IET Systems Biology l m
The Institution of

Research Article Engineering and Technology

ISSN 1751-8849

Received on 12th May 2018
Revised 28th June 2018
Accepted on 04th July 2018
E-First on 14th August 2018
doi: 10.1049/iet-syb.2018.5030
www.ietdl.org

Modelling and simulation of chlorophyll
fluorescence from photosystem Il as affected
by temperature

Qian Xia'2, Jinglu Tan3, Xunsheng Ji', Yongnian Jiang?, Ya Guo'"23=

"Key Laboratory of Advanced Process Control for Light Industry, Ministry of Education, Jiangnan University, Wuxi 214122, People's Republic of
China

2School of Internet of Things, Jiangnan University, Wuxi 214122, People's Republic of China

3Department of Bioengineering, University of Missouri, Columbia, MO 65211, USA

4Jiangsu Zhongnong loT Technology Co., Ltd, Yixing 214200, People's Republic of China

= E-mail: guoy@jiangnan.edu.cn

Abstract: Emission of chlorophyll fluorescence (ChlF) from photosystem Il (PSIl) is affected by both plant status and
environmental conditions. In this work, a state space model structure for ChlF from PSII with temperature as a variable model
parameter was developed to provide insights into the temperature effects on photosynthesis and greenhouse temperature
control. Experiments were carried out at 20, 25, and 30°C to validate the capability and flexibility of the developed model
structure. Simulations of ChIF emission were performed for different temperatures. The results demonstrated the effectiveness

of the ChIF model structure and the findings are useful for the development of greenhouse temperature control strategies.

1 Introduction

Photosynthesis is the basis for all life activities. It can be affected
by many factors such as nutrients, salt, chilling, heat, herbicides,
heavy metals, drought etc. [1]. With global climate changes, many
plants show considerable phenotypic changes in their
photosynthetic characteristics [2]. They respond to changes in
temperature, slowly showing a certain degree of adaptability to
changes in the environment. As one of the most common factors
affecting plant photosynthesis, global warming has attracted wide
interest from researchers in predicting temperature effects on plant
growth [3, 4]. Moreover, greenhouses play vital roles in modern
agriculture, which provide large amounts of vegetables, especially
for locations with low temperatures and short duration of sunshine
or cities with high population densities and limited farming land.
Current greenhouse temperature control strategies do not rely on
real-time temperature effects on plant growth as feedback and thus
cannot achieve optimal plant yield. For greenhouse temperature
control, it is desirable to model temperature effects on
photosynthesis with a measurable plant-status-based variable as
feedback.

In photosynthesis, plants use water, CO,, and light to produce
carbohydrates, proteins, and other compounds. Part of the absorbed
light by photosystem II (PSII) may be emitted as ChlF.
Photochemical reactions, heat dissipation, and fluorescence
emission are the three pathways for the absorbed light energy [5].
According to the law of energy conservation, there is a competitive
relationship between the three energy pathways. Changes in any of
the three will lead to changes in the other two. For example,
electron transport rate increase may lead to enhanced
photochemical reaction rates and consequently reduced
fluorescence and heat dissipation [6, 7]. PSII is very sensitive to
heat [8]. Although ChIF signal is very complex, it does provide
reliable, quantitative information about plant photosynthesis
process and status, and it can be measured by portable instruments.
In addition, ChIF measurement does not harm the organism, which
is a non-invasive and convenient tool to investigate the
photosynthesis process and plant physiology [9]. When plants face
a rapidly changing temperature, they do not show visible
symptoms such as yellowing and withered leaves. ChlF dynamics
can show variations in plant photosynthesis induced by
environmental changes even if the changes are subtle.
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In the literature, ChlF has been used to study the effects of
many factors including temperature on photosynthesis [10-12].
Herbicide [3-(3,4-dichlorophenyl)-1,1-dimethylurea] and
temperature can affect the ChlF induction of barley leaves [13].
ChIF intensity at room temperature was found higher than that at
higher temperatures. The temperature dependence of ChlF intensity
in barley leaves under weak and actinic light excitation during
linear heating from room temperature to 50°C was studied by
Kouril [14]. Their model suggested that the heat-induced
fluorescence rise was caused by both the light-induced reduction of
Quinone acceptor (Qa) and enhanced back electron transfer from
Quinone acceptor B (Q) to Qa. The ChIF induction curve and
fluorescence-temperature curve can be used for evaluation of
changes in thylakoid membrane caused by high temperature stress
[15]. The temperature of the K-peak in the ChIF induction curve
was used as an indicator of PSII thermostability and more
generally as a plant stress indicator [16]. It is evident that ChlF is a
useful variable to reflect temperature effects on photosynthetic
activities.

