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Abstract

Key message Glycinebetaine alleviates chilling stress by protecting photosystems I and II in BADH-transgenic and
GB-treated tomato plants, which can be an effective strategy for improving crop chilling tolerance.

Abstract Tomato (Solanum lycopersicum) is one of the most cultivated vegetables in the world, but is highly susceptible
to chilling stress and does not naturally accumulate glycinebetaine (GB), one of the most effective stress protectants. The
protective mechanisms of GB on photosystem I (PSI) and photosystem II (PSII) against chilling stress, however, remain
poorly understood. Here, we address this problem through exogenous GB application and generation of transgenic tomatoes
(Moneymaker) with a gene encoding betaine aldehyde dehydrogenase (BADH), which is the key enzyme in the synthesis
of GB, from spinach. Our results demonstrated that GB can protect chloroplast ultramicrostructure, alleviate PSII photoin-
hibition and maintain PSII stability under chilling stress. More importantly, GB increased the electron transfer between Q ,
and Qg and the redox potential of Qg and maintained a high rate of cyclic electron flow around PSI, contributing to reduced
production of reactive oxygen species, thereby mitigating PSI photodamage under chilling stress. Our results highlight the
novel roles of GB in enhancing chilling tolerance via the protection of PSI and PSII in BADH transgenic and GB-treated
tomato plants under chilling stress. Thus, introducing GB-biosynthetic pathway into tomato and exogenous GB application
are effective strategies for improving chilling tolerance.

Keywords Glycinebetaine - Photosynthesis - Photosystem I - Photosystem II - Cyclic electron transport - Chilling stress -

Tomato

Introduction

Being a sessile organism, plants are frequently exposed to
abiotic stresses, such as low and high temperature, drought,
flooding, submergence, high light intensities and ultraviolet
radiation during their lifetimes (Zhu 2016; Gong et al. 2020).
The osmoprotection system is one of the most important
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mechanism to survive various abiotic stresses in plants,
which uses various low-molecular weight compounds called
“compatible solutes” to alleviate the negative effect of abi-
otic stresses (Chen and Murata 2002, 2008, 2011). At pre-
sent, numerous recent studies have investigated glycinebe-
taine (GB) as one of the most effective compatible solutes
to increase plant tolerance against various types of environ-
mental stresses (Zhang et al. 2020, 2021; Li et al. 2021a).
Chilling stress is one of the most serious abiotic stresses
that limits the growth and development of plants and leads
to negative effects on crop production and product qual-
ity (Ding et al. 2020; Gong et al. 2020; Zeng et al. 2021).
As a nontoxic osmoprotectant, either the genetically engi-
neered biosynthesis of GB or exogenous GB application can
enhance chilling resistance (Park et al. 2006; Ming et al.
2021). Park et al. (2004, 2006) reported that exogenous
GB application significantly increases chilling tolerance in
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tomato seedlings, and this tolerance may be involved in the
H,0,-mediated antioxidant mechanisms in tomato plants.
Likewise, in hybrid maize, seed treatments with GB can
improve chilling tolerance by maintaining higher antioxi-
dant activities and tissue water content, as well as reduc-
ing membrane electrolyte leakage (Farooq et al. 2008).
Furthermore, the introduction of genes related to the GB
biosynthetic pathway into non-GB synthesizing vegetables
and crops, such as tomato (Park et al. 2004), has the potential
to enhance the tolerance against various stress conditions,
including low temperature (Chen and Murata 2011).

Oxygenic photosynthesis is the main process that drives
life on earth. It starts with the harvesting of solar photons
that, after transformation into electronic excitations, lead to
charge separation in the reaction centers of photosystems
I and IT (PSI and PSII) (Croce and van Amerongen 2020).
PSII is considered as a main part for photoinhibition when
affected by abiotic stress (Nishiyama and Murata 2014;
Huang et al. 2020), which always leads to an overreduction
of electron transport chain (ETC) and causes photooxidation
(Roach and Krieger-Liszkay 2014; Sasi et al. 2018). Unlike
PSII, PSI is not frequently damaged. However, once PSI is
damaged, the recovery of photoinhibited PSI is very slow,
and it has been reported in chilling-sensitive plants, such
as tomatoes (Wang et al. 2018, 2020). Recent studies have
shown that linear electron flow between PSII and PSI can
be coordinated via the modulation of cyclic electron flow
(CEF) under abiotic stresses (Yamori and Shikanai 2016;
Huang et al. 2018; Wang et al. 2020), suggesting that CEF
may play an important role in mitigating the photoinhibition
of PSI under chilling stress.

As a low-molecular weight compound, GB can accumu-
late in the photosynthetic machinery, chloroplasts and plas-
tids, at a high level during abiotic stresses (Chen and Murata
2011; Wei et al. 2017). Moreover, GB may protect photosyn-
thetic machinery via stabilizing PSII complexes under salt
and heat stress (Yang et al. 2005, 2007, 2008), as well as the
resultant accelerated repair of photodamaged PSII, thereby
contributing to maintaining photosynthesis activity (Murata
et al. 2007; Li et al. 2021b).

GB plays an important role in enhanced chilling toler-
ance in plants under low-temperature stress (Park et al. 2004;
2006). Nevertheless, the roles of GB in the photoprotection
of PSI and PSII during chilling stress remain poorly under-
stood. In our study, we used BADH transgenic tomato plants
and wild-type (WT, Moneymaker) tomato plants applied
with 5 mM GB to investigate the novel roles of GB in alle-
viating chilling-induced photoinhibition by (1) maintaining
electron transformation between Q, to Qg, (2) increasing
PSII complex stability, (3) increasing the rate of CEF around
PSI and antioxidant enzymes, (4) increasing ATP content,
and (5) accelerating D1 protein repairment; thereby, improv-
ing photosynthesis and enhancing chilling tolerance of PSI
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and PSII in GB-accumulated tomato plants under chilling
stress.

Materials and methods
Plant growth conditions and stress treatment

Tomato plants (Solanum lycopersicum Moneymaker), WT
and the BADH transgenic lines (line 10, line 28) (T4) were
used in the experiments (Li et al. 2014). The tomato plants
were grown under normal conditions at 25 °C/23 °C (day/
night temperature), 400 pmol photons m~2 s~! photosyn-
thetic photon flux density (PPFD), 75-80% relative humid-
ity, and a photoperiod of 16/8 h (light/dark) in a greenhouse.
After 5 weeks of growth, tomato seedlings were used for
various experiments.

