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Upregulation of the mitochondrial alternative oxidase pathway improves
PSII function and photosynthetic electron transport in tomato seedlings
under chilling stress
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Abstract

The aim of'this study was to explore how the mitochondrial alternative oxidase (AOX) pathway alleviates photoinhibition
in chilled tomato (Solanum lycopersicum) seedlings. Chilling induced photoinhibition in tomato seedlings despite
the increases in thermal energy dissipation and cyclic electron flow around PSI (CEF-PSI). Chilling inhibited the
function of PSII and blocked electron transport at the PSII acceptor side, however, it did not affect the oxygen-
evolving complex on the donor side of PSII. Upregulation of the AOX pathway protects against photoinhibition by
improving PSII function and photosynthetic electron transport in tomato seedlings under chilling stress. The AOX
pathway maintained the open state of PSII and the stability of the entire photosynthetic electron transport chain.
Moreover, the protective role of the AOX pathway on PSII was more important than that on PSI. However, inhibition
of the AOX pathway could be compensated by increasing CEF-PSI activity under chilling stress.
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Introduction

Photosynthesis absorbs light energy and through a
photochemical reaction generates reducing equivalents
(NADPH), which are provided to carbon assimilation
as reducing power (Yoshida ef al. 2007, Allakhverdiev

power and leads to the accumulation of NADPH in the
chloroplast stroma (Ort and Baker 2002, Hu et al. 2018).
Accumulation of reducing equivalents in stroma causes
overreduction of the photosynthetic electron transport
chain and leads to photoinhibition (Yoshida et al. 2007).
Excess reducing equivalents generated in chloroplasts can

be transferred to mitochondria via the malate—oxaloacetate
shuttle (Nunes-Nesi et al. 2008, Cheng et al. 2020).

2011). However, carbon assimilation is inhibited in plants
under abiotic stresses; it reduces the utilization of reducing
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Highlights

e Chilling inhibited the function of PSII and blocked photosynthetic electron
transport in tomato seedlings

e The AOX pathway was more important for PSII than PSI

e The AOX pathway maintained the stability of the electron transport chain
during chilling
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Abbreviations: CEF-PSI — cyclic electron transport around PSI; ETR — electron transport rate; Fy — minimal fluorescence yield of the
dark-adapted state; F,, — maximal fluorescence yield of the dark-adapted state; F,/F,, — maximal quantum yield of PSII photochemistry;
NPQ — nonphotochemical quenching; OEC — oxygen-evolving complex; OJIP curve — Chl a fluorescence transient; PI,gs — performance
index for energy conservation from photons absorbed by PSII until the reduction of intersystem electron acceptors; P,, — maximum P7go
changes; qp — photochemical quenching coefficient; RC — PSII reaction centre; RC/CS — density of Qa-reducing PSII reaction centres per
cross-section; SHAM — salicylhydroxamic acid; Vken —AOX pathway capacity; Vr — total respiratory rate; Wx — the normalized relative
variable fluorescence at the K step; Y, — effective PSII quantum yield; Yoy — quantum yield of nonregulated energy dissipation;
Y ) — quantum yield of regulated energy dissipation; ®psy; — effective quantum yield of PSII photochemistry; ¢r, — quantum yield for
electron transport (ET); @r, — quantum yield of reduction of end electron acceptors at the PSI acceptor side.
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Therefore, the extra-chloroplastic sink for excess reducing
equivalents generated by photosynthesis might affect the
redox state of the photosynthetic electron transport chain
and play a particular role in protecting the photosynthetic
apparatus from photoinhibition (Cheng et al. 2020).

