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Chlorophyll a fluorescence induction: Can just a one-second measurement
be used to quantify abiotic stress responses?”
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Abstract

Chlorophyll (Chl) a fluorescence induction (transient), measured by exposing dark-adapted samples to high light, shows
a polyphasic rise, which has been the subject of extensive research over several decades. Several Chl fluorescence
parameters based on this transient have been defined, the most widely used being the Fy [= (Fm — Fo)]/Fwm ratio as a proxy
for the maximum quantum yield of PSII photochemistry. However, considerable additional information may be derived
from analysis of the shape of the fluorescence transient. In fact, several performance indices (PIs) have been defined,
which are suggested to provide information on the structure and function of PSII, as well as on the efficiencies of specific
electron transport reactions in the thylakoid membrane. Further, these PIs have been proposed to quantify plant tolerance
to stress, such as by high light, drought, high (or low) temperature, or N-deficiency. This is an interesting idea, since the
speed of the Chl a fluorescence transient measurement (<1 s) is very suitable for high-throughput phenotyping. In this
review, we describe how PIs have been used in the assessment of photosynthetic tolerance to various abiotic stress factors.
We synthesize these findings and draw conclusions on the suitability of several PlIs in assessing stress responses. Finally,
we highlight an alternative method to extract information from fluorescence transients, the Integrated Biomarker
Response. This method has been developed to define multi-parametric indices in other scientific fields (e.g., ecology), and
may be used to combine Chl a fluorescence data with other proxies characterizing CO, assimilation, or even growth or
grain yield, allowing a more holistic assessment of plant performance.
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(first 0.3 ms) of the O-J fluorescence rise; NPQ — nonphotochemical quenching of the excited states of Chl; OEC — oxygen-evolving
complex; P680 — reaction center Chls of PSII; PC — plastocyanin; Phe — pheophytin; PSi — photochemical stress index; PI — performance
index; PILR — performance index leaf ratio; PQ — plastoquinone; RE —rate of electron transport from the reduced Qa to the final electron
acceptors of PSI; R —ratio of fluorescence decrease to steady state fluorescence; ROS — reactive oxygen species; RWC — relative water
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reaction centers leading to Qa reduction; AV — relative amplitude of the I-P phase of Chl a fluorescence.
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#Three of the authors (Alexandrina Stirbet, DuSan Lazar and Johannes Kromdijk) pay tribute to their coauthor (Govindjee)
for his lifetime work, at his 85" birthday (on October 24, 2017). They write: “Besides his many achievements, Govindjee is well
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known in the photosynthesis research community for his passion and excitement in relating chlorophyll (Chl) a fluorescence to
photosynthesis; this started with his discovery, in 1960, of the two-light effect on Chl a fluorescence, and it continues till today.” Stirbet
wrote: “I met Govindjee in 1995 in Geneva, Switzerland, when he was visiting Reto Strasser’s lab, and we wrote a paper on modeling
the Chl a fluorescence transient, the OJIP phase (Stirbet ef al. 1998). In 2010, we restarted our collaboration, and published several
reviews, as well as experimental and theoretical papers, still on Chl fluorescence, and I am looking forward to continue our work
together”. Lazar added: “My first contact with Govindjee dates back to the final stages of my Ph.D. studies, when I submitted a review
paper to Biochimica et Biophysica Acta on Chl fluorescence induction (Lazar 1999), and Govindjee was one of its reviewers; he had
declared his identity. From that time, I know Govindjee as a bright, accurate and enthusiastic scientist, who also supports (and
encourages) alternate views [see e.g., my theoretical paper (Lazar 2013) on variable Chl fluorescence originating in PSI, which he had
also reviewed].” Kromdijk added: “Doing photosynthesis-related research on the Urbana-Champaign Campus of the University of
Illinois (USA), it is impossible not to cross paths with Govindjee. I met Govindjee a few years ago after relocating to Urbana-Champaign
for my postdoctoral research. Since then, we regularly meet up to drink coffee and talk about life and anything related to photosynthesis.
Govindjee has an incredible lifetime of photosynthetic research and experiences to share, and combines this with the passion and
enthusiasm of someone who just discovered the topic yesterday.”

Introduction

Oxygenic photosynthesis involves the conversion of light
energy into chemical energy, using two photosystems and
carbon fixation enzymes to oxidize water to molecular
oxygen and to reduce carbon-dioxide to carbohydrate (see
e.g., Blankenship 2014, Govindjee et al. 2017). Further,
the light energy, absorbed by photosynthetic pigments, has
two other fates: loss by internal conversion (as heat) or as
light emission (mostly fluorescence). In this review, we
explore the use of the latter (see Govindjee et al. 1986,
Papageorgiou and Govindjee 2004, for a background) to
understand abiotic stress on plants. Chlorophyll (Chl) a
fluorescence is widely used in photosynthesis research,
plant physiology, plant phenotyping, remote sensing of
plants, and other fields of research that are related to
photosynthesis (for reviews, see e.g., Moya and Cerovic
2004, Baker 2008, Meroni et al. 2009, Murchie and
Lawson 2013, Guanter et al. 2014, Kalaji et al. 2014a,
2016, 2017a,b; Humplik et al. 2015, Mishra et al. 2016a).

Chl a fluorescence has been used as a highly useful and
sensitive signature of photosynthesis (Govindjee 1995,
2004; see also Govindjee et al. 1986); it has provided
valuable information on the structure and function of the
photosynthetic apparatus (Papageorgiou and Govindjee
2004). Measurements of emission and excitation spectra of
Chl a fluorescence have provided valuable information on
various components of the antenna complexes, and on the
excitation energy transfer among them (Govindjee ef al.
1986). Further, fast dynamic changes in Chl a fluorescence
occur when dark-adapted samples are exposed to light.
This induction of Chl a fluorescence is also named the
Kautsky effect (after Hans Kautsky; see Govindjee 1995,
Lazar 1999, Papageorgiou et al. 2007, Stirbet and
Govindjee 2014) and can be used to extract information
about the efficiency of electron transport through PSII (for
reviews, see Krause and Weis 1991, Strasser et al. 2004,
Stirbet and Govindjee 2011, 2012).

Fig. 1. Chlorophyll @ fluorescence transients measured in leaves of 10-d-old barley (Hordeum vulgare L.) under untreated condition
(curve 1, control), and after 5 min at 35°C (curve 2), at 44°C (curve 3), and at 47°C (curve 4). These curves are shown on a logarithmic
time scale (4), and on a linear time scale (B); a.u. stands for arbitrary units. The O, K, J, I, P, S, M, and T steps are marked in the figure,
where: O is for origin (the minimum fluorescence Fo); K, for the fluorescence at 0.3 ms (Fk), which has been correlated with the OEC
inactivation at high temperatures (Guissé et al. 1995); J and I are for the intermediary fluorescence levels at 2 ms and 30 ms (Fs and Fi);
and P is for the peak (Fp); S stands for a semi-steady state level; M is for a maximum; and T is for the terminal steady state. In (B) we
also show the so-called “vitality index”, R = (Fp — Fr)/Fr (Lichtenthaler ef al. 1986) calculated for each sample. Measurements were
made under continuous red (650 nm) light of 2,500 pumol(photons) m= s~ with a PEA (Plant Efficiency Analyser, Hansatech, UK)
instrument.
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Table 1. Definition of energy fluxes and fluorescence parameters in the JIP-test (Strasser et al. 1999, Tsimilli-Michael and Strasser
2008). These parameters are used to analyze the “fast” (< 1 s) chlorophyll @ fluorescence transient, the O-J-I-P phase, where O is for
origin (the minimum fluorescence Fo), J and I for two intermediate levels at 2 ms and 30 ms (F; and F1), and P for peak (Fp, or Fm when
the fluorescence is maximal). Note that PSI, PSII, RC, CS, and Qa are for photosystem I, photosystem II, total number of active PSII

reaction centers in the measured area, the cross section of PSII, and the first plastoquinone electron acceptor of PSIIL, respectively.

