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1 P515/535 Emitter-Detector Module

This manual provides a brief introduction to the use of
P515/535 Emitter-Detector Module. More detailed information
is given in the Appendix of this booklet by highly informative
article written by Ulrich Schreiber and Christof Klughammer
(PAN 2008, 1: 1 - 10, URL:
http://www.walz.com/products/chl_p700/pan/overview.html).

Generally speaking, the P515/535 emitter-detector module is
designed to measure absorbance changes in the green spec-
tral region (500 - 550 nm) of photosynthetic samples.

In this range, the two most prominent absorbance changes
originating from primary photosynthetic processes are the
P515 electrochromic band shift and a 535 nm scattering
change. The P515 band shift is induced by changes in the
electric field across photosynthetic membranes, and the 535
nm scattering change arises from conformational variations
during acclimation of photosynthesis to light. In addition, long-
term measurements of P515 can be affected by absorbance
changes caused by the xanthophyll cycle.

In the green spectral region, the maximum P515 absorbance
change occurs between 515 and 520 nm; the maximum ap-
parent absorbance difference caused by the scattering change
is situated around 535 nm (compare Fig. 3B and C). In com-
parison, the maximum absorbance difference caused by caro-
tenoid conversions within the xanthophyll cycle is at 505 nm.

The P515/535 emitter-detector module measures the P515 in
the dual wavelength mode with 520 nm as the sample and 550
nm as the reference wavelength. The 535 nm scattering
change is measured in the single wavelength mode as varia-
tion in attenuation of a 535 nm beam of measuring light. For all
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the measuring light sources, typical intensity spectra are de-
picted in Fig. 3.

1.1 Extent of Delivery
1.1.1 P515/535 Emitter Head (DUAL-EP515)

Green measuring light: 520 nm sample wavelength and 550
nm reference wavelength for dual wavelength P515 meas-
urements, 535 nm for single wavelength measurement of 535
nm scattering changes.

Actinic light: Chip-on-board (COB) LED array emitting maxi-
mally at 635 nm and delivering up to 2 500 pmol m? s™ of pho-
tosynthetically active radiation (PAR), single turnover flashes
up to an intensity of 200 000 umol m? s™ PAR and adjustable
between 5 and 50 us, and multiple turnover flashes up to
20 000 pmol m?s* PAR and adjustable between 1 and
1000 ms. Far-red LED emitting maximally at 740 nm for pref-
erential excitation of PS 1.

Dimensions: 11 cm x5.0cm x 5.5 cm (L x W x H).

Weight: 400 g (incl. cables, 1 m long).
1.1.2 P515/535 Detector Head (DUAL-DP515)

Signal detection: 10 x 10 mm PIN-photodiode equipped with
a 2 mm blue-green filter sandwich (BG39 and DT-Cyan) trans-
mitting all three measuring light wavelengths.

Dimensions: 15.5cm x5.0cm x 5.5 cm (L x W x H).

Weight: 350 g (incl. cable, 1 m long).
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1.1.3 Absorption Foil (“Artificial Leaf”)

2.0 cm x 2.4 cm rectangle of Roscolux #01 - Light Bastard
Amber color foil (Rosco Laboratories Inc., Stamford, CT, USA)

wrapped in light-scattering paper.
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1.2 Setup for parallel assessment of P515 and
535 nm scattering

Evaluation of P515 and the 535 nm scattering changes re-
quires that the transmission of measuring light by the sample
is measured. For these light transmission measurements, the
measuring light source (DUAL-EP515), the sample, and the
measuring light detector (DUAL-DP515) must form a line as
Fig. 1 schematically outlines (see Setup and Connections).

Also, Fig. 1 depicts how emitter and detector are connected to
the DUAL-C Power-and-Control-Unit: the DUAL-EP515 emitter
is plugged into the 6 pin socket for measuring light (EMITTER)
and power for actinic light is provided by the lower LED array
socket (LED ARRAY, socket E). The DUAL-DP515 photodiode
detector is plugged into the socket DETECTOR 1.

The DualPAM software provides a file denoted
Walz_P515.DEF which contains instrument settings optimized
for P515 measurements. These settings can be activated us-
ing the button “Open User Settings” followed by opening the
Walz_P515.DEF file.

For parallel measurements of P515 and 535 nm scattering,
select DP515/535 as Detector 1 in the mode-setting window of
the DualPAM software. Check N.C. (none connected) in the
Detector 2 section (see Fig. 1). Finally, select 1(535) + P515 as
the Dual Channel mode.
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Mode-setting window of DualPAM software

Measure Mode Detector Type
Single Channel Dual Channel Detector 1 Detector 2
O P515 ® I(535nm)+P515 O DB ® N.C.
O 1(535) O P515+Ext1 O DR O DAD
O Bxt1l O I{535nm)+Ext2 © DPM O DNADPH
O Ext2 O Extl+Ext2 O DPD O DP700
® DP515/535 ©O DP515
Analysis Mode I(535 nm) P515
@ SP-Analysis © Fast Acquisition Gain Gain
® 1 (Low) O 1 (Low)
O Flux Mode O 5 (High) @ 5 (High)
Damping Damping

O 10 ps (Low) O 10 ps (Low)
® 1ms(High) ® 1 ms (High)
Zero Offset Zero Offset

Setup and Connections

DUAL- —_— DUAL-
DP515 P EP515
\ S
Detector | Emitter
DUAL-DP515 DUAL-EP515
|
( DETECTOR 1 DETECTOR 2 LED ARRAY
'© ............ ... D
FLUO ML EMITTER

Figure 1. Setup for P515 and 1(535) measurements
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1.3 Setup for parallel assessment of P515 and
chlorophyll fluorescence

For concomitant measurements of the P515 change and chlo-
rophyll fluorescence, the DUAL-DP515 detector is connected
to the DETECTOR 2 socket of the DUAL-C Power-and-
Control-Unit. Then, the fluorescence detector is plugged into
socket DETECTOR 1. Chlorophyll fluorescence is detected at
an angle of 90 degrees to the optical path of P515 detection
(Fig. 2).