As the two major energy metabolism centres in green
cells, the functions of chloroplasts and mitochondria
are closely coordinated (Noguchi and Yoshida 2008).
Mitochondrial respiration is considered to be beneficial
for optimizing photosynthesis and protecting chloroplasts
against photoinhibition (Raghavendra and Padmasree
2003, Alber and Vanlerberghe 2021). Compared to the
cytochrome oxidase pathway, the alternative oxidase
(AOX) pathway transfers electrons from the ubiquinone
pool to oxygen without proton translocation across the
inner membrane (Vanlerberghe et al. 2009). The AOX
pathway provides an extra-chloroplastic means to optimize
the status of chloroplast energy pools (ATP and NADPH)
under conditions that challenge energy balance in the
photosynthetic cell (Vanlerberghe e al. 2020). Evidence
suggests that the AOX pathway can protect chloroplasts
against photoinhibition by dissipating the excess reducing
equivalents from chloroplasts under abiotic stressful
conditions (Raghavendra and Padmasree 2003, Cheng
et al. 2020, Garmash 2021). In fact, abiotic stresses, such
as chilling (Hu et al. 2017), drought (Bartoli ez al. 2005,
Hu ef al. 2018), salinity (Analin ef a/. 2020, Challabathula
et al. 2022), and high light (Zhang et al. 2012), can
increase AOX gene expression and AOX pathway
capacity (Clifton et al. 2005). Downregulation of the
AOX pathway aggravates photoinhibition in illuminated
leaves under environmental stresses (Bartoli et al.
2005, Yoshida et al. 2007, Florez-Sarasa et al. 2011,
Hu et al. 2018). Activation of the AOX pathway can
dissipate excessive chloroplastic reducing equivalents
and balancec photosynthetic electron transport (Jiang
et al. 2019, Challabathula et al. 2022). Several studies
have demonstrated that the photosynthetic rate and PSII
photochemical efficiency obviously decrease and that
the photosynthetic electron transport chain was more
overreduced in AOX-deficient mutants and salicyl-
hydroxamic acid (SHAM, AOX inhibitor)-treated leaves
under abiotic stresses (Giraud ef al. 2008, Yoshida et al.
2011, Dahal and Vanlerberghe 2018, Zheng et al. 2021,
Challabathula ez al. 2022). AOX overexpression in tobacco
was shown to improve photosynthetic performance
compared with the wild type under drought conditions
(Dahal et al. 2015). Gandin ef al. (2012) observed that
a lack of AOX decreased the activities of NADP-malate
dehydrogenase and NAD-malate dehydrogenase, two
key enzymes in the malate—oxaloacetate shuttle, and
increased the NADPH/NADP" ratio within the stroma in
the Arabidopsis thaliana aoxla mutant compared to the
wild type. Cheng et al. (2020) also reported that malate—
oxaloacetate shuttle activity and AOX pathway activity
were synchronously enhanced with increasing light
intensity both in control and chill-treated Rumex K-1 leaves
and that inhibition of the AOX pathway led to more severe
accumulation of hydrogen peroxide and photoinhibition
in chill-treated leaves.
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Chilling is a major factor limiting the productivity and
geographical distribution of many tropical and subtropical
crops (Allen and Ort 2001). Chilling inhibits photosyn-
thesis via stomatal closure and loss of activity of Calvin
cycle enzymes, such as isoheptanone-1,7-diphosphatase,
fructose-1,6-diphosphatase, and Rubisco (Gan ef al. 2019,
Ramazan et al. 2021), which leads to overreduction of
the photosynthetic electron transport chain. Chilling also
increases AOX synthesis and the capacity of the AOX
pathway (Kiener and Bramlage 1981, Grabelnych et al.
2014, Ikkonen et al. 2020). In our previous study, chilling
induced upregulation of the AOX pathway in cucumber
leaves, which played a critical role in protection against
chill-induced photoinhibition by avoiding overreduction
of photosynthetic electron transport (Hu er al. 2017).
Cheng et al. (2020) also observed that the AOX pathway
was upregulated and acted as an extra-chloroplastic
sink for excess reducing equivalents generated by photo-
synthesis in Rumex K-1 leaves experiencing chilling stress.
According to microarray analyses in AOX antisense-
treated Arabidopsis thaliana, transcripts for eight genes
associated with photosynthetic light reactions were shown
to be affected by AOX; however, no transcripts associated
with dark reactions changed (Umbach et al. 2005).
These results indicate that the AOX pathway has a direct
influence on the photosynthetic electron transport chain;
however, few studies have attempted to explore the role of
the AOX pathway in the protection of components of the
photosynthetic electron transport chain in chilled plants.
In the present work, we examined the effects of the
inhibition of the AOX pathway by SHAM on chlorophyll
(Chl) fluorescence and Chl a fluorescence transients in
tomato seedlings under chilling conditions. The aim of
this study was to evaluate the impact of the AOX pathway
on energy metabolism in chloroplasts and explore the
protective role of the AOX pathway on the photosynthetic
apparatus of chill-exposed tomato seedlings.

