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Investigation on intrinsic properties of photosynthetic pigment molecules
participating in solar energy absorption and excitation, especially their eigen-
absorption cross-section (o)) and effective absorption cross-section (o), is
important to understand photosynthesis. Here, we present the development and
application of a new method to determine these parameters, based on a
mechanistic model of the photosynthetic electron flow-light response. The
analysis with our method of a series of previously collected chlorophyll a
fluorescence data shows that the absorption cross-section of photosynthetic
pigment molecules has different values of approximately 1072t m?, for several
photosynthetic organisms grown under various conditions: (1) the conifer Abies
alba Mill., grown under high light or low light; (2) Taxus baccata L., grown under
fertilization or non-fertilization conditions; (3) Glycine max L. (Merr.), grown
under a CO, concentration of 400 or 600 umol CO, mol™ in a leaf chamber
under shaded conditions; (4) Zea mays L., at temperatures of 30°C or 35°C in a
leaf chamber; (5) Osmanthus fragrans Loureiro, with shaded-leaf or sun-leaf; and
(6) the cyanobacterium Microcystis aeruginosa FACHB905, grown under two
different nitrogen supplies. Our results show that oy has the same order of
magnitude (approximately 1072 m?), and o for these species decreases with
increasing light intensity, demonstrating the operation of a key regulatory
mechanism to reduce solar absorption and avoid high light damage. Moreover,
compared with other approaches, both oy and o can be more easily estimated
by our method, even under various growth conditions (e.g., different light
environment; different CO,, NO,, O,, and Oz concentrations; air temperatures;
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or water stress), regardless of the type of the sample (e.g., dilute or concentrated
cell suspensions or leaves). Our results also show that CO, concentration and
temperature have little effect on oj values for G. max and Z. mays. Consequently,
our approach provides a powerful tool to investigate light energy absorption of
photosynthetic pigment molecules and gives us new information on how plants
and cyanobacteria modify their light-harvesting properties under different

stress conditions.

KEYWORDS

absorption cross-section, effective absorption cross-section, environmental factors,
photosynthetic pigment molecules, photosynthesis

Introduction

In the primary reaction process of photosynthesis, light is
absorbed by the light-harvesting pigments including chlorophyll
a. At room temperature, chlorophyll a molecules in their excited
state return to the ground state via fluorescence emission and
thermal dissipation processes, but most of the excitation energy is
transferred to the photosystem II (PSII) and the photosystem I (PSI)
to drive photochemistry and charge separation (Mar and
Govindjee, 1972; Govindjee, 1990; Bixon et al.,, 1991; Govindjee,
2004; Wang et al., 2007; Baker, 2008; Grayson et al., 2017; Stirbet
et al., 2020). The physical processes of light absorption and other
photochemical processes, involving photosynthetic pigment
molecules (chlorophyll and carotenoid molecules in plants and
green algae), have been extensively studied both theoretically and
experimentally due to their importance in photosynthesis (Ley and
Mauzerall, 1982; Stirbet et al., 1998; Govindjee, 2004; Walters, 2005;
De Boni et al., 2007; Suggett et al., 2007; Baker, 2008; Ye et al.,
2013a; Ye et al,, 2013b; Klughammer and Schreiber, 2015; Mishra
et al., 2019; Stirbet et al., 2019; Hu et al., 2021; Celebi-Ergin et al.,
2022; He et al., 2022).

Previous studies have mainly focused on investigating the
relationship between the chlorophyll content and the plant’s light
absorption and excitation capacity, without considering the impact of
parameters such as the intrinsic and effective absorption cross-
sections of photosynthetic pigment molecules on this process
(Baker, 2008; Ahammed et al., 2018; Robakowski et al., 2018).
However, the intrinsic properties of photosynthetic pigment
molecules in light absorption and excitation are essential to
understand the light-harvesting mechanism in photosynthetic
organisms. Between different parameters studied, the following are
essential to understand this process: (1) the effective absorption cross-
sections of photosystem II (PSII) (Opsy) (Suggett et al., 2007;
Klughammer and Schreiber, 2015; see Table 1 for the list of
abbreviations); (2) the absorption cross-section for oxygen
production (0q,) (Ley and Mauzerall, 1982); (3) the absorption
cross-section of chlorophyll molecules (0u,) (Ley and Mauzerall,
1982; Suggett et al., 2007); (4) the eigen-absorption cross-section (Gj,
from the ground state to the first excited state) (Ye et al., 2013a; Ye
et al,, 2013b; Zuo et al., 2019; Hashemi and Leppert, 2021; Hu et al.,
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2021; He et al,, 2022); (5) the effective absorption cross-section of
photosynthetic pigment molecules (o) (Ye et al, 2013a; Ye et al,
2013b; Hu et al, 2021; He et al., 2022); and (6) the optical cross-
section (ap*(L), where A is the wavelength) (Celebi-Ergin et al., 2022).
These absorption cross-sections measured in cyanobacteria, algae,
and plants vary among taxa and/or with various growth conditions,
as shown in the studies mentioned above.

Currently, there are several methods or techniques for determining
the values of these types of parameters. For example, Ley and Mauzerall
(1982) estimated o, in Chlorella vulgaris by measuring the rates of O,
production and found that 6, decreased with increasing growth light
intensity. Surprisingly, there were no significant differences in ogy
between cells grown under low-light or high-light conditions. De Boni
et al. (2007) used the white light continuum (WLC) Z-scan technique
to measure the resonant nonlinear spectrum of chlorophyll a extracted
from Spinacia oleracea, to study oy, (from the ground state to the first
excited state), as well as oy, (from the first excited state to higher
excited states), and showed that oy, is dependent on wavelength. Based
on the fast repetition rate (FRR) fluorescence technique, Suggett et al.
(2007) found that as the growth light intensity increased, the opgy; and
O in Emiliania huxleyi (Lohmann) decreased. Klughammer and
Schreiber (2015) used a kinetic multi-color PAM chlorophyll
fluorometer (referred to as MC-PAM method), which allows
measurements of the sub-millisecond fluorescence rise kinetics upon
the onset of strong variously colored actinic light and found that opgyy
was a function of wavelength. Moreover, Ye et al. (2013a) proposed the
YRS method, which can be used to determine o and 0y when the
light-response curve of electron transport rate (ETR-I curve) and
chlorophyll content are measured. In the results mentioned above, the
dependence of Opsy, Ogy, and ap*(A) on wavelength has been
confirmed (De Boni et al,, 2007; Klughammer and Schreiber, 2015;
Celebi-Ergin et al., 2022). Furthermore, previous studies have
demonstrated that the opsy; and 0, values can vary during growth
under different light intensities (Ley and Mauzerall, 1982; Suggett et al,,
2007; Yang et al., 2018; Hu et al,, 2021). In addition, Celebi-Ergin et al.
(2022) found that the decrease in total chlorophyll resulted in an
increased ap*(A) when growth [CO,] increases. However, it is
interesting to note that, despite variations among different
photosynthetic organisms and environmental conditions, the
magnitude of Oy [Gi, Op1, and ar*(A)] remains consistent at
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TABLE 1 Definitions of the abbreviations.

