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Exogenous Calcium Alleviates Low Night Temperature
Stress on the Photosynthetic Apparatus of Tomato
Leaves
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Abstract

The effect of exogenous CaCl, on photosystem | and Il (PSI and PSlI) activities, cyclic electron flow (CEF), and proton motive
force of tomato leaves under low night temperature (LNT) was investigated. LNT stress decreased the net photosynthetic
rate (Pn), effective quantum yield of PSII [Y(Il)], and photochemical quenching (qP), whereas CaCl, pretreatment improved
Pn, Y(Il), and gP under LNT stress. LNT stress significantly increased the non-regulatory quantum yield of energy dissipation
[Y(NO)], whereas CaCl, alleviated this increase. Exogenous Ca?* enhanced stimulation of CEF by LNT stress. Inhibition of
oxidized PQ pools caused by LNT stress was alleviated by CaCl, pretreatment. LNT stress reduced zeaxanthin formation and
ATPase activity, but CaCl, pretreatment reversed both of these effects. LNT stress caused excess formation of a proton
gradient across the thylakoid membrane, whereas CaCl, pretreatment decreased the said factor under LNT. Thus, our results
showed that photoinhibition of LNT-stressed plants could be alleviated by CaCl, pretreatment. Our findings further revealed
that this alleviation was mediated in part by improvements in carbon fixation capacity, PQ pools, linear and cyclic electron
transports, xanthophyll cycles, and ATPase activity.
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Introduction

Tomato (Lycopersicon esculentum Mill.), an important vegetable
crop cultivated in Northeastern China, often encounters low night
temperature (LN'T) stress followed by warm sunny days. Our
previous studies showed that carbon fixation capacity, linear
electron transport, and active oxygen-scavenging enzymes Is
inhibited by LNT stress followed by growth light [1,2]. LNT
stress can induce photoinhibition, which refers to reduction in
photosynthetic efficiency under excessive light [3,4] of tomato
leaves.

Photoinhibition takes place not only under high light but also
under low light at low temperature [5,6]. Generally, photosystem
II (PSII) is regarded as the original site and the principal
component of photoinhibition [7,8]. Nevertheless, some studies
have suggested that preferential PSI photoinhibition in plants may
occur under low or moderate light intensity accompanied by low
temperature [9-11]. The conversion of excitation energy into the
energy of separated charges and water—plastoquinone oxido-
reductase activity is inadvertently coupled with the formation of
reactive oxygen species (ROS) [12]. Nevertheless, excess ROS
accumulation causes peroxidation of thylakoid membrane lipids,
degradation of D1 protein, and photoinhibition of PSII and PSI
[13-16]. Non-photochemical quenching (NPQ)) mechanism and
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alternative electron transport pathways can dissipate excessive
excitation pressure accumulated in PSII reaction centers without
causing adverse effects. Lumen acidification can activate NPQ
mechanisms, including the xanthophyll cycles and the protonation
of residues on key light-harvesting complex (LHC) components
[17]. Aside from NPQ), cyclic electron flow (CEF) is another major
protection mechanism for PSII under excessive light conditions
because it generates extra proton gradient (ApH) across the
thylakoid membrane [18-21]. Compared with PSII, PSI has two
mechanisms protecting it from selective photoinhibition: one is
blockage of linear electron transport or photoinhibiton of PSII and
the other is CEF around PSI. Closure of PSII can reduce the
electrons transferred to PSI. Meanwhile, CEF can oxidize P700
into P700* and consume excess reducing power of NADPH
[22,23]. Researchers have strived for years to fully understand the
mechanism of photoinhibition and photoprotection and to find a
proper method to alleviate photoinhibition.

Some studies have shown that photoinhibition of plants under
abiotic stress can be alleviated by exogenous Ca®" [24-26]. Ca®*
regulates various cellular activities, including cell division and
clongation, cytoplasmic streaming, photomorphogenesis, and
plant defense against environmental stresses [27]. Exogenous
Ca?** can improve plant photosynthesis under various stresses
[26,28,29]. It can also raise stomatal conductance, activities of key
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enzymes in the Calvin—Benson cycle, photosynthetic electron
transport, and antioxidant capacity under stress caused by heat,
cold as well as low light stress [26,30-32]. Under abiotic stress,
Ca**-binding proteins act as stress sensors and interact with
downstream effector molecules, including calmodulin (CaM),
Ca®*-dependent protein kinases, and calcineurin B-like proteins.
Ca®" and CaM are constitutive and functional components of
chloroplasts. Studies have shown that Ca®" concentration can
reach 15 mM-25 mM in chloroplasts. Most of the calcium is
believed to be associated with thylakoid membranes and
macromolecules within the thylakoid lumen [33]. Chloroplastic
proteins, such as PsaN, NADK, and TIC32, can function properly
only when bound to CaM [34-36]. Ca®" can also regulate the
cyclic photosynthetic electron transfer through a complex consist-
ing of a calcium sensor (CAS), ANRI, and PGRL1 [37]
In addition, Ca** can help maintain thylakoid membrane
integrity and increase the stack of grana to promote light
absorption [38].