Modern control techniques are usually based on models in state
space [17-21]. Photosynthetic activities have been modelled in the
literature with different levels of complexities, which often include
more than 20 [22] or more state variables [7, 23, 24]. These models
may be theoretically comprehensive, but they are difficult to use in
developing greenhouse temperature control strategies. Vershubskii
et al. [25] simulated the relationships between electron and proton
fluxes, and the adenosine triphosphate and nicotinamide adenine
dinucleotide phosphate consumption. CO, uptake, O, evolution,
chlorophyll fluorescence emission, lumen and stromal pH, and
membrane potential following perturbations in light were simulated
successfully [26]. An fluorescence induction (FI) model can
improve the accuracy of the prediction of the OJIP kinetics [27].

There have been many experiments demonstrating temperature
effects on ChIF dynamics, chemical concentrations, and PSII
photochemistry efficiency in plants [28]. The results show that
temperature has a significant effect on enzyme reactions,
physiological and biochemical reactions in cell membranes [29].
The plant photosynthetic apparatus can be damaged by severe heat
stress, even irreversibly, which will seriously inhibit the growth of
plants ultimately. Under moderate heat stress, damages can be
reversible.
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There is a lack of published work on modelling and simulation
of major PSII activities as affected by temperature. In this work, a
simple model structure for chlorophyll fluorescence from PSII with
temperature as a variable parameter was proposed according to the
prior work of Guo and Tan [7]. Moderate temperature changes
were assumed as they would be the case for a greenhouse
environment.

2 Model structure development for chlorophyll
fluorescence emission as affected by temperature

2.1 Theory of temperature effect on chemical reaction rates

The Arrhenius equation states that a chemical reaction rate varies
with temperature exponentially

k(T) = koe~E2RD, (1)

where k is reaction rate, R is the molar gas constant (8.3145 J/mol
K), T is the absolute temperature in Kelvin, ky is a constant of
proportionality called the Arrhenius constant, and E, is the
activation energy. Different reaction processes have different kg
and E4.

The Arrhenius equation was originally proposed for chemical
reactions, but it has been used in many areas including botany. For
example, a method of temperature compensation for ChlF emission
has been proposed by using the Arrhenius equation [14, 30]. The
method was applied to describe the relationship between
temperature and leaf or seeding expansion rates, germination, cell
division or development rates, and leaf elongation rates. In this
work, the concept was adopted and the Arrhenius equation was
applied to a kinetic ChlF model structure reported in [7] and
incorporated into the chemical reaction rates. It should be
mentioned that the Arrhenius equation is an approximation to
temperature effects on PSII activities since the equation is usually
used for chemical reactions with freely moving reactants but
electron donors and acceptors in PSII may not move freely.
Nonetheless, the results from this work show that the Arrhenius
equation is a reasonable representation of the temperature effects
on PSII activities.

2.2 Model structure for ChIF from PSIl as affected by
temperature

For a fully dark-adapted plant leaf, the antenna complex (A) of the
PSII captures a photon and jumps to the excited state (A*), which
will then transfer the captured light energy to the reaction centre
(P680) and excite P680 to the first excited singlet state (P680%).
Since P680* is very unstable, it will pass the excited electrons in
higher energy levels via a pheophytin molecule (Pheo) immediately
to the primary Q, and reduces Qp to the form of Qa~. Qp~ will
pass the electron to the secondary Qg and reduce Qg. Qg can carry
two extra electrons and become QgZ".