Abbreviation Definition

ETR Electron transport rate

ETR-I Light-response curve of electron transport

ETRax Maximum electron transport rate

& Degeneration of energy level of photosynthetic pigment molecules in

the ground state i

8 Degeneration of energy level of photosynthetic pigment molecules in
the excited state k

Units

umol electrons m 2 s~

umol electrons m™> s

Dimensionless

Dimensionless

10.3389/fpls.2023.1234462

I Light intensity

No Total photosynthetic pigment molecules of the measured leaf sample
Lt Saturation light intensity corresponding to Jiax

PSIT Photosystem 1T

kp Rate of pigment molecules from the excited state k to the ground state

i due to photochemical reaction

kp Rate of pigment molecules from the excited state k to the ground state
i due to non-radiation heat dissipation

umol photons m ™% s~

umol photons m™ s~

a Initial slope of light-response curve of electron transport rate umol electron (wmol photon) ~*
o Fraction of light absorbed by PSII Dimensionless
B Leaf absorptance Dimensionless
B Photoinhibition coefficient (umol photons)’1 m?s
Y Light-saturated coefficient (umol photons)’1 m?s
& Occupation probabilities of photochemistry Dimensionless
& Occupation probabilities of non-radiation heat dissipation Dimensionless
& Occupation probabilities of fluorescence Dimensionless
Oo1 Absorption cross-section of chlorophyll molecule from the ground m?
state to the first excited state
Oin Absorption cross-section of chlorophyll molecule from the first excited | m®
state to the other excited state
O Eigen-absorption cross-section of photosynthetic pigment molecule m?
from ground state i to excited state k
O Effective optical absorption cross-section of photosynthetic pigment m?
molecule from ground state i to excited state k
Ochl Absorption cross-section of chlorophyll pigment molecule m?
Opsit Absorption cross-section of PSII m?
9] Use efficiency of excitons transport reaction center PSII to cause Dimensionless
charge separation of P680
T Average lifetime of the photosynthetic pigment molecules in the N
excited state k
Timin Minimum average lifetime of photosynthetic pigment molecules in the | S

excited state k

approximately 102! m? (Ley and Mauzerall, 1982; De Boni et al., 2007;
Suggett et al,, 2007; Ye et al,, 2016; Yang et al., 2018; Zuo et al., 2019; Hu
et al,, 2021; He et al,, 2022). Only cell suspensions were used for the
measurements mentioned above, except for the YRS method (2013a),
which also measured leaves. The YRS is the only method capable of
investigating oy and 0y in the leaves of C;, C,, and CAM species
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under various conditions because it requires only a commercial
portable gas-exchange and fluorescence systems and measured
chlorophyll content (Ye et al., 2018; Zuo et al., 2019; Hu et al,, 2021;
He et al,, 2022; Yang et al., 2023).

In order to address uncertainties about the relationship between
light intensity, environmental factors (such as temperature, CO,, O,
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and O3 concentrations), and the values of 04, or Gpsyr, we have used
here the YRS method to investigate 03, and Oy in plant leaves and a
cyanobacterium in both dilute and dense suspensions. The objective
of this study is to estimate both oy and oy of photosynthetic
pigment molecules based on the experimental data collected on six
different species grown under different conditions. Our results show
that both oy and o'y acclimate to growth light environment, CO,
concentration or different nitrogen source supplies, and their values
are easily obtained by the YRS method independently of the species
and experimental conditions.

The mechanistic model of the ETR—-I
curve of Chl a fluorescence

ETR via PSII can be calculated with Eq. 1 (Ye et al.,, 2013a; Ye
et al.,, 2013b) as:

(1-g /@) o T

prr < CBNoOk® 1T Gk ko ! @
S 14 Hg/glout
E+(& kp+&kp)T

where o is fraction of light absorbed by PSII (dimensionless), 3 is
leaf absorptance (dimensionless), ¢ is the exciton-use efficiency of PSII
(dimensionless), Ny is total photosynthetic pigment molecules of the
measured leaf sample, S is the measured area of leaf sample (m?), and g
and g are the degeneracy of energy level of photosynthetic pigment
molecules in the ground state (i) and excited state (k) (dimensionless),
respectively. kp and kp, are rates of the photochemical reaction and heat
loss (s™"), respectively (Baker, 2008). &, &, and &; were referred to as
“statistical weight of photochemistry, heat loss, and fluorescence
emission” (dimensionless), respectively, in our previous work (Ye,
2012; Ye et al,, 20134, Ye et al, 2013b). Furthermore, 0y, (m?) is the
eigen-absorption cross-section of photosynthetic pigment molecules
from the ground state i to the excited state k (after light exposure), 7 (s)
is the average lifetime of the photosynthetic pigment molecules in the
lowest excited state k, and I is the light intensity (umol photons m™>
s_l). For the details of the derivation of the mechanistic model, see Ye
et al. (2013a, b).

According to Ye et al. (2013a, b), Oy, T, &1, &, &3, g Gio kp» and kp
(Eq. 1) are inherently specific but have different values, depending on
the species and the environmental conditions (e.g., light, temperature,
CO, concentration, and the nutrient used). Therefore, for a given
species and at a specific environmental condition, all parameters such
as Gy T, &1, &, &3, 90 Gl k’p,, and kp, should be constant. In this case, we
may assume that o = w [umol electron (umol photons)fl],

which referred to as the initial slope of the ETR-I curve, f§ =
(1-gi/g)ouT

E+(& kp+&kp) T

downregulation term of PSII/photoinhibition”, and y

[(umol photons)f1 m? s], referred to as the “dynamic
_ _(+g/gdont

T &GH(Gikptbikp)T
[(umol photons)™ m? s] referred to as “the saturation term of

photosynthesis” in our previous work (Ye, 2012; Ye et al, 2013a,
Ye et al,, 2013b). Then, Eq. 1 can be simplified as:

1-pI
1+yI

Equations 1 and 2 describe the ETR-I function and characterize

EIR = o

I. (2)

the interdependence between ETR and light intensity. Since Eq. 1 is
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a non-asymptotic function, it has the first derivative. When the first
derivative of Eq. 1 equals zero, the saturation light intensity ()
corresponding to the maximum ETR can be calculated as follows:

VBB )
sat — ’y N

Substituting Eq. 3 into Eq. 2, the maximum ETR (ETR,,,,) can
be calculated as:

ETR,. - & (;V p+ 7; - \/B> . (4)

Moreover, when chlorophyll content (unit: mg m™2) is
determined, oy can be calculated as:

_ Sa o
o BNy o B onyd

where 7 is the number of photosynthetic pigment molecules of

(5)

Oik

the measured leaf sample per unit volume (m>), and d is the
thickness of leaf sample (m). The biological significance of the other
parameters in Eq. 5 is the same as that in Eq. 1.

In this work, we neither fit the values of the initial parameters of the
model (&, kp, kp, 7, and others) nor used their values assessed by other
authors. We realize that the values of some of these parameters may
differ significantly from the values known from the literature, and this
is the weakness of the YRS model. Instead, we used Eq. 2 to fit the
parameters o, 3, and ycomposed of the initial ones. We realize that this
approach means using the YRS model actually as a phenomenological
model. To some extent, this is due to the fact that the YRS model does
not explicitly take into account the reactions of electron transport.
Taking into account the reactions of electron transport and finding an
interpretation of results of the fitting in terms of the values of the initial
parameters of the model is the task for future research.

Equation 1 has been widely used in the literature to simulate the
ETR-I curves of photosynthetic organisms and to extract several
parameters from those curves (Serodio et al., 2013; Morfopoulos
et al., 2014; Sun et al., 2015; Ahammed et al., 2018; Robakowski et al.,
2018; Yang et al., 2018; Zuo et al,, 2019; Hu et al., 2021; He et al., 2022;
Robakowski et al., 2022; Yang et al,, 2023). In addition, when the
chlorophyll content (mg m™2) is measured, besides 0, ETR,.,, and
I some other key parameters characterizing photosynthetic
pigment molecules (e.g., 'y the minimum average life time of the
light-harvesting pigment molecules in the lowest excited state, Tpin;
the light-harvesting pigment molecules in the excited state, Nj) can
also be obtained (Ye et al., 2013a; Ye et al., 2013b).