Technical fluorescence parameters

Meaning

Fv=Fm—-Fo
Vi = (Ft— Fo)/Fv

Mo = (AV/At)o = 4(Fo.3ms — Fo.05ms)/Fv

Maximum variable fluorescence
Relative variable fluorescence
Initial slope (in ms™) of the O-J fluorescence rise

Sm = Area/Fv Normalized area between the OJIP curve and the line F = Fym, which is a
proxy of the number of electron carriers per electron transport chain

Energy fluxes

ABS The photon flux absorbed by the antenna of PSII units

TR The part of ABS trapped by the active PSII units that leads to Qa reduction

DI The part of ABS dissipated in PSII antenna in processes other than trapping

ET The energy flux associated with the electron transport from Qa™ to the
intersystem electron acceptors

RE The energy flux associated with the electron transport from Qato the final

electron acceptors of PSI

Efficiencies and quantum yields

ETo/TRo=yEo=1-V;
REo/TRo=yRo=1-V)

REWETo = 6Ro = yRo/yEo

TRo/ABS = @Po = Fv/Fm
ETo/ABS = @Eo = ¢Po x yEo
REo/ABS = ¢@Ro = ¢Po X yRo
DIo/ABS =1 — TRo/ABS

Efficiency with which a PSII trapped electron is transferred from Qa™ to PQ
Efficiency with which a PSII trapped electron is transferred to final PSI
acceptors

Efficiency with which an electron from PQH: is transferred to final PSI
acceptors

Maximum quantum yield of primary PSII photochemistry

Quantum yield of electron transport from Qa™ to PQ

Quantum yield of electron transport from Qa to final PSI acceptors
Quantum yield of energy dissipation in PSII antenna

Specific energy fluxes (per active PSII)

ABS/RC = (Mo/Vj)/@Po
TRo/RC = Mo/ V)
ETo/RC = (Mo/Vi) x wEo
REW/RC = (Mo/Vy) x yRo

DIo/RC = ABS/RC — TRo/RC

Apparent antenna size of an active PSII

Maximum trapped exciton flux per active PSII

The flux of electrons transferred from Qa™ to PQ per active PSII

The flux of electrons transferred from Qa to final PSI acceptors per active
PSII

The flux of energy dissipated in processes other than trapping per active PSII

Phenomenological energy fluxes (per CS)

ABS/CSo = Fo and ABS/CSm = Fm

TRo/CS = (TRo/ABS) x (ABS/CS)
ETo/CS = (ETo/ABS) x (ABS/CS)
REy/CS = (REi/ABS) x (ABS/CS)

Absorbed photon flux per excited cross section of PSII

Maximum trapped exciton flux per cross section of PSII

The flux of electrons from Qa™ to PQ per cross section of PSII

The flux of electrons from Qa™ to final PSI acceptors per cross section of PSII

Performance indexes

Performance of PSII and of specific electron transport reactions

Plags = (RC/ABS) x [¢Po/(1 — ¢Po)] x [wEo/(1 — wEo)]

PlIaBs,total = PIaBs % [6Ro/(1 — 6Ro)]
Plcs = Plass x (ABS/CS)
Plcs total = PIaBS total X (ABS/CS)

Performance index on absorption basis

Total performance index on absorption basis
Performance index on cross section basis
Total performance index on cross section basis

Driving forces

Performance of PSII and of specific electron transport reactions

DFaBs = log(PIass)
DFaBs,total = 10g(PIABS total)
DFcs = log(PIcs)

DFcs total = log(PIcs tota1)

Driving force on absorption basis

Total driving force on absorption basis
Driving force on cross section basis
Total driving force on cross section basis
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The rise of Chl a fluorescence upon exposure to light
is polyphasic (Strasser et al. 1995). Plotting a measured
fluorescence transient as a function of logarithmic time
(Fig. 14) helps in identifying several key fluorescence
levels, sequentially labelled as O-J-1-P-S-M-T [see curves
1 and 2 in Fig. 1, and Govindjee (1995) for the history of
this notation]. Here, O is for origin (the dark-adapted
minimum fluorescence Fo), J and I for two inflections at
2 ms and 30 ms (Fy and F;), P for peak (Fp, or Fy when the
fluorescence is maximal, which is usually in the ~ 500-ms
range), S for a semi-steady state, M for a local maximum
(which is sometimes missing), and T for the terminal
steady-state level (see reviews e.g., by Govindjee and
Papageorgiou 1971, Lazéar 1999, Papageorgiou et al. 2007,
Lazar and Schansker 2009, Papageorgiou and Govindjee
2011, Stirbet and Govindjee 2012, Stirbet et al. 2014). In
addition to these fluorescence levels, sometimes a K level
can be observed at 0.3 ms in plants exposed to high
temperature (Fig. 1, curves 3 and 4) (Guissé et al. 1995).

Many photosynthetic processes influence the kinetics
of the fast Chl a fluorescence rise from O (Fo) to P (Fp or
Fum) (reviewed by Lazar 2006, Lazar and Schansker 2009,
Schansker et al. 2011, 2014; Stirbet and Govindjee 2011,
2012). Considering the case for saturating light, Chl a
fluorescence intensity increases as the quencher Qa
becomes more reduced, with all Q4 reduced at the P level
(see Munday and Govindjee 1969a,b). Besides experi-
mental studies, the fast Chl a fluorescence rise has been
also theoretically simulated (e.g., Stirbet et al. 1998, Lazar
2003, 2009, Zhu ef al. 2005, Hamdani et al. 2015).

This O-J-1-P rise measured at saturating light has been
widely used to calculate (Fm — Fo)/Fm = Fyv/Fu, a fluores-
cence parameter that serves as a proxy for the maximum
quantum yield of PSII photochemistry (Butler and
Kitajima 1975, Govindjee 1995, 2004) and in higher
plants, it usually ranges from 0.78 to 0.84 (Bjérkman and
Demmig 1987). However, several other parameters, based
on the O-J-I-P transient, have been proposed, especially by
Strasser and Strasser (1995) (see also Strasser et al. 1999,
2000, 2004, Tsimilli-Michael and Strasser 2008). These
proposed parameters (Table 1) are derived by using not
only Fo and Fy, but also fluorescence levels at J, I, and K.

Performance indices

We summarize below the derivation of Pls from Chl a
fluorescence O-J-1-P transients measured under saturating
light, which had been proposed by Strasser et al. (1999)
and Tsimilli-Michael and Strasser (2008). These Pls are
calculated with mathematical formulae that capture (and
integrate) information contained in 3-4 fluorescence
parameters in one number, which is then used to rank
different samples according to their PSII and electron
transport performance. Less mathematically inclined
readers may simply consider the PIs as indices computed
based on the aforementioned fluorescence levels and

In this review, we focus on so-called "performance
indices" (PIs) proposed by Strasser et al. (1999) and
Tsimilli-Michael and Strasser (2008). These PIs are
proposed to combine information on the performance of
PSII and efficiencies of specific electron transport
reactions in the thylakoid membrane during the O-J-I-P
rise to provide a sensitive tool, e.g., for photosynthetic
stress tolerance. This is an interesting idea, since the speed
of the measurement (<l s) is very suitable for high-
throughput phenotyping and the obligatory dark-
adaptation of the sample reduces the intensity (i.e., power)
required to fully saturate photochemical quenching,
compared to measurements on light-adapted samples.
Both attributes make incorporation of this measurement
into high-throughput phenotyping platforms (see e.g.
Fahlgren et al. 2015, Humplik et al. 2015) relatively
straight forward; however, some issues might arise. For
example, the high-time resolution needed for the
evaluation of Pls requires high computational demands.
This issue does not seem to be insurmountable, since
results of PIs measured using Chl fluorescence imaging
cameras, which are necessary for the Pl-based high-
throughput phenotyping, have already been reported
(Jedmowski and Briiggeman 2015). Also, the time
necessary for dark-adaptation might be different for
different plant species and, in any case, it represents a
delay that contradicts the requirement for high-throughput.
Except for plant stress caused by light treatment, this
problem can be overcome by measurements at the end of a
period of darkness in the dark/light cycle used during the
plant growth. A possible methodology to avoid the dark-
adaption in the high-throughput phenotyping using Chl
fluorescence has been suggested, e.g., by Mishra et al.
(2016b).

