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Abstract

Cold stress is a key environmental constraint that dramatically affects the growth, productivity, and quality of tomato
(Solanum lycopersicum); however, the underlying molecular mechanisms of cold tolerance remain poorly understood. In
this study, we identified REDUCED CHLOROPLAST COVERAGE 2 (SIREC2) encoding a tetratricopeptide repeat protein that posi-
tively regulates tomato cold tolerance. Disruption of SIREC2 largely reduced abscisic acid (ABA) levels, photoprotection, and
the expression of C-REPEAT BINDING FACTOR (CBF)-pathway genes in tomato plants under cold stress. ABA deficiency in the
notabilis (not) mutant, which carries a mutation in 9-CIS-EPOXYCAROTENOID DIOXYGENASE 1 (SINCEDT), strongly inhibited
the cold tolerance of SIREC2-silenced plants and empty vector control plants and resulted in a similar phenotype. In addition,
foliar application of ABA rescued the cold tolerance of SIREC2-silenced plants, which confirms that SINCED1-mediated ABA
accumulation is required for SIREC2-regulated cold tolerance. Strikingly, SIREC2 physically interacted with B-RING
CAROTENE HYDROXYLASE 1b (SIBCH1b), a key regulatory enzyme in the xanthophyll cycle. Disruption of SIBCH1b severely
impaired photoprotection, ABA accumulation, and CBF-pathway gene expression in tomato plants under cold stress. Taken
together, this study reveals that SIREC2 interacts with SIBCH1b to enhance cold tolerance in tomato via integration of
SINCED1-mediated ABA accumulation, photoprotection, and the CBF-pathway, thus providing further genetic knowledge
for breeding cold-resistant tomato varieties.

Introduction grown in tropical, subtropical, and temperate regions, but to-

Cold stress is one of the major environmental constraints on mato plants cannot survive long-term exposure to low tem-
crop productivity, quality, and geographical distribution peratures. Thus, it is crucial to reveal the underlying
(Lesk et al. 2016). Tomato (Solanum lycopersicum) is widely ~ mechanisms of cold responses in tomato for the molecular
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SIREC2 enhances cold tolerance in tomato

breeding of cold-tolerant tomato varieties and expanding
their distribution in high-latitude cold areas.

To withstand cold stress, immobile plants have evolved di-
verse regulatory systems that enable them to respond and
adapt to adverse growth conditions. With decades of effort,
a lot of key cold response-regulated factors and sophisticated
mechanisms have been identified and revealed (Guo et al.
2018; Ding et al. 2020; Chen et al. 2021). During cold stress,
the expression of many genes is induced by C-REPEAT
BINDING FACTOR (CBF)/DEHYDRATION-RESPONSIVE
ELEMENT BINDING FACTOR1 (DREB1) transcriptional acti-
vators (Thomashow 1999; Zhao et al. 2016). CBF/DREB1 pro-
teins can directly associate with the promoters of
COLD-RESPONSIVE (COR) genes and regulate their expres-
sion, thus enhancing plant cold tolerance (Stockinger et al.
1997; Song et al. 2021). INDUCER OF CBF EXPRESSION 1
(ICE1) also directly associates with the promoter of CBFs
and activates CBF gene expression (Chinnusamy et al.
2003). The ICE1-CBF1-COR transcriptional cascade-
regulated cold-signaling pathway has been extensively char-
acterized (Shi et al. 2018). In addition, some classical phyto-
hormones, such as abscisic acid (ABA), are also important
for regulating cold stress responses. ABA-activated
PYRBACTIN RESISTANCE-LIKE-TYPE  2C  PROTEIN
PHOSPHATASE-SUCROSE NONFERMENTING 1-RELATED
PROTEIN KINASE2 (SnRK2)-ABA RESPONSIVE ELEMENT
BINDING FACTOR pathway plays a critical role in ABA signal
transduction and cold stress (Liu et al. 2018b; Gong et al.
2020; Wang et al. 2020a). Upon cold stress, cold-activated
OPEN STOMATA 1 (OST1)/SnRK2.6 interacts with ICE1
and phosphorylates it, which disrupts the interaction of
ICE1 and the E3 ligase HIGH EXPRESSION OF
OSMOTICALLY RESPONSIVE GENE 1 and improves the pro-
tein stability of ICE1 (Ding et al. 2015; Lang and Zhu 2015).
OST1 also enhances the transcriptional activity of ICE1
(Ding et al. 2015). Furthermore, OST1 phosphorylates the
U-box E3 ligases PUB25 and PUB26, and enhances their activ-
ities for degradation of the transcription factor MYB15,
which is a negative regulator of CBFs (Agarwal et al. 2006;
Wang et al. 2019b). OST1 also stabilizes CBF proteins through
phosphorylating BASIC TRANSCRIPTION FACTOR 3 under
cold stress (Ding et al. 2018). Collectively, ABA promotes
CBF gene expression and protein stability through these
pathways to enhance plant cold tolerance. Moreover,
OsbZIP73 interacts with OsbZIP71 to regulate cold tolerance
through the ABA pathway in rice (Oryza sativa) (Liu et al.
2018a), which further demonstrates that ABA signaling plays
a key role in the cold response.

During cold stress, the level of light incidence exceeds the
utilization capacity of photosynthesis in plants, which can be
harmful to the photosynthetic machinery and results in
photoinhibition (Kingston-Smith et al. 1997). Plants dissipate
excess light energy as thermal energy (nonphotochemical
quenching, NPQ) to alleviate photodamage through the
de-epoxidation state of the xanthophyll cycle (Takahashi
and Badger 2011; Kromdijk et al. 2016). Furthermore, the
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turnover of D1 protein is critical for the photosystem Il
(PSII) repair process and NPQ induction during photoinhibi-
tion (Sundby et al. 1993). Interestingly, a study shows that
REP27, a tetratricopeptide repeat (TRP) nuclear-encoded,
plays a critical role in the D1 protein turnover and PSII repair
from photodamage (Park et al. 2007). Therefore, it is of inter-
est to investigate the roles of TPR motif-containing proteins
in the regulation of cold-induced photoinhibition.

TPR proteins are involved in a variety of processes, such as
peroxisomal import (Brocard and Hartig 2006), synaptic ves-
icle fusion (Young et al. 2003), and mitochondrial and chlor-
oplastic import (Baker et al. 2007; Mirus et al. 2009). TPR
domains highly degenerate at 34-amino acid repeats that
are often present in tandem arrays, and are known to partici-
pate in the assembly of multiprotein complexes and protein—
protein interactions (Lamb et al. 1995, Whitfield and
Mainprize 2010). As reported, a variety of TPR proteins,
such as PALE YELLOW GREEN 7, TRANSLOCATION OF
CHLOROPLAST 64, LOW PSIIL ACCUMULATION 1,
PLASTID TRANSCRIPTIONALLY ACTIVE CHROMOSOME
PROTEINS 2, NAM ATAF1/2 CUC 2, and a nucleus-encoded
tetratricopeptide-like repeat protein Mbb1, regulate protein
transport and assembly, chloroplast development, mRNA
processing and stability (Boudreau et al. 2000; Sohrt and
Soll 2000; Vaistij et al. 2000; Peng et al. 2006; Pfalz et al.
2006; Stockel et al. 2006; Kalanon and McFadden 2008).
Therefore, TPR motifs are important for both transcription
and translation processes. However, little is known about
the function and regulatory mechanism of TPR proteins in
cold response.