Materials and methods

Plant materials, growth conditions, and experimental
design: Experiments were conducted at the Jingganshan
University, Jiangxi Province, China. Tomato (Solanum
lycopersicum cv. Alisa Craig) seeds were sown in a
plastic tray (5-cm depth, 20-cm length, and 14-cm width)
thoroughly filled with peat (Sphagnum moss, 5-20 mm,
Pindstrup, Denmark) in an artificial climate chamber.
Seedlings at the two-leaf stage were transferred into a
plastic pot (15-cm depth and 15-cm diameter) filled with
peat and watered daily with a half-strength Enshi nutrient
solution (Yu and Matsui 1997). The artificial climate
chamber environmental conditions were as follows: a 12-h
photoperiod, temperatures of 28/18°C (day/night), and
PPFD of 500 pmol m2 s

SHAM and chilling treatment started when plants were
in the six-leaf stage. On the day before chilling treatment,
plants were divided into two groups. One group was
still cultured in the artificial chamber. The other group
was transferred into a climate box (ZRY-YY1000, SAFU
Experimental Apparatus Technology, Ningbo, China)
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with a 12-h photoperiod, PPFD of 200 pmol m? s, and a
temperature of 8°C for the chilling treatment. Both groups
of plants were sprayed with 1 mM SHAM solutions
or distilled water (containing the same concentration
of ethanol as the controls) before and 2 d after chilling
treatments. SHAM was dissolved in a minimal volume
of ethanol and then brought up to volume with distilled
water. The four treatments employed were as follows:
(/) normal temperature treatment (NT): plants were
cultured in an artificial climate chamber at 28/18°C
(day/night) and sprayed with distilled water; (2) normal
temperature with SHAM treatment (NT + SHAM): plants
were cultured in an artificial climate chamber at 28/18°C
(day/night) and sprayed with 1 mM SHAM; (3) chilling
treatment (CL): plants were cultured in an artificial climate
box at 8°C and sprayed with distilled water; and (4) chilling
with SHAM treatment (CL + SHAM): plants were cultured
in an artificial climate box at 8°C and sprayed with 1| mM
SHAM. There were five replications per treatment. The
respiratory rate, Chl fluorescence, and Chl a fluorescence
transients in the first fully expanded leaf were measured
4 d after treatment.

Respiratory rate measurement: The respiratory rate was
measured using a Clark-type oxygen electrode (Oxygraph,
Hansatech Instruments, Norfolk, UK) at 25°C according
to methods outlined in Cheng et al. (2020). Before the
respiratory measurements, the samples (0.1 g of fresh mass)
were kept in the dark for 10 min. Total respiration (Vr) was
defined as the O, uptake rate without any inhibitor, and
the AOX pathway capacity (Vken) was defined as the O,
uptake rate in the presence of KCN (10 mM) in this study.

Simultaneous measurements of Chl fluorescence and
P: Chl fluorescence and P were synchronously
measured with the Fluo + P700 Measuring Mode of the
Dual-PAM-100/F (Walz, Effeltrich, Germany) according
to the instruction manual for DUAL-PAM-100. After the
dark adaptation for 30 min, the minimal fluorescence
yield (Fo) and maximal fluorescence yield (F.) of the
dark-adapted state were measured. An actinic light
[500 pmol(photon) m~ s'] was then applied for 240 s to
obtain light-adapted Chl fluorescence and P parameters.
The determined parameters included the maximal P
changes (P.), maximal quantum yield of PSII photo-
chemistry (F./Fy), effective PSII quantum yield [Y ],
quantum yield of regulated energy dissipation [Y e,
quantum yield of nonregulated energy dissipation
[Ynoy], photochemical quenching coefficient (qp), non-
photochemical quenching (NPQ), and electron transport
rate (ETR). The cyclic electron transport around PSI
(CEF-PSI) was estimated by ETR/ETRyy (Yamori et al.
2011).