We now briefly summarize the derivation of PIs from
Chl a fluorescence measurements. Subsequently, we will
describe how PIs have been used in the assessment of
photosynthetic tolerance to various abiotic stress factors.
Finally, we synthesize these findings, draw conclusions on
the suitability of PIs in assessing stress responses, and
discuss alternative ways to derive information from Chl a
fluorescence transients.

continue reading at the section Application of performance
indices to estimate photosynthetic stress tolerance, where
we review the use of PIs to quantify abiotic stress
tolerance. (Also see Table 2 for a list of “indexes” based
on the PIs and the JIP-test.)

The JIP test: The parameters to calculate PIs have been
defined in the so-called JIP-test (Strasser and Strasser
1995), which is based on a proposed theory of “energy
fluxes” in photosynthetic biomembranes (Strasser 1978,
Strasser et al. 2000).
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Table 2. List of indices defined, based on the performance index (Plass) and other parameters of the JIP-test (see Table 1; Strasser et
al. 1999, Tsimilli-Michael and Strasser 2008), and used to evaluate the deleterious effects of particular stress conditions on the
performance of PSII activity in plants, which reduce their tolerance to these stressors. Note: Plass is for the performance index on
absorption basis, and equals (RC/ABS) x [@Po/(1 — ¢Po)] x [wEo/(1 — wEo)], where RC/ABS is for the density of PSII reaction centers,
Py is for the maximum quantum yield of PSII photochemistry, and yEo is for the efficiency with which a PSII trapped electron is
transferred from Qa™ to PQ; Qa is for the primary plastoquinone electron acceptor; PQ is for plastoquinone in the PQ pool; ¢Eo is for
the quantum yield of the electron transport from Qa™ to PQ, Fum is for the maximum Chl « fluorescence, and Fo is for the minimum Chl a
fluorescence. Based on the above definition of Plags, PSII activity is decreased when Plags has smaller values.

Index Definition

Description

Reference

€99

m”, an index that evaluates the
tolerance of plants to high salt

Absolute value (i.e., positive)
of the slope of the straight line
that fits the plot of log(PlaBssalt
treated) / P1ABS(control)) V.
log((PEO(salt treated) / (PEO(comrol))

logA + 2 logB + 4 logC, where
A, B, C are average Plass(chilled)
/ PlaBS(control) during the 1% and
2" the 31 4t and 5™ and the
6™ and 7™ night of chilling

logA + 2 logB, where A and B
are average PlaBs(unwatered)/
PlIaBs(controny during the 15" and
the 2" week of drought stress

CFI, chill factor index

DFI, drought factor index

PILR, performance index leaf
ratio

PlaBs(ieat 3) /PIaBS(leaf 1)

HRI, heat resistance index log(Plus/Plc) + 2log(PIr/Plc),
where PI is the Plass, while C,
HS, and R indicate control,
high temperature, and recovery

after 24 h

The absolute value of the slope
of the straight line that fits the
plot of log(Plass) vs. Vk =
(Fo3ms— Fo)/(Fm — Fo)

This is calculated based on the
algorithm for the Integrated
Biomarker Response (IBR; see
Appendix) by using 15
fluorescence parameters
defined in the JIP-test

HSI, heat sensitivity index

PSi, photochemical stress index

[TSLT)

A smaller slope “m” indicates a
lower decrease in PSII activity
due to high salinity (i.e., a
higher tolerance)

A smaller CFI indicates a
higher decrease in PSII activity
due to chilling during night
(i.e., a lower tolerance)

A smaller DFT indicates a
higher decrease in PSII activity
due to drought (i.e., a lower
tolerance)

A smaller PILR indicates a
higher decrease in PSII activity
due to nitrogen deficiency (i.e.,
a lower tolerance)

A smaller HRI indicates a
higher decrease in PSII activity
due to high temperature (i.e., a
lower tolerance)

A smaller HSI indicates a lower
decrease in PSII activity due to
high temperature (i.e., a higher
tolerance)

A smaller PSi indicates a lower
decrease in PSII activity and
ET in the thylakoid membrane
due to environmental stress
(i.e., a higher tolerance)

Misra et al. (2001)

Strauss et al. (2006)

Oukarroum et al. (2007),
Boureima et al. (2012)

Ziveak et al. (2014)

Jedmovski and Briiggeman
(2015)

Chen et al. (2016),
Oukarroum et al. (2016)

Duarte et al. (2017)

In the JIP test, the following five energy fluxes are
considered (Fig. 2):

(a) ABS (the absorption flux) — The photon flux
absorbed by the antenna of PSII reaction centers;

(b) TR (the trapping flux) — The excitation energy flux
trapped by open PSII reaction centers, leading to the
reduction of Q4 (essentially, PSII photochemistry);

(c) DI (the dissipation flux) — The excitation energy
flux dissipated in the antenna of PSII units through
processes other than trapping (i.e., heat, fluorescence, and
excitation energy transfer to PSI);

(d) ET — The energy flux associated with electron
transport from Qa to the intersystem electron acceptors;
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(e) RE — The energy flux associated with the electron
transport from Q™ to the final electron acceptors of PSI,
which then become reduced.

We note that many studies label these fluxes with the
letter “J” (i.e., JABS for ABS, J™ for TR, JP! for DI, JET for
ET, and JXE for RE) (e.g., Hendrickson et al. 2005, Stauffer
2006, Stirbet and Govindjee 2011). Further, ABS should
not be confused with the optical light absorbance or
absorptance, which is widely used to describe light
attenuation through a sample. However, to keep things
simple, we will use the notations that have been used
earlier in the photosynthesis literature and in the available
software.
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Fig. 2. A diagram showing the relation between several parameters of the proposed JIP-test with the sequential processes taking place
during the induction of photosynthesis. ABS is for the photon flux absorbed by the antenna of PSII units; TR is for the part of ABS
trapped by PSII reaction centers, leading to the reduction of Qa, the primary plastoquinone of PSII; DI is for the part of ABS dissipated
in PSII antenna through processes other than exciton trapping; ET is for the energy flux associated with the electron transport from Qa
to intersystem electron acceptors; RE is for the energy flux associated with the electron transport from Qa" to final PSI electron acceptors;
RC is for the total number of PSII reaction centers; @Po (= TRo/ABS), ¢Eo (= ETo/ABS), ¢Ro (= REo//ABS), wEo (= ETo/TRo), and dRo
(=REo/ETo ) are parameters, which are proposed proxies for the ratios of the respective energy fluxes; Plass,total is the total performance
index on absorption basis; DFags, or, log(Plass,tota) (= DFrc + DFpo + DFEo + DFRo) is the total driving force on absorption basis; Z is
the secondary donor of PSII (Tyr-161 of D1); Qg is the secondary (electron acceptor) plastoquinone of PSII; P680 is the primary electron
donor of PSII; Phe is pheophytin, the primary electron acceptor of PSII; Cyt be/f'is cytochrome be/f; PC is plastocyanin; and Fd is

ferredoxin. Figure modified from Tsimilli-Michael and Strasser (2008).