In this study, we identified a tomato gene encoding a TPR
protein, which is homologous to the REDUCED
CHLOROPLAST COVERAGE (REC) proteins in Arabidopsis
(Arabidopsis thaliana). Disruption of SIREC2 largely reduced
the cold tolerance and induced photoinhibition in tomato
plants. Our analyses showed that SIREC2 is essential for
ABA accumulation and photoprotection in tomato plants
during cold stress. Additionally, we demonstrate that the ap-
plication of exogenous ABA can rescue the phenotype of
SIREC2-silenced plants during cold stress, while the pheno-
types of SIREC2-silenced plants are similar to that of nonsi-
lenced plants in ABA-deficient notabilis (not) background,
which carries a mutation in 9-CIS-EPOXYCAROTENOID
DIOXYGENASE 1 (SINCEDT). Our results suggested that
SIREC2 acts upstream of SINCED1 to regulate ABA accumula-
tion in tomato during cold stress. Strikingly, SIREC2 physically
interacts with B-RING CAROTENE HYDROXYLASE 1b
(SIBCH1b), a key regulatory enzyme in the carotenoid biosyn-
thesis pathway. Disruption of SIBCH1b caused severe photo-
inhibition, reduced ABA accumulation, and CBF-pathway
gene expression in tomato plants during cold stress.
Together, our results suggest that SIREC2 interacts with
SIBCH1b and acts synergistically to enhance cold tolerance
in tomato by promoting ABA accumulation, CBF-pathway
gene expression, and photoprotection. This study unravels
a mechanism of SIREC2-regulated cold tolerance in tomato,
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and provides further genetic knowledge for breeding
cold-resistant tomato varieties.

Results

SIREC2 acts as a positive regulator in tomato cold
tolerance

There are five SIREC homologs in tomato, and their deduced
proteins contain conserved TPR domain with four TPR re-
peats, CLU central domain, and CLUstered mitochondria
protein N-terminal domain (Supplemental Fig. S1). These
five SIREC genes are clustered into four subgroups in S. lyco-
persicum, A. thaliana, O. sativa, Mimulus lewisii, and Mimulus
verbenaceus (Fig. 1A). To investigate the physiological role of
SIRECs in cold response in tomato plants, the transcription
levels of SIREC genes were analyzed by reverse transcription
quantitative PCR (RT-qPCR) (Fig. 1B). Notably, the transcript
level of SIREC2 dramatically upregulated in tomato plants
after exposure to 4 °C for 6 h (Fig. 1B). To further understand
the biological function of SIREC2 in cold tolerance, we gener-
ated SIREC2-silenced plants (Supplemental Fig. S2A). The
transcript level of SIREC2 gene in the silenced lines was
only 20% to 30% of that in empty vector plants, while tran-
script levels of other SIREC genes, such as SIREC1-1, SIRECT-2,
SIREC3, and SIFRIENDLY in the SIREC2-silenced lines showed
no obvious difference with those in empty vector plants
(Supplemental Fig. S2B). Furthermore, there was no obvious
difference in phenotypes between the SIREC2-silenced plants
(pTRV-SIREC2) and control plants (pTRV) grown at 25 °C
(Fig. 1C). However, compared with pTRV plants, leaves of
pTRV-SIREC2 plants showed severe wilting and necrosis after
cold treatment (Fig. 1C), which was consistent with the re-
sults of histochemical staining with 3,3’-diaminobenzidine
(DAB) and nitroblue tetrazolium (NBT) for in situ ROS accu-
mulation (Fig. 1D). Consistently, the relative electrolyte leak-
age (REL), which is a representative indicator of cell
membrane stability, was significantly higher in the
SIREC2-silenced plants (pTRV-SIREC2) than that in control
plants (pTRV) after cold treatment (Fig. 1E). Moreover, the
value of net CO, assimilation rate (Pn) in pTRV-SIREC2 plants
grown at 4 °C was lower than that in pTRV plants (Fig. 1F).
Chlorophyll fluorescence is used as a representative indicator
of plant PSII performance under cold stress. No conspicuous
difference in chlorophyll a fluorescence transient (O)IP)
curves was observed between pTRV-SIREC2 and pTRV plants
before cold treatment. However, the OJIP curves of
pTRV-SIREC2 plants substantially decreased after cold stress
compared with those in pTRV plants (Fig. 1G). In addition,
PSII efficiency decreased significantly in pTRV-SIREC2 com-
pared with that in pTRV plants grown at 4 °C, but it was in-
distinguishable between pTRV-SIREC2 and pTRV plants
grown at 25 °C, as indicated by the maximum quantum yield
of PSII (Fy/Fp,), Plags, and Pl values (Fig. 1H; Supplemental
Fig. S3). These results demonstrate that disruption of SIREC2
enhances cold susceptibility in tomato. Furthermore, the
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expression of SICBF1 and SICBF2 increased in tomato plants
after cold stress, but these genes exhibited significantly lower
expression levels in SIREC2-silenced plants than those in
pTRV plants (Supplemental Fig. S4). Taken together, these re-
sults suggest that SIREC2 positively regulates cold tolerance
in tomato.

SIREC2 acts as a positive regulator in alleviation of
cold-induced photoinhibition

To analyze the role of SIREC2 in cold-induced photoinhibi-
tion, we examined the F,/F,, and the full oxidation of the
P700 signal (P,,) in tomato plants. The results showed that
there were no obvious differences in F,/F,, and P,, between
pTRV-SIREC2 and pTRV plants grown at 25°C (Fig. 2,
A and B). However, cold stress decreased the levels of F,/
Fm and P,, more in pTRV-SIREC2 plants than those in
pTRV plants, which suggested that SIREC2 played a positive
role in the alleviation of cold-induced photoinhibition
of PSIl and PSI. To get a more detailed insight into the me-
chanisms of SIREC2-regulated alleviation of cold-induced
photoinhibition, we measured a series of electron transport
parameters of the photosystem. Cold stress caused a signifi-
cant decrease in electron transport rate Il (ETR(I1)) and elec-
tron transport rate | (ETR(I)) in tomato plants, especially in
SIREC2-silenced plants (Supplemental Fig. S5). In addition,
the wvalues of Y(ll) dramatically downregulated in
pTRV-SIREC2 plants compared to those in pTRV plants
grown at 4 °C (Fig. 2C). The decrease in Y(lI) was related to
the large decrease in photochemical quenching coefficient
(gP) and quantum yield of regulated energy dissipation of
PSII (NPQ) in SIREC2-silenced plants (Fig. 2C). As Y(II), Y(I)
level was also lower in pTRV-SIREC2 than pTRV plants
when plants were exposed to cold conditions (Fig. 2D). It
was possibly due to the obvious acceptor side limitation of
PSI [Y(NA)], as evidenced by a higher level of Y(NA) in
pTRV-SIREC2 plants than those in pTRV plants (Fig. 2D).
These results showed that disruption of SIREC2 caused a dras-
tic decrease in electron transport rate, photochemical energy
conversion, and photoprotection after cold stress. Thus,
SIREC2 acts as a positive regulator in alleviating photoinhibi-
tion by improving energy dissipation of PSII, and reducing the
acceptor-side limitations of PSI and the electron carrier over-
reduction in tomato plants during cold stress.