Effective absorption cross-section of
photosynthetic pigment molecules

The & io based on uniform light absorption in leaves, can be
described as follows (Ye et al., 2013a; Ye et al., 2013b):

o Oik
ik (1+8i/8i) 0w TL
&+(&ikp+&kp)T

(U -g/g)outl
&+ (Gikp + Skp)T

(6a)

1+
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/_l_ﬁI

= 6b
Ok Tyl (6b)

Oik

The biological significance of the parameters in Eq. 6 is the same
as that in Eq. 1. We note, from Eq. 6, that G,ik will decrease with
increasing I when photosynthetic organisms are under certain
environmental conditions; from Eq. 6, Oy = Oy when I =0 wmol
photons m™*s™". As such, the ' is not a constant under any given
light intensity (except when I = 0 umol photons m™2s™").

Data processing and statistical analysis

The mechanistic model presented above was fitted to obtain key
parameters (e.g., ETRyao law O and o) defining the ETR-I
curves, using the Photosynthesis Model Simulation Software
(PMSS) (http://photosynthetic.sinaapp.com, Jinggangshan
University, Ji’an, China). When fitting the ETR-I curves using the
YRS model, the initial values are set as follows: ¢, = 0.06, 3. = 0.002,
% = 0.01.

All statistical tests were performed using the statistical package
SPSS 18.5 statistical software (SPSS, Chicago, IL). Student’s t-test
was conducted to test whether there were significant differences
between the fitted and the measured values of quantitative traits
(such as ETR,.x and Ig,). Goodness of the fit of experimental

10.3389/fpls.2023.1234462

observations with results obtained with the mathematical model
was assessed using the coefficient of determination (R* = 1 - SSE/
SST, where SST is the total sum of squares and SSE is the error sum
of squares).

Examples of model application

Details of the growth conditions, the species examined, and the
procedures for generating the ETR-I curves to be examined with
our model are described in the Supporting Information [for A. alba,
see Robakowski et al., 2022; for T. baccata, see Robakowski et al.,
2018; for G. max at 400 and 600 pumol CO, mol !, see Ye et al., 2018;
for Z. mays at 30°C and 35°C temperatures, see Wang et al., 2022;
for O. fragrans (both for sun-leaf and shaded-leaf), see Hu et al,
2021; and for M. aeruginosa, under two different nitrogen supplies,
see Yang et al., 2023]. In the present study, representative ETR-I
curves (fitting the model of Eq. 1) for four C; species (i.e., A. alba, T.
baccata, G. max, and O. fragrans), one C, species (Z. mays), and one
cyanobacterium (M. aeruginosa) are shown in Figure 1. For A. alba
grown under HL (Figure 1A), O. fragrans (shaded-leaf) (Figure 1E)
and M. aeruginosa grown under two nitrogen supplies (Figure 1F),
the value of ETR initially increased (almost linearly) with the light
intensity towards saturation, and subsequently, beyond the highest
irradiance (i.e., I5,), it showed a significant degree of decline, likely
reflecting an onset of dynamic downregulation of PSII, especially in

200 200
- © HL o Fentilized
o A A alba o 1L B T. baccata ®  Non-fentilized
? 150 Eq. (1) 4150
2
2
5 100 {100
v
)
E
S 50 150
&
3]
0 40
T 200 6 Gomax ° 600 umol CO,mol"| gy 7 o e
‘s ® 400 pumol CO, mol" : ® 30°C
= 200} 2 4200
2 Eq. ()
2
3 1501
=
2 100 4100
£ o
Y]
o 40
o0 NO-N 0
o NON
E 0. 5 - ULINoS &
Py O. fragrans : ggdti&ea' F M. aeruginosa o NHN
r.:lt ol —Eq.(1) Eq.(1) 180
£
£ 30} ]
g 40
3 20}
O]
—_ 20
= K 1
g 10
3
= ol
§ °
B g0l : L . s ' L L ' .
0 500 1000 1500 2000 0 500 1000 1500 2000

1 (umol photons m? )

FIGURE 1

1 (nmol photons m™= s™')

Light-response curves of photosynthetic electron flow and curves fitted by Eq. | for six species. (A) for A. alba; (B) for T. baccata; (C) for G. max;
(D) for Z. mays; (E) for O. fragrans; and (F) for M aeruginosa. An asterisk indicates that mean values of ETR at the given / value are significantly
different using Student's t-test at p<0.05 (n-5-12). Data are mean+SE (n-3-12). The results of the statistical analyses, see Table 2. |, lightintensity.
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M. aeruginosa. On the other hand, A. alba grown under LL
(Figure 1A), T. baccata (fertilization) (Figure 1B), G. max at 400
wmol CO, mol™" under shaded conditions (Figure 1C), Z. mays
(Figure 1D), and O. fragrans (sun-leaf) (Figure 1E) exhibited only a
small decline of ETR with increasing light intensity beyond the I,,.
Data for T. baccata (non-fertilization) (Figure 1B) and G. max at
600 pmol CO, mol " under shaded conditions (Figure 1C) showed
that ETR hardly increases with increasing light intensity beyond the
I, Moreover, the fitted curves show that Eq. 1 reproduces quite
well the ETR-I curves of all the six species, regardless of whether
there is dynamic downregulation, and this with extremely good fits
(R* 2 0.995) (Figure 1; Table 2).

Table 2 lists the photosynthetic parameters (such as &, ETR yax
and I;,,) estimated by Eq. 1 and their corresponding observed values
for the four C; species, a C, species, and a cyanobacterium grown
under different conditions, described earlier. In this study, we did
not observe significant differences between the estimated values of
ETRyax (and Ig,,) and their corresponding observed values (p >
0.05). Furthermore, Table 2 shows that the values of oy, calculated
by Eq. 5, have different values ranging from 1.25 x 107! m” to 5.68
x1072" m? for the six species used in this study. For A. alba, there
was a significant difference between o, at HL and at LL (p< 0.05),
with the values of o at HL being higher than that at LL; for O.
fragrans, there was a significant difference between o evaluated for
the shaded-leaf and for the sun-leaf (p< 0.05), with the values of o;c
of the sun-leaf being larger than that of the shaded-leaf; for M.
aeruginosa, there was a significant difference between oj under
NO;™-N supply and under NH,"-N supply (p< 0.05), with the
values of oy under NO; -N supply being smaller than that under
NH,"-N supply. In addition, no significant difference was found
between oy evaluated in G. max at 400 umol CO, mol™* and 600
pwmol CO, mol™%; furthermore, no significant difference was found
for oy between Z. mays at 30°C and 35°C. Also there were no
significant differences in o3, between T. baccata seedlings grown in
fertilization and in non-fertilization conditions.

Effective absorption cross-section of
photosynthetic pigment molecules

The values of &', nonlinearly decrease with I'in A. alba at HL and
LL (Figure 2A), in T. baccata grown under fertilized and non-
fertilized conditions (Figure 2B), in G. max at 400 umol CO, mol ™’
and 600 wmol CO, mol ™ (Figure 2C), in O. fragrans of sun-leaf and
shaded-leaf (Figure 2E), and in M. aeruginosa grown under NO; -N
supply and NH,"-N supply (Figure 2F). For Z. mays at 30°C versus
that at 35°C (Figure 2D), we observed that oy decreases almost
nonlinearly with increasing I. In addition, for A. alba, there is a
significant difference between o' at HL and at LL for any I (p< 0.05)
(Figure 2A), and the values of oy at HL are higher than those of Cix
at LL. For example, at 783 pmol photons m 2 s ! for A. alba, the value
of o'y at HL is 0.697 (z 0.060) x 102! m? while the value of oy, at LL
is 0.263 (+ 0.032) x 107" m’ For Z. mays, there is a significant
difference between o'y at 30°C and at 35°C (p< 0.05) when the light