When DUAL-DR or DUAL-DB head is used as the fluores-
cence detector, their cables for modulated fluorescence exci-
tation (fluorescence measuring light) and for actinic light are
connected to sockets FLUO ML and LED ARRAY “D”, respec-
tively (Fig. 2). For reasons of electronic configuration, switch-
ing on the fluorescence measuring light (F ML) activates not
only the fluorescence measuring light in DUAL-DR or DUAL-
DB) but also the 535 nm measuring light in the DUAL-EP515.

The MODE-setting window of the DualPAM software must be
edited to match the current configuration as shown in Fig. 2.
For instance, when a DUAL-DB head is used for fluorescence
detection, select DB as detector 1, and DP515 as detector 2
(Fig. 2). Parallel measurements of chlorophyll fluorescence
and P515 are enabled by checking “Fluo + P515", as the
DUAL CHANNEL mode.

Make sure that “Fluo Gain” is set to 5 (high). When, after
changing of measuring heads, the “Fluo Gain” is set to 1 (low),
select 5 (high), point fluorescence emitter away from any ob-
jects and carry out a zero offset.
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Mode-setting window of DualPAM software

Measure Mode Detector Type
Single Channel Dual Channel Detector 1 Detector 2
O P515 @ Fluo + P515 ® DB O N.C.
O Fluo O P515+Ext1 O DR O DAO
O Extl O Fluo + Ext 2 © DPM O DNADPH
O Ext2 O Extl+Ext2 © DPD O DP700
O DP515/535 @ DP515
Analysis Mode Fluo P515
® SP-Analysis O Fast Acquisition  Gain Gain
O 1(Low) O 1 (Low)
O Flux Mode ® 5 (High) ® 5 (High)
Damping Damping

O 10 ps (Low) © 10 ps (Low)
® 1ms(High) © 1ms (High)
Zero Offset Zero Offset

Setup and Connections

£ ™
DUAL-
DR/DB
DUAL- DUAL-
DP515 Sample EP515
9 B
Detector Detector Emitter
DUAL-DR/DB DUAL-DP515 DUAL-EP515
—
( DETECTOR1 DETECTOR 2 LED ARRAY
+ '...l . | [....0.0.0.0.0..] D
1
FLUO ML EMITTER
—O .: :. [....0.0.0.0'C.U] E
q ry
|

Figure 2. Setup for P515 and chlorophyll fluorescence measurements
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1.4 Spectra of measuring light, P515 and 535 nm,
scattering changes

Figure 3 shows the spectra of light emission by the measuring
LEDs of the DUAL-EP515 (upper panel: ML 520, ML 535, and
ML 550). In comparison, absorbance difference spectra
(treated minus untreated) of the 515 nm electrochromic band
shift (also called P515 or P518) and the 535 nm scattering
change are shown in the middle and lower panels, respec-
tively. Difference spectra were normalized to the maximum in
the green spectral region. Source of data: see overleaf.

Figure 3 represents P515 and 535 nm scattering changes as
absorbance data. The P515/535 Emitter-Detector Module,
however, does not record absorbance of the sample but the
sample’s transmission of measuring beams. For example, the
P515 signal measured by P515/535 Emitter-Detector Module
corresponds to the Isso nm MiNus lszo oy Signal difference.

For the small changes of P515, however, the variations in
Issonm - ls20 nm @re positively linearly related to the absorbance
changes calculated from the original signals. Therefore, the
P515 data measured with the DUAL-PAM-100 can be directly
compared with corresponding absorbance data.

Further, the DualPAM software plots the ls3sm UsSing an in-
verted ordinate scale. This representation of the lsssnm
matches with absorbance data, because the small variations
of the 535 nm scattering change in vivo are negatively linearly
related to the corresponding absorbance changes.
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Figure 3. Spectra of measuring light, P515 and 535 nm, scattering
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1.4.1 Data source for Figure 3

Bilger W, Bjorkman O, Thayer SS (1989) Light-induced spec-
tral absorbance changes in relation to photosynthesis and the
epoxidation state of xanthophyll xycle components in cotton
leaves. Plant Physiol 91: 542-551

Chylla RA, Whitmarsh J (1989) Inactive photosystem Il com-
plexes in leaves. Turnover rate and quantitation. Plant Physiol
90: 765-772

Duysens LNM (1954) Reversible changes in the absorption
spectrum of Chlorella upon irradiation. Science 120: 353-354

Johnson MP, Ruban AV (2010) Arabidopsis plants lacking
PsbS protein possess photoprotective energy dissipation.
Plant J 61: 283-289

Ruban AV, Pascal AA, Robert B, Horton P (2002) Activation of
zeaxanthin is an obligatory event in the regulation of photosyn-
thetic light harvesting. J Biol Chem 277: 7785-7789

Schapendonk AHCM, Vredenberg WJ (1977) Biochim Biophys
Acta 462: 613-621
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2 Accessory: DUAL-K25 Quartz Glass Cu-
vette for Suspensions

The DUAL-K25 quartz glass cuvette has been developed to
reduce baseline drifts caused by particle settling in suspen-
sions of isolated chloroplasts, unicellular algae and cyanobac-
teria. Influences of particle settlings are reduced by establish-
ing a vertical optical pathway between emitter and detector
units. This way, total light absorption by a suspension stays
comparably constant despite particle settling.