The WT plants were separated into two groups (WT and
5 mM GB-treated WT plants) each contained five plants and
with three independent replicates. GB treatment was con-
ducted according to Park et al. (2006), wherein 5 mM GB
(WT + GB) was foliar applied to WT plants, and control
plants were sprayed with water only. Tween-20 [0.005%
(v/v)] was included as a wetting agent in all exogenous treat-
ments and the GB-spraying treatment time is 3 days. After
which, WT, transgenic lines (line 10, line 28) and WT + GB
plants were transferred to 4 °C for 5 days in a cold growth
chamber in the light (100 pmol photons m~2 s!). Next, they
were transferred to a normal growth temperature condition
and a PPFD of 400 pmol photons m~ s~! and allowed to
recover for 5 days. The third leaf from the bottom of the
seedlings was used for the measurement of CO, assimilation,
chlorophyll fluorescence, and other measurements.

Extraction and content determination of GB

GB was collected and detected as the method of Rhodes
et al. (1989). Leaf samples (0.5 g) from BADH transgenic
lines, WT and GB-treated WT tomatoes (WT + GB) were
used in this experiment. The GB in the preliminarily tomato
leaf extractions was analyzed by means of high-performance
liquid chromatography (HPLC). Three biological replicates
were used in each genotype.

Measurement of chlorophyll content

Eight fresh round leaves, obtained from each treatment, were
mixed with 10 mL 95% ethanol. They were stored in the dark
for 48 h for full extraction and then centrifuged at 3500g
for 10 min. The absorbance of supernatant was determined
at 663 nm and 646 nm with a UV/visible spectrophotom-
eter (UV-2550, Shimadzu, Kyoto, Japan). Chlorophyll con-
tents were determined as the method of Lichtenthaler and
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Wellburn (1983). Three biological replicates were used in
each genotype.

Chlorophyll a (C,) = 12.21 X Dgg3 — 2.81 X Digyq,
Chlorophyll b (C,) = 20.13 X Dgg — 5.03 X D3,

Total chlorophyll (Cr) = C, + C, = 17.32 X Dgy6 + 7.18 X Dgg3.

Transmission electron microscopy (TEM)

After 5 days of control and chilling treatment, WT and trans-
genic tomato leaves were bladed in 4% glutaraldehyde (Elec-
tron Microscopy Sciences, Fort Washington, PA) for 24 h,
fixed with 1% osmic acid for 4 h, and then dehydrated. They
were embedded using Epon812, sliced by the LKB ultrathin
slicer, stained with lead citrate and uranium dioxide acetate,
and observed using a Jem-1400 electron microscope set at
80 kV. Images were captured with a CCD Camera (Philips
Electronics, Eindhoven, The Netherlands).

Measurement of gas exchange in tomatoes

The gas exchange parameters of the third leaf from the bot-
tom of the seedlings were detected by the CRIAS-2 Photo-
synthesis Measurements System (PP Systems International,
Inc., Amesbury, MA, USA). They were separately measured
at their saturated light intensity. Leaf temperature was 25 °C.
Relative air humidity, ambient CO, concentration, and the
determination of intensity were 85%, 380 pmol mol™!, and a
PPFD of 400 pmol m~2 s~!, respectively. Each measurement
consists of three biological replicates.

Detection of the chlorophyll fluorescence

Chlorophyll fluorescence parameters were measured by
FMS-2 (Hansatech Instruments Limited, Norfolk, UK) based
on the following protocol. Modulated light (approximately
10 pmol m~2 s~!) was used to determine the minimal fluo-
rescence (F,) with all reaction centers open. And then, 0.3 s
saturating light of 8000 pmol m~2 s~! on a dark-adapted leaf
(placed in the dark for 25 min) was utilized to determine the
maximal fluorescence (F,), which means all reaction cent-
ers were closed. The leaves were then light-adapted at con-
secutive light of 100 pmol m~2 s~! and steady-state fluores-
cence (F) was read after 2 min illumination. The maximum
fluorescence in the light-adapted state (F,,,") was obtained
after using an 0.8 s saturating light of 8000 pmol m=2 s~!.
Tomato leaves were illuminated using a 3 s far-red light
after the actinic light was turned off and then the minimum
fluorescence in the light-adapted state (F,") was measured.

Maximal photochemical efficiency (F,/F,,) of PSII, pho-
tochemical quenching (gp) and other parameters were cal-
culated as follows: F./F = (F ,—Fo)/F,; gp=(F, —F,)/
(F,,'—Fo"); @pg=F,,'—F,)F,'s ETR = @pg; X PPFD X 0
5%0.84; NPQ=F,_/F '—1.

To study the effect of GB on D1 protein repair, isolated
function leaves were treated with or without 3 mM strep-
tomycin sulfate (SM) at a PPED of 100 pmol m~2 s™! for
9 h, and F,/F,, was determined using the above protocol
before and after chilling treatment. Besides, diuron (DCMU)
was used in this experiment and F,/F,, was detected as the
above methods. Each measurement consists of three biologi-
cal replicates.

JIP test

To study the function of GB on linear electron transport
chains, the chlorophyll a fluorescence transient (OJIP)
curves were checked with a fluorometer Handy PEA
(Hansatech Instruments Limited, Norfolk, UK) at normal
temperature (25 °C). Chlorophyll fluorescence was meas-
ured on the third leaf from bottom of tomato seedlings.
After adapted for 25 min, all parameters were detected. The
experiments were completed on five plants from each repeat.

JIP test was analyzed using basic parameters calculated
by chlorophyll a fluorescence transient data. Phenomeno-
logical fluxes on the level of the excited leaf cross-section
(CS) [absorption (ABS/CS,,), trapping (TR /CS,,), dissipa-
tion (DI /CS,,), and electron transport (ET,/SCm)] were cal-
culated. The exciton efficiency of electron transport beyond
Q, was ¥ =ET /TR, =1-V; (relative variable fluorescence
at the J-step). These data were analyzed by Biolyzer 3.06
software. The detailed expression and terms applied in the
JIP test for analysis of the chlorophyll fluorescence param-
eters are given in Table S2.