The conversion process between platoquinol (QH,) and
plastoquinone (PQ) will be involved in the protonation of Qg2™.
Qg2 will combine with two protons from the chloroplast stroma to
become QH,, which will transfer from the Qg site to the thylakoid
lumen. QH; in the thylakoid membrane is oxidised through the
cytochrome b6f complex (Cytb6f), and the oxidised QH, will
return to the PQ pool and become a new PQ. In this work, we only
consider the ChIF from PSII and ignore the ChIF from other
sources. Furthermore, ChIF from PSI is not sensitive to
environmental stresses and does not contribute to variable ChlF
significantly [31]. ChlF from PSI was thus ignored in this work.
The application of (1) for all rates related to chemical ratios in the
photochemical scheme in Guo and Tan [7] will lead to the
following cascade reactions:

kyu
AAY, @
ky
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where k; and k, are constants, k3 through kj, are Arrhenius
constants, Ea3 through E4( are activation energy values, and u is
the excitation light intensity.

The Arrhenius equation was not applied to the reactions
represented by k; and ky in (2) since they represent a physical
process. Since temperature may affect electron excitation to a
higher energy state or relaxing to the ground state [32-35],
different k| and k, values were directly estimated for different
temperatures.

Use x1, xp, X3, X4, and x5 to denote the probability of existence
or concentration of A*, Q4~, Qp~, QgZ", and PQ, respectively. The
averages of unreduced and reduced Qg sites over all reaction
centres in a sample are represented in the model structure and their
total probability is set to 1. The probability for reduced Qg sites is
represented as r, (0<rp<1). There are about 290 chlorophyll
molecules in one PSII unit [32]. A is used to denote the antenna
pool size and PQq used to represent the PQ pool size. The

following six state equations can be derived to represent the system
dynamics:
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ChlIF emission is one of the competiting energy pathways, which is
from the PSII antenna complex [6]. Therefore, ChlF is proportional
to the concentration of excited A* [31]. If G is used to account for
light intensity and instrumentation gain, the following equation can
be obtained to describe ChlF:

F = Gy, (13)

where F'is the ChlF intensity.
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Fig. 1 Example comparison between experimental data and model predictions under different temperatures

(a) Camellia japonica, (b) Ligustrum japonicum ‘Howardii’, and (¢) Euonymus L

3 Samples and experiments
3.1 Plant samples

ChIF from three types of dicotyledonous plant leaves (Camellia
Japonica, Ligustrum japonicum ‘Howardii’, and Euonymus L.) was
measured. The leaves were collected from naturally grown trees on
the campus of Jiangnan University (Wuxi City, Jiangsu Province,
China). Pairs of leaves were picked in September when the
environment temperature was from 18 to 25°C. To reduce the
effect of different leaf moisture contents on the measured ChlF, the
leaves were soaked in water at least 2 h before experiments were
performed.

3.2 Experiments

Each pair of dicotyledon leaves was cut into four quarters and three
of them were used. Each of the leaf segments was clamped into a
plastic dark-adaptation clip. The leaf segments along the clips were
put into water baths at three different temperatures (20, 25, and
30°C) for 1 h to achieve temperature balance. The leaf segments
were assumed to have a similar physiological status. All the leaves
were dark-adapted for at least half an hour before ChIF
measurement was performed. ChlF OJIP induction of the leaves
was measured with a chlorophyll fluorometer (FluorPen, PSI,
Photon Systems Instruments, Czech Republic). During the
measurement, the leaf segments were never removed from their
plastic dark-adaptation clips. The illumination light intensity was
set as 3000 umol photons m2s!. A total of 21 leaf quarters
(obtained from seven pairs of dicotyledon leaves) were measured
for each species of plant. Since all the leaf segments were
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equilibrated in water for 1 h, the final concentration of the terminal
acceptors such as CO, was assumed the same for all the leaf
segments.

4 Results and discussion
4.1 Model validation

ChIF data from the three types of trees were used to test the
capability of the model structure in describing measured ChlF
under different temperatures. The model parameters in (7)—(12)
were adjusted by the Levenberg—Marquardt method to achieve
optimal fitting to the measured ChlF. Comparisons between the
model fitting and experimental data are shown in Fig. 1. For reach
tree species, the same set of model parameter values was used for
the three different temperatures. The model parameters used are
listed in Table 1.