Plexiglas rod of
DUAL-EP515

DUAL-K25 Quartz
Glass Cuvette for
Suspensions

P515

Figure 4. Setup of DUAL-K25 cuvette and P515/535 module
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New accessory for the DUAL-PAM-100:
The P515/535 module and examples of its application

Ulrich Schreiber and Christof Klughammer

Abstract. The P515/535 module has become available as a new accessory for the DUAL-PAM-100. It serves for si-
multaneous measurements of the dual beam 550 - 515 nm difference signal, reflecting the electrochromic pigment
shift (ECS, P515), and of the single beam 535 nm signal, reflecting "membrane energization" ("scattering" changes).
The technical features of the emitter and detector units of the new device are outlined and some typical examples of
application are presented. A wide range of frequencies of the pulse modulated measuring light is provided, which can
be rapidly altered under software control. In this way, the dark baseline can be assessed (at low frequency) and at the
same time rapid induction kinetics can be measured (at high frequency). Due to an exceptionally high signal/noise ra-
tio, the P515 change induced by a single-turnover saturating flash can be reliably measured without averaging. Com-
parison of the single beam responses at 550, 535 and 515 nm with the dual beam 550 - 515 nm difference signal sug-
gests that the latter is essentially free of "scattering" changes. Besides P515 (ECS), the 550 - 515 nm signal also con-
tains information on the zeaxanthin content, which is reflected in changes of the "dark baseline". Such changes can be
reliably evaluated due to the high signal stability, as demonstrated by measurements using an inert sample ("artificial
leaf"). Valuable information on the membrane potential (Ay) and proton gradient (ApH) components of the proton
motive force (pmf) can be obtained by analyzing light-dark responses of the P515 signal, as previously demonstrated
by David Kramer and co-workers (DIRK-analysis). The DUAL-PAM provides a special "P515 Flux" mode of opera-
tion, with the actinic light being applied in form of light-dark pulses (1/1 modulation of light/dark). The "P515 Flux"

signal provides valuable information on the steady-state rates of coupled electron and proton fluxes in vivo.

Introduction

The DUAL-PAM-100 is the successor of the PAM-100
Chlorophyll Fluorometer introduced in 1985. The
"DUAL" stands for simultaneous measurements of two
key signals, namely P700 absorbance and chlorophyll
(Chl) fluorescence, as indicators of the efficiency of en-
ergy conversion in photosystems I and II, respectively. In
principle, such measurements have also been possible
with the PAM-100, using various accessory components,
like special emitter-detector units, single- and multiple-
turnover flash lamps, actinic lamps for continuous illu-
mination with blue, red or far-red light and data acquisi-
tion system. All these components were miniaturized and
optimized for fully computerized operation and inte-
grated in the DUAL-PAM-100 to provide a compact and
highly efficient universal photosynthesis measuring sys-
tem. Besides measuring P700 and Chl fluorescence, this
system can be extended by optional emitter-detector
modules for assessment of other key photosynthesis pa-
rameters, like transthylakoid proton gradient and mem-
brane potential. Generally, the DUAL-PAM-100 is de-
signed for measuring one pulse-modulated single beam
signal (normally Chl fluorescence excited by red or blue
measuring light) and one pulse-modulated dual beam dif-
ference signal (normally P700 absorbance detected via
the difference in the transmittance of 870 and 830 nm
light).

Here we report on a new P515/535 module, which can
serve for in vivo assessment of the two components of the
proton motive force (pmf), transmembrane potential

(Ay) and proton gradient (ApH), which drive ATP-
synthesis via the reversible thylakoidal ATP-ase. The
membrane potential is measured via the "electrochromic
pigment absorbance shift" (ECS, P515) characterized by
a broad peak at 515 - 525 nm. The ApH can be estimated
from the light-off kinetics of the P515 signal and inde-
pendently from the so-called "scattering" signal, charac-
terized by a broad peak at 535 nm.

Some background on P515.

The P515 signal was discovered by Duysens (1954).
Later, Junge and Witt (1968) showed that the P515 signal
provides a linear measure of the electric potential across
the thylakoid membrane. It is due to an electrochromic
shift of pigment absorbance, mainly carotenoids and
Chl b. For most of the original work on this signal, repeti-
tive flash relaxation spectroscopy has been applied, as
high quality signals can be obtained by averaging of the
rapid responses, which can be readily distinguished from
"non-specific" slow absorbance changes. A saturating
single turnover flash induces an extremely rapid signal
increase, which reflects the primary charge separation
at PS I and PS II reaction centers. In intact, dark-
adapted samples this rapid rise is followed by a much
slower rise phase (t, approx. 20 ms), which is due to the
electrogenic step in the so-called Q-cycle of the cyt b/f
complex (Velthuys 1978), i.e. reflecting secondary inter-
system electron transport induced by the primary charge
separation. The rate of the ensuing signal decay is highly
dependent on the physiological state of the sample, in
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particular with respect to membrane integrity and preil-
lumination. The decay is generally accelerated by mem-
brane ion-leakiness and specifically by H™ conductivity
of the reversible thylakoidal ATP-ase. The latter is acti-
vated by illumination and linked to transduction of the
pmf in ATP-synthesis.

Until recently, relatively little work has been dedicated to
the slow changes of P515 absorbance in the minutes time
range upon continuous illumination. Klughammer et al.
(1990) developed a Kinetic LED Array Spectrophotome-
ter that allows to deconvolute a variety of overlapping
absorbance changes including P515. Measurements with
this system revealed a substantial membrane potential
maintained during steady-state illumination, which is
highly susceptible to physiological stress. Recently,
Sacksteder and Kramer (2000) introduced a special tech-
nique for evaluation of the P515 (ECS) signal during
steady state illumination: The DIRK (Dark Interval Re-
laxation Kinetic) technique uses brief (<500 ms) dark in-
tervals to create perturbations in steady-state electron and
proton fluxes. The initial rate of the ECS (P515) decay
has been suggested to be a linear measure of proton flux
rate (efflux via ATP-synthase that in the steady-state
equals influx via protolytic electron transport steps) and
consequently of electron flux as well. When longer dark
times are given, the ECS (P515) displays complex relaxa-

Materials and Methods
Technical features of the new P515/535 module.