Measurements of 820 nm transmission

The Modulated Reflectance (MR) signal detected at 820 nm
was conducted with M-PEA (Hansatech, UK) using the
method described by Salvatori et al. (2014). It provided
information regarding oxidation in PSI (including PC and
P700). MRo indicated the initial MR. After dark-adapted for
25 min, all samples were measured. The induction dynamics
curve of MRy, of tomato leaves was obtained by saturating
red light, which showed a rapid oxidation phase and a reduc-
tion phase. The capability of P700 for oxidation was used
to reflect the activity of PSI and it could be measured by the
initial slope of oxidation phase of MR (Strasser et al. 2010).

There were two independent experiments for the meas-
urement of the rate of CEF. First, whole tomato plants were
exposed to 4 °C at a PPFD of 100 pmol m~2 s~ chilling
condition for 5 days and then recovered for another 5 days.
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Second, isolated function leaves were treated with or with-
out 0.02 mM iodoacetamide (IAM) subjected to chilling at
a PPFD of 100 pmol m~2 s~! for 9 h, and then MR was
measured. Dark-adapted tomato leaves were irradiated with
far-red light (200 pmol m~2 s~!). Dark reduction rates of
P700" were determined by switching off the far-red light
after a 100 s irradiation. The decay signal was detected with
a time of 12 s until the steady P700 photooxidation was got.
The initial rate of P700" re-reduction (0-0.3 s) was calcu-
lated as the rate of CEF (Wang et al. 2006). Three biological
replicates were used in each genotype.

Determinations of H,0, and 0, levels,
and antioxidant enzymes activities

The production rate of the superoxide anion (O, ™) was esti-
mated as described by Elstner and Heupel (1976). Levels of
H,0, were tested as the method of Alia et al. (1999).

Ascorbate peroxidase (APX) and catalase (CAT) activi-
ties were estimated as described by Bartoli et al. (1999).
Superoxide dismutase (SOD) activity was determined fol-
lowing the method described by Giannopotitis and Ries
(1977). Peroxidase (POD) activity was measured accord-
ing to the method of Maehly and Chance (2006), with one
unit defined as an absorbance change of 0.1 units min~!
at 470 nm. Enzyme activity assays were performed with
a UV-visible spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan). Five biological replicates were used in each
genotype.

Thylakoid membrane preparation

The leaves of WT and L28 lines were taken in this experi-
ment after low temperature (4 °C) treatment for 24 h. Thy-
lakoid membranes were extracted as the method of Zhang
et al. (1999). Tomato leaves were grinded in an ice-cold
extraction buffer solution (50 mM HEPES pH 7.8, 400 mM
sucrose, 10 mM NaCl, 2 mM EDTA, and 2 mM MgCl,) on
crushed ice and transferred to a new centrifuge tube. The
mixture was centrifuged at 4200g for 5 min. The sediments
were then washed with extraction buffer and centrifuged
again. Thylakoid membrane pellets were suspended in iso-
lation buffer and they were used fresh. The samples were
from three independent plants for each genotype.

Detection of chlorophyll protein complexes by Blue
Native PAGE (BN-PAGE)

BN-PAGE was performed according to standard methods
(Schigger and von Jagow 1991). The thylakoid membranes
were washed in an ice-cold isolution buffer (300 mM sorbitol,
5 mM MgCl,, 20 mM HEPES-KOH and 2.5 mM EDTA, pH
7.0), and moved to a new ice-cold resuspension buffer (5 mM
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MgCl,, 2.5 mM EDTA and 20 mM HEPES-KOH, pH 7.0).
And then, the same amounts of sample solubilization buffer
containing 2% (w/v) DM was added to the thylakoid suspen-
sion. After incubated at 4 °C for 10 min, insoluble material
was centrifuged at 20,000g for 10 min. The supernatant was
combined with one-tenth volume of BN sample buffer [5%
Serva blue G, 200 mM BisTris—HCI, pH 7.0, 1 M 6-amino-
n-caproic acid, and 40% (w/v) glycerol]. After recentrifuged
for 5 min, the supernatants were applied to 6 to 12% acryla-
mide gradient gels in a Hoefer Mighty Small vertical electro-
phoresis unit put in a transparent freezer (4 °C). The samples
were from three independent plants for each genotype.

Total protein extraction and western blotting

The total protein was extracted from leaves of L28, WT +GB
and WT tomato plants under normal conditions (25 °C), chill-
ing stress (4 °C) for 5 days and recovery (25 °C) for 5 days.
Fresh tomato leaves were pulverized in a chilled mortar with
1 mL of protein-extraction buffer (100 mM Tris—HCI, 1 mM
EDTA-Na,, 1% PVP, 10 mM B-mercaptoethanol, 0.4 mol L!
sucrose, pH 7.5). The mixture was then centrifuged at 12,000 g
at4 °C for 15 min. The supernatant was gathered as total pro-
tein of leaves and the concentrations were quantified using
the dye-binding assay as the method described by Bradford
(1976). Loading of samples was combined with Coomassie
Brilliant Blue G-250 (BioRad) for staining of gels. All samples
were boiled in a boiling bath for 1 min. For immune blot-
ting, quantitative image analysis was conducted using a Tanon
Digital Gel Imaging Analysis System (Tanon-4100; Shanghai
Tanon Science & Technology Co, Ltd). Western blotting was
performed with D1 antibody for blot analysis. The samples
were from three independent plants for each genotype.

Statistical analyses

The data were preprocessed using Microsoft Excel 2010
(Microsoft, Redmond, WA), and SigmaPlot 12.5 (Systat
Software, Erkrath, Germany) was used to generate the fig-
ures. Among the data, SAS (version 8.1; SAS Institute, Cary,
NC) was used to determine the significant differences with an
analysis of variance followed by Student’s ¢ test at P <0.05
(*) or P<0.01 (**) among the WT, WT + GB, and BADH-
transgenic tomato plants. The mean values + standard error
(SE) of at least three replicates are presented.
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Results

Accumulation of GB, chlorophyll content,
and growth in BADH-transformed young tomato
seedlings

To investigate the beneficial physiological effect of GB on
the growth of tomato seedlings under chilling stress, we
measured the plant phenotype and fresh weight (Fig. 1).
Although the growth of all tomato plants was inhibited
after chilling stress, plants with applied GB and trans-
genic plants grew better than did WT plants (Fig. 1a, c).
As shown in Table S1, the GB levels of tomato leaves
in the BADH-transgenic lines (Lines 10 and 28) and WT
plants applied with 5 mM GB (WT + GB) ranged from
2.9 ymol g~! fresh weight to 6.7 pmol g~! fresh weight,
while GB was almost undetectable in leaves of WT plants.
Besides, the endogenous level of GB in chloroplasts of
BADH-transgenic plants was six to tenfold higher than in
WT + GB plants. All GB-accumulated plants recovered
and grew faster than WT plants after chilling stress treat-
ment for 5 days.