SIREC2-regulated cold tolerance in tomato is

dependent on SINCED1-mediated ABA accumulation
Since ABA plays an important role in cold response (Wang
et al. 2016, 2019a), we aimed to investigate whether ABA is
involved in the SIREC2-regulated cold tolerance in tomato.
Results showed that there was no obvious difference in
ABA accumulation between pTRV and pTRV-SIREC2 plants
grown at 25 °C, but ABA content was significantly lower in
pTRV-SIREC2 plants than that in pTRV plants when exposed
to cold stress (Fig. 3A). Considering the change in ABA accu-
mulation in SIREC2-silenced plants, we assumed that
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Figure 1. SIREC2 positively regulates cold tolerance in tomato. A) Phylogenetic analysis of REC proteins in S. lycopersicum, A. thaliana, O. sativa, M.
lewisii and M. verbenaceus. The percentage at branch represents the posterior probabilities of amino acid sequences. B) Expression of SIREC family
genes in tomato plants after exposure to 25 °C or 4 °C for 6 h. C, D) Phenotypes (C) and the accumulation of hydrogen peroxide (DAB staining) and
superoxide (NBT staining) in tomato leaves (D) after the exposure of plants to 25 °C or 4 °C for 7 d. The plants (C) and leaves (D) were digitally
extracted for comparison, respectively. Bar in (C), 5 cm. Bar in (D), 2 cm. E-H) REL (E), net CO, assimilation rate (Pn; F), the chlorophyll a fluores-
cence transient (OJIP) curves (G), and changes in the maximum photochemical efficiency of PSII (F,/F,,) (H) in tomato wild-type (pTRV) and
SIREC2-silenced plants (pTRV-SIREC2) after exposure to 25 °C or 4 °C for 7 d. The false-color code depicted at the bottom of the image ranges
from 0 to 1.0, representing the level of damage in the leaves. Bars in (H), 2 cm. Data are presented as the means of three biological replicates
(+SD). Different letters indicate significant differences (P < 0.05) according to Tukey’s test.

SIREC2-regulated cold tolerance might be dependent on the
ABA pathway. Therefore, the cold tolerance of pTRV and
pTRV-SIREC2 plants was examined after the application of
ABA and ABA biosynthesis inhibitor nordihydroguaiaretic
acid (NDGA). As shown in Supplemental Fig. S6A, the leaves

of pTRV-SIREC2 plant severely curled up compared to pTRV
plants during cold stress, but with the application of exogen-
ous ABA, the leaves of pTRV-SIREC2 plants were similar to
those in pTRV plants, as evidenced by the values of REL
and F,/F, (Fig. 3, B-D), indicating that ABA largely
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Figure 2. SIREC2 is essential for alleviating cold-induced photoinhibition in tomato. A, C) Changes in PSIl parameters, including the maximum
photochemical efficiency of PSII (F,/F; A), and the effective quantum yield of PSII [Y(Il)], the quantum vyield of regulated energy dissipation of
PSII (NPQ), and the photochemical quenching coefficient (gP; C) in tomato wild-type (pTRV) and SIREC2-silenced plants (pTRV-SIREC2) after ex-
posure to 25 °C or 4 °C for 5 d. B, D) Changes in PSI parameters, including the maximum P700 photooxidation level (P,,; B), and the quantum yield of
PSI[Y(1)], the donor limitation of PSI [Y(ND)], the acceptor side limitation of PSI [Y(NA)] (D) in tomato wild-type (pTRV) and SIREC2-silenced plants
(pTRV-SIREC2) after exposure to 25 °C or 4 °C for 5 d. Data are presented as the means of three biological replicates (+SD). Different letters indicate

significant differences (P < 0.05) according to Tukey'’s test.

augmented the cold tolerance of pTRV-SIREC2 plants. In add-
ition, the application of exogenous NDGA enhanced the cold
stress-induced leaf curling and wilting in both pTRV and
pTRV-SIREC2 plants, decreased F,/F,, and increased REL
(Fig. 3, B-D; Supplemental Fig. S6A). This finding suggests
that SIREC2-regulated cold tolerance is dependent on the
ABA pathway in tomato.

To protect PSII from photodamage, plants dissipate light
energy as heat via activating NPQ (Muller et al. 2001; Wang
et al. 2020b). Silencing of SIREC2 in tomato plants impaired
the cold-induced NPQ (Fig. 3E). Compared to the control,
ABA treatment substantially induced NPQ in both pTRV
and pTRV-SIREC2 plants during cold stress, especially in
pTRV plants, while NDGA impaired the NPQ induction by
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Figure 3. ABA plays a critical role in SIREC2-regulated cold tolerance in tomato. A), ABA content in tomato wild-type (pTRV) and SIREC2-silenced
plants (pTRV-SIREC2) after exposure to 25 °C and 4 °C for 12 h. B-D) REL (B) and F,/F, (C, D) of pTRV and pTRV-SIREC2 plants as influenced by
foliar application of ABA and NDGA (ABA-inhibitor) under cold-stress conditions (4 °C for 7 d). The false-color code depicted at the bottom of the
image ranges from 0 to 1.0, representing the level of damage in the leaves. Bars in (C), 2 cm. E, F) NPQ (E) and OJIP curves (F) of pTRV and
pTRV-SIREC2 plants as influenced by foliar application of ABA and NDGA under 4 °C for 5 d. Fifty micromolar ABA or NDGA was applied 12 h prior
to exposure to cold conditions at 4 °C. Data are presented as the means of three biological replicates (+SD). Different letters indicate significant

differences (P < 0.05) according to Tukey’s test.

cold stress, which indicated that ABA enhanced the induc-
tion of NPQ during cold stress. We next measured the fast
chlorophyll fluorescence kinetics (OJIP curve). The J-P rise
was lower in pTRV-SIREC2 plants than that in pTRV plants
(Fig. 3F), indicating that disruption of SIREC2 caused the
over-reduction of plastoquinol (PQ) and quinone (Qa).
However, exogenous ABA treatment recovered the J-P rise
of pTRV-SIREC2 plants compared to pTRV plants (Fig. 3F).
Furthermore, the exogenous application of ABA significant-
ly increased the SICBF1 gene expression in the pTRV plants
subjected to cold stress and completely rescued the SICBF1
gene expression of the pTRV-SIREC2 plants (Supplemental
Fig. S6B). Together, our results strongly suggest that
SIREC2 protects tomato plants from cold-induced photo-
damage through ABA-induced photoprotection and CBF
pathways.