The P515/535 module consists of the emitter unit DUAL-
EP515 and the detector unit DUAL-DP515, optical de-
sign and outer appearance of which are equivalent to the
standard emitter detector units for simultaneous meas-
urements of P700 and Chl fluorescence, DUAL-E and
DUAL-DR (or DUAL-DB), respectively. These units can
be connected to the same leaf holder or optical unit ED-
101US/MD (for measurements with suspensions). Hence,
identical optical geometries and light conditions are pro-
vided for comparative measurements of the different pho-
tosynthesis parameters.

The DUAL-EP515 is connected to the EMITTER socket
and the DUAL-DP515 (Fig. 1) to the DETECTOR 1
socket of the DUAL-C Power-and-Control Unit. The
P515 signal is measured dual beam as 550 — 515 nm dif-
ference signal in analogy to the 870 - 830 nm P700 sig-
nal. The 550 nm reference was chosen in order to mini-
mize any contribution of "light scattering" changes to the
difference signal. Assuming a Gauss shape absorbance
peak at 535 nm, the absorbance changes at 550 and
515 nm should be about equal (see related data below
under Results). On the other hand, in contrast to 550 nm
at 515 nm there is substantial absorbance by zeaxanthin
(broad absorbance band), so that the 550-515 nm signal
not only reflects P515, but zeaxanthin changes as well.
These two signal components, however, can be readily
distinguished by the fact that zeaxanthin changes are ex-
tremely slow. The dark-light and light-dark induced
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tion kinetics that have been applied by Cruz et al. (2001)
for differentiation between Ay and ApH components of
the overall pmf (partition analysis). The latter analysis
poses considerable demands to the stability and selectiv-
ity of the measured signal.

Some background on the 535 nm signal.

The absorbance change at 535 nm has been attributed to a
light induced increase of "light scattering" related to in-
ternal acidification of the thylakoids upon ApH forma-
tion (Deamer et al. 1966, Heber 1968). It has been used
in numerous studies as a convenient semi-quantitative in-
dicator of "membrane energization" and of the ApH com-
ponent of the pmf in isolated chloroplasts and intact
leaves. It is closely correlated with another semi-
quantitative indicator of "membrane energization"/ApH,
namely non-photochemical fluorescence quenching as
measured via the Chl fluorescence parameters qN (in par-
ticular energy-dependent qE) and NPQ (see e.g. Bilger et
al. 1988). While it has been assumed for a long time that
the 535 nm signal is somehow caused by changes in
grana stacking, this interpretation recently has been ques-
tioned by Ruban et al. (2002), who suggest that the in-
crease in 535 nm absorbance is due to a red shift of the
zeaxanthin absorbance peak.

Fig. 1. Emitter unit DUAL-EP515 and detector unit DUAL-DP515

2
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550 — 515 nm changes in the sub-s to min time range are
almost exclusively due to P515, whereas the slower
changes ranging from minutes to hours reflect zeaxanthin
formation (via violaxanthin and antheraxanthin de-
epoxidation) and zeaxanthin epoxidation, respectively.

Specifications of the DUAL-EP515. The DUAL-EP515
features an array of 8 white LEDs equipped with interfer-
ence filters. While the 550 nm measuring light is

derived from 3 LEDs with 3 individual 550 nm interfer-
ence filters (5.5 nm HBW), 4 LEDs equipped with 4 in-
dividual 515 nm interference filters (8.5 nm HBW) pro-
vides 520 nm measuring light which was actually used to
measure the “515 nm” absorption changes. A single LED
with a 535 nm interference filter (5.5 nm HBW) gives
535 nm measuring light. These LEDs, which are arranged
in a ring, are focused via a central 6.5 mm hole in a chip-
on-board (COB) LED array (featuring 635 nm Power-
LEDs) on a 10 x 10 mm Perspex rod, which serves for
mixing the various light qualities and guiding the ran-
domized light to the sample. In addition, a single 740 nm
LED equipped with a 1 mm RG9Y filter in the center of
the LED array serves for far-red illumination with prefer-
ential excitation of PSI. The COB array consists of 24
Power-LEDs, which for short time intervals can be
driven with high currents (up to 1.5 A). It provides con-
tinuous actinic illumination as well as Multiple Turnover
and Single Turnover flashes.

Specifications of the DUAL-DP515. The DUAL-DP515
features a 10x10 mm PIN-photodiode equipped with a
2 mm blue-green filter (BG39) transmitting the 520, 535
and 550 nm measuring light but blocking the 635 nm ac-
tinic and 730 nm far-red light. A 10 x 10 mm Perspex rod
guides the transmitted measuring light from the sample to
the BG39 filter in front of the PIN-photodiode, which is
mounted on a printed circuit board, where the pulse-
modulated signals are preamplified. It should be noted
that for the sake of maximal signal/noise the DUAL-
DP515, in contrast to the DUAL-DR (or DUAL-DB), is
not equipped with a COB LED array for actinic illumina-
tion. Light-induced responses in P700/Chl fluorescence
can be compared at identical intensity settings with the
corresponding responses in P515/"Scattering" when the
LED Array cable of the DUAL-DR (or DUAL-DB) is
disconnected.

