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Influence of the Wavelength of
Excitation and Fluorescence
Emission Detection on the
Estimation of Fluorescence-Based
Physiological Parameters in
Ditferent Classes of
Photosynthetic Organisms
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Anastasia A. Petrova and Anna Paola Casazza

Abstract

Fluorescence-based methodologies are commonly employed to determine a wide
spectrum of physiological parameters in intact photosynthetic organisms. These
methods rely on the detection of Chlorophyll a fluorescent emission, which exhibits
changes in its intensity due to the occurrence of quenching phenomena of either
photochemical or non-photochemical nature, as well as in response of the absorp-
tion cross-section of the photosystems. At room temperature, it is generally consid-
ered that most of the emission stems from Photosystem II, and therefore, most of
the physiological parameters rely on the assumption that contribution from Photo-
system I is negligible. Moreover, it is often considered that the whole light-
harvesting antenna is efficiently coupled to either of the photosystems and does not
contribute, independently, to the detected emission. When these caveats are not
realised, fluorescence-based indicators might be subjected to biases that tend to
underestimate the extent of both photochemical and non-photochemical
quenching. The contribution of Photosystem I and partially coupled/antenna com-
ponents can be assessed through the analysis of the dependency of steady-state
emission as a function of both the excitation and the emission wavelengths. On this
basis, methods relying on using different combinations of excitation and emission
wavelengths will be discussed in order to minimise the bias on the estimation of
physiologically relevant parameters.

Keywords: chlorophyll fluorescence, maximal photochemical efficiency,

photochemical quenching, non-photochemical quenching, Photosystem II,
Photosystem I, light harvesting complexes, phycobilisomes
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1. Introduction

Methodologies relying on the monitoring of Chlorophyll (Chl) a fluorescence
emission have a very widespread application in photosynthesis research and have
therefore been amply adopted by the scientific community (for a comprehensive
survey, see the quite recent monography edited by [1]). Since Chls are fundamental
pigments, naturally coordinated by the photosynthetic photosystems, these
fluorescence-based methods do not require the use of exogenous dyes, or their
coordination to specific biological targets. Thus, techniques based on Chl-
fluorescence monitoring have become popular as they allow to address a spectrum
of physiologically related questions, non-invasively, with relatively fast temporal
responses and high sensitivity. Moreover, these methods are suitable for both
in vitro, i.e. on isolated photosynthetic membranes or Chl-protein complexes, and
in vivo, either on leaves or unicellular and multicellular algae. Furthermore, they can
be used in combination with other analytical approaches, such as gas exchange and/
or transmission/reflectance changes, without extensive cross-interference. Note-
worthy, fluorescence detection strategies are often the method of choice for remote
sensing as well, especially when, although not exclusively, sunlight can be used as
the excitation source.

The most widely employed physiological measurements based on chlorophyll
fluorescence detection are the determination of fluorescence quenching processes
resulting either from photochemical reactions (photochemical quenching), or reg-
ulatory processes affecting the fluorescence emission yield, collectively referred to
as non-photochemical quenching (NPQ).

1.1 Photochemical quenching

Photochemical quenching is the process through which the emission yield of
protein-bound Chl is decreased in response to energy conversion reactions
occurring in photochemically active pigments, the reaction centre (RC), of a
photosystem. Historically, the occurrence of fluorescence quenching as a response
to the redox state of the terminal electron acceptors, Q4 and Qg (e.g. [2-4]) of PSII,
and similarly in the reaction centre of purple bacteria which shares some functional
similarities, paved the way for the now amply diffused utilisation of fluorescence
measurements to determine physiological parameters. The fluorescence yield of
PSII is low when the electron acceptors are oxidised (Fo, open centres) and reaches
a maximal value when the redox centre Q4 is reduced (F), closed centres). The
difference between the maximal fluorescence level and the minimal one is defined
as variable fluorescence (Fy = Fy — Fo).

The maximal fluorescence level can be promoted either by brief, intense, light
pulses, or flashes that cause the almost complete reduction of PSII acceptor pool
(saturating pulses or flashes), so that Q4 is reduced as well, or using inhibitors, like
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), that inhibit the oxidation of
reduced Q, by Qg (e.g. [1, 3-5]). When inhibitors are used, the Fj; condition is
attained even when employing low actinic illumination, such as the measuring
beam in a conventional fluorescence measurement, so that the use of additional
saturating pulses could be avoided.

The conclusive demonstration that the differences in the emission intensity
under F and Fyy conditions correspond to an effective change in fluorescence yield
came from fluorescence lifetimes investigation, where it was shown that under
open centre conditions the average fluorescence lifetimes, for the whole PSII
supercomplex composed of its core complex and external antenna complement is
in the order of 200-300 ps, whereas upon centre closures, it reaches values of
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1.2-1.5 ns (e.g. [6-10]), that is, the same 3- to 5-fold increase observed by
steady-state/pre-steady-state methods.

It can then be straightforwardly demonstrated, and it is therefore commonly
accepted, that the maximal photochemical quantum efficiency of PSII, ®5&%g,,
could be estimated with sufficiently good approximation by the ratio of the variable
and maximal fluorescence levels, i.e. by Fy /Fu (e.g. [1, 3-5]). The relation follows
from considering that Fy and Fj level could be described by the following
expressions:

( F ) kf
0o=apy=a Zki + Kperq,0
4 l 1
k (1)
Fy = agp =

a
Zki + I<p67Q,M
i

\

where « is a factor depending on the number of photons absorbed at the
excitation wavelength and emitted at the detection wavelength, which is indepen-
dent of the redox state of the acceptors in the RC, ¢, and ¢,, are the fluorescence
emission yield at open and closed centres, respectively, which could be further
expressed in terms of probabilities of the excited state de-excitation by fluorescence
(k ), with respect to the sum of all the so-called natural de-excitation processes,
including fluorescence, ) .k; and quenching by photochemistry, here described in
terms of a macroscopic, rather than molecular rate constant, K., weighted by the
molar fraction of oxidised electron acceptors at open (7 o) and closed centres
(rq,m)- Considering that y, o = 1and yq »y = 0, that is, in the case of PSII, Q, being

completely oxidised and reduced, and substituting into Eq. (1), results in:

Fy I<PC ~ dhMax
Fu kit Ky Ppcpsir ()
Although the above-presented derivation presents the yield in the form of the
so-called “lake model”, in which the quenching induced by photochemistry is
shared over a large pool of photosystems, thereby approaching the classic Stern-
Volmer description, for the Fy and Fy level, identical conclusion would be reached
by considering either separate units or partial connectivity, under the condition that
all centres are either open or closed. On the other hand, these models do differ
significantly in the description of any intermediate level between F and Fy, that is,
for as any value of y, different from O or 1, which manifests either in the kinetics or
rise to Fjy (so-called induction curve) or in the steady-state levels, F,, determined
by a given background illumination. It is also worth noticing that Eq. (2) is valid,
provided that the only quenching process differing at Fo and Fy is strictly due to a
modulation of photochemical quenching. It is however being shown that the fluo-
rescence level reached by single-turnover flashes can be slightly lower than those
observed under the so-called multiple turnover pulses, or by continuous illumina-
tion, indicating that the estimation of Dppsi from Fy /Fj; could be somewhat
biased (e.g. [11, 12]). However, in general, these processes, whose molecular nature
remains to be fully determined, lead to contained distortions in photochemical yield
estimation. Therefore, since measurements of Fy /Fy are relatively rapid, they
remain one of the most employed indicators to determine not only PSII quantum
yield, but also its changes in response to stress, both in the laboratory and in the
field. Measurements of variable fluorescence in the presence of actinic backgrounds
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also have become a widespread practise to gain information concerning photosyn-
thetic electron transport. A number of indicators have been proposed in order to
extract this information from fluorescence data and, at least for land plants, strong
correlation with simultaneous gas-exchange measurements has been demonstrated
[5, 13, 14]. This is because the variation in the amplitude of Fy in the presence of
actinic illumination, in combination with changes in the Fj level, with respect to
the dark-adapted state, could be related to the fraction of “open/closed” PSII cen-
tres as well as to their photochemical quantum yield under operation conditions. A
detailed discussion of the parameters is beyond the scope of this chapter, but several
approaches are reported in the recent monography [1] and extended review [5] on
these topics. We limit to notice that the interpretation of Fy-related fluorescence
indicators in the presence of an actinic illumination is less straightforward than for
dark adapted conditions.

1.2 Non-photochemical quenching

On top of photochemical quenching processes, fluorescence monitoring finds its
natural application in the study of regulative mechanisms of light harvesting effi-
ciency, which manifest themselves principally as a quenching of the Chl fluores-
cence emission. The establishment of non-photochemical quenching (NPQ) results
in the lowering of the Fj level in response to actinic illumination regimes close to or
exceeding the saturation of the photosynthetic electron transport capacity (e.g.,
[15, 16]). The fluorescence level in the presence of a non-photochemical quenching,
most commonly measured at closed centres by the application of multiple turn-over
saturating pulse, is referred to as F}; and can be described, similarly to Fy, within a
lake model approximation as follows:

kg

F,,=a
M Zki + [Qnp] - Kq.np
1

(3)

where K np and Qp are the macroscopic quencher rate constant and the
concentration of the non-photochemical quencher, respectively. These two quanti-
ties are however difficult to assess separately and are generally determined as the
product [Qp| - Kg,np through the NPQ parameters (note in the following the italics
will identify the parameters whereas upright capitals indicate the process), that is
defined as Fy;/F); — 1, with the definitions in Egs. (1) and (3) as follows:

Fy — Fl,
Fy

K
= [Qnp] - ZQIZP (4)

i

NPQ =

NPQ has proven to be a very complex phenomenon, showing several phases of
development, upon light exposure, and relaxation, upon return to darkness [15, 16],
that despite the generality of its manifestation, depends strongly on the organism or
at least the class of organisms in which it is investigated [17, 18]. This large vari-
ability is likely due to the generally accepted knowledge that NPQ processes occur
principally, when not exclusively, in the external antenna complement of PSII
[15-18]. Whereas the core complex, which serves as an internal light harvesting
system as well as the photochemical reaction centre, is well conserved amongst
different oxygenic photosynthetic organisms [19], the composition of the external
antenna is instead very diversified, having evolved to optimise light harvesting in
ecological niches possessing different spectral distributions either in terms of light
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spectrum or light intensity [20, 21]. Hence, it is not surprising that also adaptive
responses to changes in light conditions vary significantly in different organisms.

1.3 Source of possible distortion due to emission from Photosystem I and
decoupled light-harvesting antenna

One of the caveats behind Chl-based fluorescence indicators is the assumption
that the monitored fluorescence is emitted exclusively or almost exclusively from
PSII. This is, in general, a justified assumption since, particularly under closed
centres conditions, and at a room temperature or temperatures covering the
“physiological interval” of living organisms, the fluorescence yield of PSII could be
several folds larger than the one of the other ubiquitous component of the electron
transfer chain, Photosystem I (PSI). Measurements on PSI isolated from different
species indicate that its average fluorescence lifetime is in the order of 20-40 ps
[19, 22, 23], that is, 5-10 times faster than for the PSII-antenna supercomplex at
open centres and 200-500 faster at closed centres, in the absence of non-
photochemical quenching [6-11]. Similar results concerning PSI lifetimes are also
retrieved for measurements when the photosystem is embedded in the thylakoid
membranes [8, 9, 24]. Moreover, PSI does not show a significant change in emission
yield upon oxidisation of the terminal donor, P, [25]. Hence, differently from
PSII, PSI does not exhibit any significant induction, so that, in practise, its contri-
bution to the cell emission is expected to be larger under F than Fy; conditions.
Direct comparison of lifetimes and steady state emission levels holds, however,
provided that the photosystems are in close stoichiometric ratio, that they absorb
almost the same number of photons at the excitation wavelength and also have the
same emission bandwidth at the excitation wavelength. For instance, in most cases,
PSI emission results red-shifted with respect to that of PSII (e.g. [19, 22, 23] and
references therein), so that its contribution to the detected fluorescence emission
from photosynthetic material is expected to be a function of the detection wave-
length, which depends on the specific emission spectra of PSII and PSI in a given
organism. Similarly, either the absorption or the relative stoichiometry, hence the
fraction of excitation photons absorbed by each photosystem, are expected to be
dependent on organism. Especially for the determination of Fy, contribution from
PSI emission could become significant and not necessarily negligible [24, 26-28],
and similarly for cases in which the F}, level is quenched significantly below Fy.

Another possible source of distortion in the determination of these fluorescence
levels is the contribution from populations of the external antenna not coupled in
terms of energy transfer to the core of either PSII or PSI. Differently from PSI, the
core-decoupled pigment-protein complexes of the antenna are very bright in terms
of fluorescence, emitting with lifetimes comparable or longer than PSII at closed
centres. Typically, the population of decoupled antenna tends to be vanishingly
small in most organisms having transmembrane light-harvesting apparatus [27, 29],
but it can be sizable in cyanobacteria, accounting for 1-5% of the external antenna
[26, 30, 31] and therefore clearly contributing to the cellular emission [26-28,
32-34]. Thus, differences between organisms, which harbour diversified external
antenna complements, are to be expected.