intensity ranges from 800 to 1,800 pmol photons m~2s}, with the o
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i values at 35°C higher than those at 30°C. For instance, at 1,800
pumol photons m2s for Z. mays, the value of O at 35°Cis 0.898 (+
0.049) x 107" m?, while the value of o'y at 30°C is 0.717 (+ 0.030) x
107! m?. For O. fragrans, there is a significant difference between oy,
for shaded-leaf and sun-leaf (p< 0.05), as the values of 0y of sun-leaf
are higher than those of shaded-leaf at any light intensity. For
instance, at 606 umol photons m 2 s for O. fragrans, the value of
0 i for the sun-leaf is 0.588 (+ 0.044) x 102! m? while the value of &
4 for the shaded-leaf is 0.266 (+ 0.043) x 107! m? For M. aeruginosa,
there is a significant difference between o'y under NO;™-N supply
and under NH,™-N supply (p< 0.05) when the light intensity is below
559 umol photons m~2 s}, and in this case, the values of dﬂ{ under
NO; -N supply are less than those under NH,*-N supply. For
instance, at 559 pumol photons m2 s% for M. aeruginosa, the
value of ' is 1.666 (+ 0.037) x 107" m? under NO; -N supply,
and the value of o'y is 2.230 (¢ 0.162) x 107*' m? under NH,"-N
supply. In contrast, for G. max, no significant difference between &y
at 400 umol CO, mol™! and at 600 umol CO, mol™! is
found (Figure 2C).

Discussion

We have simulated the ETR-I curves of six different species
under different conditions using the mechanistic model developed
by Ye et al. (2013a, b). Fitting this model to previously collected data
(including HL and LL conditions, fertilized and non-fertilized
conditions, two CO, concentrations, two temperatures, and
different species, i.e., four C;, one C,, and one cyanobacterium)
showed extremely good fits (R* > 0.995), and the fitted values for
ETR,,.« and I, were consistent with all the observations (Table 2),
and with no significant difference between the fitted values for
ETR. (and I,,) and their corresponding observations (p< 0.05;
Table 2). This shows that Eq. 1 is highly adequate for fitting ETR-I
curves regardless of dynamic downregulation of PSII/
photoinhibition in the photosynthetic organisms used in our
current study. Furthermore, our results are consistent with
previous studies (Ye et al., 2013a; Ye et al., 2013b; Ye et al,, 2016;
Yang et al., 2018; Zuo et al., 2019; Hu et al., 2021; He et al., 2022).

There are several methods that can be used to determine o.
For example, Ley and Mauzerall (1982) estimated opsy of C.
vulgaris by measuring the rates of O, production and found that
the estimated value of 6., was 2.90 (£ 0.10) x 102" m?. At the same
time, these authors found no significant differences in 0, measured
on LL-grown and HL-grown cells. After 25 years of Ley and
Mauzerall’s work, De Boni et al. (2007) used WLC Z-scan
technique to study the values of 0y, and oy, of Chl a and found
that the value of 6y; was ~4.7 x 107*' m? at 680 nm, while the value
of ,,, was ~0 m?* Furthermore, De Boni et al. (2007) found that o,
is wavelength-dependent, while Klughammer and Schreiber (2015)
using a MC-PAM method determined that o, is a function of
wavelength and can be determined in combination with chlorophyll
content. Moreover, Suggett et al. (2007) using the fast repetition rate
fluorescence technique studied that both Opsy; and Oy, in E. huxleyi
decrease as the growth light intensity increases. For instance, Oy
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TABLE 2 Results fitted by Eq. 1 and observation values of photosynthetic parameters for six species under various conditions (mean + SE, n = 3-12).

T. baccata

Fertilization

Non-fertilization

G. max

400 pmol mol™

600 pmol mol™

Eq. 1 Obs. Eq. 1 Obs. Eq. 1 Obs. Eqg. 1 Obs.
o 0.502 - 0.499 + 0.009 - 0.537 + - 0.579 + 0.014 - 0.356 + - 0.356 + -
+0.016 0.009 0.006a 0.002a
Tt 836.83 + 977.67 + 1,061.60 + 1,301.67+ 1,150.91 + 1,224.08 + 1,376.31 + 1,215.58 + 1,647.45 + 1,601.59 + 1,930.19 + 1,999.82 +
55.81* 97.33% 33.21% 133.33° 132.92° 127.99* 342.52° 128.11° 76.60% 0.64° 73.54% 0.69*
Tonax 107.55 + 107.04 + 6.63a  137.56 + 8.69* | 136.68 + 7.49°  111.26 110.62 + 4.34* | 81.12 + 4.93* 81.58 + 144.64 + 5.72* | 14351 + 162.07 + 162.38 +
7.32% 3.86° 4.87% 521% 5.92° 8.08a
O (x10721) 125 +0.05° | - 1.65 + 0.03" - 144 + - 1.37 +0.14% - 3.92 + 0.074 - 391 + -
0.11% 0.05%
Chlorophyll content (mg m™) | 1,582.34 + 1,194.08 + 1,603.86 + 1,900.21 + 900.40 + 900.40 +
9.124 13.58" 138.48* 218.99* 12.25 12.25
R’ 0.998 - 0.998 - 0.995 - 0.996 - 0.996 - 0.999 -
Z. mays O. fragrans M. aeruginosa
30°C 35°C Shaded-leaf Sun-leaf NO™z-N NH,"-N
Eq. 1 Obs. Eq. 1 Obs. Eq. 1 Obs. Eq.1 Obs. Eq. 1 Obs. Eq. 1 Obs.
o 0.269 + - 0.282 + 0.012 - 0.282 + - 0.295 + 0.012 - 022240012 | - 0.205 + -
0.021 0.012 0.003
- 1,539.44 + 1,666.67 + 1,665.35 + 1,600.01 + 384.47 + 306.60 + 48245 +2621° | 717.20 + 79232 + 833.00 + 869.80 + 833.00 +
66.23* 176.38 154.57° 230.94° 39.83% 48.25* 122.96* 75.88% 0.00a 19.46° 0.00*
Tonax 142.71 + 142.10 + 3.95*  179.55 + 8.72° | 179.88 + 8.45° 2643 + 26.50 + 2.76 36.32 + 1.45° 37.75 + 62.99 + 1.63° 63.67 + 53.73 + 5420 +
227% 2.92% 223 2.64a 5.70* 4.77%
Oy (x10721) 247 + - 226 + 0.15% 4.66 £ 0.15° | - 5.68 + 0.25% 3.56 + 0.21° - 5.06 + -
0.20* 0.114
Chlorophyll content (mg m™) | 43232 + 7.6 43232 +76 342,30 + 21.66 210.60 + 20.52° 247.19 + 331 159.97 +
1.37°
R? 0.999 - 0.999 - 0.995 - 0.996 - 0.995 - 0.996 -
o, initial slope of ETR-I curves [tmol electron (Lmol photon)’l]; I;a, saturation irradiance (mol photons m2s7h); Jimax> the maximum electron transport rate (Lmol electrons m %7ty Ok, eigen-absorption cross-section of photosynthetic pigment molecules (m?); R%,

determination coefficient. The different superscript letters followed by the values are significantly different between fitted values and observation values within the same species using Student’s t-test at p< 0.05 (n = 3-12). For oy, and chlorophyll content, the different
superscript capital letters followed by the values are significantly different between fitted values and observation values for the same species with different treatments using Student’s t-test at p< 0.05 (n = 3-12).

REREETN

29t¥£2T'£202'51d4/685 0T


https://doi.org/10.3389/fpls.2023.1234462
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ye et al.