Line10

WT+GB Line28

a WT

Fig. 1 Growth analysis of tomato plants at room temperature (25 °C),
low temperature (4 °C), and recovery (25 °C) for 5 days. a Pheno-
type of the grown plants. b The content of total chlorophyll in tomato
seedlings. ¢ Fresh weight of tomato seedlings. Tomato plants growing
under normal conditions were exposed to low-temperature conditions

To understand the change in light absorption, we detected
the levels of chlorophyll (Chl). There were no obvious dif-
ferences observed among all lines in Chl contents under
normal conditions. However, under chilling stress, Chl con-
tent decreased in all seedlings, but Chl in BADH-transgenic
and GB-treated WT plants maintained higher levels com-
pared with that of the WT. Besides, when seedlings were
transferred to normal conditions for recovery, Chl content
continued to decrease sharply (Fig. 1b), but transgenic lines
and WT + GB plants still maintained a higher content of
chlorophyll.

Chloroplast structure and photosynthetic responses
to chilling in WT and transgenic lines

At room temperature (25 °C), chloroplasts in Line 28 and
the WT were arranged in a spindle shape adjacent to the
cell membrane along the cell wall, while chloroplasts and
starch grains of Line 28 were larger than those in the WT.
The chloroplast grana lamella of the two tomato lines were
arranged neatly and the cell membrane and chloroplast
envelope were intact. After 5 days of chilling treatment,
chloroplasts in the WT were vertically arranged with cell

b

- WT

= \V/T+GB

@ | ine10

= Line28
*k

Chlorophyll content (mgdm'z)
w

0d 5d R5d
80
70 = \WT .
= \VT+GB
60 4 = Line10 g
G === Line28
% 50 4
a— * %
Q 40 g
2 o
‘g 30 Ak
% 20
10
0 T
0d 5d R5d

for 5 days and then placed under normal conditions for another 5 days
for recovery. The values are means +standard error (SE) (n=3). **
and * indicate that the differences between various strains were sig-
nificant at 0.01 and 0.05, respectively
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walls, whereas chloroplasts in Line 28 were not (Fig. S1).
This arrangement helped to reduce the absorption of light
energy by the WT. Furthermore, most of the grana lamella
of the WT chloroplasts were destroyed, whereas only part
of the grana lamella of Line 28 chloroplasts was destroyed
under chilling stress. It was obvious that GB in vivo could
protect the grana structure of chloroplasts and conferred
strong chilling tolerance for tomato plants.

For further evaluation of the differences in pho-
tosynthesis among the WT, BADH-transgenic, and
WT + GB tomato seedlings in response to chilling stress,
CO,-exchange parameters were measured. Under normal
temperature conditions, there were no significant differ-
ences among the WT, WT + GB, and BADH-transgenic
tomato seedlings in any parameters (Fig. 2). However, dur-
ing the following 5 days chilling period, although photo-
synthetic rate (P,) declined in the WT, transgenic lines,
and WT + GB, a much faster rate of decline was exhibited
by the former (Fig. 2). When the plants were exposed to
normal conditions for recovery, P, of all plants increased
again, and P, of transgenic lines and WT + GB increased
more quickly than did that of the WT seedlings. Similar
changes were also observed in the stomatal conductance
(Gy) and the transpiration rate (7). Chilling caused evi-
dent increases in intercellular CO, concentration (C;) in

all plants, but the Ci in WT was much higher than that in
the BADH-transgenic lines and WT + GB plants.

GB biosynthesis alleviated PSII photoinhibition
induced by chilling stress

To investigate the effect of GB on PSII photoinhibition,
maximal photochemical efficiency (F/F,,), electron trans-
port rate (ETR) and photochemical quenching (gp) were
determined. Under normal conditions, F,/F,,, gp, and ETR
showed no significant difference among the all tomato
plants. However, under chilling stress, although the values of
F./F,, gp, and ETR decreased in all types of tomato leaves,
they decreased much more sharply in the WT plants than in
the other lines when exposed to chilling stress. After 5 days
for recovery, F/F,, qp, and ETR of BADH transgenic and
GB-treated WT plants recovered more rapidly than did that
of the WT plants (Fig. 3a—c).

Moreover, (1 —gp)/NPQ represents the excess excitation
energy of the PSII reaction center, then (1 — ¢gp)/NPQ and
the relationship between F,/F,, and 1 —gp (PSII excitation
pressure) were analyzed. After chilling stress, (1 — gp)/NPQ
gradually increased, and (1 — gp)/NPQ of transgenic lines
(line 10, line 28) increased slightly, whereas that of the WT
increased substantially (Fig. 3d). Plants exposed to low

16 250
14 A s \WT

£ = WT+GB r 200

QL 12 @ Line10 =
f= 10 | == Line28 i
~ L 150 g
8 s o S
c;O) % & **** L 100 E
g 6 1 * * é
= [2]
& 4 7 **** L 50 (D
*
N i[“ il
0 0