Calibration of the P515 signal. The DUAL-PAM-100
applies a special modulation technique for high-
sensitivity measurements of dual beam difference signals.
The DualPAM software supports automated balancing of
the two transmitted beams via adjusting the LED currents
("Balance", Fig. 2), so that the difference signal is close
to zero. The resulting LED current ratio, which depends
on the spectral properties of the sample, is displayed. Af-
ter "Balance" the changes in the difference signal can be
detected with high sensitivity without any risk of ampli-
fier saturation. The single signals, which may be more
than 1000x larger than the recorded signal changes, can
be determined with the help of a special calibration rou-
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Fig. 2. Balancing the 520 and 550 nm beams - screenshot.

tine, which involves a defined transient decrease of the
515 nm signal with respect to the 550 nm signal (via cor-
responding decrease in LED current). The original differ-
ence signals are measured in Volt units, which are trans-
formed into AI/I units with the help of the calibration
routine. The “T” corresponds to the amplitude of the bal-
anced overall signals. In Fig. 3, an example of calibration
is shown for a tobacco leaf at Measuring Light intensity
setting 10. In this example the Al /1 corresponding to the
depicted bar amounts to 3.57 x 10” units and an overall
signal [ =26.8 V is calculated.

In principle, it is also possible to measure the single beam
515 nm and 550 nm signals (see example below under
Results), when the LED current slide of the other (nor-
mally compensating) LED is moved to zero. In this case,
Gain 1 (Low Gain) has to be applied to avoid amplifier
saturation.

Recording of the single beam 535 nm signal. The sin-
gle beam 535'nm signal is recorded in form of a non-
compensated signal in analogy to Chl fluorescence. Just
like the “Fluo” signal, it saturates at about 5.5 V. There-
fore, in contrast to the dual beam 550 - 515 nm signal, it
is recorded at Low Gain (Fig. 4A), so that a high setting
of Measuring Light (ML) intensity can be applied, for the
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Fig. 3. Definition of the signal scale in Al/l units for a tobacco leaf us-
ing the automated calibration routine.
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sake of a high signal/noise ratio. As "scattering" changes
are relatively slow, High Damping can be applied, thus
further improving the signal/noise. For display of kinetic
recordings the 535 nm signal is inverted, so that a "scat-
tering" increase, which corresponds to a signal decrease,
is displayed as an upwards transient, in analogy to the
P515 signal.

Means to prevent preillumination effects of the Meas-
uring Light.

In contrast to measurements of P700 via the 870-830 nm
signal, where near-infrared ML can be applied at very
high intensity without any actinic effects, measurements
of P515 and "scattering" are complicated by a substantial
fraction of the green measuring light being absorbed by
photosynthetic pigments. The DUAL-PAM software pro-
vides a number of means for preventing significant preil-
lumination effects of the ML without sacrificing signal
quality. This particularly applies to the rapid P515 change
induced by a single turnover saturating flash (ST flash),
the kinetics of which are extremely sensitive to preillu-
mination (due to light activation of the reversible ATP-
ase). In this type of measurements advantage is taken of
the fact that the LED driven ML can be rapidly switched
on. When "Auto ML on" is active (Fig. 4B), upon Start of
a Fast Kinetics recording the ML is automatically
switched on, so that before the measurement the sample
can be kept in absolute darkness. Furthermore, use of the
so-called "Variable Block Frequency" can be made (Fig.
4C). ML pulses are applied in the form of 30 ps "pulse
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Fig. 4. Parameter adjustment: screenshots.
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blocks" (containing 12 pulses) separated by more or less
long "dark blocks". The signal level may be monitored
with negligibly small actinic effect at low "Block Fre-
quency" (MF-low ranging from 1-1000 Hz), e.g. for sig-
nal calibration or for assessment of the absolute level.
The actual measurement of light-induced changes can be
carried out at high pulse frequency (MF-high ranging
from 100-10000 Hz), depending on the required time
resolution. For maximal time resolution the ML pulse
frequency can be switched to MF-max, corresponding to
about 400 kHz, with the help of pre-programmed Fast
Trigger files, which define triggering of the various light
sources and of MF-max with 2.5 us resolution.

Signal/noise ratio and signal stability.

For reliable in vivo measurements with intact leaves par-
ticularly high demands on signal/noise ratio and signal
stability are made. The signal amplitude depends on the
intensity of the measuring light (settings 1 - 20), the am-
plifier gain (settings 1 and 5) and the transmittance of the
sample. While with leaf samples and isolated chloroplasts
the noise is mainly determined by the electronics, in the
case of algae suspensions the "sample noise" (movement
of cells or groups of cells) contributes substantially to
overall noise. Signal stability, which is particularly im-
portant for long term recordings, is affected by instru-
ment and sample parameters as well. In particular, signal
drift can be caused by temperature related intensity
changes of the pulse-modulated LED measuring light and
by optical changes of the sample (e.g. caused by fluctua-
tions of the leaf water status or settling of algae). As long
as these changes apply equally to the 515 nm and 550 nm
signals, they should be eliminated in the 550 - 515 nm
difference signal.

The noise amplitude of a given recording is a function of
the number of "Point Averages", the Measuring Light
Frequency (MF-low, MF-high and MF-max) and of the
Damping (time constants 10 ps for Fast Kinetics or 1 ms
for Slow Kinetics). The DUAL-PAM-100 software offers
an exceptionally wide range of data acquisition rates. Fast
Kinetics data can be acquired at rates ranging from 2.5 pus
to 1000 ps/point, with up to 128000 points being saved.
Slow Kinetics can be recorded at 1 - 100 ms/point with
up to 1024000 points (Fig. 4D; maximal recording time
more than 28 hours). In practice, kinetics normally are
measured with acquisition rates much higher than re-
quired for time resolution of the recorded kinetics and at
a later stage, upon viewing and analyzing the data, suit-
able "Point Averaging" is applied for noise reduction
(Fig. 4E). For example, when the flash-induced P515
change (consisting of an instantaneous rise followed by
slower changes in the ms time range) is measured at 2.5
us/point and MF-10000, no kinetic information is lost, if
100 "Point Averages" are applied (see example under Re-
sults in Fig. 6). In this particular example, the noise am-
plitude amounted to 10™* AI/I units with 100 "Point Aver-
ages", as compared to 3 x 10~ AI/I units without "Point
Averaging". In view of a flash-induced signal change in
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the order of 15 x 10™ AI/I units, this noise may be con-
sidered rather low.

