the YZ donor. On theegtor side, the electron is rapidly stabilized ey
transfer from pheophytin (Pheo) to the primary guim acceptor QA. A mobile plastoquinone pool $bsitt
two electrons sequentially taken from QA- and twotpns taken from the stromal side of the membtane
the lumenal side of cytochrome b6/f complex wheeegrotons are released and electrons are sefi té®BI
uses the excitonic energy to generate reducing NABIP. The charge transfer reactions in the thyldkoi
membrane result also in accumulation of protongheriumenal side, and depletion on the stromal sfdbe
thylakoid. The difference in electrochemical potaist is used by ATPase to generate ATP that is used
together with NADPH.H+ in the Calvin-Benson cyateatssimilate inorganic CO2 into sugars. ............... 7

FIGURE 3. FluorCam window showing the result ofiaduction experiment measured in PAM-mode. The blue
labels mark the fluorescence levels measured eithére dark (& Fyv) or during dark relaxation (Ft_Dn,
Fu_Dn, k_Dn). The green labels mark the fluorescence lewegsured during light adaptation (Ft_Ln,
Fu_Ln). The yellow labels show the steady-stater#isoence levels attained in continuous light (F$,Ls
Fu_Lss, k_Lss). The bright-red arrows indicate timing odshes that transiently saturate the electron
transport chain, reducing the plastoquinone podl @nacceptor. The closed reaction centers do not duenc
fluorescence photochemically, and the fluoresceigpeal reaches a local maximum that is modulatédy oy
non-photochemical quenchingi Fin dark, F;_Ln during light adaptation,J- Lss in light-adapted steady-
state, and fr_Dn during dark adaptation. The dark-red arrovaicite far-red flashes that selectively excite
Photosystem | and facilitate effective re-oxidatwithe plastoquinone pool and of the @cceptor. The
oxidized Q, acceptor in all PSII reaction centers results eximum quenching by photochemical charge
separation, and a minimum fluorescence siggabDh that is modulated only by residual non-photocicel
o 18 =T T 11 o R 9

FIGURE 4. FluorCam hardware versions: (a) Port&tdedy FluorCam for single leaf / Petri dish measugnts.

(b) Closed FluorCam with fixed working distance femall plant / Petri dish measurements. (c) Open
FluorCam with variable working distance and andtmssmall plant / Petri dish measurements. (d)fLea
Chamber FluorCam combined with cuvette for gas-argk measurements. (e) Micro FluorCam with Zeiss



Axio Imager. (f) Custom-made Arch FluorCam for traingle fluorescence imaging of small and medium-
size plants. (g) Custom-made Transect FluorCam2for x 1m area fluorescence imaging. (h) Rover

FluorCam — easy-noving model for large-scale STBNNL........uueeeieiiiiiiiiieeeee e 14
FIGURE 5. Scheme of macroscopic FIUOrCam VEISIQMS.......ccuuiiiiiiiaaaa ettt e e e e e e e e e e 14
FIGURE 6. Closed FluorCam. The saturating flaslyaserated by a halogen lamp equipped with a mézddan

] U1 (=] RPN 15

FIGURE 8. Open FluorCam. The positions and angfeight sources, and of the camera, can be afjusi
provide the optimum configuration for irradiancenfageneity with samples that have different morpbgjo

making thus the instrument Very fleXible. ... i 17
FIGURE 9. Leaf Chamber FluorCam with gas-exchangasuring CUVETIE. ............cooiuvierees s s evieeeee e 18
FIGURE 11. Rover FluorCam is a remarkably stalecstire. Its large and solid wheels allow easy muemst in a

terrain and the system allows dark adaptation.............eeeeeiiiiiieceeec e 20
FIGURE 12. Transect FluorCam. Another motorized aam be added transversally so that the coveredisZx 1

011 (=] T PP P PP TPPPTPPPPN 21
FIGURE 13. AIFCH FIUOTCAIM. .. ...ttt oottt ettt e et e a2 e e e aaaaaannsaebbebas s se e e e e eeaeaaaaaaaaaaaessessaaannns 21

FIGURE 25. Initial adjustment with the Live Flu@a@ window. By clicking the magnifying and de-mdgimg
icons (1), one can increase and decrease the fsthe anage window on the computer screen. Bykalig
the zoom field (2), one can zoom while preservimg size of the image window. By clicking the nuimer
scale field (3), the scaling bar is supplemented Impmeric scale. By clicking anywhere on the colgray
scale bar (4), one can change the color schenBeofrtage. ..........ooooiiiiiiii s 36