Subsequently, an attempt is made to estimate the ratios
of these fluxes, based on the fluorescence levels of the
O-J-I-P transient, according to the interpretation by
Strasser and Strasser (1995) and Tsimilli-Michael and
Strasser (2008), as e.g., the quantum yields:

TR()/ABS = l - Fo/FM
DI()/ABS = Fo/FM
ETo/ABS =1 - Fj/Fu
RE(/ABS =1 —Fi/Fm

These equations refer to fluxes at the onset of
fluorescence induction (designated by the subscript “0”),
whereas the fluorescence levels are determined based on
specific times during the transient [i.e., Fo (= Foosms), Fx
(= Fo3ms), Fi (= Fams), F1 (= Foms), and Fu (= fluorescence
maximum)]. A very important parameter derived in the
JIP-test is the ratio TR¢/RC (= M¢/Vj), which represents
the maximum trapped exciton flux per active PSII unit; it
shows that the initial slope (My) of the relative variable
OIJIP fluorescence rise [i.e., Vi = (Fi— Fo)/Fvy], normalized
to Vy [= (Fy — Fo)/Fv], is inversely proportional to the
number of PSII reaction centers in the sample (RC). By
using TR¢/RC, the energy fluxes can be expressed as
specific energy fluxes (i.e., per active PSII reaction center,
see Table 1). Furthermore, according to Strasser and

Strasser (1995), several more parameters can be computed
from the JIP test which can be grouped as (see Table 1):

(1) Yields (i.e., energy fluxes per ABS), and other
energy flux ratios: e.g., TR/ABS, DIy/ABS, ET¢/ABS,
RE()/ABS, ETQ/TR(), RE()/TR(), and RE()/ET();

(2) Specific energy fluxes, divided by the total number
of active PSII reaction center(s) (RC): e.g., ABS/RC,
TRo/RC, DIy/RC, ETo/RC, RE(/RC (a notation that may be
misleading, as the term RC can be confused with only one
PSII reaction center); and

(3) The so-called “phenomenological” fluxes with
respect to CS, the cross section of PSII (i.e., the area for
photon capture by the light absorbing pigments of PSII
antenna; see Ley and Mauzerall 1982, Greenbaum et al.
1987) are: ABS/CS, TR(/CS, DIo/CS, ETo/CS, RE(/CS.

All the above parameters have been taken from Strasser
and Strasser (1995) and Tsimilli-Michael and Strasser
(2008). That is to say, they have been calculated using the
fluorescence data from the O-J-I-P transient (see formulae
in Table 1), but not by using actual energy flux values.
Therefore, they are all only proxies of energy ratios, or
specific and phenomenological fluxes. [If interested in the
theoretical derivation of the parameters used in the JIP-
test, see reviews by e.g., Strasser et al. (1999, 2000, 2004),
and Stirbet and Govindjee (2011)].
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To construct the PIs described below, Strasser et al.
(1999) and Tsimilli-Michael and Strasser (2008) had used
and combined the following four parameters or ratios (see
also Table 1 for a summary and list of equivalent
nomenclature):

(1) RC/ABS or RC/CS - the ratio of the total number
of active PSII reaction centers (RC) per absorption flux
(ABS), or per cross section (CS) of PSII. RC/ABS was
estimated by (Fv/Fum)/(Mo/Vy), RC/CS by Fo x (RC/ABS),
and RC/CSy by Fum % (RC/ABS).

(2) TRJ/ABS (equivalent to @Pg) — the maximum
quantum yield of PSII photochemistry that leads to Qa
reduction; it was estimated by Fy/Fu.

(3) ETo/TRo (equivalent to wEg) — the efficiency (y)
with which a trapped exciton by PSII reaction center leads
to electron transfer (Eg) from Q4™ to PQ, in the PQ pool; it
was estimated by (Fm— Fj)/Fy.

(4) REW/ETo (equivalent to 5R) — the efficiency (8) of
the electron transport (Ro) from plastoquinol (PQH>), in
the PQ pool, to the final electron acceptors of PSI (e.g., Fd,
NADP’, O,, thioredoxin); it was estimated by (Fm — Fr)/
(Fm — Fy).

Definition of performance indices (PIs): Based on the
above extensive list of parameters, the following PIs were
proposed:

SFlass — “structure—function index” on absorption basis:
Tsimilli-Michael et al. (1998) and Srivastava ef al. (1999)
had defined SFIags (Eq. 1); it was based on the following
parameters: RC/ABS, TR¢/ABS, and ETy/TR,, which
characterize structural and functional characteristics of
PSII (see above):

SFIass = (RC/ABS) x (TRo/ABS) x (ETo/TRy) (1)

Since a higher amount of active PSII reaction centers

(i.e., RC/ABS), a higher quantum yield of PSII photo-
chemistry (i.e., TR¢/ABS), and a higher efficiency of the
electron transport from Qa to the PQ pool (i.e., ETo/TRy)
would all lead to increased photosynthesis, an increase in
SFIaps was suggested to reflect changes that “favor”
photosynthesis.
Plass — performance index on absorption basis: Plags is
the most widely used PI, and was proposed by Strasser et
al. (1999) as a product of RC/ABS and terms in the form
pi/(1 — pi), where the pis (i = 1, 2) are TR/ABS and
ETo/TRoZ

PIags = (RC/ABS) x [(TRo/ABS)/(1 — TR¢/ABS)] %
[(ETo/TRo)/(1 —ETo/TRy)] ()

Here, the density of active PSII centers on absorption
basis, the RC/ABS, can be also written as p/(1 — p), when
it is approximated by (Chlrc/Chlial)/(1 — Chlre/Chligta) =
Chlrc/Chlantenna, Where: Chlre/Chlantenna 1s the density of
active PSII centers per antenna Chl of all PSIIs, and Chlioar
(= Chlgc + Chlanenna) 1s the total Chl concentration in all
PSIIs (see Tsimilli-Michael et al. 2000).

We note that Plags (Eq. 2) may be viewed as a ratio
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between two SFIs (see e.g., Strasser et al. 1999), one that
“favors” photosynthesis (SFlapspo), and another that does
not “favor” photosynthesis (SFlassno):

SF1aBs,po = (Chlrc/Chliotar) X @Po x WEg 3)
SFIagsNo = (1 —Chlrc/Chliotar) X (1—¢Po) X (1—yEo) (4)

Pl aBs,total — total performance index on absorption basis:
This “newer” index was proposed by Tsimilli-Michael and
Strasser (2008) and is calculated by multiplying PIags with
a term in the form of p/(1 —p), where “p” is RE(/ETy (i.e.,
the proxy of the efficiency with which an electron from
PQHo is transferred to the final PSI acceptors):

Plags,otal = Plass * [(RE(/ETp)/(1 — RE«/ETy)] 6)

Plags,otal can have positive or negative values, with
negative values expressing a “loss” of ability for energy
conservation (Yusuf et al. 2010). Since Plags tota 18 related
to the function of the “whole” linear electron transport,
whereas Plags is related only to the electron transport to
the PQ pool, it would seem preferable to use only Plags total;
however, both Plags and Plagsia have been used in
photosynthesis studies (see examples in the section on
applications).

Expressing Plass or Plags ol per cross-section instead
of per reaction center yields four additional PIs, by
replacing the RC/ABS in the formula for PI, with
RC/CSy = Fyp x RC/ABS or RC/CSy = Fm X RC/ABS:

Plcso = Fo x Plass;
PICSo,toteﬂ: Fo x PIABS,total;
Plcsm = Fum % Plags;
Plcsm,totat = Fm X Plags total.

Definition of driving forces (DFs): Strasser et al. (1999)
considered the mathematical formula used to define the PIs
as analogous to that used in electrochemistry, with p;
representing the fraction of the reduced, and (1 — p;) the
fraction of the oxidized form of a compound. By analogy
with the Nernst equation (see Nernst 1888), in which
log[pi/(1 — pi)] is used to calculate the reduction potential
(the driving force for the corresponding redox reaction),
Strasser et al. (1999) defined the driving force (DF) to be
equal to log(PI), which was suggested to estimate the
global driving force of processes evaluated by the
corresponding PI. (Note: This DF should not be confused
with delayed fluorescence, another name for delayed light
emission.) This led to four types of DFs:

DFABS = IOg(PIABs);

DF ABs,total = 10g(PIaBstotal);

DFCS = IOg(PIcs);

DFcs total = 10g(Plcs total), Where CS can be CSy or CSy
(see above discussion).

In analogy with the Nernst equation, the individual
terms log[pi/(1 — pi)] were considered by Strasser et al.
(1999) to be analogous to partial potentials for energy
conservation for processes related to light absorption by
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PSII (DFrc), exciton trapping in PSII reaction centers that
leads to Qa reduction (DFp,), electron transfer from Q4™ to
the PQ pool (DFg,), and electron transfer from PQHo to the
final electron acceptors of PSI (DFgro) (Fig. 2): ie.,
DF aBstotal = DFrc + DFpo + DFE, + DFro.