In the present study, the effects of exogenous Ca** pretreatment
on the carbon fixation capacity, PSII and PSI activities,
plastoquinone (PQ) pools, thylakoid membrane, ATPase activity,
ApH across the thylakoid membrane, and zeaxanthin formation in
tomato leaves under LNT stress were investigated. Our results
provide insights into the effects of Ca®* on photoinhibition and
photoprotection mechanisms including CEF and xanthophyll
cycles of tomato leaves under LNT stress.

Materials and Methods

Plant Materials and Growth Conditions

Tomato seeds from a popular variety (‘Liaoyuanduoli’) grown at
the Shenyang Agricultural University in Northeast China were
germinated and grown in pots in a heated greenhouse with
average day/night temperatures of 25°C/15°C under natural
light(about 600 umol-m™?+s™") at a relative humidity (RH) of
60%.

Ca®" Pretreatment and Low Night Temperature
Treatment

Plants were divided into four groups at the six-leaf stage, with 30
pots in each group. The first and second groups were sprayed with
distilled water, whereas the third and fourth groups were sprayed
with 27 mM CaCl, and 10 mM ethylene glycol tetraacetic acid
(EGTA), respectively. EGTA is a Ca®" chelator and blocker of
Ca®" ionophore and Ca**channels [39]. It is often used to reduce
the extracellular Ca®" concentration by chelation in order to
eliminate the physiological effects of calcium in a variety of
experiments. Each group was sprayed with 120-150 ml of the
respective solution each time, twice a day for 3 d. On the third day
at 18:00, the last three groups were subjected to LNT treatment by
transferring to a phytotron. The treatment was done for 12 h
every day (from 18:00 to 06:00) for 3 d. The night period
coincided with the LNT period. The environmental conditions
were as follows: a 12 h photoperiod with a photosynthetic photon
flux density (PPFD) of 600 pmol-m ™~ 2-s~ !, 25°C/6°C (day/night),
and 60% RH. Plants in the control phytotron were subjected to
25°C/15°C (day/night) and the same environmental conditions
described above. After 3 d of treatment (at the onset of the light
period directly after the dark period), measurements were
performed on the fourth fully expanded functional leaves using
four replicates from different pots.
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Measurement of Gas Exchange, Chlorophyll

Fluorescence, and P700 Parameters

GFS-3000 and DUAL-PAM-100 measuring systems (Heinz
Walz, Effeltrich, Germany) were used to simultaneously obtain
light-dependency curves for gas exchange, chlorophyll fluores-
cence, and P700 redox state as described by Yamori et al.[40] with
minor modifications. The net photosynthetic rate (Pn) and light-
adapted fluorescence parameters were recorded after 3 min of
exposure to different PPFDs (13, 37, 70, 126, 216, 339, 531, 825,
1287 umol-m ™ 2-s~ 1). All measurements were performed at a COq
concentration of approximately 400+ 10 pmol-mol .

The following Chl fluorescence parameters were calculated:
Fv/Fm’ = (Fm’—Fo’)/Fm’, qP=Fm’—Fs)/Fm’—Fo’), Y(II)=
(Fm’—Fs)/Fm’ [41], and Y(NO)=Fs/Fm, YNPQ)=1-Y(II) —
Y(NO) [42], where Fo’ is the minimum fluorescence in the light-
adapted state, Fm and Fm’ (Fm was determined after an overnight
dark adaptation) are the dark-adapted and light-adapted maxi-
mum fluorescence upon illumination with a pulse (300 ms) of
saturating light (10000 pmol-m™2-s™ "), respectively. Fs is the light-
adapted steady-state fluorescence, Fv’/Fm’ is the light-adapted
maximum quantum yield of PSII, qP is the photochemical
quenching coefficient, Y(II) is the effective quantum yield of PSII,
Y(NO) is the quantum yield of non-regulated energy dissipation of
PSII, and Y(NPQ) is the quantum vyield of regulated energy
dissipation of PSII. Y(NO) consists of non-photochemical
quenching due to photoinactivation and constitutive thermal
dissipation that are very stable despite environmental stresses [43].

The quantum yield of PSI [Y(I)] is defined by the proportion of
the overall P700 that is reduced in a given state and not limited by
the acceptor side. It was calculated from the complementary PSI
quantum vyields of non-photochemical energy dissipation Y(IND)
and Y(NA), i.e., Y (I) = 1-Y(ND) ~Y(NA), where Y(ND) and Y(NA)
are the quantum yields of non-photochemical energy dissipation in
PSI due to donor and acceptor side limitations, respectively.
Y(ND)=1-P700red and Y (NA) = (Pm—Pm’)/Pm [44]. Pm, which
is analogous to Fm, was determined by applying a saturation pulse
after pre-illumination with far-red light. It represents the level at
P700 is fully oxidized. Pm’,?was also defined in the same way as
the fluorescence parameter Fm’. P700red, which was determined
in a given state with the help of a saturation pulse, represents the
fraction of overall P700 that is reduced in a given state.