10.3389/fpls.2023.1234462

25 25
A A alba : :’: B T. baccata o Fertilized
20k E q‘.(6) e Non-fertilized ] 20
< . Eq. (6)
5 15 %o'_ 3 115
> , © %
: ‘o 2 . %
= 1of t. T 5 22, 110
o . 3 te .,
¢ H e ©°
05 . P 105
. o . 2 s
. ) $ 8 N
0.0} 40.0
C G. max 1| D Z mays o 35°C 13.0
4t o . ma © 600 pmol CO, mol e 205 )
R * ® 400 pmol CO, mol" \ ® 30°C 125
"E .. = e Eq. (6)
= 3 ] Eq. (6) Fots 120
s . LI
X o, 4
< 2 S . 1.5
- b’- L4 ° ° .
1] . e 41.0
8 e o 5
1 s 8 . 2
8 405
0 400
6 E O.fragrans o Sun-eaf F M. aeruginosa o NOMN 18
5. * Shaded-leaf HN
51 & Eq. (6) M ® NH;N 45
. . Eq.(6)
:.; 41 ® 45 H {4
= ¢ . 6 &,
= 3 ° . °% e 43
I © e 12
S c“ P ° ° .
o
1 L : s 41
. p L}
Ok L N s s " L L " " 40
0 500 1000 1500 2000 0 500 1000 1500 2000

I (umol photons m? st

FIGURE 2

1 (umol photons m s™)

Light-response curves of the effective absorption cross-section of photosynthetic pigment molecules calculated by Eq. 6 for six species. (A) for A. alba;
(B) for T. baccata; (C) for G. max; (D) for Z. mays; (E) for O. fragrans; and (F) for M aeruginosa. An asterisk indicates that mean values of ¢'ik at the given
I value are significantly different using Student's t-test at p< 0.05 (n = 3-12). Data are mean + SE (n=3-12). |, light intensity

was 3.25 x 102" m* in cells grown under low light (25 pumol
photons m™*s7"), but decreased to 2.95 x 107*' m” under high light
(600 wmol photons m™>s™"). Their results revealed that growth light
intensity affects the values of oy, and indirectly demonstrated that
O is a function of light intensity, and seems to decrease with light
intensities. Thus, although the values of 0, obtained with various
methods are different, the estimated values are in the same order of
magnitude (approximately 10>' m?). These results are consistent
with our results given in Table 2.

However, G4, 0o, ar*(A), and oy have different definitions and
different biological significance. For example, if i = 0 and k = 1, Gy
represents the chlorophyll molecules that are excited from the ground
state (i = 0) to the first excited state (k = 1), i.e., Gy;. In addition, when
k = 1, oy represents the average light absorption cross-section of a
photosynthetic pigment since the accessory pigments transfer the
absorbed solar energy to chlorophyll molecules, which will make a
transition from the ground state (i = 0) to different excited states (k >
1), depending on the wavelength of light. It, thus, follows that o; has
the same biological significance as o, and a;*(A). Consequently,
both oy and ar*(A) indicate the average light absorption cross-
section of the photosynthetic pigment under light illumination.

From an operational perspective of the YRS method (Ye et al.,
2013a, Ye et al,, 2013b), the value of o3 can be easily estimated by
using Eq. 5, for any species and under different environmental
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conditions. For instance, the value of oy is 1.12 x 107! m? for T,
baccata (fertilization), while it is 5.68 x 107" m* for O. fragrans. In
this study, the values of o for other photosynthetic organisms were
found to be between these two values (Table 2). Thus, our work
demonstrates that although the experimental materials and
methods used have been different (Ley and Mauzerall, 1982; De
Boni et al., 2007; Suggett et al., 2007; Ye et al., 2013a, Ye et al., 2013b;
Klughammer and Schreiber, 2015; Celebi-Ergin et al., 2022), the
values of oy or oy are approximately of the same order of
magnitude (approximately 1072' m?). Previous studies have
demonstrated that the relationship between o, and light
adaptation is crucial for understanding how plants and algae
adapt to different light environments (Ley and Mauzerall, 1982;
Suggett et al., 2007; Neale and Melis, 2010). Plant species and algae
grown under different light conditions may have different
evolutionary strategies in optimizing light absorption and
utilization (Neale and Melis, 2010; Buckley and Diaz-Espejo,
2015). The magnitude of o, can reflect the light-harvesting
capability and light adaptation ability of plants and algae. In this
study, the value of oy for A. alba grown under LL conditions is
smaller than that of oy, for A. alba grown under HL (Table 2), and
there is a significant difference between them. This result is different
from the results obtained by Ley and Mauzerall (1982) and Suggett
et al. (2007). Ley and Mauzerall (1982) found that there was no
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significant difference between o, of C. vulgaris in LL and in HL,
while Suggett et al. (2007) found that o4, of E. huxleyi (B11) at LL
growth was higher than those under HL growth. This indicates that
the shade-tolerant conifer A. alba has a different strategy from the
alga E. huxleyi grown under different light environments. This
inconsistency between our results and those of others may reflect
evolutionary differences between the terrestrial plants and algae,
which are adapted to totally different light environments. In
addition, in our present study, we found that there was no
significant difference between o, values at 30°C and 35°C for Z.
mays, or at 400 pmol CO, mol ™" and 600 pmol CO, mol ™" for G.
max. These results are inconsistent with those obtained by Celebi-
Ergin et al. (2022) on eelgrass (Zostera marina L.), as they found
that the decrease in total chlorophyll at greater [CO,] values
resulted in an increased a;*(A). It is uncertain whether this
difference between our results and those of the other authors
result from the different experimental conditions or the species-
specific, genetic features, and thus further research is needed.
Suggett et al. (2007) found that oy, of E. huxleyi (BI11)
decreased as the growth light intensity increased. Their results
showed that E. huxleyi (B11) at the lowest growing irradiance (25
pmol photons m 2 s") had the highest values of oy, (i.e., 3.25 x
107" m?), while at the highest light intensity (600 pmol photons
~2 571, it had the smallest values of o4y (ie., 2.95 x 102! m?). For

the intermediate growth irradiances (i.e., 150 and 300 pmol photons

m

m~?s7"), the values of 0., were between 2.95 x 102! m? and 3.25 x
107" m* These results suggest that the value of o is a function of
light intensity, and that it decreases with light intensity. Therefore,
the results of Suggett et al. (2007) are consistent with our conclusion
on &', which decreases nonlinearly with increasing I. However, Ley
and Mauzerall (1982) found no significant differences in oy
measured on LL-grown and HL-grown cells. Moreover,
Klughammer and Schreiber (2015) found that opgy (625 nm)
nonlinearly increases with increasing light, and then it decreases
nonlinearly at high light intensities, but the decrease in opgy; (625
nm) with light intensity depends on the value of J;, (where J, is a
parameter characterizing the energetic connectivity between PSII
units; see Stirbet, 2013). For instance, Klughammer and Schreiber
(2015) reported that opsyy (625 nm) nonlinearly increases with I

> s for J, = 2. This obviously

beyond 2,000 umol photons m™
contradicts our common sense expectation, since photoinhibition
would occur in most dilute suspensions of Chlorella exposed to high
light intensities of over 2,000 umol photons m 2 s™".