We note that the analogy between the DFs and the
Nernst equation should be seen only as a mathematical
formalism since DFs do not represent similar physical

laws, nor real potentials or real driving forces. Therefore,
the definition of DF as the sum of partial potentials for
energy conservation should not be taken literally.
Moreover, since DF is simply another mathematical
expression of PI [i.e., DF = log(PI)], it may be considered
redundant as an index, since it does not bring any new
information beyond that provided by PI.

Application of performance indices to estimate photosynthetic stress tolerance

For growth and survival, plants require extraordinary
adaptation potential to the surrounding environment
(Bohnert et al. 1995, Pareek et al. 2010). Abiotic stress
factors potentially generate deleterious effects in plants,
but at the same time induce complex adaptive mechanisms
(see reviews by Morales et al. 2008, Adams et al. 2008,
Niinemets 2010, Acosta-Motos et al. 2017). Below, we
review research using Pls to quantify different abiotic
stress effects.

High light: Although light is the central driver of
photosynthesis, CO, assimilation of a typical C; species
saturates between 30-50 percent of full sunlight. As a
result, leaves often receive significantly more light than
can be processed by photosynthesis (Adams ef al. 2008).
This can lead to photoinhibition of PSII due to inactivation
of PSII reaction centers, damage to the OEC and/or
decreased turnover of D1 protein (Hakala et al. 2005,
Murata et al. 2007, Kale et al. 2017). To avoid this, several
photoprotective processes are induced to help dissipate the
excess absorbed energy in a controlled way, such as
energy-dependent nonphotochemical quenching (NPQ) of
the excited state of chlorophyll (Miiller et al. 2001) or
more sustained NPQ associated with build-up of
zeaxanthin (Demmig-Adams 1990, Nilkens et al. 2010)
via reversible de-epoxidation of violaxanthin in the
xanthophyll cycle. The kinetics of induction and relaxation
of NPQ were recently shown to have a significant impact
on biomass productivity of field-grown tobacco (Nicotiana
tabacum, Kromdijk ef al. 2016).

Several researchers have measured Plaps after
prolonged exposure to excessive light. In most cases, Plags
was found to be strongly affected by the high-light
treatment, much more so than Fy/Fy (Oukarroum and
Strasser 2004, Kalaji et al. 2012, Wang et al. 2015, and
Dinis et al. 2016). Oukarroum and Strasser (2004) used
Plags in high-light-exposed samples relative to dark-
adapted control samples as a way to label ten barley
(Hordeum vulgare L.) cultivars as sensitive, intermediate,
and tolerant to light stress (redrawn in Fig. 3).
Unfortunately, no other metrics of high-light stress were
determined, which makes it difficult to appreciate the
predictive value of this grouping (see Table 3).

Drought: Drought stress can also have a strong effect on
the photosynthetic apparatus. The onset of drought is
usually rapidly followed by stomatal closure, reducing

water loss but also CO; influx. This restriction of CO,
availability ultimately reduces the photosynthetic electron
sink, and as a result drought stress is often accompanied by
high-light stress (Genty et al. 1987, Flexas et al. 2004,
Morales et al. 2008, Chaves et al. 2009). Several PlIs have
been tested to quantify responses to drought stress. Plags
was shown to decrease in response to drought stress
(Jedmowski et al. 2015). An index computed based on
Plags measured at two time points during a drought
treatment (drought factor index, DFI) was used by
Oukarroum et al. (2007) to quantify the response of 10
barley varieties to drought. Boureima et al. (2012) showed
that DFI correlated strongly with an independent leaf
temperature based proxy for stomatal conductance in a
screen for drought tolerance in 21 sesame (Sesamum
indicum L.) lines.

Jedmowski ef al. (2014) studied the effects of drought
on Plapsttar in several Eurasian and North African
genotypes of wild barley. They found that Plags o1 Was
slightly lower in plants exposed to moderate drought than
in the controls, when photosynthesis decreases mainly due
to stomatal closure. However, Plaps ot decreased much
more under severe drought, when photosynthesis was also

Fig. 3. Ranking of 10 different varieties of barley plants as
sensitive, intermediate, and tolerant to high-light stress,
according to the values of “PI/°PI and “Sim/PSn ratios; PI is the
performance index on absorption basis (Plass), and Sm is the
normalized Area between the OJIP curve and the horizontal line
F = Fm (i.e., Sm = Area/(Fm — Fo), where Fum and Fo are the
maximum and minimum Chl a fluorescence), calculated in
samples preilluminated for 5 min with high light (“L”) and in
dark-adapted samples (“D”). The letters A to J correspond to
specific cultivars. Figure modified after Oukarroum and Strasser
(2004).
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Table 3. Summary of indices used to quantify response to various stress-factors. Also indicated are whether the responses observed
were generic enough to produce a reliable ranking to the stress response, as well as whether the ranking was benchmarked against an
independent measurement for the same stress response.

Stress factor

Performance index

Generic response suitable for ranking?

Benchmarked against independent proxy to
quantify stress level?

High light
Drought

High temperature

Chilling temperature

Freezing temperature
Nutrient limitation

Salinity

Chromium

Aluminum

Ground-level ozone

Plass
Plass, DFI

P IABS,total

Plass, log(PIags), HSI
PIABS,lolal

Plass, log(PIass), CFI

Plags, PIaBs,total
Plass, PlaBstotal

Plass
PIA BS,total

Plass

P lABS,total

Plass

Yes
Yes

Not clear, inconsistent results

No

Leaf temperature proxy for stomatal
conductance (Boureima et al. 2012)
Relative water content (Goltsev et al. 2012)

(Jedmowski et al. 2014, Goltsev et al.

2012)
Yes

No, increased in response to high

No
No

temperature stress (Stefanov ez al. 2011)

Not clear. Index showed opposite rank
relative to severity of temperature
treatment (Ferrante and Maggiore 2007,

Baldassare et al. 201

Not clear, inconsistent results.

No, responses are distinctly species-

and nutrient-specific
Yes

No, inconsistent results (index

CO:z assimilation and known genotypic
sensitivity to chilling (Van Heerden et al.
2003).

1)
Chlorophyll/carotenoid content (Ferrante
and Maggiore (2007).

Respiration rate (Baldassare et al. 2011)

Survival tests (Rapacz et al. 2015a,b and
references therein).

No
(Kalaji et al. 2014b)

No
Plant mass

increased in response to salt stress,

Yusuf et al. 2010).
Yes

Yes

Chlorophyll/carotenoid content (Appenroth
et al. 2001).

Respiration and oxygen evolution rates
(Appenroth et al. 2001)

Chlorophyll content (Jiang et al. 2008)
COz assimilation (Jiang et al. 2008)

Not clear, index showed opposite rank  Visual and microscopic damage symptoms
compared to severity of ozone treatment (Bussotti et al. 2005).

(Paoletti et al. 2004)

affected by nonstomatal limitations, such as due to reduced
Rubisco content and activity, and increased amount of
nonreducing Qa PSII centers. In contrast, Goltsev et al.
(2012) found that PIags tota1 in detached bean leaves did not
respond to areduction in relative water content (RWC) from
100-20% and only responded more strongly when leaves
were further desiccated from 20% to 0% RWC.