It has recently been noted that Y(II) and Y(I) may represent data
from different parts of leaf tissues [5]. The Chl fluorescence signal
is mainly measured from leaf mesophyll near the leaf surface, while
the P700 signal comes from the whole tissue. As a result, LEF is
possibly underestimated and consequently CEF would be overes-
timated. Even though there might be some overestimation of CEF,
we believe that the trend of change in the ratio of CEF to LEF is
reliable. Therefore, we used the parameter, Y(CEF)/Y(I), to
estimate the extent of CEF as described in a previous study [3].
Y(CEF)/Y(II) = [Y (I) -Y(IL)]/Y(I).

Measurement of Fast Chl a Fluorescence Induction

Kinetics Curves and PQ Pools

The fast induction kinetics of Chl a fluorescence was monitored
using automated routines provided by the Dual-PAM software as
described by Schreiber [45]. The rapid induction kinetics upon
onset of strong continuous illumination was investigated on the
tomato leaves after dark adaptation for 20 min. The states of
donor and acceptor sides of PS II is reflected by a log timescale
assessment of the relative variable fluorescence (Vt) [46]. Vt is
defined as the ratio of variable fluorescence to the maximal
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variable fluorescence I'y (Fm-Fo), i.e., Vt = (Ft-Fo)/ (Fm-Fo), where
Ft is the fluorescence at a given time.

The redox state of P700 was determined & vivo by using
automated routines provided by the Dual-PAM software as
described by Schreiber et al.[47]. The P700 signal was determined
during a single turnover flashes (ST, 50us, PQ pools being
oxidized) followed by multiple turnover flashes (MT, 50 ms, PQ
pools are fully reduced) in the presence of far-red (FR) background
light [48,49]. The complementary area between the oxidation
curve of P700 after ST and MT excitation and the stationary level
of P700" under FR represents the ST- and MT-areas, respectively.
These were used to calculate the functional pools sizes of
intersystem electrons relative to P700 as follows: ¢ /P700 = MT-
areas/S'T-areas [49]. All measurements were conducted at a GOy
concentration of approximately 400~ 10umol-mol ™.

P515/P535 Measurements

The dual-beam 550 nm to 515 nm difference signal was
monitored simultaneously by using the P515/535 module of the
Dual-PAM-100 and the automated routines provided by the
DUAL-PAM software with minor modifications [50]. After 1 h of
dark adaptation, P515 changes induced by saturating single
turnover flashes were recorded to evaluate the integrity of the
thylakoid membrane. After 10 min of pre-illumination at
531 umol'm~%s”' and 4 min of dark adaptation, P515 changes
induced by saturating single turnover flashes were recorded to
evaluate ATPase activity. Slow dark-light-dark induction tran-
sients of the 550 nm to 515 nm signals reflect changes in both the
membrane potential (electrochromic pigment absorbance shift)
and the zeaxanthin content. These transients were measured after
1 h of dark adaptation. Actinic light (AL; 531 pmol-m™ s~ ") was
turned on after 30 s and off after 330 s. Determination of
zeaxanthin content, transmembrane potential and proton gradient
using the dark-light-dark induction transients was done as
described previously by Schreiber et al.[50]. All measurements
were performed at a COy concentration of approximately
400+ 10pmol-mol .

Statistics

Quantitative assessment was conducted on randomly selected
samples from four independent biological replicates. Statistical
analyses were performed by ANOVA using SPSS version 17.0
(SPSS, Chicago, USA), and comparisons between the mean values
were accomplished by the least significant difference test at the
0.05 (or 0.01) probability level. All graphs were made using Origin
8.0 software (Origin Lab, Northampton, MA, USA).

Results

Effect of CaCl, on the Net Photosynthetic Rate (Pn) of
Tomato Leaves under LNT

Compared to the control, the Pn increased slower after LNT
treatment and reached a significantly lower value under moderate
and high light. In addition, Pn increased markedly with CaCl,
pretreatment but decreased with EGTA pretreatment (Fig. 1).
These results indicate that the sensitivity of tomato leaves to high
light was increased significantly by LNT stress, while CaCl,
pretreatment decreased it.

Effect of CaCl, on the PSIl and PSI Activity of Tomato

Leaves under LNT
Effect of CaCl, on the PSII activity of tomato leaves under
LNT. The Fv/Fm’ ratio decreased slightly on the rapid light

PLOS ONE | www.plosone.org

CaCl, Alleviates Photoinhibition of Tomato

22
20+

—m—EGTA+LNT
—8—H,0+LNT

1 —A—caci+LNT

16
1a] ~YCK )

12
10 1
8-
6
4
2]
0-
24
4

(™)

wx(rx)

wx(rr)

Pn(umolCO,sm?s™)

— -———
0 200 400 600 800 1000 1200
PAR(pmolsm®es™)

Figure 1. Effect of exogenous calcium pretreatment on the
photosynthetic rate of tomato seedlings under LNT. CK, the
plant grown at optimal temperature, and used for control; CaCl,+LNT,
the plant pretreated with CaCl, and grown at low night tempera-
ture(LNT); H,O+LNT, the plant pretreated with H,O and grown at LNT;
EGTA+LNT, the plant pretreated with EGTA and grown at LNT. Data are
the means of four replicates with standard errors shown by vertical bars.
*indicates significant difference (P=0.05), and **indicates a highly
significant difference (P=0.01). Comparisons between the figures
among all treatments under low night temperature are shown in
parentheses.