2. Spectral dependence of the Fy/Fy; ratio

A strategy to verify the distortion originating from the emission due to either PSI
or a fraction of decoupled/weakly coupled external antenna components to the
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determination of the Fy /Fy ratio is that of recording the steady-state fluorescence
emission spectrum of photosynthetic material under open PSII RC conditions,

by using a low-intensity excitation having minimal actinic effect thereby
approaching the real dark-adapted Fy level, hereafter these will be referred to as Fy,
and to compare it with the spectrum obtained for the same excitation regime in
the presence of an inhibitor, such as DCMU, that promotes PSII centres closure,
thereby reaching the Fj; conditions. The expectation is that when the fluorescence
spectra are effectively dominated by PSII emission, the Fy /Fy ratio (or
analogously the Fy/Fy ratio) will attain the same value, irrespectively on the
detection wavelength. Similarly, recording the emission spectra under F;, and Fjy
conditions, but at different excitation wavelengths, the expected result in the
absence of distortion is that the Fy/Fj ratio is not only independent of the obser-
vation wavelength but also from the one of excitation. Contributions from either
PSII or decoupled antenna, or both, would result in an observation-wavelength
dependency of the Fy /Fy value, which might also depend on the excitation
[26-28, 32-36].

In the successive paragraphs, experiments performed in model green algae
(Chlorella sorokiniana and Chlamydomonas reinhardtii) and model cyanobacteria
(Synechocystis sp. PCC6803 and Synechococcus sp. PCC7942) are summarised, because
these classes of organisms display significant differences [27].

Conceptually, these types of experiments are pretty simple, but technically
they might be challenging as they require a rather sensitive apparatus in order
to collect F;, spectra with sufficient signal-to-noise ratio, due to the low intensity
of the excitation beam. On the other hand, recording the emission under Fy
conditions is relatively straightforward and will therefore be suggested as an
initial screening for possible sources of bias in the Fy /F, and thus @3,
estimations.

2.1 Excitation and emission dependency in model green algae

The emission spectra recorded under Fj, and F); conditions in the green algae C.
sovokiniana and C. reinhardtii for excitation at 435, 475, 520 and 570 nm are shown
in Figure 1. These wavelengths were chosen as they represent preferential excita-
tion of Chla (435 nm) and Chl b (475 nm), which are the main pigments in green
algae, where Chl a is present both in the core complexes and the external antenna,
and Chl b is present only in the light-harvesting complexes associated with both
PSII and PSI. Although the external antenna complement is composed by several
Chl-protein complexes, it is convenient in this case in which the individual contri-
butions cannot be discriminated, to refer to them collectively as LHCI and LHCII,
for PSI and PSII, respectively. Excitations at 520 and 570 nm are relatively unselec-
tive in this class of organisms, but they represent preferential excitation for
phycobilisomes (PBS), which represent the main, often the only, external antenna
complement in cyanobacteria.

For ease of comparison, the spectra, at each excitation wavelength, are
normalised to the maximum of the F); spectrum, and the F;, one is scaled accord-
ingly. The spectra reported in Figure 1 demonstrate that in both model green algae,
the emission bandwidth displays a very weak dependency on the excitation wave-
length, and that, as better appreciable in the insets where each spectrum is
normalised to its maximum, the overall bandwidth shows only limited differences
between F, and Fj; conditions. Yet, the spectra recorded at F;, show a slight
increase in the relative intensity in the 700-730 nm window, with respect to those
recorded at Fj. This difference can be interpreted, dominantly, by a relatively
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Figure 1.

Emission spectra vecorded under Fg (black lines) and Fy; (ved lines) conditions in the model green algae

C. sorokiniana (left) and C. reinhardtii (right), at room temperature, for excitation at 435, 475, 520 and
570 nm. The spectra in the main panels are normalised and scaled to the maximal emission at Fur. The insets
show the spectra normalised each at its maximal emission. The samples were diluted to an optical density
(scatter compensated) in between 0.05 and 0.1 OD at the maximal absorption in the ved, at 680 nm. The
excitation bandwidth was between 0.5 and 1 nm (FWHM); spectra weve acquired with a resolution of

0.25 nm and ave corrected for the sensitivity of the detector. Further details on the experimental set-up are

described in Refs. [24, 26,27].
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larger contribution of PSI emission in this wavelength region, when PSII fluores-
cence is quenched photochemically [24, 27].

In Figure 2 are shown the Fy /F) spectra, obtained from data of Figure 1.

For both model green algae, the Fyy/Fy spectra are indeed quite flat across the
whole emission band, showing however a trough, corresponding to minimal values,
in the 700-740 window, in correspondence to the maximal iz vivo emission of PSI.
Maximal values are recorded close to maximal cellular emission, with values rang-
ing in 0.66-0.72 interval, that is dominated by PSII instead, corresponding to an
underestimation of Fy/Fp; of 5-8% with respect to its maximal value. It is also
worth remarking that the Fy /Fy values have a rather limited dependency on the
excitation wavelength, which is probably for the results reported here, within the
limits of the actinic effect of the excitation beam at Fy,, determining a condition
which more (for larger Fy /Fy) or less (for lower Fy /Fp) closely approaches the
actual Fy.

A strategy to extract the in vivo emission spectrum of PSII is that of calculating
the Fy spectra, which are shown in Figure 3, each normalised to its maximal value.
It is clear then that the bandshape of the Fy spectra does not depend on the
excitation wavelength. This is a key indication, supported by parallel fluorescence
lifetime evidences [24], that the observed spectral dependence of the Fy /Fy spec-
trum is not due to, and certainly not dominated by, an intrinsic spectral dependency
of photochemical quenching in PSII.

Figure 3 also shows a comparison for the normalised Fys spectra, highlighting
their very limited dependency on the excitation wavelength. As mentioned above,
the recording of spectra at Fy is attained more straightforwardly than that at Fy, as
it does not suffer from possible biases from the actinic effect of the excitation
wavelength. Although the spectra shown here were acquired using the same excita-
tion intensity at F; and Fy, in general, the latter can be collected with higher
excitation fluxes henceforth in conventional instruments. Care shall however be
taken to avoid the onset of non-photochemical quenching processes. The invariance
of the emission bandshape of the Fj; spectrum with respect to the excitation
wavelength can be considered as a preliminary verification that this experimental
condition does not affect the measured Fy /F ratio.

To better compare the effect of excitation and detection wavelengths in deter-
mining the Fy /F)y ratio in traditional set-ups where detection is commonly
performed using interferential or band-pass filters, F;, and Fy /Fa were calculated
convolving the emission spectra with either ideal interferential (FWHM 10 nm) or
band-pass filters. The results obtained are listed in Table 1, all normalised to F.
Maximal values of Fy /Fy (corresponding to minimal ones of Fy)) are obtained for
detection centred at ~685 nm and minimal at 715 nm, for the conditions tested here.
Similarly band-pass with cut-on filter having a threshold frequency above 700 nm
yielded lower Fy /Fy; values than for shorter-wavelengths, which integrate over a
larger portion of the emission band.