350 l 3.0
—~ 300 - —
s 250 * g % - 2.5 o

- o~

e *x L20 €
S 200 4 % 7o
= *k F15 E
2 150 A £
S 100 | * 10 =

50 - 0.5

0 0.0

Control  Chilling Recovery

Fig.2 Changes of Pn (a), Gs (b), Ci (c), and Tr (d) in tomato leaves
of the WT, BADH-transgenic tomatoes, and WT + GB plants. Seed-
lings grown at 25 °C were transferred to 4 °C in chambers for 5 days
and then they were exposed to 25 °C for recovery for approximately
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5 days. The values are means +SE (n=3). * and ** indicate that the
differences between various strains are significant at 0.05 and 0.01,
respectively
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Fig.3 Changes in F/F,, ETR, ¢p, and (1—gp)/NPQ in WT,
WT+GB, and BADH-transgenic tomato seedlings under chilling
stress. @ The maximum quantum yield of PSII, F\/F,. b Electron
transport rate, ETR. ¢ The ratio of open reaction centers, gp. d Excita-
tion energy, (1 —gp)/NPQ. Tomato plants were transferred to 4 °C in
an incubator for 5 days and then placed into normal conditions for

temperatures may induce high excitation pressure, which
results in an energy imbalance. As shown in Fig. 3e, the
values of PSII excitation pressure (1 — gp) increased with the
decrease of F,/F,,, there were no significant differences in
those slops of transgenic leaves. However, with the increase
of 1 —gp and F,/F,, of the WT declined much more sharply
than did that of transgenic lines and GB-treated plants. These
results demonstrated that the lower PSII photoinhibition in

5 days of recovery. e Relationships between PSII excitation pressure
(1-gp) and F/F,, in tomato leaves. Tomato plants were growing
at normal temperature (25 °C), then exposed to 4 °C in an incuba-
tor for 5 days. f Changes of F/F, in isolated function leaves of WT,
WT+GB, and BADH-transgenic plants under chilling and SM treat-
ment for 9 h. The values are means + SE (n=3)

transgenic lines and GB-treated plants are likely associated
with the lower PSII excitation pressure.

Furthermore, as shown in Figure S2, we also used diu-
ron (DCMU) to block the electron transporting from Q, to
Qg in the thylakoid membrane. F,/F,, in all tomato leaves
was declined under chilling stress and DCMU treatment.
F/F,, of GB accumulated lines was much higher than that
of WT plants. It means that in addition electron transport,
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the protection mechanism of GB on PSII may be associated
with other pathways.

To confirm whether the protective effect of GB on PSII
may be related to the de novo synthesis of the D1 protein,
we used streptomycin sulfate (SM), an inhibitor of the
de novo synthesis of the D1 protein, treatment on tomato
plants. Compared with WT, F/F,, maintained higher lev-
els in WT + GB and Line 28. After chilling treatment for
9 h, F,/F,, decreased by approximately 35.7%, 24.8%, and
24.1%, respectively, in WT, WT + GB, and Line 28, com-
pared to that of the control (Fig. 3f). With SM treatment,
F/F, decreased by approximately 47.9% in the three tomato
lines compared to that of the control. Furthermore, F/F,, of
the lines with SM treatment was lower than that without SM
treatment (Fig. 3f). Thus, the protective effect of GB on PSII
may be dependent on the de novo synthesis of D1 protein.

OJIP curve, JIP test parameters, and energy
distribution models

As shown in Fig. 4a, chlorophyll fluorescence curves from
all treatments displayed typical chlorophyll fluorescence
transient (OJIP) transients when plotted on a logarith-
mic time scale. No evident changes in OJIP curves were
observed in all lines under normal conditions. However,

the fluorescence rise slowed and reached a much lower “P”
level in lines suffered from chilling stress for 5 days and
that of the WT decreased more significantly.

A “spider plot” showed the values of most parameters
characterizing PSII function. In the “spider plot” diagram,
pronounced changes were observed in many of the esti-
mated parameters in the lines after 5 days chilling treat-
ment compared to normal growth plants (Fig. 4b). The
values of several parameters: ¢, (quantum yield for elec-
tron transport), ¢p, (the maximum yield of primary pho-
tochemistry of PSII), ¥, (the exciton efficiency of electron
transport beyond Q, "), and PI g (the performance index)
decreased in all tomato plants after chilling treatment,
whereas these parameters in transgenic lines and WT + GB
were higher than those in the WT plants. Furthermore, the
fraction of the primary quinine electron acceptor of PSII,
V,, increased in the WT, transgenic lines, and WT + GB
at a much slower rate for the former under chilling stress.
Interestingly, the values of S|, (multiple turnovers of Q,
reduction events) and N (the number of Q, redox turnover
before F,, is reached) in transgenic lines and WT + GB
increased when plants were exposed to low temperature,
whereas that of the WT decreased when suffering from
chilling stress. These data indicated that GB-accumulated
in vivo and in vitro alleviated the decline of efficiency of

chilling

c control

2> 4000 > 2200
= = F=m
% | & m»ﬁa % .l % m«’;s ‘/
2 3000{ ° g00{ °
= * Line1o €' v Line0 ok
© 201+ Line2s @ 991 v Line2s
2 2000 2 1400
3 1500 8 1200 | /_/-
0 %]
Q 1000 &) 1000 { .
O s v control O g0 chilling
3 2 Ve
i ! i
0.0000010.000010.0001 0.001 001 0.1 1 10 0.0000010.000010.0001 0.001 0.01 0.1 1 10
Time (s) Time (s)
b (PPo
Vi
Peo el
\ ‘/
\{b m‘w‘m‘a{‘,ot‘zw’m’s MO
12X 251 WT
Z 35 \Wrsan
- +
Sm I  Ftwrc
25'C Line10
4C Line10
N 25C Line28
4°C Line28
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der diagram” of selected fluorescence parameters characterizing PSII
behavior of tomato leaves exposed to 5 days of chilling stress (for the
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Nomenclature). All the values are shown as percent of control (con-
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Line10

Line28

trol plants=5). ¢ The phenomenological leaf model is used to com-
pare the differences among the control, chilling stress and recovery.
Each arrow thickness represents the values of electron transport flux
(ET,/CSm), absorbance (ABS/CSm), heat dissipation of excess light
(DI/CS,,)) and trapping energy flux (TR /CS,)); all expressed per leaf
CS. In leaf models, the open circles and closed circles represent the
active and inactive RCs, respectively
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electrons into the electron transport chain (ETC) under
chilling stress.