Chl a fluorescence transient and JIP-test: The Chl a
fluorescence transient (OJIP curve) was measured by
a plant efficiency analyser (Handy PEA, Hansatech
Instruments Ltd., Norfolk, UK). Leaves were dark-
adapted for 30 min using special leaf clips. The OJIP

curve was induced by red actinic light [wavelength at peak
650 nm, 2,000 pmol(photon) m2 s7'], and 2 s of transient
fluorescence was recorded. Based on the model in ‘Theory
of Energy Fluxes in Biomembranes’, the OJIP curves
were analysed using the JIP-test. This analysis took into
consideration several pieces of basic fluorescence data at
20 us (Fo, step O), 300 ps (Fk, step K), 2 ms (Fy, step J),
30 ms (F,, step I), and maximum vyield (F,, which is
equal to Fp, step P). Then, JIP-test parameters were
examined in the experiment according to methods outlined
in Chen et al. (2014): (1) The normalized relative variable
fluorescence at the K step, Wx = (Fx — Fo)/(F; — Fy);
(2) performance index for energy conservation from
photons absorbed by PSII until the reduction of intersystem
electron acceptors, Plags = (RC/ABS) X [¢po/(1 — @po)] *
[wo/(1 = wo)]; (3) density of Qa-reducing PSII reaction
centres (RC) per cross-section (CS), RC/CS = gp, X
(Vi/My) x (ABS/CS); (4) quantum yield of electron
transport, g, = [1 — (Fo/Fn)] x (1 = V)); and (5) quantum
yield of reduction of end electron acceptors at the PSI
acceptor side, Qro = [1 — (Fo/Fin)] x (1 —V)).

Statistical analysis: The results are reported as the means
with standard errors (SEs). The significance of the results
was checked by the least-significant difference (LSD) test
at p<0.05 using PASW Statistics 18 (SPSS Inc., Chicago,
IL, USA) via one-way analysis of variance (ANOVA).

Results

Respiration: Compared to normal temperature conditions,
the total respiratory rate decreased, but the AOX pathway
capacities increased by 66.7% in chilling-treated tomato
seedlings (Fig. 1). To determine the function of AOX in
the protection of the photosynthetic apparatus in tomato
seedlings under chilling stress, AOX activity was inhibited
by feeding 1 mM SHAM to intact leaves. In vivo AOX
pathway capacities were reduced by approximately 50.0
and 52.5% in SHAM-treated seedlings under normal
temperature and chilling conditions, respectively (Fig. 1).

Chl fluorescence parameters: SHAM treatment had
no effect on the F,/F,, and P, in tomato seedlings under
normal temperature conditions (Fig. 2), showing that
1 mM SHAM did not inhibit PSII and PSI activity in this
experiment. Chilling induced a decrease in F,/F,,, which
was aggravated by SHAM treatment. SHAM treatment
caused a decrease in F,/F, of 22.5% in tomato seedlings
subjected to chilling stress. Although there was no
significant difference, chilling also induced a decrease in
P, by 18.9%. However, SHAM treatment did not affect Py,
in tomato seedlings under normal temperature or chilling
conditions (Fig. 2).

The complementary PSII quantum yields [ Y u)+ Y e +
Ywo) = 1] were significantly affected by chilling stress
(Table 1). Chilling induced a decrease in Y, by 39.3%,
while Ynrg) and Ywoy increased by 85.2 and 19.8%,
respectively. SHAM treatment aggravated the decrease in
Y ay and the increase in Y no) induced by chilling. However,
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;‘L’ 2L 4 1205 Fig. 1. Effects of salicylhydroxamic acid (SHAM,
2 o 1 mM) and chilling (8°C) on total respiratory rate
Q:‘ g/ (V1) and AOX pathway capacity (Vken) in tomato
5 51 i g seedlings after 4 d of treatment. NT — normal
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b . > treatment; CL + SHAM — chilling with SHAM
5 ; 15 treatment. Data are the means of independent
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0 0 errors. Values followed by different letters are
TREATMENT TREATMENT significantly different at the 0.05% level.
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W) 5 (-ir T ( Fig. 2. Effects of salicylhydroxamic acid (SHAM,
wt do15a" 1 mM) and chilling (8°C) on maximal quantum
w” ) yield of PSII photochemistry (F,/F.,) and maximum
04 | P70 changes (P.,) in tomato seedlings after 4 d of
—0.10 treatment. NT — normal temperature treatment;
NT + SHAM - normal temperature with SHAM
02 L treatment; CL — chilling treatment; CL + SHAM —
SR chilling with SHAM treatment. Data are the means
of independent measurements of five replicates with
0.0 0.00 standard errors. Values followed by different letters
TREATMENT TREATMENT are significantly different at the 0.05% level.