2.2 Excitation and emission dependency in model cyanobacteria

The emission spectra recorded under F;, and F conditions in two model
cyanobacteria, Synechocystis sp. PCC 6803 and Synechococcus sp. PCC7942 (from now
on referred simply as Synechocystis and Sinechococcus), and at different excitation
wavelengths are shown in Figure 4. Differently from what reported in Figure 1 for
model green algae, in both model cyanobacteria, the emission bandshapes display a
strong dependency both on the excitation wavelength and on the redox conditions
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C. sorokiniana C. reinhardtii

Ao 435 nm
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700 750 650 700 750
Wavelength (nm) Wavelength (nm)

650

Figure 2.
Emission wavelength dependency of the Fv /Fy ratio in C. sorokiniana (left) and C. reinhardtii (vight), at
room temperature, for excitation at 435, 475, 520 and 570 nm, calculated from the spectra of Figure 1.
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C. sorokiniana
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Figure 3.

Comparison of the normalised Fy and calculated Fy = Fy — Fyy emission spectra, in C. sorokiniana (top) and
C. reinhardtii (bottom), at room temperature, for excitation at 435 nm (violet), 475 nm (blue), 520 nm
(green) and 570 nm (orange). Each spectrum is normalised to its maximum value.

of the PSII acceptors. Upon excitation at 435 and 475 nm, the main peak is centred
at 684 nm and intense shoulders, more pronounced than what is observed in green
algae, are observed on the long wavelength range above ~700 nm. Moreover, a
relatively intense blue wing is clearly observed in the 610-660 nm range, which
becomes larger and even dominant when the sample is excited at 520 and 570 nm,
that is, for preferential excitation in the PBS antenna, where a clear satellite peak
centred at 600 nm is discernible. It is immediately noticeable that the short wave-
length emission displays negligible variation in intensity when PSII centres are
closed with respect to when they are open.

This is further highlighted in Figure 5, where the Fy /Fj spectra derived from
the data of Figure 4 are reported. The results show that although the details
depended on the species, in general, in both model cyanobacteria, the Fy /Fy value
displays a significant dependence both on the wavelength of detection as well as on
the wavelength of excitation. For excitation at 435 nm, that is preferential for Chl a
(and carotenoids), maximal Fy /F) values are obtained, in correspondence to the
fluorescence emission peak (675-685 nm), in the 0.6 range. However, even when

10
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C. sorokiniana

Excitation 435 nm 475 nm 520 nm 570 nm

Interferential (Centre, nm) Fy Fy/Fm Fy Fv/Fu Fy Fv/Fm Fy Fy/Fm

650 0.302 0.698 0325 0.675 0310 0.690 0.319 0.681
670 0292 0708 0.312 0.688 0298 0.702 0311 0.689
680 0292 0708 0.309 0.691 0.293 0.707 0.308 0.692
690 0.304 0.696 0315 0.685 0305 0.695 0319 0.681
700 0327 0.673 0330 0.670 0.342 0.658 0353 0.647
720 0.347 0.653 0349 0651 0366 0.634 0370 0.630

Bandpass (cut-on, nm)

655 0.314 0686 0325 0.675 0323 0.677 0.334 0.666
675 0.317 0.683 0.326 0.674 0326 0.674 0336 0.664
695 0331 0669 0336 0.664 0347 0.653 0354 0.646
720 0.327 0673 0335 0.665 0341 0.659 0.348 0.652

C. reinhardtii

Inteferential (Centre, nm) Fy Fy/Fm Fy Fv/Fm Fy Fv/Fm Fy Fv/Fm

650 0.343 0.657 0365 0.635 0.348 0.652 0371 0.629
670 0.336 0.664 0354 0.646 0.341 0.659 0.352 0.648
680 0328 0.672 0346 0.654 0339 0.661 0.346 0.654
690 0.330 0.670 0353 0.647 0350 0.650 0.355 0.645
700 0.350 0.650 0377 0.623 0.375 0.625 0.381 0.619
720 0352 0.648 0377 0.623 0372 0628 0381 0.619

Bandpass (Cut-on, nm)

655 0.337 0.663 0359 0.641 0.353 0.647 0.361 0.639
675 0.337 0.663 0.360 0.640 0.355 0.645 0.362 0.638
695 0.345 0.655 0369 0.631 0.365 0.635 0.374 0.626
720 0.340 0.660 0361 0.639 0357 0.643 0367 0.633

Values of Fiy and Fy |Fy; determined from the Fyy and Fy emission spectra of model green algae, after convolution with
either ideal interferential filter (Gaussian, FWHM 10 nm) or long-pass filter (cut-on transitions 4 nm at the
indicated 50% transmission). Values ave normalised to Fy; = 1 under each excitation/emission condition.

Table 1.
Estimated Fy and Fyp detected through intevferential and band-pass filters in green algae.

monitoring Fy /Fp at the emission maxima, its value depends on the excitation
wavelength, decreasing to 0.45-0.5 for all other wavelengths tested. Moreover, in
both organisms and for all excitations, the Fy/Fj ratio decreases sharply in the
700-730 nm window, to values of 0.2-0.3, corresponding to ~40% underestima-
tion with respect to the maximal. Similarly to what was discussed for the case of
green algae, this decrease can be ascribed to a significant contribution of PSI
emission, especially at Fy, in this wavelength region [26, 27]. The effect is
however much larger than in green algae. This could be explained by differences
in antenna properties for these two classes of organisms, as well as in the PSI:PSII
stoichiometries. Whereas for excitation in the blue, PSI and PSII absorb almost
equal fractions of photons, in cyanobacteria, the difference is larger as each
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Fluorescence (a.u.) Fluorescence (a.u.) Fluorescence (a.u.)

Fluorescence (a.u.)

Figure 4.

Emission spectra recorded under Fy, (black lines) and Fy (ved lines) conditions in the model cyanobacteria
Synechocystis sp. PCC6803 (left) and Synechococcus sp. PCC7942 (right), at room temperature, for
excitation at 435, 475, 520 and 570 nm. The spectra in the main panels are normalised and scaled to the
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maximal emission at Fy. The insets show the spectra normalised each at its maximal emission.
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Synechocystis sp. PCC6803 Synechococcus sp. PCC7942
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Figure 5.

Emission wavelength dependency of the Fy /Fy ratio in Synechocystis sp. PCC6803 (left) and
Synechococcus sp. PCC7942 (right), at room temperature, for excitation at 435, 475, 520 and 570 nm,
calculated from the spectra of Figure 4. Please note the difference in the y-scale with respect to Figure 2.
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monomeric PSII core binds about 45 Chl 2 molecules, whereas PSI monomers

bind about 90 Chl a. Furthermore, whereas PSII is a functional dimer

(total ~ 90 Chls), PSI is, at least as the most abundant form, a trimer (270 Chls).
Even for a 1:1 ratio of the two supercomplexes, PSI is expected to absorb about 3
times more photons than PSII. Moreover, it is often reported that the PSI:PSII
stoichiometry in cyanobacteria could be much larger than 1, and thereby, PSI will
result contributing significantly to the steady state emission despite its low fluores-
cence quantum yield.