To investigate the mechanism of SIREC2-regulated ABA ac-
cumulation, the expression of some ABA biosynthetic genes
was examined in pTRV and pTRV-SIREC2 plants under cold
stress. Interestingly, the expression of SINCED1, a key gene
in the ABA biosynthetic pathway, was significantly downre-
gulated in the pTRV-SIREC2 plants compared to that in the
pTRV plants after cold stress (Fig. 4A). To further clarify
the important role of SINCEDT in SIREC2-regulated cold tol-
erance, we disrupted the SIREC2 gene in the wild-type and
ABA-deficient mutant [notabilis (not)]. Results showed that
the cold tolerance of pTRV in not background was much low-
er than that in the wild-type background, as indicated by an
increased REL and a decreased F,/F,,, and SICBF1 gene expres-
sion (Fig. 4, B-D; Supplemental Fig. S7). However, the pheno-
types, REL, F,/F,, and SICBF1 gene expression of pTRV-SIREC2
and pTRYV in the not mutant background were similar (Fig. 4,


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad085#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad085#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad085#supplementary-data

654 PLANT PHYSIOLOGY 2023: 192; 648-665

A

1 pTRV
| [ pTRV-REC2

| SINCED1

D o

a

Relative expression
N b

not pTRV
== pTRV-REC 24— not pTRV-REC2

- pTRV

1.0}

NPQ

0.5}

- ||IIII I i
gi!lt::’.‘f"ﬂ' ’J‘.il-‘i:%

g 00Ny t®
Timels

Zhang et al.

B
o 120
=
§?1 00; % zm:—ﬂscz a
o< 80}
Q ~
o9 b
© 60} -
2% 40!
£3
E 20t
0 WT not
D 1.2
] pTRV
[ pTRV-REC2
0.8} a
w b
> c
L0.4! :
0.0 WT Tt
F 8
50'5 —— pTRV
] 0.4} —PpTRV-REC2
o - -not pTRV P
g 03 | =——not pTRV-RE;'.‘Z’
s 0.2}
%-:0.1-
o 0.0 ; _ ’ .
2 00101 1 10 1001000
T} time(ms)

Figure 4. SINCED1 acts downstream of SIREC2 in the cold response. A) SINCED1 gene expression in tomato wild-type (pTRV) and SIREC2-silenced
plants (pTRV-SIREC2) after exposure to 25 °C and 4 °C for 6 h. B-D) REL (B) and F,/F,, (C, D) in tomato plants when silenced or nonsilenced SIREC2
(pTRV-SIREC2 or pTRV) in wild type and SINCED1-deficient mutant (not) after exposure to 4 °C for 7 d. The false-color code depicted at the bottom
of the image ranges from 0 to 1.0, representing the level of damage in the leaves. Bars in (C), 2 cm. E, F) NPQ (E) and OJIP curves (F) in tomato plants
when silenced or nonsilenced SIREC2 (pTRV-SIREC2 or pTRV) in wild-type and SINCED1-deficient mutant (not) after exposure to 4 °C for 5 d. Data
are presented as the means of three biological replicates (+SD). Different letters indicate significant differences (P < 0.05) according to Tukey’s test.

B-D; Supplemental Fig. S7). In addition, the NPQ and the J-P
rise in OJIP curves of pTRV plants in not background were
similar to those SIREC2-silenced plants in not background
(Fig. 4, E and F), which further indicated that SINCED1 acted
downstream of SIREC2 in response to cold stress. Taken to-
gether, our results suggest that SIREC2-regulated cold toler-
ance is dependent on SINCED1-mediated ABA accumulation
in tomato.

SIREC2 interacts with SIBCH1b

To further explore the regulatory mechanism of SIREC2 in
cold response, we examined the subcellular localization of
SIREC2 by transiently expressing 35S:SIREC2-GFP in
Nicotiana benthamiana leaf epidermal cells. SIREC2-GFP
was intensively colocalized with the DAPI (4', 6-diamidino-2-
phenylindole) tagged nucleus marker throughout the cells
(Fig. 5A). Consistently, a previous study showed that

REDUCED CAROTENOID PIGMENTATION1 (RCP1) in
Monkeyflower, homologous to Arabidopsis REC proteins, lo-
calizes in the nucleus (Stanley et al. 2020). We performed a
yeast two-hybrid (Y2H) screening and identified one of the
SIREC2 interactors as SIBCH1b, a key regulatory enzyme in
the carotenoid biosynthesis pathway (Fig. 5B). A bimolecular
fluorescence complementation (BiFC) assay was performed
in N. benthamiana to further verify the interaction between
SIBCH1b and SIREC2 proteins. The reconstitution of yellow
fluorescence protein (YFP) in the nuclei of epidermal cells
was observed when co-infiltrated with SIREC2-nYFP and
SIBCH1b-cYFP constructs, but was not observed in the nega-
tive controls (Fig. 5C). Furthermore, we corroborated the
SIREC2-SIBCH1b interaction using firefly luciferase (LUC)
complementation assays, where co-expression of SIREC2
with SIBCH1b in leaf cells of N. benthamiana generated
strong luminescence signals that were not detected in the
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A. C) Interaction of SIREC2 and SIBCH1b detected by BiFC analysis. SIBCH1b was fused to the C-terminal fragment of YFP (cYFP) and SIREC2
was fused to the N-terminal fragment of YFP (nYFP). The construct combinations were cotransformed into N. benthamiana leaves and expressed
for 48 h. The signal was detected by confocal microscopy. Bar, 25 um. D) LUC complementation imaging assay showing the interaction of SIREC2
and SIBCH1b in N. benthamiana leaves. SIREC2-nLUC/SIBCH1b-cLUC, SIREC2-nLUC/cLUC, nLUC/SIBCH1b-cLUC, and nLUC/cLUC were cotrans-
formed into N. benthamiana leaves and investigated after 72 h. Similar results were obtained in three independent experiments.
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control pairs (Fig. 5D). The above results indicate that SIREC2
interacts with the SIBCH1b protein.