Yo significantly decreased in tomato seedlings under
chilling conditions with SHAM treatment. Under normal
temperature, SHAM treatment decreased Y, by 17.2%
but increased Y npq) by 52.6%, which did not affect Y o).

The qr, ETRuy, and ETRy, of tomato seedlings
decreased under chilling stress (Table 1). Compared to
NT, the chilling treatment significantly decreased the
qr, ETR(), and ETR;, values by 18.0, 39.3, and 28.3%,
respectively. Moreover, SHAM treatment caused further
decreases in the qp, ETR(;, and ETRy;, of chilled tomato
seedlings of 10.0, 13.5, and 9.7%, respectively. Under
normal temperature conditions, SHAM treatment also
decreased qp, ETR(), and ETR(, by 12.3, 17.2, and 9.1%,
respectively.

Chilling significantly induced increases in NPQ
and ETRq/ETR, which increased by 53.2 and 17.9%,
respectively, compared to NT treatment (Table 1). There
was no obvious change in ETRq/ETR under chilling
conditions with/without SHAM treatment. However, NPQ
significantly decreased by chilling with SHAM treatment
(CL + SHAM), which was significantly lower than the
value of NT and CL treatment. Under normal temperature
conditions, SHAM treatment induced an increase in NPQ
by 569% but had no effect on ETR(I)/ETR(]]).
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OJIP curves and JIP-test parameters: Under normal
temperature conditions, SHAM treatment only decreased
the P step. However, OJIP curves from chilling-treated
seedlings showed a sharp depression at the J, I, and
P steps, which were aggravated by SHAM treatment
(Fig. 3). It was observed that there were no differences
in Wx between the four treatments in this experiment
(Table 2). Chilling decreased RC/CS, Plags, and @
by 54.5, 86.4, and 44.3%, respectively, which were
significantly aggravated by SHAM treatment. CL + SHAM
treatment significantly decreased RC/CS, Plags, and
Qro by 48.5, 79.9, and 51.4%, respectively, compared
to tomato seedlings subjected to chilling stress. Under
normal temperature conditions, SHAM treatment also
decreased RC/CS, Plaps, and ¢g, by 10.3, 34.0, and
10.7%, respectively. Chilling also decreased @g, by 8.7%,
even though it was not statistically significant. However,
SHAM treatment significantly decreased g, by 58.9%
under chilling treatment (Table 2).

Discussion

Salicylhydroxamic acid (SHAM), a well-known inhibitor
of the mitochondrial AOX pathway, has been extensively
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Table 1. Effects of salicylhydroxamic acid (SHAM, 1 mM) and chilling (8°C) on chlorophyll fluorescence parameters in tomato
seedlings after 4 d of treatment. NT — normal temperature treatment; NT + SHAM — normal temperature with SHAM treatment;
CL—chilling treatment; CL + SHAM — chilling with SHAM treatment. Data are the means of independent measurements of five replicates
with standard errors. Values followed by different letters are significantly different at the 0.05% level. ETR — electron transport rate;
NPQ — nonphotochemical quenching; qp — photochemical quenching coefficient; Y, — effective PSII quantum yield; Y npq) — quantum

yield of regulated energy dissipation; Y o) — quantum yield of nonregulated energy dissipation.

Parameter NT NT + SHAM CL CL + SHAM
Yay 0.552+0.013* 0.457+0.017° 0.335 +0.006° 0.261 +0.013¢
Yo 0.196 £ 0.013¢ 0.299 + 0.006" 0.363 +0.002* 0.193 +0.053¢
Y oy 0.252 +0.012¢ 0.244 +0.011¢ 0.302 + 0.004* 0.546 + 0.063*
qe 0.749 £ 0.019* 0.657 +0.028° 0.614 +0.013% 0.539 +£0.021¢
NPQ 0.784 +0.070° 1.230 +£0.027° 1.201 £0.014° 0.388 +£0.147°
ETRay 116 + 3¢ 96 + 4° 70 £ 1¢ 55+ 3¢
ETRq 146 + 1° 133 +6° 105+ 3¢ 91 +5¢
ETRu/ETRay 1.262 +0.033¢ 1.383 + 0.009 1.488 + 0.054 1.657 +0.103¢
2500
® NT
O NT + SHAM
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5 2000 A CL+SHAM
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|
'_
Z
w1500 -
(@]
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|
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1)
'ﬁ':J 1000 - Fig. 3. Effects of salicylhydroxamic acid (SHAM,
@) 1 mM) and chilling (8°C) on Chl a fluorescence
= transient (OJIP curve) in tomato seedlings after 4 d
w 500 L of treatment. NT — normal temperature treatment;
NT + SHAM - normal temperature with SHAM
. | | | . treatment; CL — chilling treatment; CL + SHAM —

10

chilling with SHAM treatment. Each curve is the

TIME [ms] average of five replicates.