Furthermore, the Fy /Fj spectra in model cyanobacteria display a very steep
decrease to a minimal value on the blue emission wing, below ~665 nm, in corre-
spondence to PBS emission. The decrease in Fy /Fy is much steeper when the
external antenna is excited directly (520 and 570 nm, in Figure 5, and reaching
negligible values well below 0.1). At least for the case of Synechocystis, this applies
moreover to all wavelengths at which PBS absorption is dominant [27]. Hence,
monitoring Fy /Fp; on the short emission wing leads to profound underestimation of
the maximal photochemical yield of PSII.

However, the bandshape of the Fy spectra does not depend significantly on the
excitation wavelength, as also observed in model green algae. In the case of model
cyanobacteria, a more pronounced wing extending down to 625-630 nm is visible
(Figure 6) in the Fy spectra. This could be ascribed to variable fluorescence of the
energetically coupled fraction of the PBS antenna, at least of its terminal emitters
[27, 37, 38]. The relative invariance indicates that the changes in the Fy /Fj; value
are not dominated by an intrinsic variation of photochemical quenching over the
PSII emission band (see discussion in ref. [27] for further detail), rather to the
overlapped contributions of different chromophore-protein supercomplexes, nom-
inally PSI and a fraction of the PBS antenna which is not energetically coupled to the
core complexes of either PSI or PSII. The need for considering an energetically
uncoupled antenna stems from the large increase in its emission upon direct exci-
tation and the close-to-absent photochemical quenching, which is to be expected for
a core-coupled antenna. It is also demonstrated by the long fluorescence lifetimes
(1-4 ns, cite), even under open PSII RC conditions.

In Figure 6 are also shown the normalised F); spectra recorded at different
excitation wavelengths. It is immediately noticeable that the bandshape of the Fy
spectra, differently from the case of green algae and the Fy spectra in
cyanobacteria, changes markedly with the excitation wavelength. As already men-
tioned, recording of emission spectra under Fj; conditions, at room/physiologically
relevant temperatures, is relatively straightforward. Observations of pronounced
changes in the bandshape of the emission spectrum as a function of the excitation
wavelength could then be used as a preliminary screening for indication of non-
negligible contribution of pigment-protein complexes other than PSII to the cellular
(or photosynthetic membrane) emission. If any independent knowledge is available
concerning the spectral characteristics of the external antenna and/or of the PSI,
which would help interpreting the Fj; spectral excitation dependency, then appro-
priate pairs of excitation/detection wavelength can be chosen for classic fluores-
cence induction curve measurements.

To further highlight the importance of measurement conditions on the determi-
nation of the Fy /F); ratio in cyanobacteria, in Table 2 are reported the values of Fy,
Fy and Fy /Fp which would be obtained monitoring these levels though collection
by either interference or band-pass filters. Although the general trend is similar to
what was reported for green algae in Table 1, the variations are much larger in the
case of cyanobacteria where values exceeding 0.5 are obtained only for detection
close to emission maximum (interferential at 685 nm) and avoiding preferential
PBS excitation.
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Comparison of the normalised Fyy and calculated Fy = Fpy — F 6 emission spectra, in Synechocystis sp. PCC6803
(top) and Synechococcus sp. PCC7942 (bottom,), at room temperature, for excitation at 435 nm (violet), 475 nm
(blue), 520 nm (green) and 570 nm (orvange). Each spectrum is novmalised to its maximum value.

2.3 Contribution of different chromophore-pigment super-complexes to
photosynthetic membrane emission

The spectral dependencies of Fy//Fj; could be accounted by a relatively simple
formalism, based on considering a linear combination of contributions from i) PSII-
antenna supercomplexes that give rise to variable fluorescence, Fy, and ii) other
supercomplexes, in which the emission yield is independent of PSII redox state. The
latter can be identified, in general terms, by the term F,y that collectively accounts
for emission of PSI and fractions of decoupled antenna, which are, as shown above,
organism-dependent. Eq. (1) can be re-written, explicitly considering the excitation
and emission dependency, as follows:

®)

{Fo(/lem,/lex) = pu(4) - on(d) - do + puv(4) - oav(4) - buy
FM<lemaAex) - pH(/l) : UH(/l) : ¢M + an(/{) : GnV</1) : ¢nV

where p;;(4) and p,,;,(1) are the absorption cross-sections of PSII and the pig-
ments showing non-variable fluorescence, respectively; o77(4) and 6,v(4) are the
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Synechocystis sp. PCC6803

Excitation 435 nm 475 nm 520 nm 570 nm

Interferential (Centre, nm) Fy Fy/Fm Fy Fy/Fu Fy Fv/Fu Fy Fv/Fu

650 0.633 0367 0.802 0.198 0917 0.083 0.927 0.073
670 0.454 0546 0.614 0386 0.729 0271 0.724 0.276
680 0.419 0581 0.529 0471 0585 0.415 0.568 0.432
690 0.467 0533 0552 0.448 0584 0416 0571 0.429
700 0.559 0.441 0.626 0.374 0.684 0.316 0.675 0.325
720 0.613 0.387 0.694 0306 0.742 0258 0.729 0.271

Bandpass (cut-on, nm)

655 0.504 0.49 0.612 0388 0.688 0.312 0.683 0.317
675 0.508 0.492 0.598 0.402 0.649 0351 0.636 0.364
695 0.556 0.444 0635 0365 0.691 0.309 0.680 0.320
720 0.534 0.466 0.608 0392 0.675 0.325 0.663 0.337

Synechococcus sp. PCC7942

Interferential (Centre, nm) Fy Fv/Fum Fy Fv/Fm Fy Fv/Fu Fy Fv/Fm

650 0.750 0.250 0.866 0.134 0955 0.045 0.972 0.028
670 0.487 0513 0.678 0.322 0.775 0225 0.803 0.197
680 0.413 0587 0598 0.402 0629 0371 0.663 0.337
690 0.446 0554 0.631 0369 0.630 0370 0.666 0.334
700 0.530 0470 0710 0290 0.729 0271 0.766  0.234
720 0.547 0.453 0722 0278 0774 0226 0.806 0.194

Bandpass (cut-on, nm)

655 0.491 0509 0677 0323 0731 0269 0.761 0.239
675 0.479 0521 0663 0337 0691 0309 0720 0.280
695 0.516 0.484 0.697 0303 0.728 0272 0.756 0.244
720 0.498 0502 0677/ 0323 0.708 0.292 0.730 0.270

Values of Fyy and Fy |Fy determined from the Fyy and Fy emission spectva of model cyanobacteria, after convolution
with either ideal interferential filter (Gaussian, FWHM 10 nm) or long-pass filter (cut-on transitions 4 nm at the
indicated 50% transmission). Values ave normalised to Fy; = 1 under each excitation/emission condition.

