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Abstract

Plastids are organelles responsible for essential aspects of plant development, including
carbon fixation and synthesis of several secondary metabolites. Chloroplast differentiation
and activity are highly regulated by light, and several proteins involved in these processes
have been characterised. Such is the case of the GOLDEN 2-LIKE (GLK) transcription fac-
tors, which induces the expression of genes related to chloroplast differentiation and photo-
synthesis. The tomato (Solanum lycopersicum) genome harbours two copies of this gene,
SIGLK1 and SIGLK2, each with distinct expression patterns. While the former predominates
in leaves, the latter is mainly expressed in fruits, precisely at the pedicel region. During
tomato domestication, the selection of fruits with uniform ripening fixed the mutation Siglk2,
nowadays present in most cultivated varieties, what penalised fruit metabolic composition.
In this study, we investigated how SIGLK2 is regulated by light, auxin and cytokinin and
determined the effect of SIGLK2 on tocopherol (vitamin E) and sugar metabolism, which are
components of the fruit nutritional and industrial quality. To achieve this, transcriptional pro-
filing and biochemical analysis were performed throughout fruit development and ripening
from SIGLK2, Slglk2, SIGLK2-overexpressing genotypes, as well as from phytochrome and
hormonal deficient mutants. The results revealed that SIGLK2 expression is regulated by
phytochrome-mediated light perception, yet this gene can induce chloroplast differentiation
even in a phytochrome-independent manner. Moreover, auxin was found to be a negative
regulator of SIGLK2 expression, while SIGLK2 enhances cytokinin responsiveness. Addi-
tionally, SIGLK2 enhanced chlorophyll content in immature green fruits, leading to an incre-
ment in tocopherol level in ripe fruits. Finally, SIGLK2 overexpression resulted in higher total
soluble solid content, possibly by the regulation of sugar metabolism enzyme-encoding
genes. The results obtained here shed light on the regulatory network that interconnects
SIGLK2, phytohormones and light signal, promoting the plastidial activity and consequently,
influencing the quality of tomato fruit.
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Introduction

Plastids are organelles with a great diversity of shapes and functions that are found in all pho-
tosynthetic eukaryotes. Besides photosynthesis, these organelles are responsible for diverse
functions, such as synthesis and storage of some secondary metabolites [1].

Proplastids are found in meristematic regions of the plant and are the precursor of the
other plastid types, whose differentiation is tightly regulated by endogenous and exogenous
signals. Several hormones have been described to play a role in the control of chloroplast bio-
genesis, such as auxins and cytokinins. While the first is known to have an inhibitory role in
chloroplast differentiation in roots, the latter stimulates this process [2, 3, 4]. In contrast, in
tomato (Solanum lycopersicum) fruits, auxins promote chloroplast biogenesis, as evidenced by
the increment in the abundance of fully developed chloroplasts when the auxin response
repressor SIARF4 (AUXIN RESPONSIVE FACTOR 4) is downregulated [5, 6].

Among the exogenous signals, light is paramount as it ensures that chloroplast differentia-
tion only occurs in appropriate conditions for photosynthetic activity. The red/far-red photo-
receptors PHYTOCHROMES (PHYs) play a significant role in this process. In the darkness,
PHYs are inactive in the cytoplasm, and upon red light exposure an isomeric alteration of the
chromophore leads to a rearrangement of the apoprotein structure that exposes the nuclear
signalling domain, leading to their translocation into the nucleus [7]. In the nucleus, PHYs
promote the degradation of PHYTOCHROME INTERACTING FACTORS (PIFs), which
repress, among other positive regulators of photomorphogenesis, the expression of ELON-
GATED HYPOCOTYL 5 (HY5) and GOLDEN 2-LIKE (GLKs) transcription factors [8].
GLKs are essential for chloroplast differentiation and maintenance [9, 10] and in Arabidopsis
thaliana are positively regulated by HY5 [11].