doi:10.1371/journal.pone.0097322.g001

curves across all treatment groups. Compared with the control,
I'v'/Fm’ was significantly lower with LNT treatment (Fig. 2A).
Meanwhile, CaCl, pretreatment increased it slightly while EGTA
pretreatment decreased it. Photochemical quenching (qP) and
effective quantum vyield of PSII [Y (II)] both showed large
decreases at almost all light intensities (Fig. 2B and Fig. 3A,
respectively). qP and Y (II) of the LNT treatment group were
significantly lower compared to those of the control, especially
under high light intensities. CaCly pretreatment caused a modest
elevation in both qP and Y(II), but EGTA pretreatment slightly
decreased them. Thus, CaCl, pretreatment and EGTA pretreat-
ment had opposite effects on the PSII activity of tomato leaves
under LNT. Since Y(II)] is the product of Fv’/Fm’ multipled by
gP, our results indicated that the significant changes in Y(II) was
mainly due to the changes in the P (not the Fv’'/Fm’).

The regulatory quantum vyield of energy dissipation [Y (NPQ)]
and the non-regulatory quantum yield of energy dissipation [Y
(NO)] increased gradually with the light intensities (Fig. 3B and
Fig. 3C, respectively). Y (NPQ) and Y (NO) after LNT treatment
were much higher than those of the control. Compared with the
HyO and CaCly, pretreatment, the Y (NO) of the EGTA
pretreatment was significantly higher. However, the Y (NPQ)
showed no difference among the HyO pretreatment, CaCly
pretreatment and EGTA pretreatment at all light irradiances
(Fig. 3B).

Effect of CaCl; on the PSI activity of tomato leaves under
LNT. Compared to that of control, the Y (I) of LNT treatment
groups were significantly lower (Fig. 3D). Y (ND) increased rapidly
with light intensities, and Y(ND) of the LNT treatment group was
higher than that of the control at all illumination
conditions(Fig. 3E). Y (ND) of EGTA pretreatment was slightly
higher than that of the LNT treatment group and was significantly
higher than that of the CaCly, pretreatment group. Y(NA)
remained  high irradiance  condition (<
216umol-m™?+s™"), but almost reached stable values under high

under low
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Figure 2. Effect of exogenous calcium pretreatment on the Fv'//Fm’ and P of tomato seedlings under LNT. Fv//Fm’, light-adapted
maximum quantum yield of PSII; gP, photochemical quenching coefficient. CK, the plant grown at optimal temperature, and used for control; CaCl,+
LNT, the plant pretreated with CaCl, and grown at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O and grown at LNT; EGTA+
LNT, the plant pretreated with EGTA and grown at LNT. Data are the means of four replicates with standard errors shown by vertical bars. *indicates
significant difference (P=<0.05), and **indicates a highly significant difference (P<0.01). Comparisons between the figures among all treatments under

low night temperature are shown in parentheses.
doi:10.1371/journal.pone.0097322.g002

irradiance condition (531-1287umol'm™*-s™"). No significant
difference was found among the treatments (Fig. 3F).

Effect of CaCl, on the Cyclic Electron Transport of
Tomato Leaves under LNT

Compared to the control, the Y (CEF)/Y (II) ratio of tomato
leaves was significantly elevated after LN'T treatment. Likewise,
the Y (CEF)/Y (II) ratio of tomato leaves increased significantly
with the CaCly pretreatment under LNT, but decreased signifi-
cantly with EGTA pretreatment (Fig. 4). These results indicate
that cyclic electron transport is involved in photo-protection and
that exogenous calcium can promote it.

Effect of CaCl, on the Electron Transport Rate of PSIl and
PSI of Tomato Leaves under LNT

As shown in Figure 5, electron transport rates of both PSII and
PSI [ETR (I}, ETR (I), respectively] were significantly lower with
LNT compared to those of control plants, especially under
moderate and high light conditions (Fig. 5A and Fig. 5B,
respectively). Exogenous calcium pretreatment improved ETR
(I) and ETR (I) significantly, whereas EGTA pretreatment
significantly decreased their values under LNT (under moderate
and high light conditions). In addition, the higher light level
required for the electron transport rate in PSI to reach its
maximum value compared to PSII suggests the existence of cyclic
electron transport.

Effect of CaCl, on Fluorescence Rise Kinetics in Saturating
Light (O-14-1,-P) and PQ Pools of Tomato Leaves under
LNT

Fig. 6A shows the log time scale of the fast kinetics. The Fo level
is seen as a pronounced step. At a given intensity of the saturating
light the half-rise time of Fo-I1 (photochemical phase) is about
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100 ps. The I1 level 1s characterized by another pronounced step,
followed by the “thermal” I1-I2 and I2-Fm phases. The relative
variable fluorescence (Vt) of O-I1, I1-I2, I12-P curves reflect a
decrease of Qu reduction of the fast and slow PQ pools,
respectively [46]. Result show that Vt was significantly higher at
I1-12 phases after LNT treatments compared to the control.
Furthermore, EGTA pretreatment significantly increased Vt
under LNT. However, no difference was observed between
LNT treatment and calcium pretreatment groups. Thus, our
results show that reduction of fast PQ pools was inhibited after
LNT stress, and that EGTA pretreatment aggravated it (Fig. 6A).