High temperature: High leaf temperature increases leaf-
to-air vapor pressure deficit, which can exacerbate the
effects of drought stress. However, high temperatures in
the range of 35-50°C also have more direct negative
impact on photosynthesis. Rubisco activase (Feller et al.
1998), which is essential for the activation of Rubisco, as
well as the OEC (Nash et al. 1985) and the CFy-CF,
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ATP-synthase, are all inactivated by high temperature.
When the OEC is damaged under high temperature, a new
peak appears at ~ 0.3 ms, which has been called the K-peak
(Guissé et al. 1995, Srivastava et al. 1997, Strasser 1997,
Lazar et al. 1997, 1999). Concurrent with the appearance
of the K-peak, Fu decreases and Fo increases (Fig. 1). We
note that before the K-peak was discovered, the Fo
increase was generally used for screening plants for high
temperature sensitivity/resistance (Schreiber and Berry
1977, Nau§ et al. 1992, Lazar and Ilik 1997). Several
studies have looked at the response of PIs to high
temperature. Stefanov et al. (2011) screened nine bean
(Phaseolus vulgaris L.) accessions for high-temperature
tolerance by exposing plants to 45°C for 2 h followed by
two hours of recovery. Plags decreased in response to the
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Fig. 4. Analysis of the linear relationship between the logarithm of the performance index, log(Plass), and the relative amplitude of the
K-peak, Vk = (Fosms — Fo)/(Fm — Fo), calculated from the OJIP fluorescence rise, measured after exposure to high temperature. (4):
Croftonweed (Ageratina adenophora) plants grown from seeds collected at four different locations in South China: Dali City (DL),
Huangguoshu (HGS), Chuxiong City (CX), and Yuanjiang (YJ); and (B): Ighrem (Ig) and Igrane (Igr) varieties of barley (Hordeum
vulgare L.). Fo and Fum are the minimum and maximum Chl a fluorescence. The equations of the respective fitted linear trend lines are
shown, where “y” is log(Plass) and “x” is Vk. The slope of the fitted linear trend line for each sample is used as heat sensitivity index
(HSI), a lower HSI value corresponds to a higher tolerance to high temperature. Graphs modified from Chen et al. (2016) and Oukarroum

et al. (2016).

high-temperature treatment, which is consistent with
observations on wheat (Triticum aestivum; Mathur et al.
2011), barley (Hordeum vulgare;, Jedmowski and
Briiggeman 2015), and sorghum (Sorghum bicolor L.; Yan
et al. 2012). However, Plags ot computed from the same
data (Stefanov ef al. 2011) showed an increase in response
to high temperature. Chen et al. (2016) observed that the
response of log(Plags) to temperature in croftonweed
(Ageratina adenophora) was linearly related to the
normalized level of the K-peak. The slope of this relation-
ship (named heat sensitivity index, HSI; Fig. 4) was
suggested as a measure for plant sensitivity to high tem-
perature stress (Chen ef al. 2016, Oukarroum et al. 2016).

Low temperature affects a wide range of physiological
processes in plants, including photosynthesis. Low tempe-
rature damage to photosynthesis is determined by many
factors, such as duration and specific temperature, as well
as development stage and interaction with other stress
factors (in particular high light). The ability of plants to
tolerate low temperatures in the range of 0-15°C is
referred to as “chilling tolerance”; on the other hand,
“freezing tolerance” is used when there is an enhanced
tolerance to freezing temperatures (below 0°C). Pls or
log(PIs) have been used in several studies on chilling and
freezing tolerance (van Heerden et al. 2003, 2004a,b;
Strauss et al. 2006, Ferrante and Maggiore 2007, Liang et
al. 2007, Rapacz 2007, Rapacz and Woznicka 2009,
Rapacz et al. 2015a,b; Adamski et al. 2016). Generally,
values of Plags tend to decrease in response to cold
treatment. For example, van Heerden ef al. (2003) found
that six chilling nights at 8°C reduced maximum CO;
(Pmax) assimilation by 32% in a chilling-tolerant, compared
to 63% in a chilling-sensitive soybean cultivar, which

matched the change in log(Plags) measured in parallel,
which also declined more in the chilling-sensitive relative
to the chilling-tolerant cultivar. Fyv/Fy was reduced by less
than 5% in both cultivars, However, it is not always clear
if the decline in Plags is a good quantitative predictor of
chilling or freezing tolerance. Ferrante and Maggiore
(2007) showed that the decrease in Plags by low
temperature might be associated with the breakdown of
chlorophylls and the carotenoids, which was much more
pronounced in detached leaves kept at 10°C relative
to those kept at 4°C. Further, Baldassare et al. (2011)
observed a correlation between increased respiration due
to low temperature and decreases in PIags. We note that
the decrease in PIags was more pronounced at mild chilling
stress (8°C) compared to strong chilling stress (4°C).

Plags and Plags tota have also been observed to decrease
in response to freezing temperature (e.g., Rapacz 2007,
Fan et al. 2015), although rankings based on Plsgs are not
always consistent with other measures of freezing
tolerance, such as survival tests. Based on these findings it
has been suggested by several researchers (see e.g., Rapacz
et al. 2015a,b) that the use of Plags as a proxy for freezing
tolerance should be restricted to a specific cold-
acclimation pretreatment.

Nutrient limitation: Plants require a continuous, balanced
supply of several nutrients to achieve optimal growth.
Based on the relative elemental abundance in plant dry
tissue mass, nutrients can be grouped as macronutrients
(greater than 0.1% of dry tissue mass) or as micronutrients
(less than 0.01% of dry tissue mass). The macronutrients
are: nitrogen, phosphorus, potassium, calcium, sulfur,
magnesium, and sodium, whereas micronutrients (or trace
minerals) are: boron, chlorine, manganese, iron, zinc,
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copper, molybdenum, nickel, and cobalt (Marschner
1995). Design of an optimal nutrient solution was an
important theme in early 20% century plant science, and the
recipe outlined by Hoagland and Arnon (1938) still forms
the basis of most nutrient solutions currently used.
However, the topic is attracting renewed interest, fueled in
particular by the rise of soilless cultivation as an alternative
commercial growing system, suitable for urban areas (e.g.,
van Straten et al. 2006).

In a study of a broad range of nutrient deficiencies in
maize and tomato (Kalaji et al. 2014b), substantial species-
and element-specific responses of Plags and Plags otal Were
observed, with a general decline in both indices due to a
decrease in Fy/Fy. Several other studies looked speci-
fically at nitrogen deficiency. Nitrogen is a strong deter-
minant of plant growth, being both a major component of
amino acids (and thus essential for protein synthesis) as
well as of chlorophyll. Additionally, up to 50% of total leaf
N can be invested in the photosynthetic machinery and
CO; assimilation, in particular in Rubisco (e.g., Makino
2003). Thus, it is not unreasonable to expect more general
responses of PIs to N deficiency. Nitrogen deficiency
stimulates redistribution of N from older to younger
leaves. To capture this, Zivéak et al. (2014) defined an
index based on several Plags measurements on leaves of
different age (performance index leaf ratio), which
provided a good indication of total plant nitrogen status.
Additionally, Nikiforou and Manetas (2011) found season-
dependent and independent nitrogen effects on compo-
nents of Plags ota. Both of these examples suggest that Pls
may be reliably used to assess specific N deficiency.

Salinity: Salt stress has a strong impact on agricultural
yield, in particular on irrigated land in arid and semiarid
regions (Hasegawa et al. 2000, Chaves et al. 2009). Salt
stress affects plants through osmotic stress and ionic stress
(Parida and Das 2005, Munns and Tester 2008, Acosta-
Motos et al. 2017), both of which are likely to affect
photosynthesis (Sudhir and Murthy 2004, see a review on
the role of ions in photosynthesis by Kana and Govindjee
2016). Osmotic stress ultimately leads to cell dehydration,
whereas ionic stress is caused by excessive accumulation
of Na" and CI', reducing uptake of other nutrient ions. As
such, the stress symptoms can show similarities with both
drought and nutrient limitations, highlighted above. CO,
availability is affected due to increased diffusion
resistance through stomatal pores and into mesophyll cells
(Chaves et al. 2009), which reduces the photochemical
electron sink. On the other hand, PSII activity is reduced
by salt stress due to deleterious effects on the Mn cluster
of OEC, and PSI activity is also reduced due to the
dissociation of plastocyanin/cytochrome css3 (see e.g.,
Allakhverdiev and Murata 2008). As a result, whole-chain
electron transport is also strongly inhibited by salt stress.
Mehta et al. (2010) showed that PIsgs declined in salt-
stressed wheat leaves as a result of both ionic and osmotic
stress. Furthermore, in a study with mung bean seedlings
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Fig. 5. Analysis of the linear relationship between the logarithm
of the relative performance index, log(Plass)rel., and the
logarithm of the relative quantum yield of the electron transport
from Qa™ to PQ, log(ETo/ABS)rel., calculated from the OJIP
fluorescence induction data, measured on Mung bean seedlings
treated with different concentrations of K* salt (closed red
circles) and Na" salt (open circles). The slope “m” of the linear
trend line fitted for each sample is used as a measure of salt
tolerance, a lower “m” value corresponding to a higher salt

tolerance. Figure modified from Misra ef al. (2001).