We emphasize that our results have been derived from
instantaneous measurement of ETR-I curves of plants and one
cyanobacterium; thus, some differences between o, obtained by
Ley and Mauzerall (1982) and by Suggett et al. (2007) and o'y may
result from the different growth irradiance conditions. Compared to
the complex methods and techniques required for obtaining
parameters such as Opsy, Oay, and ap*(A) in Ley and Mauzerall
(1982); Suggett et al. (2007); De Boni et al. (2007); Klughammer and
Schreiber (2015), and Celebi-Ergin et al. (2022), we can easily
determine the values of o by Eq. 6 for any given species under

any environmental condition. In addition, it should be noted that
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due to Eq. 1 being a non-asymptotic function, it possesses a first
derivative. According to the principles of calculus, when the first
derivative of Eq. 1 equals zero, Iy, and its corresponding ETR,,ax
can be calculated using Egs. (4) and (3), respectively. However, it is
only when the selected model perfectly fits the ETR-I curve that the
fitted values will match the observed values. Empirical models such
as the single exponential model, double exponential model, non-
rectangular hyperbolic model, and Suggett et al.’s semi-mechanistic
model are asymptotic and cannot accurately fit the ETR-I curve
when plants or algae experience dynamic downregulation of PSII/
photoinhibition (Platt et al., 1980; Suggett et al., 2007; Brading et al.,
2011; Yang et al,, 2023). As a result, obtaining ETR., and Ig,
becomes challenging, let alone other parameters reflecting the
intrinsic characteristics of photosynthetic pigment molecules
(such as Gy, O Tumins and N). Although the double exponential
model can be used to fit the ETR-I curve of algae, it needs to be
coupled with modified exponential model to derive ETR,,, and Iy,
and the obtained ETR,,, and I, values are significantly higher than
the measured values (Maxwell and Johnson, 2000; Brading et al.,
2011; Buckley and Diaz-Espejo, 2015). On the other hand, the YRS
method not only effectively fits the ETR response curves of plants
and algae to light but also shows no significant difference between
the fitted ETR,.x and I, values and the observation values (Liang
etal, 2018; Yang et al., 2018; Furutani et al., 2022). In this study, the
results obtained using the YRS model for fitting also exhibit no
significant difference from the observation values, further
demonstrating the applicability and reliability of this model.
Furthermore, the reason why o' decreases with light intensity
in our study, in addition to the characteristics of harvesting pigment
molecule itself (e.g., change in Gy, &1, &, &3, g, and gi), may be due
to the photo-relocation movement of chloroplasts to anticlinal cell
walls (i.e., negative blue/UV-A light-dependent chloroplast
phototaxis) where light absorption is reduced (Kasahara et al,
20025 Lazar et al., 2022), presumably to minimize the saturation
of photosynthesis by decreasing the amount of excess excitation
energy (Murchie and Niyogi, 2011). Such observations may help to
investigate the underlying nature of plants’ photoprotection
mechanism under high light intensity (Murchie and Niyogi,
2011), since decreases in o'y with light intensity would prevent
the pigment molecules from absorbing light energy further, and
could thus provide us a means to quantitatively investigate the
photoinhibition and photoprotection in photosynthetic organisms.
Although different fluorescence and O, evolution methods,
such as the specific O, evolution technique (Ley and Mauzerall,
1982; Celebi-Ergin et al., 2022), WLCZ-scan technique (De Boni
etal., 2007), and FRR technique (Suggett et al., 2007), may estimate
the light absorption of chlorophyll pigments, these methods have
the disadvantage to be technically challenging. Moreover, they use
only dilute suspensions of cells, which is why these methods have
not been widely applied for the o, evaluation. On the other hand,
while the MC-PAM technique (Klughammer and Schreiber, 2015)
can be used not only for dense suspensions of unicellular algae, but
also for optically more complex samples (like leaves and corals),
there still remains a difficulty in determining o, due to the
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complexity of their methods used for data processing. In contrast
with the above approaches, combined commercial portable gas-
exchange and fluorescence systems (e.g., LI-6400, Li-Cor Inc.,
Lincoln, Nebraska, USA; CIRAS-II, PP Systems, Hitchin, UK;
LCA4 ADC-Biosciences, Hoddesdon, UK; Dual-PAM-100, Walz
Inc., Germany), the values of oy can be obtained easily by using the
YPS method presented here for any plant species, algae, and
cyanobacteria, under diverse environmental conditions, once their
chlorophyll content is measured. Therefore, our method has a
greater advantage over the methods and techniques in
determining the values of oy (see Eq. 5).

In conclusion, (1) the mechanistic model, used in this research,
has universality in fitting ETR-I curves and in estimating
photosynthetic parameters such as ETR .0 Law O and o (2)
compared with other methods, estimating O, Opsn(L), or ap*(A),
our method is much more convenient in determining oy, and O
than those used by other authors (Ley and Mauzerall, 1982; De Boni
et al.,, 2007; Suggett et al., 2007; Klughammer and Schreiber, 2015;
Celebi-Ergin et al., 2022); (3) Eqs. 5 and 6 can be used to investigate
the effects of different environmental factors (e.g., CO,, O,, O3, NO,,
temperature, and nutrition) on G; and Cio respectively. We conclude
that Eq. 1 (see above for the description of the YRS method) provides
a powerful means to predict and simulate the ETR-I curves, and to
obtain several important parameters such as ETRy,ax, Lsap Gi and O
Furthermore, the latter can be used to investigate light energy
absorption properties of photosynthetic pigment molecules and to
understand how plants, algae, and cyanobacteria modify their light-
harvesting properties underlying photo-acclimation,
photoprotection, and abiotic stress. Dynamic changes of Gy in
response to light indicate that these pigment—protein complexes are
used by the photosynthetic organisms, not only as antennae
capturing light energy, but also to serve an important role in light
energy partitioning and dissipation. Thus, we recommend the use of
the YRS method to calculate the values of 6y and Gy to investigate
light energy absorption properties of photosynthetic pigment
molecules for all plants, algae, and cyanobacteria under any
environmental condition. We are planning further studies (i) for
evaluating the performance of Eq. 1 when applied to observations on
different photosynthesizing organisms under extreme environmental
conditions; (ii) for estimating oy, and oy when the samples, under
investigation, are concurrently stressed by various environmental
factors, including, e.g., low or high temperatures, different CO,, O,,
O3, and NO, concentrations, water stress, or salt stress; and (iii) for
comparison of oy and oy among different functional groups of
plants, cyanobacteria, and algae, to better understand evolutionary
mechanisms of adaptation in photosynthetic organisms to different
environmental conditions.

In order to facilitate others to utilize our developed mechanistic
model of ETR-I, we have developed and exploited PMSS (http://
photosynthetic.sinaapp.com). Using measured ETR-I data and
combining it with measurements on chlorophyll content (mg m2),
many characteristics, associated with light energy absorption of
chlorophyll molecules, can be obtained with this software.

Frontiers in Plant Science

10.3389/fpls.2023.1234462

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

All authors contributed to the conception of the work. Z-PY
and X-LY mainly fitted the data. Z-PY and F-BW drafted the
original manuscript. All authors critically reviewed and revised the
manuscript with new data sets and contributed substantially to
the completion of the present study. All authors contributed to
the article and approved the submitted version.

Funding

This research was supported by the Natural Science Foundation
of China (Grant Nos. 32260063 and 31960054).

Acknowledgments

We are highly thankful to Professor Govindjee, who recently turned
90, for reading this paper and for making valuable suggestions for
language improvement; furthermore, we celebrate, through this paper,
his outstanding contributions, since 1960, in relating chlorophyll a
fluorescence changes to various photosynthetic reactions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1234462/
full#supplementary-material

frontiersin.org


http://photosynthetic.sinaapp.com
http://photosynthetic.sinaapp.com
https://www.frontiersin.org/articles/10.3389/fpls.2023.1234462/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1234462/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1234462
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ye et al.