Table 2. Effects of salicylhydroxamic acid (SHAM, 1 mM) and chilling (8°C) on JIP-test parameters in tomato seedlings after 4 d of
treatment. NT — normal temperature treatment; NT + SHAM — normal temperature with SHAM treatment; CL — chilling treatment;
CL + SHAM - chilling with SHAM treatment. Data are the means of independent measurements of five replicates with standard errors.
Values followed by different letters are significantly different at the 0.05% level. Plyps— performance index for energy conservation from
photons absorbed by PSII until the reduction of intersystem electron acceptors; RC/CS — density of Qa-reducing PSII reaction centres
per cross-section; Wi — the normalized relative variable fluorescence at the K step; ¢r, — quantum yield for electron transport (ET);
Oro — quantum yield of reduction of end electron acceptors at the PSI acceptor side.

Parameter NT NT + SHAM CL CL + SHAM
Wk 0.437 £0.019° 0.439+£0.019° 0.436+£0.018* 0.415£0.017*
Plass 5.19+0.21* 3.42+0.15° 0.708 £0.13¢ 0.142 £+ 0.05¢
RC/CS 1,304 + 48° 1,169 +48° 593 £26° 305 +47¢

¢Eo 0.541 +0.005° 0.483 +0.008° 0.301 +0.022¢ 0.146 + 0.023¢
Pro 0.264 +0.010° 0.241 £0.011° 0.241 £0.032* 0.099 + 0.036°

used to address the interaction between chloroplasts and
mitochondria (Cheng et al. 2020). SHAM (1 mM) was
used in this study because the concentration is considered
sufficiently low to avoid any possible side effects on the

photosynthetic machinery (Bartoli ez a/. 2005, Cheng and
Zhang 2021). Half of the activity of the AOX pathway was
inhibited when tomato seedlings were treated by 1 mM
SHAM under normal temperature or chilling conditions
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(Fig. 1), which was consistent with our previous study
in cucumber (Hu ez al. 2017). Bartoli et al. (2005) also
observed that 1 mM SHAM inhibits AOX pathway activity
by approximately 70% in leaves from both well-irrigated
and water-stressed plants. In our study, | mM SHAM did
not affect Fy/Fn, P, or Ynoy but decreased Y, qr, ETRm),
and ETRj in tomato seedlings under normal temperature
conditions [18/28°C (day/night) with 500 pmol(photon)
m~ s'] (Table 1, Fig. 2). These results seemed to indicate
that 1 mM SHAM affects the photosynthetic machinery.
However, we believe that these results further prove the
role of the AOX pathway as an electron sink to protect
the photosynthetic apparatus against photoinhibition
under high light. There were no obvious changes in F./F,,
and Opsyy [actual photochemical efficiency of PSII, same
as Yy in this study] in cucumber leaves treated with
0-1 mM SHAM at 25°C with 200-300 pmol(photon)
m? s! (Hu et al. 2017). Cheng and Zhang (2021)
reported little significant difference in @psy, qp, or NPQ
in isolated Rumex K-1 chloroplasts in the presence of 0,
0.2, 0.6, or | mM SHAM during photosynthetic induction
[1,000 pmol(photon) m2 s7']; however, the decreases in
ETR and g were followed by an increase in the SHAM
concentration in leaves. Therefore, we speculate that
1 mM SHAM does not affect leaf photosynthesis under
normal temperature with weak light but may influence
the photosynthetic machinery of leaves under normal
temperature with high light. Compared to wild-type plants,
aoxla plants (AOX1a knockout mutants of Arabidopsis
thaliana) did not show any changes in photosynthetic
parameters under low light [50 pmol(photon) m= s7'], but
photosynthetic parameters related to PSII decreased in
aoxlaplantsupon exposure to high light [ 700 pmol(photon)
m~ s7'] conditions (Vishwakarma et al. 2014). We also
observed that SHAM treatment increased Y nrq) and NPQ
but did not affect ETR/ETR ), which suggested that the
decrease in the AOX pathway could be compensated for
by the increase in thermal energy dissipation (Table 1).
As the mitochondrial energy-dissipating system,
the AOX pathway is believed to play an important role
in protecting chloroplasts against photoinhibition by
dissipating excess reducing equivalents from chloroplasts
(Raghavendra and Padmasree 2003, Cheng et al. 2020).
Watanabe et al. (2016) reported that a lack of AOX results
in overreduction of the photosynthetic electron transport
chain and that Arabidopsis aoxla mutants under high
light conditions are more sensitive to photoinhibition.
Some reports show that the AOX pathway is upregulated
in winter wheat (Grabelnych ef al. 2014), cucumber (Hu
et al. 2017), and Rumex K-1 leaves (Cheng et al. 2020)
subjected to chilling. We observed that AOX pathway
capacity increased by 66.7% in tomato seedlings exposed
to 8°C for 4 d (Fig. 1), while the chill-induced decreases
in Fu/F, ETR, and ETR(;) were aggravated by inhibition
of the AOX pathway (Table 1), which indicated that
upregulation of the AOX pathway could protect against
chill-induced photoinhibition by optimizing photosynthetic
electron transport. Further analysis showed that chilling
treatment decreased the values of ETR;, and ETRy, by
39.3 and 28.3%, respectively, and that SHAM treatment
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caused a further decrease in ETR;, and ETR, by 13.5
and 9.7%, respectively (Table 1). These results indicated
that the response of electron transport in PSII was more
sensitive than electron transport in PSI to chilling stress
and that the AOX pathway played an important role in
maintaining electron transport, especially in PSII.