it was shown that the decline of PIags was associated with
a decrease in (Fm — Fj)/Fyv (Misra et al. 2001). These
authors used this relationship to derive a slope between the
log-response ratios of PIags and (Fy — Fy)/Fy to salt (Fig. 5)
as an indicator of salttolerance (Misra et al. 2001). Whereas
Plags generally declined after exposure to salt, responses
of Plapsiotar to salt appeared less generic. Plags ot
decreased significantly in Indian mustard (Brassica
juncea) plants exposed to salt stress, but showed an
increase in transgenic plants overexpressing the
y-tocopherol methyl transferase (y-TMT) gene (Yusuf et
al. 2010, Yusuf and Sarin 2007). In the same work, it was
also evident that the values of Plags o1 did not provide a
good indication for growth, since plant mass was not
affected by the treatment.

Pollution: As it is well known, and discussed above,
photosynthetic organisms respond and adapt strongly to
the environment they are exposed to. This environment can
sometimes be intensely affected by anthropogenic distur-
bance, in particular in urban areas. Now, we review the use
of PIs to quantify stress responses to a number of key
contrasting pollutants.

Soils in urban areas are generally contaminated with
heavy metals, such as lead, zinc, cadmium, and copper
(Alloway 2013), whereas specific industrial use may also
lead to other distinct heavy metal contaminants. Although
several heavy metal ions, such as those of iron, manganese,
magnesium, copper, zinc, cobalt, molybdenum, aluminum,
and nickel are essential for plant growth in trace amounts,
they are toxic when they exceed a threshold concentration
(see e.g., Clijsters et al. 1999, Joshi and Mohanty 2004,
Nagajyoti et al. 2010, Shabnam et al. 2017). Chl a



CHL a FLUORESCENCE INDUCTION FOR STRESS DETECTION

fluorescence measurements have been used for a long time
to study toxic effects of heavy metals on photosynthesis,
as for example by Bazzaz and Govindjee (1974a) for Cd,
and by Bazzaz and Govindjee (1974b) and Wong and
Govindjee (1976) for Pb. Here we will highlight a few
examples where PIs are used to quantify the effects of Cr
(a very common pollutant in the aquatic environment) and
Al. Plags decreased in duckweed (Spirodela polyrhiza)
exposed to chromate, concurrent with declines in
respiration and oxygen evolution rates, as well as decrease
in Chl and carotenoid content (Appenroth ef al. 2001). This
decrease in Plags in response to chromate was also
observed in the cyanobacterium Synechocystis sp. (Pan et
al. 2009) and seemed to arise mainly from a decrease in
(Fm — Fj)/Fy (similar to that observed by salt stress).
Plags ot decreased in Al-treated leaves of grapefruit trees
(Citrus grandis L.), concomitant with a reduction in Chl
content and decline in CO, assimilation rate (Jiang et al.
2008). Similar to PIsgs responses to chromate, Al-treated
leaves showed a decline of (Fm— Fj)/Fv, but additionally a
K-peak was observed. As previously suggested by Blevins
and Lukaszewski (1998), small amount of boron addition
alleviated toxic effects of aluminum (Jiang et al. 2009),
suggesting that aluminum toxicity is at least partially
caused by antagonistic effects on boron uptake.

Several studies have used Plags to evaluate city
habitats, where soil as well as atmospheric pollution have
added significant pressure on tree growth and survival.
Hermans et al. (2003) used Plags measurements to
evaluate positional effects on London plane trees
(Platanus acerifolia L.) growing in Brussels, on a
boulevard with substantial road traffic. Ranking the PIags
values relative to the mean of all trees correlated well with
other measures of pollution injury and helped the city
council to identify areas particularly impacted by
pollution. Similarly, PIxgs measured on trees in Moscow
(Russia) corresponded well to differences in exposure to
traffic pollution (Volgusheva et al. 2011).

The most damaging air pollutant for plant growth is
ground-level ozone. Ground-level ozone (O3) forms as a
result of a complex interaction between primary pollutants
from burning of fossil fuels (nitrogen oxides, volatile
organic hydrocarbons, and carbon monoxide) and energy
from sunlight. Since these pollutants are able to be
transported for a long distance, ozone pollution is not
confined to urban areas. Instead, rural areas can also have
substantially elevated ground-level ozone, which is
harmful for crop yields (Ainsworth et al. 2012, McGrath
et al. 2015). PIags measurements on two trees (Fraxinus
excelsior L. and Prunus avium L.), and a shrub (Viburnum
lantana L.) species showed increases in response to
halving of the ambient ozone concentration (Gravano et al.
2004). A negative relationship between Plags and ozone
content was also found in several contrasting shrub and
tree species, either by filtering ambient air to reduce ozone
concentrations (Fagus sylvatica, Populus nigra, and
Quercus robur, Bussotti et al. 2007) or by looking at ozone

damage in an area naturally subjected to high ozone
concentrations (Fagus sylvatica, Acer pseudoplatanus,
Fraxinus excelsior, Viburnum lantana, and Ailanthus
altissima; Bussotti et al. 2005). In the latter case, a good
match was found between Plags and visual or microscopic
damage symptoms. Paoletti et al. (2004) exposed three
Mediterranean evergreen shrubs, laurel (Laurus nobilis), a
strawberry tree (Arbutus unedo), and a phillyrea tree
(Phillyrea latifolia), to 0, 55, or 110 nmol mol™ ozone
during 90 days. Here, the negative relationship between
ozone exposure and Plags was found for 110 nmol mol™!
treatment, whereas Plaps increased in L. nobilis and
A. unedo at 55 nmol mol™ relative to the control treatment.

Development-specific stresses: Photosynthetic sensitivity
to various stress conditions, and the ability to recover after
stress are not only species- and variety-dependent, but they
also strongly depend on the developmental stage of the
plant. Plcs, (= Fo x PIags) was found to gradually increase
with leaf development in grapevine (Vitis vinifera L., Jiang
et al. 2006), whereas Fy/Fy increased only slightly. This
gradual increase in Plcs, during leaf development
originated from increases in Fo as well as (Fy— Fy)/Fy. The
latter term was also shown to correlate with 820 nm
transmittance, measured in parallel as a proxy for PSI
quantum yield. Prakash er al. (2003) used Chl a fluo-
rescence induction to study senescence in cucumber
(Cucumis sativus) cotyledons. Plaps declined from 1.0 to
0.28 to 0.03 in 6, 20, and 27-d-old cotyledons; as a result
of a gradual decrease of all component fluorescence
parameters that define Plags. Liu et al. (2006) examined
the damage to PSII during senescence in Spirodela
polyrrhiza explants under long-day conditions, and its
prevention by 6-benzyladenine (a synthetic cytokinin, a
class of plant hormones involved in plant growth and
development; D’Agostino and Kieber 1999). After 8 days
of cultivation under long-day conditions, PIags approached
zero, the J and I steps of the OJIP transient disappeared,
and the Fx level was very close to that of Fy, similar to
results by Prakash et al. (2003) at advanced stages of
senescence.