A non-ambiguous assessment of the instrument related
noise and signal "drift" is possible using an "artificial
leaf". For this purpose, a plastic filter sheet with a trans-
mittance spectrum in the green region similar to a green
leaf (Roscolux #01: Light Bastard Amber) was sand-
wiched between two layers of highly scattering transpar-
ent paper. With this "artificial leaf #01" the signal ampli-
tudes at 515, 535 and 550 nm were very similar to those
of a normal tobacco leaf.

Figure 5 shows the 550 - 515 nm signal measured with
the "artificial leaf #01" at increasing Measuring Light
Frequencies (MF). At higher MF settings on one hand the
noise is reduced and on the other hand a negative signal
drift is induced. While the noise at MF20 amounts to
about 3 x 10 AI/I units, it decreases to about 10™* Al/L
units at MF1000 and 3 x 10 AI/I units at MF10000. At
MF10000 and ML Intensity 10 the integrated photosyn-
thetically active radiation (PAR) of the ML amounts to
4 pmol pmol quanta-m™s™. In most applications, the ac-
tinic effect of the ML may be considered negligibly
small, when applied below MF5000. Up to MF1000 the
signal drift over 5 min time period does not exceed 107

Results and Discussion

Rapid P515 relaxation kinetics induced by single-
turnover saturating flash

In Fig. 6 typical recordings of P515 absorbance changes
induced by a saturating single turnover flash in an intact
tobacco leaf are presented. Fig. 6A shows the response
after 1 h dark adaptation. A rapid rise of 14 x 107 Al /1
units is followed by a distinct slow rise phase, with the
overall response peaking at about 20 ms, before a slow
decline sets in. In Fig. 4B the response of the same sam-
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Fig. 5. Effect of increasing Measuring Light Frequency (MF) on the
noise and stability of the 550-515 nm signal using the "artifi-
cial leaf #01". ML intensity 10. Points averaged: 30.

AI/I units. Upon switching to higher MF settings there is
a biphasic decline of the signal, which at MF2000
amounts to about 3 x 10 and at MF10000 to about 2 x
107 AI/I units over 5 min time periods.

High MF settings normally are applied for the recording
of sub-s Fast Kinetics only, where slow signal drifts are
of no concern and where the actinic effect of the ML can
be ignored.

ple is shown after 10min illumination at
100 pmol quanta-m™s™ followed by 4 min dark adapta-
tion. The preillumination has dramatically speeded up the
decay of the flash induced P515 change and the slow rise
phase has disappeared. The rapid rise phase is diminished
by about 13%.

It may be emphasized that the P515/535 module allows to
assess the essential parameters of the flash induced P515
change with single recordings, i.e. there is no need for
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Fig. 6. Typical recordings of P515 changes induced by saturating single turnover flashes in tobacco leaf. Single recordings of Fast Kinetics (no
curve averaging) using Auto ML on and MF-10000. Display with 100 points averaging. A) Dark-adapted for 1 h. B) Preilluminated for 10 min at

100 umol quanta-m-2-s-' followed by 4 min dark.
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Fig. 7. Slow P515 changes induced by actinic illumination (10 min at
100 pmol quanta/m?s) and return to darkness. Same tobacco leaf as
in experiment of Fig. 4 after dark-adaptation. Use of Auto MF-High,
switching from MF 200 to 2000. A) Complete recording of light-on and
light-off responses. B) Enlarged display of light-off response with indi-
cation of estimated Ay and ApH components of pmf.

curve averaging. This is particularly important for meas-
urements of the slow rise phase, which is affected by the
preillumination caused by repetitive measurements. Preil-
lumination activates the reversible ATP-ase in the thyla-
koid membrane, thus increasing the H" conductivity of
the membrane. The decay of the P515 signal reflects the
relaxation of the flash induced electric field (created by
charge separation in the two photosystems and electro-
genic electron transport the Q-cycle at the cyt b/f com-
plex) by H' efflux via the H" channel of the ATP-ase. A
functionally intact photosynthetic apparatus is character-
ized by a slow decay after dark-adaptation (high mem-
brane integrity) and a fast decay after illumination (high
ATP-ase activity).

While in principle besides the electrochromic shift (P515,
ECS) other absorbance changes (like zeaxanthin forma-
tion or "scattering") can contribute to the 550 - 515 nm
difference signal, these alternative changes are much
slower and, hence, the rapid flash-induced changes (in
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the sub-s time range) may be considered to reflect P515
only. This is not true for slow changes in the time range
of min (see below).

Slow dark-light-dark induction transients of the 550-
515 nm signal

Fig. 7A shows the recording of dark-light and light-dark
induced slow P515 changes in an intact tobacco leaf. Be-
fore this measurement, the leaf was kept for several hours
in darkness, resulting in low zeaxanthin content. Under
these conditions, the light-induced signal increase not
only reflects an increase of the membrane potential
(ECS), but also formation of zeaxanthin. The latter is a
slow process, which sets in upon accumulation of protons
within the thylakoid lumen. The relative extent of zeax-
anthin formation can be judged from the increase of the
"dark baseline" apparent after light-off. Due to the high
stability of the 550 — 515 nm difference signal, the ob-
served slow changes in the "dark baseline" can be relia-
bly evaluated in terms of reversible changes of zeaxan-
thin content. After the light induced increase of the
"dark baseline" shown in Fig. 7A, there was a very slow
signal decline in the dark (t;, approximately 20 min) re-
flecting zeaxanthin epoxidation (not shown in the fig-
ures).