Chilling-sensitive plants exhibit marked physiological
dysfunction when exposed to nonfreezing temperatures
below approximately 10 to 12°C (Lyons 1973). As the
primary targets for chilling stress, the susceptibility of
PSII and PSI to chilling depends on plant species and
stressful conditions (Sonoike 1996, Bertamini et al. 2005,
Li and Zhang 2016). Sonoike (1996) commented
that the relative quantum yield of PSII is decreased
at chilling temperatures and that the dependence on
temperature is almost linear, without a specific threshold
temperature; however, weak illumination [approximately
100 pmol(photon) m? s!] is essential for the selective
photoinhibition of PSI in chilling-sensitive plants at
chilling temperatures. Huang et al. (2010) also reported
that PSII is more sensitive to chilling temperatures
under moderate light than PSI in tropical trees and that
the photoinhibition of PSII and closure of PSII reaction
centres can serve to protect PSI. In this study, the relative
fluorescence intensity at point P of the OJIP curve
decreased significantly (Fig. 3), and F,/F,, and Plugs
declined by 13.0 and 86.4% (Table 2), respectively, in
chilled tomato seedlings, which indicated that chilling
led to a decrease in the photochemical activity of PSII.
P can be used to estimate PSI activity (Takagi et al.
2017). Chilling decreased P., by 18.9%, but there was
no statistically significant difference (p<0.05) between
the normal temperature and the chilling treatments
(Fig. 2). This result suggested that chilling also affected
PSI, but the heterogeneity of PSI was greater than that of
PSII in chilled tomato seedlings. However, we observed
that SHAM treatment exacerbated the decline in F./F,,
and Plags but had no effect on P, (Tables 1, 2; Fig. 2),
indicating that the protective role of the AOX pathway on
PSII was more important than that of PSI.