Table 2.
Estimated Fyy and Fyp detected through intevferential and band-pass filters in cyanobacteria.

(area normalised) emission spectra of the same components; ¢,,, ¢ and ¢, are the
fluorescence yields of the non-variable component, PSII under open and closed
centres, respectively, from which stems that

FV(/lemJex) = FM(ﬂem»/iex) - F0<ﬂem’lex) = PII(}“) "’Il(ﬂ) : (¢M - 4’0)
F_V(@ Jox) = pu(A) - ou(d) - (¢ — ¢o) (6)
Fp 70 pp(A) - ou(2) - g + puv () - 0uv(A) - by

which satisfies the lack of excitation wavelength dependency of Fy(4.,) and
simply rationalise the differences in the value of Fy/F); depending on the relative
contribution of F,,y(Aem,Aex ). When this term tends to zero or being negligible with
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respect to PSII emission at Fj, the expression is reduced to Eq. (2), and the
estimation of @3} is relatively unbiased.

Recent reports from our laboratory have demonstrated that F,y(4) at a given
excitation wavelength could be extracted from the experimental spectra, simulta-
neously obtaining an estimation of ®}%},;, with reduced bias from spectral contri-
butions other than PSII [26, 27]. In these studies, it was also shown that it was
possible to separate spectrally the contributions of PSI and the uncoupled antenna,
by considering the explicit contribution of these components to F,y (Aem, Aex ):

Fuv(Aem Aex) = p1(4) - 61(2) - @1 + pu(2) - 6(2) - (7)

where the absorption cross-section (p;(4), p,;(4)), emission bandwidth (o;(4),
0,(4)) and quantum yield (¢;, ¢,;) of PSI and uncoupled antenna appear as indepen-
dent terms. This expression is formally more correct because the fluorescence yield of
the components not showing variable fluorescence is, in general, not the same. Eq. (7)
can be straightforwardly used to replace the Fy,y (dem,Aex) term in Egs. (5) and (6).

In Figure 7 are shown examples of the decomposition of the emission spectra of the
green alga C. sorokiniana recorded under F{, and F); conditions, by the independent
contributions of PSI, PSII and uncoupled light harvesting antenna. Analogous results
were obtained for C. reinhardtii [27]. The decomposition of the Fj, and Fy; spectra
recorded in Synechocystis is instead shown in Figure 8, which, qualitatively, are
representative also of the other model cyanobacterium considered, Synechococcus.

In accordance with qualitative data inspection of the spectra, in green algae, the
emission spectra are largely dominated by PSII, and, even though the contribution
of PSI is not negligible, the one of the uncoupled antenna, fundamentally, is so. The
values of @}, derived from the spectral decomposition (0.715 for C. sorokiniana
and 0.675 for C. reinhardtii) are only slightly higher (2-3%) than those obtained
directly from the data, at their spectral maxima. This is moreover the case
irrespectively of the excitation wavelength, as the same @)}, was obtained for the
decomposition at all excitation wavelengths [26, 27], and the Fy /Fj maximal
values did not change greatly. On the other hand, the decomposition of the emission

C. sorokiniana
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Figure 7.

Decomposition of the F(y and Fyy emission spectra of C. sorokiniana in terms of independent contributions of PSI
(wine lines), PSII (green lines) and uncoupled light-harvesting component, U-LHC, (blue lines). The black
lines are the experimental spectra and the ved lines are the results of the decomposition.
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Synechocystis sp. PCC6803
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Figure 8.

Decomposition of the F, 6 and Fyy emission spectra in Synechocystis in terms of independent contributions of PSI
(wine lines), PSII (green lines) and uncoupled phycobilisomes, U-PBS (blue lines). The black lines are the
experimental spectra and the red lines are the vesults of the decomposition.

spectra of model cyanobacteria evidences not only a more significant contribution of
PSI with respect to PSII, at all excitation wavelengths tested, but also an almost
dominant contribution of the uncoupled PBS antenna upon its direct excitation. Thus,
the values of @34, (0.625 for Synechocystis and 0.65 for Synechococcus) derived
from decomposition, which was imposed to be excitation wavelength-independent, is
in general much larger (35-40%) than those obtained directly from experimental data.
The only conditions for which deviations are not extremely large are upon detection at
maximal emission, 685 nm, and excitation at 435 nm. Under these conditions, the
Ohhgyr is underestimated only by 5-7.5%. For detection above 700 nm, the underes-
timation of Fy /Fy is generally larger than 50% and can be up to 75%.

A relatively simple way to compensate for the contribution of the emission from
pigment-protein complexes and supercomplexes that do not show variable fluores-
cence is that of applying a correction to the measured fluorescence levels. This
however would in principle require independent evidences that the variable fluo-
rescence spectrum is effectively independent of the excitation wavelength (as
shown in Figures 3 and 6) and knowledge of the relative emission contribution of
F,y at a given pair of excitation/emission wavelengths. If the first condition is met,
then Fy shall be considered to be unbiased, and a correction factor, (&, , ), for Fy
only would be necessary:

EV i

2.
Fr) i FMiomin (=640

Alist of &, values, for selected emission wavelengths, and for the excitation
wavelengths discussed above, is reported in Table 3. Although these values are
quite similar between the two green algae, and the two cyanobacteria, considered, it
is nonetheless recommendable to use the correction parsimoniously, especially
when this yields large increases with respect to the measured Fy /Fy and whenever
possible to verify it under both the experimental conditions and the specific growth
conditions of the organism. A recommended, empirical, check is represented by
acquiring the Fy /F) ratio at least at two pairs of excitation and emission
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C. sorokiniana C. reinhardtii

Excitation 435nm 475nm 520 nm 570 nm 435nm 475nm 520 nm 570 nm
Interferential (Centre, nm)
650 0.02 0.03 0.05 0.03 0.02 0.03 0.02 0.03
670 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.03
680 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02
690 0.02 0.02 0.03 0.02 0.02 0.03 0.03 0.04
700 0.06 0.04 0.07 0.06 0.04 0.07 0.06 0.08
720 0.09 0.07 0.11 0.09 0.04 0.07 0.06 0.08
Bandpass (cut-on, nm)
655 0.04 0.03 0.06 0.04 0.03 0.04 0.03 0.05
675 0.05 0.04 0.06 0.05 0.03 0.04 0.04 0.05
695 0.07 0.05 0.09 0.07 0.04 0.06 0.05 0.06
720 0.06 0.05 0.08 0.06 0.03 0.04 0.04 0.05