In addition, oxidized PQ pools decreased significantly after
LNT treatment (Fig. 6B). Compared to the group receiving HyO
pretreatment under LNT, EGTA pretreatment significantly
decreased it, exogenous calcium pretreatment improved it slightly
(Fig. 6B).

Effect of CaCl, on P515 Signal of Tomato Leaves under
LNT

Decay of the P515 signal reflects relaxation of the flash induced
electric field (created by charge separation in the two photosystems
and electrogenic electron transport during Q-cycle in the cyt b/f
complex) by H* efflux via the H* channel of the ATPase. A
functionally intact photosynthetic apparatus is characterized by
slow decay after dark-adaptation (high membrane integrity) and
fast decay after illumination (high ATPase activity). Our observa-
tions of faster decay after dark adaptation and a slower decay, after
illumination with LNT treatment indicated that both the thylakoid
membrane was damaged and ATPase activity was reduced after
LNT treatment (Fig. 7A and Fig. 7B, respectively). Exogenous
calcium pretreatment slightly alleviated the damage of thylakoid
membranes and ATPase activity while EGTA pretreatment

May 2014 | Volume 9 | Issue 5 | 97322



CaCl, Alleviates Photoinhibition of Tomato

0.8/ A —- EGTA+LNT |D 23
J —@— H,0+LNT 0.8
e —A— CaCl +LNT 07
*k
0.6 —¥-CK 0.6
0.5
g =
)
= 10.4>
0.3
10.2
0.1
0.0
0.7
L0.6
0.5
o a
g »0.45
= 10.3”
0.2
L0.1
, 0.0
0.381 +0.24
0.361 ‘ »8.25
0.34 7 : o8
0.32] : L0.16
—~ 0.304 10.14 ~
o) ' \
Z 0.28 0.127,
10.08
24/
0 3 ‘ 7 10.06
Baa 10.04
0.20, ‘ L0.02
0.18 0.00

0 200 400 600 280(1) 1000 1200 0 200 400 600 869 11o'oo 1200
PAR(umolem™es’™) PAR(umolem™es’™)

Figure 3. Effect of exogenous calcium pretreatment on energy distribution in photosystems of tomato seedlings under LNT. Y(lI),
efficient quantum yield of PSIl; Y(NPQ), yield of regulated energy dissipation of PSIl; Y(NO), yield of non-regulated energy dissipation of PSII; Y(l),
quantum yield of PSI; Y(ND), donor side limitation of PSI; Y(NA), acceptor side limitation of PSI. CK, the plant grown at optimal temperature, and used
for control; CaCl,+LNT, the plant pretreated with CaCl, and grown at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O and
grown at LNT; EGTA+LNT, the plant pretreated with EGTA and grown at LNT. Data are the means of four replicates with standard errors shown by
vertical bars. *indicates significant difference (P<0.05), and **indicates a highly significant difference (P=<0.01). Comparisons between the figures
among all treatments under low night temperature are shown in parentheses.

doi:10.1371/journal.pone.0097322.g003

enhanced the damage caused by LNT stress (Fig. 7A and Fig. 7B, increase in the ‘“dark baseline” apparently after light-off. As

respectively). showed in Figure 8, the increase in “dark baseline” was

Figure 8A shows dark-light and light-dark induced slow P515 significantly lower than that of control after LNT stress indicating
changes in tomato leaves. The observed light-induced signal decrease in zeaxanthin content. In addition, exogenous calcium
increase in P515 not only reflects an increase in membrane pretreatment increased zeaxanthin content while EGTA pretreat-

potential (ECS), but also formation of zeaxanthin [50]. The ment decreased it (Fig. 8A).
relative extent of zeaxanthin formation can be judged from the
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Figure 4. Effect of exogenous calcium pretreatment on the
cyclic electron flow of tomato seedlings under LNT. The ratio of
the effective quantum yield of cyclic electron flow [Y(CEF)] to the
effective quantum yield of PSII [Y(Il)] was used to evaluate the operation
of cyclic electron flow. CK, the plant grown at optimal temperature, and
used for control; CaCl,+LNT, the plant pretreated with CaCl, and grown
at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O
and grown at LNT; EGTA+LNT, the plant pretreated with EGTA and
grown at LNT. Data are the means of four replicates with standard
errors shown by vertical bars. *indicates significant difference (P<0.05),
and **indicates a highly significant difference (P=0.01). Comparisons
between the figures among all treatments under low night temperature
are shown in parentheses.

doi:10.1371/journal.pone.0097322.g004

The rapid light-off response reflects H' efflux from the lumen to
the stroma of chloroplasts via the thylakoid ATPases. The rapid
decline in signal decline is followed by a biphasic increase in signal

CaCl, Alleviates Photoinhibition of Tomato

to an apparent “dark baseline.” As indicated in Figure. 8A, the
characteristic levels observed during the light-off response can
estimate the relative amplitudes of transmembrane potential (A\)
and ApH. The difference between the steady-state signal and the
“dark baseline” reflects a substantial Ay during steady-state
illumination. The ‘“undershoot” below the “dark baseline” is
considered a measure of the steady-state ApH [50]. As shown in
Figure. 8B, LNT treatment significantly increased ApH and
slightly decreased Ay. Compared to HyO pretreatment, exoge-
nous calcium pretreatment decreased ApH and slightly increased
AV, while EGTA pretreatment had opposite effects (Fig. 8B).