SIBCH1b positively regulates cold tolerance in tomato
plants

Subcellular localization assays indicated that SIBCH1b loca-
lized to the chloroplast and nucleus (Supplemental Fig. S8).
Notably, cold stress induced the transcript level of SIBCH1b
in tomato plants (Fig. 6A), but its transcript level was
much lower in SIREC2-silenced plants (pTRV-SIBCH1b) than
that in the control plants (pTRV) under cold stress (Fig. 6A),
suggesting that SIREC2 positively regulated SIBCH1b gene
expression in tomato plants during cold stress. Next, we
generated the SIBCH1b-silenced plants (pTRV-SIBCH1b) to
further examine the role of SIBCH1b in the cold response
(Supplemental Fig. S9A). pTRV-SIBCH1b plants exhibited
an 85% reduction in the transcript levels of SIBCH1b, but
no differences in SIBCH1a gene expression relative to those
in pTRV plants (Supplemental Fig. S9B). Results showed
that pTRV-SIBCH1b plants exhibited more severe wilting
and necrosis during cold stress (Fig. 6, B and C), which sug-
gested that SIBCH1b positively regulated cold tolerance in to-
mato plants. Furthermore, F,/F,, and P, displayed much
lower in pTRV-SIBCH1b plants than those in pTRV plants un-
der cold stress (Fig. 6, D—F). Moreover, the J-P rise in OJIP
curves was lower in pTRV-SIBCH1b plants than that in
pTRV plants during cold stress (Fig. 3F), indicating that dis-
ruption of SIBCH1b caused a decrease in PQ and Q4 in to-
mato plants. To get a detailed insight into SIBCH1b in the
regulation of cold-induced photoinhibition, we investigated
a number of PSIl and PSI electron transport parameters.
Impairment of the SIBCHTb gene in tomato plants caused
a decrease in ETR(ll) and ETR(I) during cold stress
(Supplemental Fig. S10). In addition, some photosystem
parameters, including Y(I), Y(NA), Y(ND), Y(ll), gP, and
NPQ, dramatically decreased in pTRV-SIBCH1b plants com-
pared to pTRV plants during cold stress (Supplemental
Fig. S10). The decrease in NPQ and qP might be the reason
for the decrease in Y(ll) in SIBCH1b-silenced plants during
cold stress (Supplemental Fig. S10). Meanwhile, the obvious
acceptor side limitation of PSI [Y(NA)] seemed to be the rea-
son for the decrease in Y(I) in SIBCH1b-silenced plants
(Supplemental Fig. S10). Consistently, compared with
pTRV, disruption of SIBCH1b promoted the accumulation
of hydrogen peroxide (H,0,) and superoxide (O, ") in the
leaves of tomato plants during cold stress (Fig. 6H). Thus,
these results suggest that disruption of SIBCH1b suppresses
the capacity for photochemical energy conversion, electron
transport rate, and photoprotection, leading to serious
photoinhibition in tomato plants during cold stress.

To explore the molecular basis of SIBCH1b in the regulation
of cold tolerance, we examined the transcript levels of
cold marker genes SICBF1 and SICBF2 in pTRV and
pTRV-SIBCH1b plants, and found that cold stress induced
the expression of these genes in both tomato genotypes

Zhang et al.

(Fig. 7, A and B). However, their transcription levels were
much lower in pTRV-SIBCH1b plants than those in pTRV
plants (Fig. 7, A and B), which indicated that SIBCH1b posi-
tively regulated CBF-pathway gene expression. In addition,
SINCED1 gene expression and ABA accumulation were in-
duced by low temperature, but they were obviously lower
in pTRV-SIBCH1b plants than those in pTRV plants (Fig. 7,
C and D). Furthermore, the transcript level of
ZEAXANTHIN EPOXIDASE 1 (SIZEPT), a critical xanthophyll
cycle gene, and NPQ were induced in tomato plants after
cold stress, but they were substantially decreased when
SIBCH1b was disrupted in tomato plants (Fig. 7, E and F).
Collectively, these results indicate that SIBCH1b enhances
cold tolerance by activating the CBF pathway and inducing
ABA accumulation and photoprotection.

SIREC2 and SIBCH1b work cooperatively to enhance
cold tolerance in tomato

To investigate the genetic relevance of SIREC2 and SIBCH1b in
cold response, we generated the SIREC2-silenced plants,
SIBCH1b-silenced plants, and their co-silenced plants
(pTRV-SIREC2/SIBCH1b). After cold treatment, the cold toler-
ance of pTRV-SIREC2 and pTRV-SIBCH1b decreased com-
pared with pTRV, whereas their co-silenced plants showed
more sensitivity to cold stress than only SIREC2- or
SIBCH1b-silenced plants, as evidenced by a decrease in
F,/Fw and an increase in REL (Fig. 8, A—C Supplemental
Fig. S11). Consistently, compared to pTRV-SIREC2 and
pTRV-SIBCH1b plants, the pTRV-SIREC2/SIBCH1b plants dis-
played much more leaf necrosis, and increased accumulation
of H,0, and O, in the leaves after cold stress (Fig. 8, E
and F), which indicated an additive role for SIREC2 and
SIBCH1b in regulating cold tolerance. Moreover, NPQ and
the transcript levels of SICBF1 and SINCED1 were obviously
lower in pTRV-SIREC2/SIBCH1b plants than those in
pTRV-SIREC2 or pTRV-SIBCH1b plants during cold stress
(Fig. 8 D, G, and H). Therefore, these results demonstrate
that SIREC2 and SIBCH1b act synergistically to enhance
cold tolerance in tomato.

Discussion

Tomato plants are sensitive to cold stress as they originated
from tropical and subtropical regions. Investigating the
mechanism of cold sensitivity in tomato is thus critical for
the genetic improvement of this vegetable crop. Here, we
identified a cold-induced gene SIREC2, encoding a TPR pro-
tein (Fig. 1, A and B). TPR proteins usually mediate pro-
tein—protein interactions or the assembly of multiprotein
complexes (Cerveny et al. 2013). Previous studies show
that TPR1 proteins in tomato and Arabidopsis interact
with ethylene receptors, such as ETHYLENE RESPONSE1
(ETR1) and ETHYLENE RESPONSE SENSOR 1 (ERS1) (Lin
et al. 2008, 2009). ETR1 and ERS1, members of HISTIDINE
KINASES (HKs), have been reported to positively regulate
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Figure 6. SIBCH1b positively regulates cold tolerance in tomato. A, B) SIBCH1b gene expression (A) and REL (B) in tomato wild-type (pTRV) and
SIBCH1b-silenced plants (pTRV-SIBCH1b) after exposure to 25 °C or 4 °C for 6 h and 7 d, respectively. C—F) Phenotypes (C), F,/F., (D, E), and P, (F) in
pTRV and pTRV-SIBCH1b plants after exposure to 25 °C or 4 °C for 7 d. The plants were digitally extracted for comparison in (C). Bar in (C), 5 cm.
Barsin (D), 2 cm. The false-color code depicted at the bottom of the image ranges from 0 to 1.0, representing the level of damage in the leaves. G, H)
OJIP curves (G) and the accumulation of superoxide (NBT staining) and hydrogen peroxide (DAB staining) in tomato leaves (H) after pTRV and
pTRV-SIBCH1b plants exposure to 25 °C or 4 °C for 7 d. The plants were digitally extracted for comparison. Bar in (H), 2 cm. Data are presented
as the means of three biological replicates (+SD). Different letters indicate significant differences (P < 0.05) according to Tukey’s test.

plant responses to freezing stress (Shi et al. 2012; Merchante
et al. 2013), highlighting the importance of the HKs for cold
signal perception in plants. The two transmembrane do-
mains of HK Hik33 (intracellular HAMP and PAS domains),
could sense changes in membrane rigidity via homodimeriza-
tion and activation of the kinase, leading to the expression of
cold-inducible genes (Murata and Los 2006; Shimura et al,,