Synechocystis sp. PCC6803 Synechococcus sp. PCC7942
Excitation 435nm 475nm 520 nm 570 nm 435nm 475nm 520 nm 570 nm
Interferential (Centre, nm)
650 0.10 0.89 0.83 0.83 0.62 0.79 0.93 0.95
670 0.06 0.41 0.47 0.47 0.23 0.45 0.65 0.68
680 0.05 0.23 0.25 0.25 0.13 0.29 0.42 0.45
690 0.08 0.27 0.25 0.25 0.15 0.33 0.42 0.44
700 0.15 0.51 0.43 0.43 0.29 0.52 0.58 0.60
720 0.20 0.64 0.52 0.52 0.37 0.60 0.64 0.66
Bandpass (Cut-on, nm)
655 0.11 0.46 0.42 0.42 0.24 0.46 0.57 0.59
675 0.12 0.43 0.37 0.37 0.22 0.43 0.50 0.51
695 0.16 0.58 0.44 0.44 0.28 0.51 0.55 0.56
720 0.15 0.57 0.41 0.41 0.24 0.46 0.48 0.49

Correction factors (€, , ) appearing in Egs. (8), (10) and (11) derived for four excitation wavelengths, and for the
expected emissions obtained for convolutions of either ideal interferential filters or long-pass filters (cut-on transitions
4 nm at the indicated 50% transmission).

Table 3.

Correction factors compensating for non-variable fluorescence contributions at Fy.

wavelengths. If the corrected value yields, within errors, the same estimate of
pC psi» then it is likely that the corrected value approaches the un-biased one.

3. Impact of the excitation/emission dependency on the NPQ
estimations

Non-photochemical quenching of Chl fluorescence is one of the most intensively
investigated regulative processes in oxygenic photosynthesis. As stated in the intro-
duction, NPQ being an excited state quenching process, it is natural that fluores-
cence detection has been by far the most popular instrument to investigate it,
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particularly iz vivo. From the mechanistic point of view, NPQ results to be a very
complex phenomenon, being controlled more or less synergically by an ensemble of
effectors, whose specific action is species-dependent. Moreover, distinct NPQ pro-
cesses that either develop or relax on different time scales have been reported, with
the generally dominant ones being the rapidly forming/relaxing, energy-dependent
quenching qE (e.g. [15-17]) and for prolonged illumination, the slowly/irreversible
component, often associated with light-induced inhibition, qI component

[15-17, 19]. The principal function of NPQ is that of regulating the rate of excitation
delivery to the RC of PSII, by increasing the thermal dissipation in the antenna,
under conditions in which the photosystem turnover can become limited by the
availability of electron acceptors in the thylakoid electron transfer chain.

In land plants, and most green algae, the larger qE component of the NPQ process
is dependent on the establishment of large pH gradients across the thylakoid mem-
brane [15-17, 39]. However, whereas in land-plant, the presence of the PsbS subunit is
crucial for a rapid and large NPQ establishment [15-19, 39, 40], in green algae, this is
less fundamental, and the expression of specific light harvesting complexes (known as
lhcs) has a more central role [39, 40]. Carotenoids, particularly those of the so-called
xanthophyll cycle, also influence either the extent or the kinetics of formation/
relaxation of NPQ [15-17, 19, 39, 40]. In both cases, the main effect is that of
promoting the formation of quenching centres within the external antenna matrix of
PSII, despite the site of quenching being still a matter of contention. As excited state
equilibration within PSII is reached rapidly with respect to the excited state decay at
Fu, the non-photochemical quencher could be considered, to a first approximation,
to quench homogenously the whole PSII-LHCII supercomplex.

The mechanisms of NPQ in cyanobacteria are understood in less detail. In these
organisms, it has been shown that non-photochemical centres are also located in the
external PBS antenna (reviewed in [17, 18, 40]) and that NPQ can occur even in
mutants lacking the reaction centres [41, 42]. The induction of NPQ has a pro-
nounced actinic light dependency, whose action spectrum closely matches the
absorption of the orange carotenoid protein (OCP), which is a key factor in the
sensing and possibly the induction of NPQ in this organism. In this scenario, it should
then be considered that non-photochemical quenching could occur in the whole PSII-
PBS supercomplex as well as in the uncoupled PBS fraction (as well as in both).

For the purposes of this chapter, a detailed discussion of the mechanisms of NPQ
is not required, being the focus on the distortion of the measured Chl-based parame-
ters, which for this process is through the “NPQ parameter” as defined in Eq. (4).

It is possible to estimate the extent of the bias originating from the emission of
PSI and of the energetically uncoupled antenna fraction in a parameter, which shall
reflect changes in the fluorescence yield of PSII, by simulating the cellular emission,
starting from the decompositions obtained under measured Fy; conditions, and by
imposing selective non-quenching in PSII (or in PSII and/or the uncoupled
antenna), thereby obtaining spectra under F), conditions, and successively com-
paring the NPQ which would be retrieved from experimental measurements with
the effective one used in the simulations.

Using the same formalism adopted so far, when NPQ occurs in PSII only, the
non-photochemically quenched emission at F); is described by:

Fi\/[(/lem,lex) = pH(/l) ) UH(lex) : ¢II,QN + PI(’l) : ‘71(/1) “Pr + pul (’1) " Oul (’1) “u

k
_ f
P > _ki + [Qup] - Ko,np

)
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And when quenching in the uncoupled antenna fraction is necessary, ¢,; shall be
substituted with ¢, nq, and, for simplicity we will consider, as a reasonable
approximation, that ¢,; = ¢,,. For simplicity, the case of cyanobacteria and green
algae will be discussed separately.

3.1 Excitation and emission dependency of NPQ estimation in model
green algae

The simulated fluorescence emission spectra in C. sorokiniana at F); conditions,
compared with unquenched Fj, are presented in Figure 9. Values which would
correspond to the NPQ parameters in the range of 1-4 for PSII emission were used
in the simulations of the F}, spectra. These values will be hereafter referred to as
NPQ.¢. In the inset of the figures is shown the correlation between the NPQ.¢ and
the NPQ, which will be measured through interference filters centred at 660, 680,
700 and 720 nm, which cover most of the cellular emission bandwidth. For NPQ.¢
levels below 2, the correspondence between the effective and detected NPQ is
pretty good, particularly when the emission is monitored at 660 and 680 nm, as the
deviation is between 5 and 10% of the imposed value. The correspondence is less
satisfactorily when monitoring the emission at 700 and 720 nm, where deviations of
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Figure 9.