The rapid light-off response, which is depicted in more
detail in Fig. 7B, reflects H' efflux from the lumen to the
stroma via the thylakoid ATP-ase. The rapid signal de-
cline is followed by a biphasic signal increase to an ap-
parent "dark baseline". According to David Kramer and
co-workers (Kramer and Sacksteder 1998, Cruz et al.
2001) the relative amplitudes of Ay and ApH can be es-
timated from the characteristic levels observed during the
light-off response, as indicated in Fig. 7B. The difference
between the steady state signal and the "dark baseline"
reflects a substantial Ay during steady state illumination.
The "undershoot" below the "dark baseline" is considered
a measure for the steady state ApH. During prolonged il-
lumination, proton accumulation within the lumen is
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Fig. 8. Single beam 535 nm recording of dark-light-dark induction
transients. Tobacco leaf of potted plant illuminated for 3 min at
800 pmol quanta-m2-s1. The relative extents of the total proton mo-
tive force (pmf) and the ApH component are estimated from the rapid
and slow light-off responses, respectively (see text).
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slowly compensated by anion influx. When upon light-
off the accumulated protons are rapidly released from the
lumen to the stroma via the ATP-ase, there is a sudden
excess of negative charges at the internal side of the
membrane, resulting in an inversed ECS. The inversed
ECS slowly relaxes again during the following dark pe-
riod, as anion concentrations of lumen and stroma equili-
brate.

Dark-light-dark induction transients of the 535 nm
signal

The single beam 535 nm signal shows complex dark-
light-dark induction transients, which at low actinic in-
tensities are dominated by the electrochromic shift and at
high light intensities by the "scattering" change. Fig. 8
shows a typical recording with a tobacco leaf illuminated
for 3 min at 800 pmol quanta-m™s”. While the rapid
on/off transients are due to the ECS (P515), the slow rise
and decay phases reflect "scattering" changes, paralleling
formation and decline of the ApH (Bilger ez al. 1989).

It should be noted that the amplitude of the rapid light-off

5_071106_124729

A: single 515 Im
|
zd

20 230 30 330 40 430 S0 530 60 630 7.0
time [m:s]

W Showlevel [=281,4005 | [ve=0,066v
C: dual 550-515

030 10 1:30 20 230 30 330 40 430 S0 §30 60 630 7.0
time [m:s]

[5_071106_133851 & Showlevel =429,9005

2|: D: single 535

PAM Application Notes (2008) 1 1 - 10 (21 ed)

response of the 535 nm signal cannot serve as a measure
of the transmembrane Ay, as has been assumed in nu-
merous previous studies. In contrast to the rapid light-off
response of the 550-515 nm signal described above (see
Fig. 7b), it is not possible to measure the "dark baseline",
as the slow ECS signal increase due to anion efflux is
overlapped by the slow signal upon relaxation of the
"scattering" signal.

Dual beam compared to single beam responses

The main purpose of measuring P515 dual beam as 550-
515 nm difference signal is the elimination of the over-
lapping "scattering" change. The following data suggest
that "scattering" changes indeed are successfully sup-
pressed. In Fig. 9 the single beam responses at 515, 550
and 535 nm are compared with the dual beam response
(550-515 nm). Single beam 515 and 550 nm signals can
be recorded, when after balance of the difference signal
one of the two beams is turned off (by setting the LED
current slide to zero).
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Fig. 9. Comparison of single beam and dual beam responses. Tobacco leaf of potted plant illuminated at 800 pmol quanta:m#s-'. 8 min dark

adaptation between consecutive measurements.
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Fig. 10. Simultaneous recording of dark-light-dark transients of single
beam and dual beam signals of tobacco leaf pretreated for 5 min at
41°C. 30 min recovery at room temperature (20°C). A) Comparison of
single beam 515 and 535 nm signals. B) Comparison of dual-beam
550-515 nm with single beam 535 nm signal.
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Fig. 11. Simultaneous recording of P515 and 535 nm signals of a
dark-adapted tobacco leaf during the course of 3 min illumination pe-
riods at increasing actinic intensities separated by 3 min dark periods.
Actinic intensity sequentially was increased in ten steps from 10 to
1600 pmol quanta-m2-s-. Plant dark-adapted over night before start
of Script-file recording.
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While the single beam 515 and 550 nm responses display
essentially the same slow "scattering" changes that domi-
nate the 535 nm response, these are not apparent in the
550-515 nm difference signal.

Relatively mild heat pretreatment is known to substan-
tially stimulate light induced "scattering”" changes and to
suppress the light induced P515 change (Bilger and
Schreiber 1990). Fig. 10A shows the simultaneously
measured single beam responses at 515 and 535 nm of a
tobacco leaf pretreated for 5 min at 41°C. Compared with
the corresponding traces in Fig. 9, the scattering response
is considerably speeded up and its amplitude doubled. At
the same time the rapid on/off P515 responses are low-
ered by about a factor of 3. As shown in Fig. 10B, even
under these highly unfavorable conditions, no scattering
changes are apparent in the 550 - 515 nm difference sig-
nal.