2012). Thus, as membrane-localized proteins, HKs can sense
the changes in cell membrane fluidity during cold percep-
tion, interact with some TPR proteins, and modulate the ex-
pression of cold-inducible genes. Here, we found disruption
of SIREC2-impaired cold tolerance in tomato (Fig. 1, C-F),
which indicated that SIREC2 positively regulates cold toler-
ance in tomato. However, how HKs sense the temperature
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Figure 7. SIBCH1b regulates CBF-, ABA-, and xanthophyll cycle-pathway genes expression, ABA accumulation, and NPQ changes in response to cold
stress. A, B) Expression of SICBF1 (A) and SICBF2 (B) genes in tomato wild-type (pTRV) and SIBCH1b-silenced plants (pTRV-SIBCH1b) after exposure
to 25 °C and 4 °C for 6 h. C, D) Expression of SINCED1 (C) and accumulation of ABA (D) in pTRV and pTRV-SIBCH1b plants after exposure to 25 °C
and 4 °C for 6 and 12 h, respectively. E, F) Changes of SIZEP1 gene expression (E) and NPQ (F) in pTRV and pTRV-SIBCH1b plants after exposure to
25°Cand 4 °Cfor 6 h and 5 d, respectively. Data are presented as the means of three biological replicates (+SD). Different letters indicate significant

differences (P < 0.05) according to Tukey’s test.

signal and regulate SIREC2 remains an exciting topic for fu-
ture investigation.

Our results showed that disruption of SIREC2 led to
cold-induced photoinhibition in tomato, as evidenced by a
decrease in F,/F,, and P, (Figs. TH and 2, A and B). The cap-
acity for electron transport rate, photoprotection, and
photochemical energy conversion seriously decreased in
SIREC2-silenced plants compared to the control plants under
cold stress (Figs. 1G and 2, C and D; Supplemental Figs. S3 and
S5). Compared to the control plants, NPQ and OJIP curve
substantially deceased, whereas Y(NA) increased in the
SIREC2-silenced plants, indicating that SIREC2 alleviated
cold-induced photoinhibition through dissipation of excess
light energy as thermal energy, and reducing the limitations
of PSI acceptor-side and over-reduction of electron carriers.
Recent studies have shown that TPR proteins are involved

in chloroplast gene expression and chlorophyll biosynthesis
(Hu et al. 2014), thylakoid membrane biogenesis
(Schottkowski et al. 2009), protein turnover (Park et al.
2007), photosystem assembly and repair (Park et al. 2007,
Heinnickel et al. 2016). Arabidopsis REC1 is an extraplastidic
protein that regulates the size of the chloroplast compart-
ment (Larkin et al. 2016). CGL71 is a TPR protein that is in-
volved in chloroplast thylakoid membrane formation, and
protecting PSI from oxidative disruption during assembly
in Chlamydomonas reinhardtii (Heinnickel et al. 2016). In
addition, TPR motifs interact with PsaA and PsaD to contain
the stability of PSI (Naver et al. 2001). Furthermore, REP27, a
TRP protein in C. reinhardtii, enhances D1-reaction center
protein turnover and PSII repair from photodamage (Park
et al. 2007). Therefore, SIREC2 may alleviate cold-induced
photoinhibition by enhancing D1 protein turnover,
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superoxide (NBT staining E) and hydrogen peroxide (DAB staining; F) in tomato wild-type (pTRV), SIREC2-silenced plants (pTRV-SIREC2),
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for 7 d. Bars in (B), 2 cm. The false-color code depicted at the bottom of the image ranges from 0 to 1.0, representing the level of damage in
the leaves. The plants were digitally extracted for comparison in (E) and (F), respectively. Bars in (E) and (F), 2 cm. G, H) Expression of SICBF1
and SINCED1 in pTRV, pTRV-SIREC2, pTRV-SIBCH1b, and pTRV-SIREC2/SIBCH1b plants after exposure to 25 °C or 4 °C for 6 h. Data are presented
as the means of three biological replicates (+SD). Different letters indicate significant differences (P < 0.05) according to Tukey’s test.

photosystem assembly and repair, and reducing the over- protecting the photosynthetic apparatus from photooxida-
reduction of electron carriers in tomato plants. tive damage (Baroli and Niyogi 2000; Dall'Osto et al. 2007).
Carotenoids function as critical pigments in light harvest-  In addition, carotenoids also act as precursors for ABA bio-

ing and components of the photosynthesis system for  synthesis (Marin et al. 1996). RCP1 and RCP2, which are
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homologous to Arabidopsis REC proteins, regulate the carot-
enoid biosynthesis in Mimulus flowers (Sagawa et al. 2016;
Stanley et al. 2020). It is worth noting that RCP1 belongs to
the R2R3-MYB family and has a function in ABA response
(Park et al. 2011). Thus, we hypothesized that SIREC2 may
regulate cold tolerance through the ABA pathway in tomato.
Consistent with our hypothesis, we observed that disruption
of SIREC2 impaired the ABA accumulation in tomato plants
during cold stress (Fig. 3A). Interestingly, the phenotype and
photosynthetic capacity were rescued in SIREC2-silenced
plants after the application of exogenous ABA during cold
stress (Fig. 3, B-F; Supplemental Fig. S6), which indicated
that ABA plays an important role in SIREC2-regulated cold
tolerance and photoprotection in tomato. In agreement
with this, we previously demonstrated that ABA signaling en-
hances photoprotection in tomato during cold stress (Wang
et al. 2018). In addition, the TETRATRICOPEPTIDE-REPEAT
THIOREDOXIN-LIKE 1, a TPR-containing protein, has been
found to function in the regulation of ABA signaling and abi-
otic stress responses (Rosado et al. 2006). Interestingly, dis-
ruption of SIREC2 inhibited the cold-induced SINCED1
expression in tomato plants during cold stress (Fig. 4A),
which indicated that SINCEDT might be a key regulator in
SIREC2-regulated ABA accumulation in tomato. To confirm
this, we disrupted the SIREC2 in not mutant and its wild
type. Results showed that there were no obvious differences

& Cold stress

=
SIREC2

I
OVIDIVD
| SINCEDT

ABA

/O

CBF-pathway photoprotection
N K
Cold tolerance

Figure 9. A proposed model explaining the regulatory mechanism of
SIREC2-mediated cold response in tomato. SIREC2 transcript levels sig-
nificantly upregulated when tomato plants are exposed to cold stress.
SIREC2 rapidly induces the gene expression of SIBCH1b and interacts
with SIBCH1b protein during cold stress. Subsequently, SIREC2 and
SIBCH1b act synergistically to induce SINECD1-mediated ABA accumu-
lation most likely through enhancing their protein stability or the tran-
scriptional activity of other unknown transcription factors (X) on the
SINECD1 gene. ABA increases the expression levels of CBF genes and
photoprotection, thereby enhancing cold tolerance in tomato.
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between SIREC2-silenced plants and the control plants
(pTRV) in the not mutant background during cold stress
(Fig. 4, B-F Supplemental Fig. S7), suggesting that
SINCED1-mediated ABA accumulation acts downstream of
SIREC2 in regulating cold tolerance in tomato.