The total relative fitting error for each tree species at different
temperatures was estimated with

M N 5 M N 5
\/z z@:—y»/\/z 300
It

j=1i=1

where y;* is the ith experiment data and y; is the ith model
prediction, N is the total number of data points, M is the total
number of different temperatures. The average relative fitting error
for Figs. la—c is <0.161%. In Figs. la—c, there are noticeable
fitting errors between experiment data and model predictions at the
initial phase, which is explainable. The time axis is shown in the
logarithmic scale, which visually exaggerates the fitting errors in
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Table 1 Model parameter values used for model prediction in Figs. 1a—c

Fig. 1a Fig. 1b Fig. 1¢c
kqu 0.49 0.54 0.42
ko 611.80 611.41 611.41
k3 3624.17 3624.17 3624.17
kq 0.58 0.60 0.61
ks 16172.69 16172.69 16172.69
kg 1158.41 1127.49 1227.88
k7 6150.56 6116.12 6226.10
ks 3013.28 3013.17 3009.83
kg 30.98 30.92 29.99
k1o 9.56 9.39 14.95
Epz 165.04 164.92 108.86
Eps 56.91 0.00 60.48
Epns 304.83 160.22 0.94
Eps 479.68 605.11 737.24
Ep7 500.63 437.99 1725.48
Ens 170.97 205.50 1193.69
Eng 0.00 90.02 0.00
Ea10 212.72 133.88 36.33
ro 1.00 1.00 1.00
PQ pool 9.20 9.20 9.21

the early part of the process. The early ChIF signal changes very
fast and has very high-frequency components. The simplified
kinetic model used has limited capability to represent high-
frequency dynamics and thus leads to some expected fitting
residuals. However, this will not weaken its capability of
representing the more meaningful and useful low-frequency trends.

In the developed model structure, temperature is directly a
parameter. With only five state variables or equations, the simple
model structure could describe experimental data measured at
multiple temperatures with one set of model parameters. This
demonstrates the effectiveness of the developed model structure. It
can be observed from the simulations and experiments that high
temperature enhances forward photosynthetic reactions and thus
leads to a reduction in ChlF, which is consistent with other research
[15].

4.2 Chemical species concentrations under different
temperatures

Fig. 2 shows the concentrations of Q4~, Qg~, Qg2", and PQ under
three temperatures based on parameters estimated from the
experimental data. Figs.2a—c show that the concentrations of QA"
and Qg® increase with temperature, but high temperatures may
lead to a reduction of Qg~ and PQ because high temperatures
accelerate forward reactions, which convert Qg™ to Qg2 and PQ to
PQH; at a later stage.

4.3 Temperature influence on chlorophyll fluorescence for
different PQ sizes

The degree of PQ pool protonation affects the amount of ChIF
emission. Temperature affects chemical reaction speed and
balance, and thus modulates the effect of PQ pool size on
photosynthesis and ChIF emission. The effect of temperature on
ChIF for different PQ sizes was simulated and shown in Fig. 3.
With different PQ pool sizes, the temperature effect on ChIF
kinetics is different. From Fig. 3a, it can be observed that when the
PQ pool size is small, the curves fluctuate for all three
temperatures but show no obvious J feature. The processes of
going from O to J and I to P become steep. The higher the
temperature, the more dramatic the changes occur. When the PQ
pool size is small, the temperature effect on ChIF is because the
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system is easier to be saturated and thus the reduction in ChIF
caused by higher photosynthetic efficiency induced by higher
temperature is masked by the smaller capacity of the system.

4.4 Temperature influence on chlorophyll fluorescence for
different percentages of active Qg sites

Many factors in nature affect the active state of Qg, such as
ultraviolet-B radiation, temperature, pesticides and some other
mechanisms [36, 37], which leads to changes in the structure of the
accessory enzyme electron acceptor, and in turn, affects PSII
electron transfer efficiency. The influence of temperature on ChlIF
was simulated for different percentages of active Qg sites. The
results are shown in Figs. 4a—c. A non-active Qg cannot accept
electrons in a timely manner, which will lead to a large number of
QA accumulations and higher ChlF emission, but the trends of the
curves are similar to ChlF for different percentages of active Qg
sites.

4.5 Temperature influence on chlorophyll fluorescence with
different levels of light intensity

The excitation light intensity can affect the ChlF kinetic curve to a
large extent. The light intensity for Figs. Sa—c is fixed at 50, 100,
and 150% of that for Fig. la, respectively. It can be observed from
the figures that the intensity of ChIF will change when the
illumination light intensity and environmental temperatures
change. Higher temperatures reduce the intensity of ChIF at all
light levels but the basic OJIP pattern is maintained within the
moderate range of temperatures analysed.