FIGURE 26. Testing continuous actinic light modighwthe live FluorCam window. The actinic lightssvitched
on and off, and its power is set by the contro)safid (2). In the ‘Auto’ mode, the electronic gkutand the
camera sensitivity are adjusted automatically. Ao mode can be switched off (3) and the shudtet
sensitivity can be adjusted manually using the r$1{4) and (5). .....eeeeeerreiiiiiiaieee e 37

Keep in mind that there are different FluorCam dewersions. In some of them, certain software efgeamay
stay inactive, e.g., ‘UV’ or ‘UV/LED’ are inactiviere in the fields ‘Light Sources’ or ‘Light Intetiss’.
These features depend on the actual device coafigarand included options. .............ccveeeeeeeievvvineeennn. 37

FIGURE 27. Live imaging in PAM mode with measurifigshes. The flashes are switched on by checkihg
The auto mode automatically adjusts the shuttersamditivity to yield optimum signal. The auto reothn
be switched off by (2). With the auto mode offe tthutter and sensitivity can be adjusted maniolly3)
and (4). Please, note that the shutter openingdonérols also duration of the measuring flashes.......... 38

FIGURE 28. More features in the Live window: Tdxinic light is switched on and off and its intéygs set by
(). The super pulse is triggered and its interisityet by (2). The far-red light is switched o aff and its
intensity is set by (3). The average mode ancttimrast modes are controlled by (4) and (5). Tigng of
the live window can be transmitted to the protamitings (see below) by (6). The image shown inrtfege
window can be captured as a snapshot by (7). Tiner€hm ID and Version are automatically recognizgd
instruments made in 2005 or later (8) and (9). Aignal exceeding the maximum CCD well capacityd@to
levels) is indicated by (10). The picture may bermed in/out (11) and its resolution is also digpth(12).40

FIGURE 29. Protocol Menu and Wizard WINAOW. ..........coooiiiiiiiiiiiiie e e e e e e eeean e 41
* Note: Pre-defined protocols can be subjects ahge without NotiCe. ..........ccooeiiiicceeee s 41

FIGURE 30. Wizard windows. (A) The PAM quenchiagalysis consists of three phases: measuremerarkf d
adapted levels Jand k;, measurement of the Kautsky effect and of nongutemical quenching in the

(B) The protocol for Kautsky effect measurementhwibntinuous light excitation requires only to dpethe
duration of the actinic light exposure and theractiight intensity. ..........cccooviiiiiiiimmem e, 43

(C) The Q re-oxidation kinetics is measured in pump-and-prelith short saturating flashes repeated at a low
frequency and with measurements taking place wiiteadefined delay after theax@educing flash ............. 43

FIGURE 31. Protocol window. (1) New protocol icerases the protocol memory. (2) Open an existingppol.
(3) Save the active protocol under its present nafgSave the active protocol under a new name...... 44

(5) Line specifying electronic shutter opening tif@12 for continuous light mode and 0-2 for PAM ded. (6)
Line specifying the relative sensitivity of the detion (0-100%). (7) Line specifying the relatpewer of the
actinic irradiance (0-100%). (8) Line specifyingethelative sensitivity of the super pulse (0-100%¢R)
Syntax checks of the protocol source file and prottocompilation. (10) Syntax check report with
identification of potential Warnings N0 ITOIS. e . i iiiiiiiiiieee e e e e e e e e e s e e s e eneennnne 44

FIGURE 32. Top icon bar of the FluorCam softwdig.Trigger starting compilation of the protocdiript done in
the protocol window) and initiating execution ofetrexperiment. (2) Stop interrupts execution of the



experiment. The experiment can be re-started (buteasumed) after the stop is used. (3) Multiplggeer with
automatic bar code reading and file assignmentMghually activated bar code reader. ....................... 52

FIGURE 33. The bottom bar shows (in percent) tlogess of the experiment. ..., 52

FIGURE 34. The pre-processing window shows a teel§ image segmented fluorescence image in theptmel.
The green shading shows the region-of-interest thast likely represents the fluorescing object. The
surrounding area is tentatively identified as baokgd. The signal in the region-of-interest isgrated (1)
and kinetics of the integrated signal is shownhi@ bottom kinetic panel. The cursor (2) can sedepixel
anywhere in the image, and the transient in thecsedl pixel is be shown by the red kinetic tracke T
displayed image can be changed by moving the glidimsor (3). The display can toggle between ‘shdiy
‘show-image’, and ‘show-kinetics’ modes by clicki(®). Zde nutno doplnit vysvetleni 2 ikon................ 53