In order to directly visualize and more insight into the
changes in photosynthetic apparatus caused by chilling
stress, energy pipeline models of phenomenological fluxes
per excited CS (CS,,) after chilling stress treatment for
5 days in the tomato leaves were constructed (Fig. 4c). The
fraction of inactive reaction centers was represented by the
black points. WT plants had a much lower ET_/CS,, (elec-
tron transport flux per CS) than normal growth plants and
the number of nonactive reaction centers increased when
plants were treated with chilling stress for 5 days. Moreo-
ver, the chilling-stressed transgenic lines had much higher
DI /CS,, (dissipation per CS) than did the normal growth
plants. TRo/CS,, (maximum trapping flux beyond Q, per
CS) displayed a similar tendency as ET./CS,, (Fig. 4c).

o

=y
N

3.0
X 25
(=]
=
S 201
©
o)
x 4
g 1.5 T
o —e— WT+GB
& 10 —v— Line10
v Line28
0.5 : . : : : ;
0 2 4 6 8 10
C Time of treatment and recovery (d)
0.020
3
> 0.015 1
(=
(=]
G 0.010 -
=}
o
o
& 0005{ ¢ WT
= —o— WT+AM
o —v— WT+GB
2 0000 | —+— WT+GB+AM
o & Line28
—0— Line28+IAM

0 3 6

Treatment time (h)

Fig.5 Analysis of P700 by 820 nm transmission and ATP content.
a In a fully expanded leaf of the WT and BADH-transgenic lines,
the rate of P700 oxidation of kinetics of modulated 820 nm reflec-
tion was detected by M-PEA when tomato plants were treated at 4 °C
for 5 days and 25 °C for recovery over the next 5 days. b Changes
in the initial rates (0-0.3 s) of P700" re-reduction following far-red
light in tomato leaves transferred to 4 °C for 5 days, subsequently at

12

P700 oxidoreduction and the rate of CEF
under chilling stress

To further characterize PSI electron transport capacity and
CEF around PSI under chilling stress, we performed 820 nm
absorbance measurements on leaves of tomato plants.
According to the maximal slopes of P700 absorption change
kinetics curve, we can calculate the P700 oxidation and the
following re-reduction rates (Fig. 5a). The photooxidation
effect of illumination on P700 is usually used as an impor-
tant indicator of PSI electron transport capacity. P700 oxi-
dation rate (V,,) decreased following chilling treatment and
it dropped more severely in the WT tomato plants than in
BADH-transgenic and WT + GB tomato plants. After 5 days
of recovery at 25 °C, the P700 oxidation rate continued to
decrease and the decline was more serious in WT seedlings
(Fig. 5a), indicating a higher PSI electron transport capac-
ity in BADH-transgenic and WT 4 GB plants. When tomato
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rates (0-0.3 s) of P700" re-reduction following far-red light in iso-
lated tomato leaves with and without 0.02 mM iodoacetamide (IAM)
for 9 h under chilling stress in the WT, WT+GB, and Line 28. d
Changes of ATP content after chilling stress for 9 h in tomato leaves.
The values are means + SE (n=3)
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plants were exposed to 4 °C chilling treatment, we observed
that the P700* re-reduction rate was more greatly affected
than that of P700 oxidation.

The dark re-reduction of P700" could reflect the rate
of cyclic electron transport (CET) around PSI. The dark
re-reduction of P700% decreased during chilling stress
(Fig. 5b), which was revealed when the rate of CET around
PSI was suppressed by the chilling treatment. However, the
CET rate was higher in BADH-transgenic lines than that of
the WT plants. During the recovery process, the rate of CET
around PSI in transgenic line leaves increased faster than did
that in the leaves of the WT.

To understand the response of CEF on chilling without
electron receptors in the Calvin cycle, we used iodoaceta-
mide (IAM), an inhibitor of blocking the Calvin cycle. With
the presence of IAM, the rate of CET in leaves was lower
than that of plants without IAM at first. When isolated
tomato leaves were placed in low-temperature conditions,
the rate of CET was stimulated at first in transgenic plants
Line 28 and WT + GB, then decreased during 9 h of chilling
treatment. However, the rate of CET in the WT plants con-
tinually decreased until reaching a low level at 9 h (Fig. 5¢).
The results showed that the CET was strengthened after the
Calvin cycle was inhibited in GB-accumulated plants, and
this aided in consuming extra electrons from the photosys-
tems under chilling stress.

Under normal conditions, the content of ATP in GB-
accumulated and control plants was approximately the same
(Fig. 5d). ATP content decreased after chilling stress for
9 h in all tomato plants but it was significantly lower in the
WT plants, indicating that GB alleviated ATP consumption
under chilling stress.

Changes of PSIl and PSI protein contents
under chilling stress

The total protein was extracted from the fully extended
tomato leaves exposed to 4 °C and low irradiance for 5 days.
The protein gel blot analysis showed no significant variation
in the D1 levels among WT, WT + GB, and transgenic lines
under control conditions (Fig. 6a). Although the levels of D1
protein in all genotypes decreased markedly, the decline in
the WT was more serious than that in the BADH-transgenic
lines after chilling stress.

The activity of PSII and the levels of D1 protein were
affected by chilling stress (Figs. 3a, 6a). Therefore, we next
performed a BN-PAGE analysis to test the contents of PSII
protein complexes and other photosynthetic membrane pro-
tein in WT and Line 28. Five major bounds labeled I-V
were resolved, apparently representing PSII-LHCII super
complexes (band I), monomeric PSI, dimeric PSII (band II),
monomeric PSII (band III), CP43-free PSII (band IV), trim-
eric LHCII/PSII reaction center (band V), and unassembled

@ Springer

proteins (band VI). Few differences were apparent in the
BN gel, except the amount of PSII-LHCII super complexes
(band I), which was slightly more in Line 28 than in the WT
plants after chilling for 5 days. The amount of PSII-LHCII
super complexes (band I), monomeric PSI, and dimeric PSII
(band II) of the two lines decreased more significantly in the
WT than in Line 28 (Fig. 6b, c¢). Our results demonstrated
that GB was able to maintain the thylakoid protein complex
stability, thereby increasing chilling tolerance.

GB alleviated the oxidative stress induced
by chilling stress

When the balance of electrons from PSII to PSI was broken,
electrons were transferred to O, and then ROS were pro-
duced. In turn, ROS attacked plasma membranes and pro-
teins in the photosystem. In our study, we detected levels of
H,0, and the production rate of O, ~. Under normal condi-
tions, H,O, accumulated at low levels and appeared similar
in the WT, WT + GB lines, and BADH-transgenic tomato
plants (Fig. S3). However, H,0, levels and O, ™ production
rate increased under chilling stress even during subsequent
recovery treatment. Furthermore, there were more ROS
generated in the WT plants than in transgenic lines and the
WT + GB plants, which indicated that GB could mitigate the
oxidative stress induced by chilling stress.