In this study, we found that SIREC2 interacted with
SIBCH1b (Fig. 5, B-D). BCH, a carotene hydroxylase, catalyzes
B-ionone ring hydroxylation toward B, B-xanthophylls in
zeaxanthin biosynthesis (Kim et al. 2009; Walter and Strack
2011), which plays a critical role in xanthophyll cycle (Jahns
et al. 2009). It was reported that overexpression of the to-
mato CrtR-b2 (carotene beta hydroxylase) gene increased
xanthophyll contents (D’Ambrosio et al. 2011). To enhance
the xanthophyll content and alleviate cold-induced photoin-
hibition, the transcript level of SIBCH1b in tomato plants was
upregulated during cold stress (Fig. 6A). In the xanthophyll
cycle, ZEP catalyzes zeaxanthin (Z) to antheraxanthin (A),
which produces violaxanthin (V), while V can be reconverted
to Z under violaxanthin de-epoxidase catalysis. Z is essential
for the thermal dissipation of excess energy (Niyogi et al.
1998). qE-dependent NPQ is regulated by the de-epoxidation
state of the xanthophyll cycle pigments (Kromdijk et al.
2016). Here, we found that SIZEP1 gene expression, NPQ
and photochemical energy conversion were lower in
SIBCH1b-silenced plants than those in the control plants
(pTRV) during cold stress (Figs. 6, D-G and 7, E and F;
Supplemental Fig. S10), indicating that SIBCH1b alleviates
cold-induced photoinhibition through xanthophyll cycle
and thermal dissipation in tomato.

It is well known that NCED can catalyze V and neoxanthin
to produce ABA (Bouvier et al. 1998). Our results showed
that SINCED1 gene expression and ABA accumulation were
significantly lower in SIBCH1b-silenced plants than those in
the control plants during cold stress (Fig. 7, C and D), espe-
cially in the SIREC2 and SIBCH1b co-silenced plants
(Fig. 8H). These results indicate that SIREC2 and SIBCH1b
act synergistically to confer SINCED1-mediated ABA accumu-
lation at least in the process of cold tolerance. Given the syn-
ergistic interactions between SIREC2 and SIBCH1b, the
SIREC2 protein most likely has regulatory targets nonoverlap-
ping with SIBCH1b in the control of SINCED1-mediated ABA
accumulation, although SIREC2 target genes are elusive so
far. Besides the SIBCH1b-dependent pathway, SIREC2 alone
can also regulate SINCED1 gene expression through other
pathways. Moreover, other components might be involved
in regulating SIBCH1b. Probably, each individual member
deals with mild ABA responses, but the physical interaction
between SIREC2 and SIBCH1b facilitates strong and robust
ABA responses by enhancing their protein stability or the
transcriptional activity of other transcription factors (X) to
regulate the SINCED1 gene expression (Fig. 9). Similarly,
OsTPRO75 interacts with FT-INTERACTING PROTEIN1
(OsFTIP1) and OsFTIPY, and enhances their ability to trans-
port florigen (Zhang et al. 2022). Notably, the SIREC2 and
SIBCH1b co-silenced plants exhibited higher susceptibility
to cold stress than SIREC2- or SIBCH1b-silenced plants
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(Fig. 8, A—F; Supplemental Fig. S11C), which was also sup-
ported by the expression of SICBF1 gene. Cold induction of
the SICBF1 gene was compromised in SIREC2- and
SIBCH1b-silenced plants and more profoundly in the co-
silenced plants (Fig. 8G). In agreement with the findings of
ABA-promoted CBF gene expression and protein stability
(Agarwal et al. 2006; Ding et al. 2015; 2018; Wang et al.
2019b), our results suggest that SIREC2 and SIBCH1b act ad-
ditively to confer ABA accumulation, resulting in increased
expression levels of CBFs and enhanced photoprotection,
and thereby conferring cold tolerance to tomato plants
(Fig. 9). This study provides valuable information for poten-
tial genetic modification and breeding of tomato in response
to cold stress.

Materials and methods

Plant materials and growth conditions

Seeds of the ABA biosynthesis mutant (not) in the tomato (S.
lycopersicum) cv Ailsa Craig background were purchased
from the Tomato Genetics Resource Center (http://tgrc.
ucdavis.edu). As done previously, we used the virus-induced
gene silencing (VIGS) technique with tobacco rattle virus
(TRV)-based vectors (pTRV1/2) to silence the SIREC2 and
SIBCH1b genes (Wang et al. 2016; Bu et al. 2021). The VIGS
vectors of SIREC2 and SIBCH1b genes were constructed
with the gene-specific primers as listed in Supplemental
Table S1. VIGS was carried out as described previously
(Wang et al. 2016; Bu et al. 2021). The VIGS plants were
grown at 22 °C/20 °C (day/night) under 12-h light/dark cy-
cles (a photosynthetic photon flux density of 400 pmol m™2
s™"). The silencing efficiency of the targeted genes was exam-
ined by RT-qPCR.

Cold tolerance assays and cold stress treatment

We used REL and chlorophyll fluorescence to analyze the
cold tolerance of tomato plants. The REL was examined in to-
mato plants after cold treatment at 4 °C for 7 d, as described
previously (Wang et al. 2022). The P700 redox state measure-
ment and chlorophyll fluorescence were investigated with
Dual-PAM-100 (Heinz Walz, Effeltrich, Germany) as previous-
ly described (Wang et al. 2020b; Bu et al. 2021). Plants were
kept in dark conditions for 30 min before the measurements.
The effective quantum vyield of PSII [Y(Il)] and PSI [Y(I)],
photochemical quenching coefficient (gP), quantum yield
of regulated energy dissipation of PSIl (NPQ), P700 maximum
photooxidation level (P.,), acceptor-side and donor-side
limitation of PSI [Y(NA) and Y(ND)], and the electron trans-
port rate (ETRI or ETRII) were investigated (Wang et al.
2020b; Bu et al. 2021). The NPQ curves and maximum quan-
tum yield of PSII (F,/F,,) were measured by the Imaging-PAM
(IMAG-MAXI; Heinz Walz, Effeltrich, Germany) (Wang et al.
2018). In addition, we analyzed the polyphasic chlorophyll a
fluorescence transients (OJIP) curves with the JIP-test meth-
od (Kalaji et al. 2014; Wang et al. 2020b).
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For cold-stress treatments, tomato seedings at the six-leaf
stage were treated for a temperature of 25°C or 4 °C in
controlled-environment  growth  chambers  (Ningbo
Jiangnan Instrument Factory, Ningbo, China) for 7 d, unless
otherwise stated.

Gas exchange and histochemical staining
The net CO,-assimilation rate (Pn) was measured on the
third leaf from the bottom of each plant with an infrared
gas analyzer-based portable photosynthesis system
(LI-6400; LI-COR, Inc,, Lincoln, NE, USA). The measured con-
ditions were a leaf temperature of 25 °C, a relative air humid-
ity of 85%, a CO, concentration of 400 pmol mol™", and a
photosynthetic photon flux density of 630 pmol m™>s™".
Histochemical staining of hydrogen peroxide (H,0O,) and
superoxide (O3 ) was conducted in tomato leaves with
DAB and NBT, respectively (Wang et al. 2020b). 95% (v/v)
ethanol was used to remove chlorophyll from the tomato
leaves.