Discussion

PSIl and PSI Performance of Tomato Leaves under LNT
PSII performance of tomato leaves under LNT. Our
results showed that LNT treatment caused reversible photo-
inhibition of PSII (Fig. 3A, Fig. 3C). The decreased capacity for
carbon fixation (Fig. 1) and the blocked linear electron transport
(Fig. 5) result in potential excess light excitation pressure in PSII
reaction centers after LNT treatment. Excess energy in PSII can
lead to the generation of reactive oxygen species including 'O,
Oy” and HyOy that are deleterious to the electron transport
components and protein structure of PSII [1]. Our results showed
that Y (NO) was significantly higher than that of the control
(Fig. 3C). This suggested that the PSII super-complex may have
been damaged and (or) the turnover of D1 may have been
disturbed by exposure to excess light energy. Fortunately, plants
have developed various photo-protection mechanisms to alleviate
the harmful effects of ROS including antioxidant system and NPQ
mechanisms. Our previous study showed that the water-water
cycle is an effective mechanism to protect the chloroplasts from
photodamage under LNT stress [1]. NPQ mechanisms can
dissipate the excess energy absorbed by LHCII. Our observation
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Figure 5. Effect of exogenous calcium pretreatment on electron transport rate tomato seedlings under LNT. ETR(Il), electron transport
rate of PSII; ETR(l), electron transport rate of PSI. CK, the plant grown at optimal temperature, and used for control; CaCl,+LNT, the plant pretreated
with CaCl, and grown at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O and grown at LNT; EGTA+LNT, the plant pretreated
with EGTA and grown at LNT. Data are the means of four replicates with standard errors shown by vertical bars. *indicates significant difference (P<
0.05), and **indicates a highly significant difference (P<0.01). Comparisons between the figures among all treatments under low night temperature

are shown in parentheses.
doi:10.1371/journal.pone.0097322.g005
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Figure 6. Effect of exogenous calcium pretreatment on the rapid induction kinetics and PQ pools of tomato seedlings under LNT.
For Fig. 6A, the rapid induction kinetics upon onset of strong continuous illumination was investigated on the tomato leaves after dark adaptation for
20 min. The curves of the relative variable fluorescence (Vt) were used to estimate 11-12 and I2-P contribution and discuss about slow and fast PQ poll
reduction. Vt is defined as the ratio of variable fluorescence to the maximal variable fluorescence Fy (Fm-Fo), i.e., Vt = (Ft-Fo)/(Fm-Fo), where Ft is the
fluorescence at a given time. For Fig. 6B, the P700 signal was determined during a single turnover flashes (ST, 50 us, PQ pool being oxidized) followed
by multiple turnover flashes (MT, 50 ms, PQ pool is fully reduced) in the presence of far-red (FR) background light. The ratio of MT-area/ST-area is
used to estimate the size of functional PQ pools. CK, the plant grown at optimal temperature, and used for control; CaCl,+LNT, the plant pretreated
with CaCl, and grown at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O and grown at LNT; EGTA+LNT, the plant pretreated
with EGTA and grown at LNT. Data are the means of four replicates with standard errors shown by vertical bars. *indicates significant difference (P<
0.05), and **indicates a highly significant difference (P<0.01). Comparisons between the figures among all treatments under low night temperature
are shown in parentheses.
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Figure 7. Effect of exogenous calcium pretreatment on the fast P515 signal of tomato seedlings under LNT. (A) for thylakoid
membrane, changes in the P515 signal of tomato leaves after 1 h of dark adaptation. (B) for ATPase activity, changes in the P515 signal of tomato
leaves after 10 min of pre-illumination at 531 umol-m~2-s™" followed by 4 min of dark adaptation. CK, the plant grown at optimal temperature, and
used for control; CaCl+LNT, the plant pretreated with CaCl, and grown at low night temperature(LNT); H,O+LNT, the plant pretreated with H,O and
grown at LNT; EGTA+LNT, the plant pretreated with EGTA and grown at LNT.

doi:10.1371/journal.pone.0097322.g007
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Figure 8. Effect of exogenous calcium pretreatment on slow P515 induction transients of tomato seedlings under LNT. (A) Changes in
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of higher Y(NPQ) after LNT in the present study (Fig. 3B)
suggested that although the leaves received excess energy,
photochemical energy conversion and protective regulatory
mechanisms (such as heat dissipation) was still sufficient to
completely consume the light energy absorbed by plants. Since
CEF can generate a proton gradient across the thylakoid
membrane [22] through transferring electrons from PSI to PQ),
it is important for protecting PSII by dissipating excess light energy
[20]. CEF can facilitate the NPQ mechanisms including the
xanthophyll cycles which require the presence of a proton
gradient. Our results showed that the zeaxanthin content was
significantly lower after LNT treatment compared to that of the
control (Fig. 8A). This indicated the xanthophyll cycles, which is
the major mechanism in plants for dissipation of excess energy,
was inhibited. In addition, our results showed that stimulation of
CEF (not the xanthophyll cycles) was responsible for the high level
of Y (NPQ) observed after LNT treatment (Fig. 3B, Fig4, and
Fig. 8).