Furthermore, APX activity increased under chilling
stress and this increase was slower in WT plants compared
to that of BADH-transgenic tomato plants. The SOD activ-
ity increased after 3 days of chilling treatment and then
decreased following additional days of treatment (Fig. S3).
The enhanced antioxidant enzymes (APX, SOD, CAT, and
POD) activities in BADH-transgenic lines and WT + GB
reduced H,0, and O, ™ accumulation.

Discussion

GB accumulation in vivo and in vitro could shield plants
against chilling stress (Park et al. 2004, 2006; Farooq et al.
2008). However, the physiological and molecular mecha-
nisms of how GB confers chilling tolerance to plants by
protecting the photosynthetic machinery remained to be fur-
ther elucidated. In our study, GB from genetic engineering
synthesis and foliar application alleviated chilling-induced
growth inhibition (Fig. 1a). Despite the substantial reduc-
tions in photosynthetic capacity caused by chilling, the accu-
mulation of GB in tomato leaves alleviated this change, that
is, the transgenic and WT 4 GB plants still maintained the
higher Pn under chilling stress, as well as had the stronger
resilience (Fig. 2). Furthermore, under chilling stress the
results of microscopy showed that GB can protect the struc-
ture of chloroplasts in tomato leaves in vivo (Fig. S1), which
may be related to the ability of transgenic lines to maintain
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Fig.6 Analysis of D1 by western blotting and stability of thylakoid
membrane complexes analyzed by BN-PAGE. a The levels of DI
protein in tomato leaves of WT, WT 4GB, and line 28 were treated
under normal (25 °C), chilling (4 °C) and recovery (25 °C) for 5 days.
Blots were stained with Coomassie Brilliant Blue (CBB) G-250
(BioRad). b The effects of GB on PSII cofactor—protein complexes
in tomato leaves under chilling stress. Thylakoid membranes of BN-
PAGE separation in the WT and Line 28 were treated under normal

strong chilling resistance, thereby contributes to the orderly
operation of photosynthesis under low temperature stress.
Most of the sunlight energy absorbed in the photosyn-
thetic apparatus is directed towards photochemistry and ETR
(Baker 2008; Tadmor et al 2021). In our experiment, the
transfer of the BADH gene into tomatoes also relieved PSII
photoinhibition (Fig. 3a). Photoinhibition may be caused
by the inactivation of reaction center and a decrease in the
electron transport rate under chilling stress (Fig. 3b). Addi-
tionally, over excitation of PSII can result in the formation
of ROS, photodamage, and ultimately inactivation of PSII
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(25 °C) and chilling stress (4 °C) for 24 h, six separated protein com-
plexes are indicated on the right. ¢ Quantitative image analysis of
protein levels in b using a Tanon Digital Gel Imaging Analysis Sys-
tem. The relative proteins in the BADH-transgenic tomato plants were
normalized to the level of LHCII complex (band I) in the WT under
the control. The data are shown as means +SD. * and ** indicate that
differences between various stains are significant at 0.05 and 0.01,
respectively

(photoinhibition) (Derks et al. 2015; Derks and Bruce 2018;
Bednatikova et al. 2020). Interestingly, under chilling stress,
the PSII excitation pressure (1 —gp) was lower in GB-accu-
mulated plants such that (1 —gp)/NPQ (the excess excitation
energy of PSII reaction center) was significantly lower in
GB-accumulated plants than that in the WT (Fig. 3d, e). Fur-
thermore, F,/F,, of the tomato plants with SM treatment was
significantly lower than that without SM treatment (Fig. 3f),
suggesting that the protective effect of GB on PSII may be
dependent on the de novo synthesis of D1 protein (Ohnishi
and Murata 2006; Li et al. 2021b). Therefore, the possible
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mechanism by which GB protects the PSII reaction cent-
ers against chilling stress is the reduction of PSII excitation
pressure (Fig. 3c, d, e) and the repair of the PSII protein
(Fig. 3f).

The ultimate regulator of the photosynthetic electron
transfer chain is the modulation of PSII inhibition, which
provides a photoprotective mechanism against the forma-
tion of ROS and photodamage in PSI (Tikkanen et al. 2014).
Thylakoid linear electron transport (LET) was limited by
chilling stress because of increased oxidative stress induced
by light (Allen and Ort 2001). The OJIP fluorescence
transient shape is extremely sensitive to various types of
abiotic stresses (Strauss et al. 2006; Perreault et al. 2011;
Bednatikova et al. 2020). In this study, the curves of OJIP
changed rapidly under chilling stress in tomato plants and
the PSII ETC was more substantially influenced in the WT
than the GB-accumulated plants by chilling stress (Fig. 4a).
Chlorophyll a transient kinetics analysis showed that more
electrons were transferred into the linear electron chains
(¥,) in GB-accumulated plants (Fig. 4c). Furthermore, in
PSII and PSI, the energy of the harvested photons induces
charge separation. Electrons from the PSII primary donor
P680 pass via pheophytin and the primary quinone Q, to the
secondary quinone, Qg (Solymosi et al. 2020). Although the
redox reaction after Q, (¢p,) was inhibited by chilling stress
and resulted in the slowing of the electron transfer between
Q4™ and Qg (V;), GB mitigated this inhibition (Fig. 4c).
Furthermore, diuron (DCMU) can block the electron trans-
porting from Q4 to Qg in the thylakoid membrane (Guo
et al. 2020). From our results, F,/F,, of GB accumulated
lines was much higher than that of WT plants with chilling
and DCMU treatments (Fig. S2). Thus, GB has an impor-
tant effect on the process of electron transfer from Q, to
Qg. Moreover, more energy was used for heat dissipation
(¢p,), and more excess excitation energy occurred in the
WT tomato plants than that in BADH tomato plants (Fig. 4b,
c). The PSII ETCs was more tolerant of low temperatures in
the BADH-transgenic tomato leaves than that in WT tomato
leaves, which is one of the reasons why a higher Pn was
maintained in the GB-accumulated plants under chilling
stress.