References

Ahammed, G. J., Xu, W,, Liu, A, and Chen, S. (2018). COMTT silencing aggravates heat
stress-induced reduction in photosynthesis by decreasing chlorophyll content, photosystem
II activity and electron transport efficiency in tomato. Front. Plant Sci. 9. doi: 10.3389/
fpls.2018.00998

Baker, N. R. (2008). Chlorophyll fluorescence: A probe of photosynthesis in vivo.
Annu. Rev. Plant Biol. 59, 89-113. doi: 10.1146/annurev.arplant.59.032607.092759

Bixon, M., Jortner, J., and Michel-Beyerle, M. E. (1991). On the primary charge separation
in bacterial photosynthesis. BBA-Bioenergetics 1056, 301-315. doi: 10.1016/S0005-2728(05)
80062-3

Brading, P., Warner, M. E,, Davey, P., Smith, D. J., Achterberg, E. P., and Suggett, D.
J. (2011). Differential effects of ocean acidification on growth and photosynthesis
among phylotypes of Symbiodinium (Dinophyceae). Limnol. Oceanogr. 56, 927-938.
doi: 10.4319/10.2011.56.3.0927

Buckley, T. N., and Diaz-Espejo, A. (2015). Reporting estimates of maximum
potential electron transport rate. New Phytol. 205, 14-17. doi: 10.1111/nph.13018

Celebi-Ergin, B., Zimmerman, R. C, and Hill, V. J. (2022). Photorespiration in
eelgrass (Zostera marina L.): A photoprotection mechanism for survival in a CO,-
limited world. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1025416

De Boni, L., Correa, D. S., Pavinatto, F. J., dos Santos, D. S., and Mendonga, C. R.
(2007). Excited state absorption spectrum of chlorophyll a obtained with white-light
continuum. J. Chem. Phys. 126, 165102. doi: 10.1063/1.2722755

Furutani, R., Ohnishi, M., Mori, Y., Wada, S., and Miyake, C. (2022). The difficulty of
estimating the electron transport rate at photosystem 1. J. Plant Res. 135, 565-577.
doi: 10.1007/s10265-021-01357-6

Govindjee, G. (1990). Photosystem IT heterogeneity: the acceptor side. Photosyn. Res.
25, 151-160. doi: 10.1007/BF00033157

Govindjee, G. (2004). Chlorophyll a fluorescence: A bit of basics and history. In: G.
Papageorgiou and G. Govindjee (Eds) Chlorophyll a Fluorescence: A Signature of
Photosynthesis. Kluwer Academic (now. Springer) Dordrecht Netherlands. pp, 2-42.
doi: 10.1007/978-1-4020-3218-91

Grayson, K. J., Faries, K. M., Huang, X,, Qian, P., Dilbeck, P., Martin, E. C, et al. (2017).
Augmenting light coverage for photosynthesis through YFP-enhanced charge separation at
the Rhodobacter sphaeroides reaction centre. Nat. Commun. 8, 13972. doi: 10.1038/
ncomms13972

Hashemi, Z., and Leppert, L. (2021). Assessment of the ab initio Bethe-Salpeter
equation approach for the low-lying excitation energies of bacteriochlorophylls and
chlorophylls. J. Phys. Chem. A. 125, 2163-2172. doi: 10.1021/acs.jpca.1c01240

He, Y.L, Wu, Y., Ye, Z. P, Zhou, S. X, Ye, S. C,, and Liu, W. X. (2022). Response of
intrinsic characteristics of light-harvesting pigment molecules, light use efficiency to
light intensity for oil-tea (Camellia oleifera). Acta Bot. Boreal. Occident. Sin. 42, 1552—
1560. doi: 10.7606/j.issn.1000-4025.2022.09.1552

Hu, W. H, Xiao, Y. A, Yan, X. H, Ye, Z. P, Zeng, J. ], and Li, X. H. (2021).
Photoprotective mechanisms under low temperature and high light stress of Photinia x
fraseriand Osmanthus fragrans during overwintering. Bull. Bot. Res. 41, 938-946.
doi: 10.7525/j.issn1673-5102.2021.06.012

Kasahara, M., Kagawa, T., Oikawa, K., Suetsugu, N., Miyao, M., and Wada, M.
(2002). Chloroplast avoidance movement reduces photodamage in plant. Nature 420,
829-832. doi: 10.1038/nature01213

Klughammer, C., and Schreiber, U. (2015). Apparent PS II absorption cross-section
and estimation of mean PAR in optically thin and dense suspensions of Chlorella.
Photosyn. Res. 123, 77-92. doi: 10.1007/s11120-014-0040-6

Lazar, D., Stirbet, A., Bjorn, L. O., and Govindjee, G. (2022). Light quality, oxygenic
photosynthesis and more. Photosynthetica 60, 25-58. doi: 10.32615/ps.2021.055

Ley, A. C,, and Mauzerall, D. C. (1982). Absolute absorption cross-sections for
photosystem II and the minimum quantum requirement for photosynthesis in
Chlorella vulgaris. BBA-Bioenergetics 680, 95-106. doi: 10.1016/0005-2728(82)90320-6

Liang, Z. R, Liu, F. L,, Yuan, Y. M,, Du, X. X,, Wang, W. ], Sun, X. T,, et al. (2018). Effect of
different temperatures on growth and photosynthetic characteristic of Laminaria hyperborea
young seedling. Mar. Sci. 42, 71-78. doi: 10.11759/hykx20171121003

Mar, T., and Govindjee, G. (1972). Kinetic models of oxygen evolution in
photosynthesis. J. Theor. Biol. 36, 427-446. doi: 10.1016/0022-5193(72)90001-X

Maxwell, K., and Johnson, N. G. (2000). Chlorophyll fluorescence-a practical guide. J.
Exp. Bot. 51, 659-668. doi: 10.1093/jxb/51.345.659

Mishra, K. B,, Mishra, A., Kubasek, J., Otmar, U. O., Heyer, A. G., and Govindjee, G.
(2019). Low temperature induced modulation of photosynthetic induction in non-acclimated
and cold-acclimated Arabidopsis thaliana: chlorophyll a fluorescence and gas-exchange
measurements. Photosyn. Res. 139, 123-143. doi: 10.1007/s11120-018-0588-7

Morfopoulos, C., Sperlich, D., Pefiuelas, J., Filella, I, Llusia, J., Medlyn, B. E,, et al.
(2014). A model of plant isoprene emission based on available reducing power captures
responses to atmospheric CO,. New Phytol. 203, 125-139. doi: 10.1111/nph.12770

Frontiers in Plant Science

11

10.3389/fpls.2023.1234462

Murchie, E. H.,, and Niyogi, K. K. (2011). Manipulation of photoprotection to
improve plant photosynthesis. Plant Physiol. 155, 86-92. doi: 10.1104/pp.110.168831

Neale, P. J., and Melis, A. (2010). Algal photosynthetic membrane complexes and the
photosynthesis-irradiance curve: a comparison of light-adaptation responses in
Chlamydomonas reinhardtii (Chlorophyta). J. Phycol. 22, 531-538. doi: 10.1111/
j.1529-8817.1986.tb02497.x

Platt, T., Gallegos, C. L., and Harrison, W. G. (1980). Photoinhibition of
photosynthesis in natural assemblages of marine phytoplankton. J. Mar. Res. 38,
687-701. doi: 10.1093/pasj/57.2.341

Robakowski, P., Lukowski, A., Ye, Z. P., Kryszewski, A., and Kowalkowski, W.
(2022). Northern provenances of silver fir differ with acclimation to contrasting light
regimes. Forests 13, 1164. doi: 10.3390/f13081164

Robakowski, P., Pers-Kamczyc, E., Ratajczak, E., Thomas, P. A., Ye, Z. P., Rabska, M.,
et al. (2018). Photochemistry and antioxidative capacity of female and male Taxus
baccata L. acclimated to different nutritional environments. Front. Plant Sci. 9.
doi: 10.3389/fpls.2018.00742

Serddio, J., Ezequiel, J., Frommlet, J., Laviale, M., and Lavaud, J. (2013). A method for
the rapid generation of nonsequential light-response curves of chlorophyll
fluorescence. Plant Physiol. 163, 1089-1102. doi: 10.1104/pp.113.225243

Stirbet, A. (2013). Excitonic connectivity between photosystem II units; what is it,
and how to measure it? Photosyn. Res. 116, 189-214. doi: 10.1007/s11120-013-9863-9

Stirbet, A., Govindjee, G., Strasser, B., and Strasser, R. (1998). Chlorophyll a
fluorescence induction in higher plants: modelling and numerical simulation.
J. Theor. Biol. 193, 131-151. doi: 10.1006/jtbi.1998.0692