Long term P515 and 535 nm recording for assessment
of light response characteristics

After stabilization of the Measuring Light LEDs (see sec-
tion on signal stability under Materials and Methods), the
P515 and 535 nm signals are sufficiently stable for as-
sessment of long term signal changes in the hour time
range. Prerequisite for such measurements is a stable wa-
ter status of leaf samples. In Fig. 11 an example of a
lengthy recording of the light-intensity dependence of the
dark-light-dark responses is presented. The DualPAM
software allows to program so-called Script-files, consist-
ing of a list of commands, which are sequentially carried
out at defined times by the instrument. In principle, all
operations that can be carried out manually can also be
programmed in a Script-file. In this way, even quite ex-
tended and complex experiments can be reliably repro-
duced.

While a detailed discussion of the complex information
contained in the data of Fig. 11 would be out of scope of
the present report, the following aspects shall be pointed
out:

a) Both signals show a substantial rise of the "dark base-
line", which may be assumed to reflect formation of
zeaxanthin. After light-off, the "dark baseline dark"
slowly returns to its original level with t;, = 20 min
(not in the figures).

b) Surprisingly zeaxanthin formation already sets in at
the lowest actinic intensity (step 1,
10 pmol quanta-m™s™), i.e. under clearly light-limited
conditions.

c) At low actinic intensity P515 and 535 nm signals dis-
play very similar changes; both signals are dominated
by the ECS, while no scattering change is apparent.

d) The steady state Ay, as determined by the approach
depicted in Fig. 7B, is negligibly small up to about
60 pmol quanta-m™s™ (illumination step 3), then in-
creases up to 300-400 pmol quantam™s™ (illumina-
tion steps 6-7), from whereon it declines again to zero.
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e) In contrast, the ApH component of the pmf continu-
ously increases up to the maximal applied intensity.
This finding is in agreement with the notion that the
ApH (in contrast to the Ay) plays a key role in the pro-
tection against damage by excess light.
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Fig. 12. Light-off response of the P515 signal in the steady-state with
continuous illumination at 350 pmol quanta-m2-s-'. Average of 4 re-
cordings involving 2 s dark-periods separated by 30 s illumination. To-
bacco leaf on potted plant.

Estimation of coupled in vivo ¢ and H' transport rates
via "P515 flux" measurements

David Kramer and co-workers have presented extended
work on the application of "Dark Induced Relaxation Ki-
netics" (DIRK analysis) for assessment of the pmf and its
relative partitioning into Ay and ApH (Kramer and
Sacksteder 1998, Kanazawa and Kramer 2002, Cruz et al.
2004). This work has confirmed and extended the results
of basic research by numerous other researchers (e.g.
I~ Showlevel t=1610,0005 | fy2=0,204 ¥
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Witt, Junge, Rumberg, Joliot, Delosme, Bouges-Bocquet,
Velthuys, Vredenberg, van Kooten, Hope, Cramer,
Crofts, Whitmarsh, Rich, Garab, Hind, Crowther, Sha-
hak, Morita) showing that the P515 signal carries funda-
mental information on the rates of coupled electron and
proton transport. During continuous illumination a flux
equilibrium is established between formation of Ay via
charge separation at the reaction centers and relaxation of
Ay caused by H' efflux via the ATP-ase. When illumina-
tion is interrupted, formation of Ay instantaneously is
stopped (except for the dark -electrogenic Q-cycle),
whereas H' efflux first continues at unchanged rate. The
initial rate of the P515 light-off response may be taken as
a measure of the H' efflux rate during illumination,
which is a function of the pmf (driving force) and the
proton conductivity of the ATP-ase.

Fig. 12 shows an example of measuring the light-off re-
sponse of the P515 signal in a tobacco leaf with the
DUAL-PAM-100. The system was programmed to inter-
rupt continuous illumination at 350 pmol quanta-m™s’
for 2 s and to measure the Fast Kinetics with 4 averages.
The initial maximal rate is observed up to about 20 ms af-
ter light-off.

The DUAL-PAM-100 software offers the so-called "Flux
Mode" for P515 and P700 measurements, which allows
continuous assessment of the initial rates of P515 relaxa-
tion and P700 re-reduction, respectively. When the "Flux
Mode" is active, the actinic light is applied in form of
light-dark pulses (1/1 modulation of light/dark). The
modulation rate is determined by the Slow Kinetics Ac-
quisition Rate. If e.g. an Acquisition Rate of 20 ms/p is
selected, 20 ms AL-pulses are alternating with 20 ms
dark-pulses. During steady-state illumination, the in-
crease of the P515 signal (or Ay) during an AL-pulse
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Fig. 13. Dark-light induction curves of P515 (blue) and P515 Flux (green) signals. Slow Kinetics Acquisition Time 20 ms/p. Dark-adapted to-
bacco leaf (attached, potted plant) in standard leaf-holder (without control of gas composition) illuminated at a mean actinic intensity of 300
umol quanta-m2-s-. At time 22 min the COz supply was temporarily increased by blowing breath in the direction of the leaf from 1 m distance.
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equals the decrease of the P515 signal (or Ay) during a
dark-pulse. The repetitive signal changes are processed
by the DUAL-PAM-100 to give a continuous "P515
Flux" signal, which can be displayed in parallel with the
original P515 signal.

In Fig. 13 a "P515 Flux" measurement of a dark-light
induction curve with 20 ms/p Acquisition Time is pre-
sented. While phenomenologically the flux signal dis-
plays some similarity to the original P515 signal, distin-
guishing features are:

a) In contrast to the P515 signal, the flux signal is zero in
the absence of actinic illumination. According to its
definition, the measured flux corresponds to the charge
separation rate in PS I and PS II, which is zero in the
dark.

b) As the flux signal is derived from the rapid AL-off/on
changes, it does not contain any contribution of the
slow zeaxanthin (and scattering) changes.

When the CO, concentration is transiently increased, this
leads to a pronounced transient stimulation of the P515
signal. Simultaneously, a damped oscillation of the flux
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