As PSI and PSII work in series, a balanced excitation
distribution between the two photosystems is required for
optimal photosynthetic efficiency (Joliot and Johnson 2011;
Lima-Melo et al. 2019). It is required for CEF around PSI
to generate a proton gradient that, in turn, leads to the effi-
cient NPQ in Ficus concinna trees under heat stress (Jin
et al. 2009). GB can alleviate the decrease of PSI electron
transport capacity and the rate of CEF in vivo and in vitro
(Fig. 5a, b). According to the reports, the content of chlo-
rophyll is closely associated with the activity of PSI, which
indicates that a decrease in the amount of chlorophyll could
be caused by the degradation of the PSI reaction center
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complex (Kudoh and Sonoike, 2002; Montepietra et al.
2020). In our research, the effect of GB on protection of
chlorophyll may have a positive effect on the PSI electron
transport capacity during chilling and recovery (Fig. 5a).
When chilling limited CO, photosynthetic fixation, excita-
tion pressure was enhanced because of the accumulation of
excess reductants on the PSI acceptor side, thereby causing
the balance between PSII and PSI to be destroyed (Roach
and Krieger-Liszkay 2014). Afterward, CET was stimulated
rapidly. In our study, the rate of CEF was enhanced more
significantly in GB-accumulated tomato plants than that in
the WT (Fig. 5b). Because IAM was used in this study, the
rate of CEF was stimulated in transgenic lines and WT +GB,
which indicated that GB affected CEF (Fig. 5¢). Moreover,
CEF may be triggered by a reduction of PQ pool mediated
either by an imbalance between nonphotochemical reduction
and oxidation PQs or by PSII activity (Thierry et al. 2002).
The increase in the turnover number of Q, (S,,) may be
associated with the increase of CEF in tomato plants accu-
mulating GB (Figs. 4c, 5¢). Therefore, GB affected CEF and
the increasing rate of CEF may contribute to the reduction
of excitation pressure.

Moreover, one possible function of the CET around PSI
is to synthesize the extra ATP to adjust the ratio of NADPH
to ATP (Johnson 2011; Huang et al. 2018). Takahashi et al.
(2009) proposed that the photosynthetic CEF can protect
plants from the inhibition of PSII by both preventing PSII
photodamage and minimizing the inhibition of the repair
of the damaged PSII. The rate of PSII repair was reduced
upon inhibition of the synthesis of ATP either via PSI or
PSII, indicating that the rapid repair of photodamaged PSII
complexes (such as D1 protein) requires a large amount of
ATP in a short time (Allakhverdiev et al. 2005; Murata et al.
2007; Murata and Nishiyama 2018). Thus, a higher level
of ATP in GB-accumulated plants may play a significant
role in D1 repair (Fig. 5d). In addition, the western blot
and BN-PAGE analysis demonstrated that the contents of
PSII-LHCII super complexes, monomeric PSI, dimeric PSII
and D1 protein declined more in the WT tomato plants than
that in transgenic lines under chilling stress (Fig. 6). Con-
sequently, the enhanced rate of CEF by GB could provide
positive effects in the production of more ATP for the repair
of PSII complexes, thereby maintaining the thylakoid protein
complex stability under chilling stress (Figs. 3f, 5c, d, 6).

ROS are mainly generated in chloroplasts and formed
both on the electron donor side of PSII and the electron
acceptor side of PSI during light reactions (Roach and
Krieger-Liszkay 2014; Sasi et al. 2018). The superoxide
anion radical or singlet oxygen (O, ™) will be produced when
more electrons are released in the ETC than the electron-
consuming capacity of Calvin cycle (Nishiyama and Murata
2014). As in our study, transferring a spinach BADH gene
from spinach to tomato plants causes a GB biosynthesis



Plant Cell Reports (2022) 41:1087-1101

1099

process that may have an active effect by consuming elec-
trons in the ETCs. In WT plants, more electrons were allo-
cated to dioxygen (O,). Thus, more ROS are produced (Fig.
S3a, b). H,0, can seriously destroy the activity of PSI on
thylakoid membranes under light (Sonoike et al. 1997).
Studies have shown that ROS generated by H,0, and square
one iron—sulfur clusters can damage PSI under low light and
chilling stress (Ogawa et al. 1997). GB activated the activi-
ties of antioxidant enzymes to eliminate ROS (Fig. S3c, d, e,
f), which may contribute to the protection of PSI.

Taken together, we proposed a model of GB on photosyn-
thetic systems in tomato under chilling stress (Fig. 7). When
tomato plants were transferred from optimal temperature to
low temperature, excess excitation energy increased and
induced ROS generation, resulting in the photoinhibition
of PSII and PSI, whereas either GB accumulated in vivo
in BADH-transgenic tomato plants or GB applied in vitro
can improve chilling tolerance by protecting chloroplast
ultramicrostructure and alleviating photosystem photoinhi-
bition under long-term chilling stress. On the other hand,
GB stimulated the rate of CEF to consume extra electrons
in the electron transport chain during chilling and recov-
ery, as to decrease the accumulation of excess reductants
at the acceptors of PSI and transfer fewer electrons to O,,
scilicet, preventing an additional sink for the consumption
of photosynthetically generated electrons and less ROS
production. Moreover, GB also increased ATP content and
antioxidant enzyme activity, accelerated D1 protein repair,

Chilling o g
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\/ 01 ROS
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Fig.7 Proposed mechanisms of GB protection on photosystems in
tomato leaves under low-temperature stress. Chilling stress could
cause the increase of excess excitation energy, which induces ROS
generation, resulting in the photoinhibition of PSII and PSI, whereas
either GB accumulated in vivo or in vitro improve chilling tolerance
by protecting chloroplast ultramicrostructure and alleviating photo-
systems photoinhibition under long-term chilling stress. On the other
hand, GB stimulated the rate of CEF in consuming extra electrons in
the ETC during chilling and recovery to decrease the accumulation of
excess reductants at the acceptors of PSI and transfer fewer electrons
to O,, scilicet, preventing an additional sink for the consumption of
photosynthetically generated electrons and less ROS production.
Moreover, GB could increase ATP content and antioxidant enzyme
activity, accelerate D1 protein repair, and maintain photosystem sta-
bility, finally enhancing chilling tolerance of photosystems I and II in
BADH transgenic and GB-treated tomato plants under chilling stress.
FNR Fd: NADP* oxidoreductase, PC plastocyanin

and maintained photosystem stability. Finally, it enhanced
chilling tolerance of PSI and PSII in BADH-transgenic and
GB-treated tomato plants under chilling stress.
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