FIGURE 35. More pre-processing tools. The signdhatposition of the cross cursor (1) is shown heyindicator
on the scale bar (1 arrow). The scale bar can bglagied with or without a numeric scale (2). Aefin
segmentation of the image is possible by usingraoding the scale dividers (3, see also Fig.24).dBfault,
the image shown in this window corresponds to tlaené that is selected by the sliding cursor (Fig.22
However, one can also display images that are geawby frame combinations defined in the protoand
in the numerix.nmx and numerixavg.nmx files. Tis¢ &f available images is available in the ‘Soufidd
(4). Rescaling between minimum and maximum siggadls is possible by selecting the ‘Contrast'di€b).
The ‘Selected only’ field (6) is relevant only insacond iteration of the image segmentation anchetked,
limits the segmentation routines to the regionriéiest that was selected and analyzed in the prima
segmentation step. The ‘Min Size’ field (7) defireminimum number of pixels that are considereldedhe
user defined region-of-interest. The ‘Adjust Ineds’ switch (8) triggers the tentative image segtaton
that roughly separates the background from thenpiateregion-of-interest. The ‘Auto’ mode (9) litsithe
segmentation to ‘Adjust Intervals’ pre-segmenta{i@nand to manual movement of scale dividers.(3).. 54

FIGURE 36. The manual image segmentation is ssdeby (1). The segments are rectangular (2), ell{®) or
polygonal (4). The segments can be moved indiViga) or in a group (6). The segments can beexutdy
(7) and (8). The segments can be saved (10) audtbfrom memory (9 and 11). The signal in thecsete
regions-of-interest can be integrated by ‘AnalyzZBopInit popis MasSeK.............evvvvviiiiccccenviviiiiiiiiieeeee, 55

FIGURE 37. Image segmentation by scale dividers. the top left panel, the space dividers are tigted
uniformly from O to the maximal signal level, arltifave scale ranges are selected as indicatedhéyertical
line along the scale bar. With the entire sigaaige selected, the square, elliptic, and polygshapes (1-3)
are fully selected, including the segments thatwstie background. Upon pressing ‘Background Exchis
the lowest scale divider is moved to the histogmamimum that typically separates background from th
useful signal range (thick red arrow). The functidrihe scale dividers can be demonstrated by seigually
selecting the corresponding signal range. Fiedgcs the lowest range 0-300 as in the lower letnpanel.
The selected range corresponds to 'background eelgiment shown in the panel image window. Thergree
kinetic trace is close to the zero level, confirgnihat the selected segment is indeed backgrouimel.réd
kinetic trace shows for comparison kinetics in ofideaf pixels selected by the cursor. By selectinty the
300-600 signal range (lower row, second panel fthenleft), one excludes the background and setadis
the stem pixels that, being in image periphery,il@kitiow signal levels. The green kinetic traceeally
shows a typical pattern of the Kautsky effect thathifted to lower signal levels compared to the kinetic
trace in the pixel selected by the cursor. Onesmam through the other scale ranges selectedebgttier
L0 Y7o =T £ O PEP PO TR TI 56

FIGURE 38. The Results window consists of four gdar(marked by yellow color). Panel A representstiap
dimensions by one image of the fluorescence trahsiequence. Panel B shows kinetics of the fluemse
signals averaged over the image segments that sedeeted prior to analysis in the Pre-processingdosv
and that are shown in Panel A. Panel C shows algén defined and labeled in the numerix.nmx and
numerixavg.nmx files. By clicking any of the framim the Panel C, one transfers the selected inmatee
Panel A window. Panel D offers controls to custantlze Results panel. ............ccooooiceccceen s 57

Panel A can be zoomed in and out (1). The fieldrff)rms about the segment that is currently setbcand about
the image that is selected by clicking on any @f ftames in panel C (here 3). By pointing the cutsoa
particular segment, one can rename it (4). By tpainanywhere in the image, one can save its bitrgp
clicking the top icon in 5, one can toggle betwego panels A (space) + B (time), show A (space) simalv
B (time). The bottom icon in 5 toggles betweenveihg and hiding the numeric scale...........commm.eeen. 57

V obrazku chybi CISEINY POPIS .....uvviieiii e e e e et e e e s siiiee e e e e Chyba! Zalo ka neni definovana.

FIGURE 39. Visualization of the spatial heteroggnef fluorescence emission. Any image from thelthpanel
window can be selected for closer inspection birdie€king it (1). The formula by which the seledtimage
is calculated is shown in field (2). Right clickilmgpens a sub-menu (3). By selecting ‘Save Imam®es, can
save the corresponding image in the bitmap formatf@r later image presentation or manipulationy B
selecting ‘Change Multi-Panel’, one can show, atehithe images in this window (5). Only a sub-dehe
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images that are calculated in the analysis windoshbwn by default. By selecting ‘Save Multi-Pai&) or
‘Load Multi-Panel’ (7), one can save or load thefiguration of the window. ............ccccviceeeeveeeiineeeeeeenn. 58