Low temperature is known to play a synergistic role with excess
illumination by limiting electron transport and carbon fixation
rates. Under these conditions, even a relatively weak light may
overwhelm the energy utilization mechanism in plants, resulting in
a photoinhibitory effect [51]. In the present study, both carbon
fixation capacity and the PSII activity were significantly inhibited
under LNT at moderate and high light conditions (Fig. 1 and
Fig. 3A, respectively). Compared to the control, Y (NO) under
LNT increased more rapidly on the light-response curves. Thus,
we conclude that high light condition aggravated the photoinhibi-
tion caused by LNT.

PLOS ONE | www.plosone.org

Our results showed that the thylakoid membrane integrity and
ATP activity were both modestly reduced after LNT treatment
(Fig. 7A and Fig. 7B, respectively). Damaged thylakoid mem-
branes may result in decreased capacity of membrane proteins to
use light. Stimulation of CEF and reduced ATP activity caused a
higher ApH across the thylakoid membrane under LNT
temperature (Fig. 8B). In addition, the excess higher ApH across
the thylakoid membrane caused the reduction of zeaxanthin which
plays an important role in thermal dissipation in PSII and in
scavenging ROS and dissipating singlet Chl [52,53].

Our results showed that Y (IT) was significantly lower with LNT
treatment compared to the control. This may be due to inhibition
of electron transport between PSII and P700" by LNT (Fig. 5).
Since functional PQ pools were significantly inhibited with LNT
treatment compared to the control (Fig. 6B), we consider the
decrease in PQ) as the major factor blocking the electron transport.
In addition, the reduction of PQ) pools may cause the phosphor-
ylation of thylakoid proteins, activation of state 2 transition to
decrease PSII excitation, increase in cyclic electron flow,
alleviation of ATP deficit, and increase in proton motive force,
thereby down-regulating the PSII antenna via the qE mechanism
[54].

PSI performance of tomato leaves under LNT. A few
studies on PSI have examined isolated thylakoid membranes using
artificial electron donors or acceptors [25]. In the present study,
we investigated the PSI of tomato plants i vivo using a Dual-PAM-
100 fluorometer. The absence of changes in Y (NA) compared to
the control, indicated that PSI was not inhibited by LNT
treatment (Fig. 3F). However, accumulation of NADPH and the
over-reduction PSI acceptor contributed to the photo-inhibition of
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Figure 9. Pictorial representations of thylakoid metabolism changes in the plant pretreated with CaCl, under LNT. The size of units
and font represents the activities of the photosynthesis apparatus, and the width of lines represents the extent of electron transport. Exogenous
calcium pretreatment can improve decreased linear electron transport, carbon fixation capacity, PQ size, and ATPase activity under low night
temperature. Calcium chloride pretreatment can alleviate excess accumulated proton gradient and enhance cyclic electron flow under low night

temperature.
doi:10.1371/journal.pone.0097322.g009

PSI. Generally, a reduced capacity for carbon fixation may cause
the over accumulation of NADPH, which can enhance the
generation of hydroxyl radicals [55]. Therefore, over-reduced PSI
acceptor side can lead to formation of Chl triplets, which can
generate the toxic singlet oxygen. Furthermore, the accumulation
of NADPH can enhance Mehler reaction, which can generate
highly toxic superoxide radicals. Ultimately, hydroxyl radicals,
singlet oxygen, and superoxide radicals can cause photoinhibitory
damage to PSI. Our studies have indicated that photoinhibitory
damage to PSI can be prevented by photo-inhibition of PSII.
Furthermore, CEF has an important function in protecting PSI
from photo-inhibition. On the one hand, CEF can dissipate excess
electron flow to NADPH and O,, thereby reducing ROS
generation. On the other hand, CEF consumes excess reducing
power of NADPH through the NADPH dehydrogenase-depen-
dent pathway [23,56]. Thus, the observed increase in Y (ND)
under LNT was likely caused mainly by the stimulation of CEF
(Fig. 3E and Fig. 4, respectively).

P515 Signals of Tomato Leaves under LNT

The trans-thylakoid proton motive force (pmf), which consists of
electrical (AY) and osmotic (ApH) components, plays two major
roles in higher plant photosynthesis. First, both components can
drive the synthesis of ATP in the chloroplast ATP synthase.
Second, the ApH component also plays a key role in regulating
photosynthesis, down-regulating the efficiency of light capture by
photosynthetic antennae via the gE mechanism which can
harmlessly dissipate the excess absorbed light energy as heat
[57]. Acidification of the lumen also controls photosynthetic
electron transfer by slowing the rate of plastoquinol oxidation at
the cytochrome b6f complex, preventing the accumulation of
highly reducing species within PSI [58].