Stirbet, A., Lazar, D., Guo, Y., and Govindjee, G. (2020). Photosynthesis: basics,
history, and modeling. Ann. Bot-London 126, 511-537. doi: 10.1093/aob/mcz171

Stirbet, A., Lazar, D., Papageorgiou, G. C., and Govindjee, G. (2019). Chlorophyll a
fluorescence in cyanobacteria: relation to photosynthesis. Cyanobacteria. pp, 79-130.
doi: 10.1016/B978-0-12-814667-5.00005-2

Suggett, D. J., Le Floc, E., Harris, G. N., Leonardos, N., and Geider, R. J. (2007).
Different strategies of photoacclimation by two strains of Emiliania huxleyi
(Haptophyta). J. Phycol. 43, 1209-1222. doi: 10.1111/j.1529-8817.2007.00406.x

Sun, J., Sun, J., and Feng, Z. (2015). Modelling photosynthesis in flag leaves of winter
wheat (Triticum aestivum) considering the variation in photosynthesis parameters
during development. Funct. Plant Biol. 42, 1036-1044. doi: 10.1071/FP15140

Walters, R. G. (2005). Towards an understanding of photosynthetic acclimation.
J. Exp. Bot. 56, 435-447. doi: 10.1093/jxb/eri060

Wang, H,, Su, L., Allen, J. P., Williams, J., Blankert, S., Laser, C., et al. (2007). Protein
dynamics control the kinetics of initial electron transfer in photosynthesis. Science 316,
747-750. doi: 10.1126/science.1140030

Wang, X,, Yang, X. L,, Ye, Z. P,, Lu, Y. T,, and Ma, X. F. (2022). Stomatal and non-
stomatal limitations to photosynthesis in Sorghum bicolor at different temperatures.
Plant Physiol. J. 58, 1245-1253. doi: 10.13592/j.cnki.pp;j.2021.0403

Yang, X. L, Dong, W,, Liu, L. H, Bi, Y. H, Xu, W. Y., and Wang, X. (2023).
Uncovering the differential growth of Microcystis aeruginosa cultivated under nitrate
and ammonium from a photophysiological perspective. ACS ES&T Water 3, 1161-
1171. doi: 10.1021/acsestwater.2c00624

Yang, X. M., Wu, X. L, Liu, Y. F,, Li, T. L., and Qi, M. (2018). Analysis of chlorophyll
and photosynthesis of a tomato chlorophyll-deficient mutant induced by EMS. Chin. J.
Appl. Ecol. 29, 1983-1989. doi: 10.13287/j.1001-9332.201806.021

Ye, Z. P. (2012). Nonlinear optical absorption of photosynthetic pigment molecules
in leaves. Photosynth. Res. 112, 31-37. doi: 10.1007/s11120-012-9730-0

Ye, Z. P, Hu, W. H,, Yan, X. H,, and Duan, S. H. (2016). Photosynthetic
characteristics of different plant species based on a mechanistic model of light-
response of photosynthesis. Chin. J. Ecol. 35, 2544-2552. doi: 10.13292/j.1000-
4890.201609.032

Ye, Z. P., Kang, H. J., Duan, S. H,, and Wang, Y. Y. (2018). Photosynthetic physio-
ecological characteristics in soybean leaves at different CO, concentrations. Chin. J.
Appl. Ecol. 29, 583-591. doi: 10.13287/j.1001-9332.201802.025

Ye, Z. P., Robakowski, P., and Sugget, D. J. (2013a). A mechanistic model for the light
response of photosynthetic electron transport rate based on light harvesting properties of
photosynthetic pigment molecules. Planta 237, 837-847. doi: 10.1007/s00425-012-1790-z

Ye, Z. P., Suggett, D. J., Robakowski, P., and Kang, H. J. (2013b). A mechanistic
model for the photosynthesis-light response based on the photosynthetic electron
transport of photosystem II in C; and C, species. New Phytol. 199, 110-120.
doi: 10.1111/nph.12242

Zuo, G. Q., Wang, S. Y., Feng, N. J., Wang, X. X., Mu, B. M., and Zheng, D. F.
(2019). Effects of uniconazole on photosynthetic physiology and phenotype of
soybean under flooding stress. Chin. J. Ecol. 38, 2702-2708. doi: 10.13292/j.1000-
4890.201909.029

frontiersin.org


https://doi.org/10.3389/fpls.2018.00998
https://doi.org/10.3389/fpls.2018.00998
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1016/S0005-2728(05)80062-3
https://doi.org/10.1016/S0005-2728(05)80062-3
https://doi.org/10.4319/lo.2011.56.3.0927
https://doi.org/10.1111/nph.13018
https://doi.org/10.3389/fpls.2022.1025416
https://doi.org/10.1063/1.2722755
https://doi.org/10.1007/s10265-021-01357-6
https://doi.org/10.1007/BF00033157
https://doi.org/10.1007/978-1-4020-3218-91
https://doi.org/10.1038/ncomms13972
https://doi.org/10.1038/ncomms13972
https://doi.org/10.1021/acs.jpca.1c01240
https://doi.org/10.7606/j.issn.1000-4025.2022.09.1552
https://doi.org/10.7525/j.issn1673-5102.2021.06.012
https://doi.org/10.1038/nature01213
https://doi.org/10.1007/s11120-014-0040-6
https://doi.org/10.32615/ps.2021.055
https://doi.org/10.1016/0005-2728(82)90320-6
https://doi.org/10.11759/hykx20171121003
https://doi.org/10.1016/0022-5193(72)90001-X
https://doi.org/10.1093/jxb/51.345.659
https://doi.org/10.1007/s11120-018-0588-7
https://doi.org/10.1111/nph.12770
https://doi.org/10.1104/pp.110.168831
https://doi.org/10.1111/j.1529-8817.1986.tb02497.x
https://doi.org/10.1111/j.1529-8817.1986.tb02497.x
https://doi.org/10.1093/pasj/57.2.341
https://doi.org/10.3390/f13081164
https://doi.org/10.3389/fpls.2018.00742
https://doi.org/10.1104/pp.113.225243
https://doi.org/10.1007/s11120-013-9863-9
https://doi.org/10.1006/jtbi.1998.0692
https://doi.org/10.1093/aob/mcz171
https://doi.org/10.1016/B978-0-12-814667-5.00005-2
https://doi.org/10.1111/j.1529-8817.2007.00406.x
https://doi.org/10.1071/FP15140
https://doi.org/10.1093/jxb/eri060
https://doi.org/10.1126/science.1140030
https://doi.org/10.13592/j.cnki.ppj.2021.0403
https://doi.org/10.1021/acsestwater.2c00624
https://doi.org/10.13287/j.1001-9332.201806.021
https://doi.org/10.1007/s11120-012-9730-0
https://doi.org/10.13292/j.1000-4890.201609.032
https://doi.org/10.13292/j.1000-4890.201609.032
https://doi.org/10.13287/j.1001-9332.201802.025
https://doi.org/10.1007/s00425-012-1790-z
https://doi.org/10.1111/nph.12242
https://doi.org/10.13292/j.1000-4890.201909.029
https://doi.org/10.13292/j.1000-4890.201909.029
https://doi.org/10.3389/fpls.2023.1234462
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Investigation on absorption cross-section of photosynthetic pigment molecules based on a mechanistic model of the photosynthetic electron flow-light response in C3, C4 species and cyanobacteria grown under various conditions
	Introduction
	The mechanistic model of the ETR–I curve of Chl a fluorescence
	Effective absorption cross-section of photosynthetic pigment molecules
	Data processing and statistical analysis
	Examples of model application
	Effective absorption cross-section of photosynthetic pigment molecules
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