The false color scheme of the images can be chamgeticking the color scheme bar (9). With (18)ested, the
images are colored pixel-by-pixel without averagingy selecting (11), one switches a mode in whiwh
values are calculated for each pixel, and averagirdpne after the calculation, e.g., Average/Kh).
selecting (12), one switches to a mode in whiclieslare first averaged and then used for a cailoojat.g.,
WY = o L () A ANV =T = Vo [N () S SRR 58

Visual perception of the images is controlled bgtiee scaling of the false colors. By selectidd); one chooses a
default grouping of the fluorescence images witanittal color scales. Typically, all directly massd
signals (e.g., & FRv) and their linear combinations (e.gy, Fs) are shown using one scale so that, egisF
blue, Ky is red. Ratio images (e.g., NPQ, QY) are showh waitother scale. . ..58

Alternatively, one can select (14) to see the logieneity of the image the greatest resolutlon bemnaaxmum
and minimum values of the signal. Sometimes it lsaradvantageous to define the scale limits manumily
clicking (15) and typing the chosen minimum and MMM lIMItS. ... 58

FIGURE 40. Histogram. The histogram of any sektdteage (1) can be enabled / disabled by (2).nébéed, the
window (3) can be opened to see humber of pixelsesponding to a given interval of signal levelshivi the
selected segment, or within the entire image (g Aot checked. The number of signal level includethe
histogram can be modified by (5). The details & kiistogram can be inspected by pressing the leftsm
button and by dragging a rectangular zoom areherdirection indicated by the arrow 6 (top-leftotmtom-
right). The show-all zoom can be re-establishedltagging in the opposite direction (7). By pragsihe
right mouse button with the cursor in the histognalot area (8), one can move around the detailed af
L1 [ T1S] (o =Yoo OO PPPUPTR 59

FIGURE 41. Kinetics of the fluorescence transisndisplayed by selecting (1). The traces for danspgments
defined in the Pre-Processing window are showmimét defined in the Chart Parameters window [@)e
caption of individual segments can be modified ezithy clicking the segment in the main image wind8w
left arrow) or by changing the name directly inr{@ht arrow). Any particular segment can be shawn
hidden (4). The color of the trace, as well asabler of the segment in the Averaged modes (111&héh
Fig.27), can be changed by (6) — Sometimes thdikitraces strongly overlap, and it is better te aa offset
(7). Also, one may need to re-normalize the trzgiag a multiplication factor (7). Details of thkimetic trace
can be inspected and the numerical values of iddalidata points observed (8, and in Fig.30). détails of
the kinetic traces can be zoomed in by pressingdaadging the left mouse button in the directioh (e
zoomed-in graph can be moved around by dragging thi right mouse button pressed (10). The graph c
be zoomed out by dragging with the left mouse bufoessed in the direction (11). Alternativelye th
zooming out can be performed by clicking the icgrsup 12: left icon for signal dimension, middlericfor
the time dimension, and right icon for both diMeNSi.................oooiiiiii e 60

FIGURE 42. Additional visualization features aahile for kinetic analysis. The panel showing therescence
transient can be expanded by (1). By clicking (@) can open the window to visualize the time sewf
controlling signals defined in the protocol. Thagenta arrow (3) shows the line that denotes thesuarang
flashes in the kinetic window (3’ below). The blamow (4) shows the corresponding line for thénactight
on/off status. The blue line (4’ below) shows #utinic light signal in the kinetic window. The -%hift’ (5)
and the ‘Multiplier’ (6) columns offset and re-seahe control signals. Details of the transierda be
inspected by zooming-in (7) by left mouse buttoagding. The show-all zoom level can be restored by
dragging in the opposite direction (see Fig.29¢tdis of the initial phase of the fluorescencadiant can be
best visualized using a logarithmic time scale [B)uble-clicking of the left mouse button positicmsursor
(9) that defines timing for the normalization (10T.he graph can be moved within the window by curso
dragging with the right MOUSE DUON PrESSEA. o oo i 61

FIGURE 43. The attributes of the zoomed fluoreseetnansient can be set in the ‘Chart Parametarsiow (1).
The signals of the first 3 segments are hidderaf@) only the fourth transient shown (3). The lxador is
black. The red noisy line corresponds to a pikat is selected by the cursor. The black kineticd of the
fourth segment is shown with marks (4) that indicdie numeric value of the signal. One can alsdisgrg
for individual checkpoints (5, dotted line) thatarsed to calculate fluorescence signals for ttegyés in the
multi-panel window. Here, for example, the chedkpo StartFm and EndFm are shown (5). These am use
to calculate the averaged, Fsignal between them. The definition of Pprinted in (6) is stored in the
numerix.nmx and NUMErCSAVY.NMX fIlES. ... errreriiiiiiiieeiieeire e e e e e e s e st ssrsreeee e e eraeaaeeeeeeeseesanannn 62
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