Parsing of the thylakoid pmf into ApH and Ay components has
been observed in thylakoids and in intact leaves and has been
proposed to constitute an important fine-tuning mechanism for
photosynthesis [58,59]. Under normal conditions, a large fraction
of pmf can be stored as AV, leading to moderate lumen pH and
low qE, even at high pmf (and thus high rates of ATP synthesis). In
contrast, under environmental stresses—e.g., high light, low COy/
Oy, pmf can be predominantly stored as ApH, maximizing lumen
acidification for a given pmf [57-59]. The partition of pmf into
ApH and AV is affected by three possible factors: capacitance of
the thylakoid membrane, ionic composition of the stroma and
lumen, and proton-buffering capacity of the lumen [58]. Thus, the
ratio ApH/AWY can affect the PSII activity and the chemiosmotic
ATP synthesis. Our results show that the ratio ApH/AWwas
significantly higher under LNT and this change was accompanied
by lower PSII activity and ATP synthesis compared to the control
(Fig. 8B, Fig. 3A and Fig. 7B, respectively). Moreover, respected to
lower zeaxanthin content, the higher ApH acted qE mechanism
predominantly by protonating lumen-exposed residues of PsbS to
down-regulating the PSII antenna.

Effect of Ca?* on the Photoinhibition and
Photoprotection of PSIl and PSI under LNT

Some recent studies have demonstrated that exogenous calcium
is effective at improving plant photosynthesis under some
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conditions of stresses. For example, exogenous calcium was found
to be able to mitigate the decline of net photosynthesis rate in
peanut under LNT stress [60]. Exogenous calcium improved
photosynthesis in heat-stressed tobacco plants [26]. Our results
showed that carbon assimilation was improved by the addition of
exogenous Ca?" under LNT (Fig. 1). Furthermore, exogenous
Ca®" increased oxidized PQ pools under LNT stress (Fig. 6 and
Fig. 9). Promotion of carbon fixation and the improvement of PQ
pools may be responsible for the higher linear electron transport
observed in the CaCl, pretreatment group compared with the
HyO pretreatment group under LNT (Fig. 5). Previous studies
have shown that the calcium-binding protein CAS is crucial for
maintaining PSII activity, recovery, and/or turnover, as well as in
driving high light acclimation [36,61]. In the present study,
exogenous calcium only slightly decreased Y (NO), whereas
EGTA pretreatment significantly increased it under LNT (Fig. 3C).
Thus, PSII reaction centers were severely damaged. The slightly
acidic pH (Fig. 8) driven by CEF (Fig. 4) with calcium
pretreatment group possibly promoted the binding of calcium to
PsbO, which is important in the assembly and stabilization of PSII
reaction centers [54]. Moreover, Ca* can affect the expression of
LHC stress-related protein 3, which is crucial for qE, the energy-
dependent component of NPQ) [37]. However, CEF contributes to
the pH gradient across the thylakoid membrane, which is required
for efficient qE. Application of Ca®" may also increase the binding
of CaM to NADK2, which is known to modulate the NAD/
NADP balance [36,61]. Furthermore, our study also showed that
ATPase activity was promoted by exogenous calcium under LNT
(Fig. 7B). This result is in line with a previous study on tobacco
under high temperature stress [26].

In the present study, we have found that EGTA can
significantly reduce carbon fixation (Fig. 1). EGTA has been
shown previously to exacerbate the decline of photosynthesis due
to stomatal limitation under LNT stress [60]. In addition, we
found that EGTA aggravated the photoinhibiton caused by LN'T
stress, as revealed by significantly decreased Y(II) and significantly
increased Y(NO). This may have been caused mainly by inhibition
of the electron transport rate and the stimulation of the CEF and
xanthophyll cycles (Fig. 4, Fig. 5 and Fig. 8, respectively). This is
also consistent with our result that application of Ca?' could
alleviate the photoinhibition caused by LNT stress.

In summary, we found that exogenous Ca®" facilitated the
photo-protection mechanisms, including the CEF and the
xanthophyll cycles, under LNT stress. We propose that enhanced
photo-protection and greater stabilization of the photosynthetic
apparatus together underlie the mechanism by which exogenous
Ca®" alleviates the photo-inhibition caused by LNT stress (Fig. 9).

Conclusion

In conclusion, the selective photo-inhibition of PSII observed
after LN'T stress can be attributed to decreased carbon fixation,
blocked linear electron transport caused by the inhibition of fast
PQ pools reduction and the decrease of oxidized PQ) pools, and
closed PSII reaction centers. CEF can protect PSII and PSI from
LNT-induced photo-inhibition. Exogenous Ca®' alleviates PSII
photo-inhibition caused by LNT stress mainly by promoting
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carbon fixation, CEF, xanthophyll cycles, PQ pools, and ATPase
activity.
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