Phylogenetic analysis

We performed the multiple sequence alignment and phylo-
genetic analysis of REC proteins in tomato (S. lycopersicum),
rice (O. sativa), Arabidopsis (A. thaliana), monkeyflower (M.
lewisii and M. verbenaceus) using MUSCLE (Edgar 2004). The
phylogenetic tree was constructed using MEGA 7.0 software
with the maximum likelihood method and 1,000 bootstrap
value (Kumar et al. 2016). The posterior probabilities of ami-
no acid sequences were shown as the percentage at branch
points.

Exogenous chemical treatments and endogenous
ABA content assay

To investigate the role of ABA in SIREC2-regulated cold toler-
ance, 50 UM ABA or 50 pM NDGA (ABA-inhibitor) was ap-
plied on leaves of wild-type (pTRV) and SIREC2-silenced
plants (pTRV-REC2) at 12 h prior to exposure to cold condi-
tions at 4 °C for 7 d. We prepared the ABA (Sigma-Aldrich,
St. Louis, MO, USA) and NDGA (Sigma-Aldrich, St. Louis,
MO, USA) solutions by dissolving the solutes in ethanol fol-
lowed by dilution with distilled water (ethanol:water [v/v] =
1:10,000), respectively. A 50 mL volume of the solution or
water was applied to each plant. ABA content was examined
as described previously (Wang et al. 2016, 2020a).

RNA extraction and RT-qPCR analysis

Total RNA was extracted from tomato leaves using an
RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China),
and reverse transcribed into cDNA using the ReverTra Ace
gPCR RT Kit (Toyobo, Osaka, Japan). The expression levels
of target genes were detected by an Applied Biosystems
7,500 Real-Time PCR system (qTower3G, Jena, Germany)
with SYBR Green PCR Master Mix Kit (TaKara Bio Inc,
Kusatsu, Japan). The tomato ACTIN2 and UBI3 genes were
used as internal references. Relative gene expression was
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calculated as previously described (Livak and Schmittgen
2001). Primer sequences for RT-qPCR are presented in
Supplemental Table S2.

Yeast two-hybrid assay

We used the Matchmaker Gold Yeast Two-Hybrid System to
build Y2H constructs (Clontech, Mountain View, CA, USA) as
previously described (Wang et al. 2022). The full coding se-
quence (CDS) of SIREC2 and SIBCH1b were cloned into the
pGBKT7-BD bait vector and the pGADT7-AD prey plasmid,
respectively. The constructs were co-transformed into strain
Y2H Gold according to the manufacturer’s instructions. The
transformants were grown on -Trp/-Leu or -Trp/-Leu/-His/-
Ade selective medium for 2 to 3 d. There were 40 ug mL™"
of X-a-gal (5-bromo-4-chloro-3-indole-f3-p-galactoside) and
100 ng ml~" AbA in the yeast synthetic medium without
Trp/Leu/His/Ade for selection as above. PCR primers used
for vector construction are listed in Supplemental Table S1.

BiFC assay

The CDS of SIREC2 without stop codon was cloned
into pSPYNE, while SIBCH1b was cloned into pSPYCE. The
fusion plasmids were co-expressed in N. benthamiana leaves
for 48 h as described previously (Walter et al. 2004).
Fluorescence of YFP and 4',6-diamidino-2-phenylindole
(DAPI) was observed and photographed using a confocal
laser scanning microscope (TCS SP8; Leica, Wetzlar,
Germany). The excitation wavelength of the fluorescent
signal is 515 nm (YFP) or 405 nm (DAPI), and the emission
wavelength is 525 to 560 nm (YFP) or 420 to 470 nm
(DAPI), respectively. Primers used for the vector constructs
are listed in Supplemental Table S1.

Subcellular localization analysis

SIREC2 and SIBCH1b coding sequences were amplified with
specific primers and cloned into the pPCAMBIA1300-GFP vec-
tor to generate fusion constructs. The fusion constructs were
introduced into Agrobacterium tumefasciens GV3101 and
then infiltrated into N. benthamiana leaves. GFP fluorescence
signals in infiltrated leaf epidermal cells were captured by a
confocal laser scanning microscope (TCS SP8; Leica,
Wetzlar, Germany) after 3 d. DAPI fluorescence was used
as a nucleus marker. The excitation wavelength of the fluor-
escent signal is 488 nm (GFP) or 405 nm (DAPI), and the
emission wavelength is 500 to 572 nm (GFP) or 420 to
470 nm (DAPI), respectively.

Firefly luciferase complementation imaging assays

The CDS of SIREC2 was fused with nLUC on the vector
pCAMBIA1300-nLUC, while SIBCH1b was fused with cLUC
on the vector pCAMBIA1300-cLUC (Wang et al. 2022).
Agrobacterium  tumefasciens GV3101 harboring  35S:
SIREC2-nLUC and 35S:cLUC-SIBCH1b were used to co-
transform N. benthamiana plant leaves. After 3 d, the leaves
were treated with 0.2 mmol L™" potassium luciferin (Gold
Biotechnology Inc, St Louis, MO, USA) and were used to
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capture the firefly LUC image with the Night Shade LB 985
system (Berthold, Bad Wildbad, Germany). Primers used for
the vector constructs are listed in Supplemental Table S1.

Statistical analysis

The experimental design was a completely randomized de-
sign. The significance of differences was determined by
ANOVA followed by Tukey’s test at P < 0.05 using SPSS22
software (IBM Corp., Armonk, NY, USA).

Accession numbers

Sequence data from this article can be obtained from the Sol
Genomics databases (https://solgenomics.net/) under the ac-
cession numbers listed in Supplemental Table S2.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Identification of REC proteins in
tomato.

Supplemental Figure S2. The tomato SIREC2-silenced
plants.

Supplemental Figure S3. Silencing of SIREC2 leads to im-
paired photosynthetic performance index in tomato plants
under cold stress.

Supplemental Figure S4. Silencing of SIREC2 decreases the
expression levels of CBF-pathway genes in tomato plants un-
der cold stress.

Supplemental Figure S5. Silencing of SIREC2 leads to im-
paired electron transfer rates of photosystem in tomato
plants under cold stress.

Supplemental Figure S6. Foliar application of ABA rescues
cold tolerance in SIREC2-silenced plants.

Supplemental Figure S7. SIREC2 regulates cold tolerance
through the SINCED1-mediated ABA pathway.

Supplemental Figure S8. Subcellular localization of
SIBCH1b. The SIBCH1b-GFP fusion protein was expressed
in Nicotiana benthamiana leaf epidermal cells.

Supplemental Figure S9. The tomato SIBCH1b-silenced
plants.

Supplemental Figure $10. SIBCH1b is important for allevi-
ating cold-induced photoinhibition in tomato.

Supplemental Figure S11. SIREC2 and SIBCH1b act addi-
tively to enhance cold tolerance in tomato.

Supplemental Table S1. PCR primer sequences used for
vector construction.

Supplemental Table S2. List of primer sequences used for
RT-gPCR analysis.
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