5 Conclusion

The growth rate of plants at different temperatures is significantly
different. A state space kinetic model structure for the major PSII
activities at different temperatures was developed in the context of
greenhouse temperature control. The developed model structure
applies the Arrhenius equation and makes temperature as a
transparent model parameter, which makes it fit experimental data
at different temperature possible. This cannot be achieved in earlier
published ChIF model structures. With one set of parameter values
for a plant species, the model structure developed can fit
experimental data measured at multiple occasions. The average

307



.30 6

c — 20°C c — 20
S 251 |—-2C ; S 5 |—-2c
g 30°C Y g 30°C
c . €
8 20 8 41
c =
o o
(&) (&)
= 15 = 3
[0 [0
g g
o - 4
g 10 E— 2
o o
(&) (@)
"< 05 o 17
e] (¢
Y — 00 . . .
104 10° 102 107 104 10° 102 107
t(s) t(s)
a b
.35 9.5
c —20°C T
S 80 |—-ac S 901
© © °
= 30°C © — 20C
S 251 ‘a:‘J 851 | —-25c
o 3 == 30°C
S c 8.0 1
S 204 3
< 2 751
g 154 2
=4 S 7.0 A
E 101 £
38 - 8 651
e 051 g 601
0.00 - T T 55 T T T T
104 103 102 10 104 103 102 107
t(s) t(s)
C d
Fig. 2 Chemical species concentrations under different temperatures
@ QA (0) QB (0 QB> ", @) PQ
> 0081 o 008 ]
‘@ » — 20°C
[ = =
2 X}
=006 = 006 1
[0 [0}
[$] o
= (=
[0 (0]
@ @
o .004 o 004 4
o o
= =}
[T [V
[0 (0]
2 002 2 0021
T T
[0 jol
o =7 PQ pool size=6 o =7 PQ pool size=9.2
0.000 T T T T 0.000 T T T T
104 103 102 10 104 10° 10?2 10"
t(s) t(s)
b
> .008 -
i — 20°C
E, — = 25C
= 006
[0}
o
=
(0]
@
3 004 1
o
=
[T
(0]
Z 0021
©
[0}
e = PQ pool size=12
0.000 T T T T
10+ 10° 102 101
t(s)
c
Fig. 3 Temperature influence on ChiF for different PQ sizes
(a) PQ pool size is 6, (b) PQ pool size is 9.2, (c) PQ pool size is 12
308 IET Syst. Biol., 2018, Vol. 12 Iss. 6, pp. 304-310

© The Institution of Engineering and Technology 2018



.008

Relative Fluorescence Intensity

20°C

.006 1

.004 1

.002 4

25% active Qg sites

0.000

T T T

.008

Relative Fluorescence Intensity

0.000

.006 A

.004

.002 1

20°C
———= 2C

Z 50% active Qg sites

10+ 10°% 102 10

75% active Qg sites

10° 102 107
t(s)
a
008
- 20°C
= —_———— 25
3
£ 006 |
(0]
o
| =
3
@ 004 1
Q
o
=
i
2 0021
©
(0]
2 z
0.000 .

Fig. 4 Influence of temperature on ChiF with different percentages of active Qp sites
(a) Active QR sites are 25%, (b) Active QR sites are 50%, (¢) Active QR sites are 75%

012

Relative Fluorescence Intensity

0.000

.010

.008 1

.006 1

.004

.002

20°C
25°C
30°C

e e —

P
g

50% light intensity

10° 10?2 107

012

012

Relative Fluorescence Intensity

0.000

010

.008 1

.006 1

.004

.002

T T

102 107

— 20°C
== 25C
30°C

100% light intensity

T T T T

10* 103 102 10

010 1

008

.006

Relative Fluorescence Intensity

150% light intensity

0.000 T

Fig. 5 Influence of the temperature on ChiF at different levels of light intensity
(a) Light intensity is 50%, (b) Light intensity is 100%, (c¢) Light intensity is 150%

IET Syst. Biol., 2018, Vol. 12 Iss. 6, pp. 304-310
© The Institution of Engineering and Technology 2018

102 10

309



relative prediction error is as low as 0.161%. This demonstrates the
flexibility of the model structure to represent plant response to
moderate temperature changes. In future work, both chilling stress
and heat stress should be considered to extend the model structure
to cover the effects of wider environmental changes.
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