The photons absorbed by PSII are converted into
chemically fixed energy by photochemical charge
separation at PSII reaction centres (Kramer ef al. 2004).
Y is an estimate of the fraction of photons utilized
by PSII photochemistry, and qp is an estimate of the
proportion of oxidized PSII centres (Maxwell and Johnson
2000). In this study, chilling decreased Y, and qp by 39.3
and 18.0%, respectively (Table 1), which suggested that
chilling decreased the utilization of absorbed light energy
in chloroplasts by the closure of PSII. The decrease in
RC/CS under chilling stress (Table 2) further indicated
that chilling led to the inactivation of PSII reaction centres
and decreased the density of active PSII reaction centres
(Zhang et al. 2020). We observed that the inhibition of
AOX pathway activity caused significant decreases in
Y, qp, and RC/CS in tomato seedlings under both normal
temperature and chilling conditions (Tables 1, 2). These
results indicated that the AOX pathway is important to
maintain the open state of PSII, which could contribute to
protection against chill-induced photoinhibition.
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OJIP transients reflect the structural stability of PSII,
as they provide complete insight into energy fluxes
between different components of PSII (Akhter et al.
2021). Chilling changed the shape of the OJIP curves,
especially decreasing the I and P steps (Fig. 3), indicating
a disturbance in structural stability at various points of
PSII. SHAM treatment aggravated the depression at the
J, 1, and P steps, which suggested that the AOX pathway
played an important role in the structural stability of PSII
under chilling stress. However, the K peak in the OJIP
curves and Wy did not change under chilling conditions
with/without SHAM treatment (Fig. 3, Table 2), which
indicated that the OEC on the donor side of PSII was not
affected by chilling and the AOX pathway. Damage to
OEC is always associated with the appearance of a K peak
in the OJIP curves and an increase in Wy (Strasser et al.
1995, Dabrowski et al. 2019). ¢g, refers to the quantum
yield of PSII electron transport (Chen et al. 2014), and
Oro reflects the quantum yield for the reduction of the end
electron acceptors at the PSI acceptor side (Guo et al.
2020). In this study, chilling significantly decreased ¢, by
51.4% but resulted in a nonsignificant decrease of 8.7%
in Qgr, (Table 2). These results reflected that the chill-
induced inhibition of electron transfer on the PSII acceptor
side was more serious than that on the PSI acceptor side.
Compared to chilling stress, SHAM treatment aggravated
the decrease in @, and @r, by 51.4 and 59.0%, respectively,
indicating that the AOX pathway played an important role
in maintaining the stability of the entire photosynthetic
electron transport chain.

Thermal energy dissipation and CEF-PSI are the
major photoprotective mechanisms to protect the photo-
synthetic apparatus in chloroplasts (Lei ef al. 2014). The
ETR/ETRy ratio is an estimate of CEF-PSI activation,
and ETR, is larger than ETR, if CEF-PSI is functioning
(Yamori et al. 2011). In the present study, chilling induced
increases in NPQ and ETR/ETRy, of 53.2 and 17.9%,
respectively (Table 1). These results showed that chilling
induced the enhancement of thermal energy dissipation
and CEF-PSI in tomato seedlings and that thermal energy
dissipation played a major role in the photoprotection of
chill-induced photoinhibition. We also observed that Y weq)
strongly increased in tomato seedlings under chilling
stress (Table 1). A high Yo indicates that plants have
retained the physiological means to protect themselves by
regulating energy dissipation, such as the dissipation of
excessive excitation energy into harmless heat. However,
a decrease in NPQ was observed in tomato seedlings
under chilling conditions with SHAM treatment. We
speculated that the decreases were due to photodamage
of the photosynthetic apparatus by excessive excitation
energy in PSIIL. In a previous study, we also observed the
same phenomenon in cucumber treated by chilling with
high light (Hu et al. 2017). Furthermore, we observed that
inhibition of the AOX pathway induced a nonsignificant
decrease of 11.4% in ETR/ETRq, of tomato seedlings
under chilling stress, implying that the decrease in AOX
pathway activity could be compensated by an increase in
CEF-PSI. It is well known that CEF-PSI is essential for
protecting PSII against excess excitation pressure and

that the stability of PSI is essential for the stimulation of
CEF-PSI (Lei et al. 2014).

In conclusion, chilling stress inhibited photosynthetic
electron transport and the response of electron transport
in PSII was more sensitive than that in PSI. Chilling stress
led to the inactivation of PSII reaction centres and blocked
electron transport at the PSII acceptor side but did not
affect OEC on the donor side of PSII. Chilling induced
the enhancement of thermal energy dissipation and
CEF-PSI, and thermal energy dissipation played a major
role in photoprotection of chill-induced photoinhibition.
Chilling induced upregulation of the AOX pathway,
which plays an important role in protection against chill-
induced photoinhibition. The protective role was due to
improving the function of PSII and the stability of the
entire photosynthetic electron transport chain. Moreover,
the protective role of the AOX pathway on PSII was more
important than that on PSI. However, inhibition of the
AOX pathway could be compensated for by increasing
CEF-PSI activity under chilling stress.
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