Simulations of Fy and Fy spectra in the green alga C. sorokiniana. Spectra weve simulated stavting from the
decomposition of Figure 7 and by imposing quenching in PSII-LHCII only, corresponding to effective NPQ 4
values of 1, 2 and 4. The insets show the correlation between NPQ,g and the detectable NPQ as it would be
measured through interferential filters (FWHM 10 nm) centred at 660 (violet squares), 680 (blue circles),
700 (green diamond) and 720 nm (yellow triangles); the dashed lines correspond to un-biased estimations.
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15-20% are estimated already for relatively limited quenching levels, particularly when
exciting at 520 and 570 nm. In all cases, deviations are more significant for the largest
NPQ,¢ value tested of 4. This is a rather large value for green algae, which is rarely
reported, but is worth testing in perspective. Moreover, an NPQ of 4 is almost equiva-
lent to the maximal photochemical quenching at F. When monitored at the maximal
emission, NPQ is only about 10-15% underestimated, with the range depending on the
excitation. Yet, for excitation in the yellow-green window and detection at 700 and
720 nm, the underestimation is in the 25-40% range, therefore significant.

The deviations between NPQ.¢ and NPQ show a larger spectral dependence
than the Fy /F)y ratio. This is due to the definition of the NPQ parameter, in which
F), rather than F); appears at the denominator. Since the contribution of any F,y is
expected to be the same under this condition, its relative weight would be larger on
F §\/1 which is, by definition, smaller than Fy;.

An alternative strategy to quantify non-photochemical quenching is via the non-
photochemical quenching yield, (®y, sometimes referred also to as qN), which is
defined as ®y = (F M — F}VI) /Fum. In analogy to Fy /Fy, within the large unit con-
nectivity limit, @y can be demonstrated to effectively represent a quenching yield,
and therefore, its value falls between 0 and 1. Indeed, when estimating @y, the
deviation with respect to its expected value does not exceed 10%.

3.2 Excitation and emission dependency of NPQ estimation in model
cyanobacteria

Using the same approach described above, the F), spectra were simulated also
for the model cyanobacterium Synechocystis sp. PCC6803, considering the two sce-
narios in which NPQ occurs only in the PSII-PBS supercomplex (Figure 10) or in it
as well as in the uncoupled PBS fraction (Figure 11). The same level of NPQ.¢
(between 1 and 4) is applied to either PSII-PBS or both PSII-PBS and uncoupled
PBS, and this value is compared to what is measured through interferential filters,
at the same wavelengths already discussed, in the inset of the figures.

It is immediately apparent that, for the simulations of the F}, spectra shown in
Figure 10, the discrepancy between the putative measured and the imposed value is
extremely large. Underestimations of less than 25% are predicted only for the
smaller NPQ.¢f value considered (1), when exciting preferentially Chl a (at 435 nm)
and detecting at the maximal emission (680 nm). However, even under these
detection conditions, the largest NPQ.¢ = 4 simulated is predicted to be ~40%
underestimated. Furthermore, the underestimations increase progressively with the
increasing value of NPQ.¢ under all measuring conditions simulated. At wave-
lengths in which PSI emission is significant (700 and 720 nm), NPQ underestima-
tions are in the 60-80% range and always exceed 75%, being up to 95% when
monitoring on the preferential PBS emission at 660 nm. As discussed for the case of
green algae, the discrepancy between the effective and the predicted measured
values is larger for NPQ than Fy /Fy, that were already significant, due to the
largest weight of F,y at F}, rather than Fy.

The scenario is markedly different when considering quenching in both PSII-
PBS and the uncoupled PBS. As shown in Figure 11, quenching is more obvious
across a larger portion of the emission bandwidth, and this leads to a closer corre-
spondence between NPQ.¢ and the simulated detectable NPQ. In particular, the
closest match between effective and measurable NPQ is in this scenario attained
upon direct monitoring of the PBS emission at 660 nm, and upon their direct
excitation at 520 and 570 nm, where deviations are always below 15% of the
effective quenching value. For the estimations of NPQ when monitoring at the
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Figure 10.

Simulations of Fuy and Fy; spectra in the cyanobacterium Synechocystis. Spectra were simulated starting from
the decomposition of Figure 8 and by imposing quenching in PSII-PBS only, corresponding to effective NPQr
values of 1, 2 and 4. The insets show the correlation between NPQg and the detectable NPQ as it would be
measured through interferential filters (FWHM 10 nm) centred at 660 (violet squares), 680 (blue circles),
700 (green diamond) and 720 nm (yellow triangles); the dashed lines correspond to un-biased estimations.

maximal emission, a slightly closer correspondence is predicted when exciting in
the blue (435 and 475 nm), but significantly larger values are predicted when
exciting preferentially the PBS, despite remaining ~40% underestimated with
respect to the effective ones. On the other hand, detection in the red tail (700 and
720 nm) leads to underestimation in the order of 60-80% irrespectively of the
excitation wavelength. It is worth mentioning that differences in the spectra of
Figures 10 and 11 (and NPQ) might help in discriminating between the two differ-
ent scenarios, or possible intermediate cases, experimentally.

The non-photochemical quenching yield, ®y, results less biased in both cases,
however low-bias values (12%) for the scenario of Figure 10 are predicted only for
excitation at 435 nm and detection at 680 nm, whereas for the scenario of Figure 11,
underestimations between 5 and 15% are predicted for detection at 660 and
680 nm, at all excitation wavelengths considered.

It is in principle possible to correct the measurement parameters, analogously to
what is described in Eq. (8), provided the same caveats and even further recom-
mendation of parsimony of use, so that the “corrected” NPQ parameter results:

Fy — F),

NPQ . =
& M~ Erontn " FM

(10)
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Simulations of Fu and F\ spectra in the cyanobacterium Synechocystis. Spectra weve simulated starting from
the decomposition of Figure 8 and by imposing quenching in PSII-PBS and in the uncoupled PBS population.
The same effective NPQ,g values of 1, 2 and 4 were imposed in both. The insets show the correlation between
NPQg and the detectable NPQ as it would be measured through interferential filters (FWHM 10 nm) centred
at 660 (violet squares), 680 (blue circles), 700 (green diamond) and 720 nm (yellow triangles); the dashed
lines correspond to un-biased estimations.

and the photochemical quenching yield:

Fy —F),

L 11
Fu(1-8&,..) ()

(I)N C

4. Conclusions

In this chapter, we discussed the influence of measurement settings on the
determination of the two parameters, Fy /Fy and NPQ, which have a very wide-
spread, routine, utilisation in photosynthesis research. A key caveat behind the
physical interpretation is that the detected emission stems exclusively or almost
exclusively from PSII. By comparing the excitation and emission dependency in two
different classes of organisms, it is shown that, particularly in cyanobacteria, the
emission from PSI and a fraction of uncoupled antenna, PBS in this case, can lead to
large distortions, generally an underestimation, in the determination of Fy /F) (as a
proxy for @) and even larger ones, of NPQ. Although the underestimation of
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d%j,sn in green algae is relatively limited, the one of NPQ can also be significant for
large non-photochemical quenching.

Simple expressions for empirical correction of the measured Fy level are
proposed, and the conditions for their validity and applicability are discussed.
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