Duarte et al. (2017) studied several seagrass Zostera
nolti samples, which were in different developmental
stages, growing at several sites on the coast of Portugal.
Here, response to natural environmental stress factors was
evaluated by calculating a novel index, called the
photochemical stress index (PSi), which had been defined
based on 15 different parameters of the JIP-test. These
were considered as biomarkers (i.e., measurable indicators
of the photochemical stress). We emphasize that the PSi is
very different from the PIs and the DFs defined above.
Instead, the PSi was calculated using a general algorithm
called Integrated Biomarker Response (IBR) (Beliaeff and
Burgeot 2002; for details, see the Appendix) which has
previously been used in ecological studies of environ-
mental stress (see e.g., Broeg and Lehtonen 2006, Ferreira
et al. 2015a,b). Duarte et al. (2017) found that PSi values

97



A. STIRBET et al.

derived with the IBR protocol decreased substantially with
development, from approximately 0.9 at stage 1 to zero
at stage 5.

Concluding remarks: It is imperative to remember that
PIs only evaluate the performance of relatively fast (less
than one second) photosynthetic processes in dark-adapted
samples. As a result, the predictive value for processes
related to CO, assimilation, which need longer time to be
fully activated, will always remain limited. However,
several researchers have assumed that PIs can also provide
an assessment of whole-plant “performance”, including
CO; assimilation, and even growth and grain yield.
Although in some cases the PI values were shown to
correlate with data related to CO, assimilation or even
growth (e.g., Strasser et al. 2007, Zubek et al. 2009),
several other results confirm that PIs cannot reliably
evaluate these processes (e.g., Yusuf et al. 2010,
Jedmowski et al. 2015). When Chl a fluorescence
induction is evaluated after exposure to light on a longer
time scale (minutes — hours), parameters such as Fq'/Fu'
(also known as ®pgy; or Genty's parameter, Genty et al.
1989; see footnote') may indeed predict CO, assimilation
when photorespiration is low (see e.g., Edwards and Baker
1993, Toepel et al. 2004). Therefore, results of gas-
exchange measurements, or data from Chl FI measured on
a longer time scale, should be included if the aim is to
analyze the complete time scale of photosynthesis and
beyond. This suggestion is in agreement with Kalaji et al.
(2017b) who concluded that the best way to properly
evaluate the performance of plants is to combine many
parameters at once. It seems, however, unlikely that
growth and yield can ever be reliably predicted from a
photosynthesis-based proxy, considering the multitude of
processes controlling these complex traits.

In this review, we have discussed several performance
indices (PIs) and their applications for the evaluation of
stress tolerance of plants to different types of stressors. It
is obvious from these results that the O-J-I-P transient
contains useful information beyond that from Fy/Fu,
which is most widely used for the evaluation of stress
response in plants (e.g., Lazar and Naus 1998, Koufil et al.
2003, Frolec et al. 2010). Including this information has
potential to get a more sensitive assessment of stress
responses (summarized in Table 3). Whereas the discussed
PIs are derived according to the interpretation proposed by
Reto J. Strasser and his coworkers, we emphasize that

acceptance of this framework is not required to make use
of the information encoded in fluorescence transients.
Instead, many researchers have taken a more empirical
approach to the use of these PIs, which does not require
any interpretation as long as an independent alternative
proxy for the stress response is measured in parallel.
Indeed, several indices have been customized to better suit
the stress factor under evaluation (Table 2), see e.g.: (1)
Misra et al. (2001), for salt stress; (2) Oukarroum and
Strasser (2004), for light stress; (3) Strauss et al. (2006),
for chilling stress at night; (4) Oukarroum et al. (2007), for
drought stress; (5) Zivéak et al. (2014), for N-deficiency;
(6) Jedmovski et al. (2014) and Chen et al. (2016), for high
temperature stress; and (7) Duarte et al. (2017), for natural
environmental stress.

These new indices were shown to be more sensitive to
differences in the specific stress tolerance between
samples than the original Pls. The so-called photochemical
stress index (PSi), as used by Duarte et al. (2017), merits
special attention. Although it still extracts information
from fluorescence transients using the so-called JIP test, it
has been calculated with a general algorithm designed by
Beliaeff and Burgeot (2002), called the Integrated
Biomarker Response (IBR). Since the IBR algorithm
represents a simple, practical and accommodating method
to create well-standardized multi-parametric indexes that
can be defined for various applications; we have presented
the general steps necessary for its calculation in the
Appendix (see below). Additionally, we propose that an
even more radical approach could be obtained by adopting
a fully empirical, unbiased and non-interpretive strategy
from the field of hyperspectral imaging (Serbin et al. 2012)
to obtain the most predictive information from
fluorescence transients for the trait of interest. In this
method, partial least squares regression analysis was used
to derive maximum RuBP carboxylation and regeneration
rates from hyperspectral leaf reflectance samples. It seems
that this approach could easily be replicated on
fluorescence transients to extract the most predictive
information for several of the quantitative traits, using
‘training sets” where both fluorescence transient and trait
of interest are determined in parallel. Using these
alternative approaches, we anticipate that the information
encoded in fluorescence transients, and eventually also
from different type of data, can be most efficiently
employed in high-throughput screens for stress tolerance.

! The so-called Genty’s parameter, named after Bernard Genty, equals Fq/Fm' = (Fm' — F)/Fum', where Fu' is the maximum Chl
fluorescence reached during a saturating pulse applied for ~ 1 s at steady state under illumination with actinic light (the light-adapted
state), and Ft is the fluorescence at steady state (subscript “t” is for the time it was measured, just before the measurement of Fm'). The
above equation reflects the quantum yield of PSII photochemistry for the light-adapted state, and it correlates with the quantum yield

of CO; assimilation (Genty et al. 1989, see also Lazar 2015).
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Appendix: Calculation of the Integrated Biomarker Response (IBR) index

We describe below the successive data-processing steps for the calculation of the IBR index (Beliaeff and Burgeot 2002,
Broeg and Lehtonen 2006, Ferreira et al. 2015a,b). These calculations are referred to biomarkers (i.e., measurable
indicators of some biological state or condition) measured at different locations (stations), but they can also be related to
surveys made at different periods of time, or to various types of samples, depending on the comparisons needed for one’s

study.
The steps involved for each biomarker are:

Step 1. Calculation of the mean values (X) of the biomarkers, and their standard deviations (s) corresponding to each

station (or type of sample).

Step 2. Standardization of the data from each station, which allows their direct visual comparison: Y = (X — m)/s,
where Y is the standardized value of the biomarker; X and s are as defined in Step 1, and m is the mean value of the

biomarker calculated for all stations (or all types of samples).

Step 3. Calculation of a quantity Z as: Z =-Y or Z = +Y, if the biological effect on the marker corresponds to an

inhibition or a stimulation.

Step 4. Calculation of the score (S) for each biomarker, where S>0; this is done by adding to Z the absolute (i.e.,
positive) value of the minimum of the standardized data (i.e., the Y values calculated at Step 2) calculated for all stations
(or types of samples), which is labeled [Min|: S = Z+ |Min|. This leads to the lowest value in the set to be zero.

Step 5. The “scores” calculated for all the biomarkers, S;, are then represented graphically using a star plot (known
also as spider, web, or a radar plot), the star plot radius coordinate representing the score of a given biomarker at a given

station.

Step 6. Finally, the IBR is calculated from the star plot as: IBR =} A;, where: n is the number of biomarkers, and
Aj corresponds to the area of the triangle formed by two consecutive scores (radius coordinates), S; and S;+1, and the center
of the star plot. The area A is calculated as: A; = (Si/2)sinB(SicosP + Si+1sinf), with f = Arctan [(Si+1sina)/(S; — Si+icosa)],
a = 2m/n, and Sp+1 = S; (see an example below). If two consecutive scores are zero, the respective A; is set to 0.

The IBR, thus calculated, represents the average of different arrangements of the biomarkers in the star plot. The
formula for IBR is much simpler when only four biomarkers are used (i.e., when n =4 and a = 1/2), with: A; = (Si'Si+1/2),
IBR = (S1°S; + S2'S3+ S3-S4 + S4:S1)/2. We note that, since IBR is directly dependent on the number (#) of biomarkers in
the set, IBR/n must be used for comparing different samples (Broeg and Lehtonen 2006, Ferreira et al. 2015a,b).
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