As in most plants, tomato genome harbours two GLK copies, SIGLK1 and SIGLK2. While
SIGLK1 is mostly expressed in cotyledons, sepals and leaves, SIGLK2 is predominantly
expressed in fruits, more specifically at the pedicellar portion, originating the so-called green
shoulder phenotype [12]. This phenotype was lost along tomato domestication by the fixation
of a non-functional truncated SIGLK2 coding allele (Slglk2), resulting in a uniform ripening
fruit, which facilitates harvesting but at the cost of nutritional quality as ripe fruits contain less
sugars [12, 13]. In agreement, SIGLK2 overexpression along the entire longitudinal axis of the
fruit in the mutant background has been shown to promote both sugar and carotenoid metab-
olism in tomato fruits [12, 13]. Thus, the proper development of fruit chloroplast impacts
nutritional quality, by affecting the content of not only photoassimilates but also of secondary
metabolites. Another plastid-synthesised family of compounds with important nutraceutical
value for human health, yet less studied, are the tocopherols [14,15, 16, 17], for which the con-
sequences of SIGLK2 loss of function in tomato fruit remains unexplored.

Tocopherols occur in four forms (o, B, Y and 8) and are important antioxidant molecules
that protect photosynthetic machinery by scavenging singlet oxygen and inhibiting the propa-
gation of lipid peroxidation in thylakoid membranes [18, 19, 20, 21]. In mammals, tocopherols
have vitamin E activity, in particular the o form, which is the most abundant in most vegetable
organs [22, 23]. Tocopherols are synthesised by the condensation of homogentisate and phytyl
diphosphate, products of the shikimate and methylerythritol phosphate pathways, respectively.
In tomato, many lines of evidence intertwine the metabolism of chlorophyll and tocopherol,
especially along fruit ripening, when the chlorophyll degradation-derived phytol can supply
tocopherol biosynthesis as the methylerythritol phosphate pathway products are channeled
towards carotenoid biosynthesis [24, 25, 26, 27, 28]. Due to its high consumption, tomato is an
important source of tocopherol in the human diet [29].
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In this sense, by promoting chloroplast differentiation, GLKs directly affect the nutritional
quality of edible crops, such as tomato fruit. However, many aspects of GLK regulation and
effects over the metabolism of important nutraceutical compounds remain elusive. To fill this
gap, the transcriptional profile of SIGLK2 and the tocopherol and sugar contents were
addressed in tomato fruits from wild-type (i.e. SIGLK2), Slglk2, PHY -deficient aurea (au-
SIGLK?2) and au-Siglk2 overexpressing SIGLK2 genotypes. Moreover, the interplay between
SIGLK?2 and the auxins and cytokinin production and signalling was explored. The results
expanded the knowledge regarding the complex regulatory network that controls chloroplast
biogenesis and showed that SIGLK2 positively impacts tomato fruit quality in a light- and
auxin-dependent manner.

Material and methods

Plant material, growth conditions and sampling

Experiments were carried out using Solanum lycopersicum cv. Micro-Tom, and depending on
the experiment, different mutants in SIGLK2 (wild-type allele) and Slglk2 (mutant allele) back-
grounds were used.

The PHY-deficient mutant aurea was chosen to explore the effect of PHY-mediated light
perception on the regulation of SIGLK2. In aurea, a mutation on the PHYTOCHROMOBILIN
SYNTHASE gene prevents the correct synthesis of the phytochromobilin, consequently lead-
ing to a global deficiency in functional PHYs [30, 31, 32]. To study the influence of auxin on
the regulation of SIGLK?2, diageotropica (dgt) was used, a mutant with reduced auxin sensitivity
due to a mutation on DIAGEOTROPICA that encodes a cyclophilin [33]. The cytokinin effect
on the regulation of SIGLK2 was addressed in a transgenic plant overexpressing Arabidopsis
CYTOKININ OXIDASE 2 (35S::CKX2), resulting in low endogenous levels of cytokinins [34].
Moreover, transgenic plants expressing the reporter gene uidA (encoding for the B-GLUCU-
RONIDASE enzyme, GUS) under control of the cytokinin (ARR5:GUS) and auxin (DR5::
GUS) responsive promoters were used to evaluate the influence of SIGLK2 in hormonal
activity.

Seeds from all tomato genotypes used were originally obtained from the germplasm collec-
tion maintained at ESALQ, Universidade de Sdo Paulo (USP), Brazil (http://www.esalq.usp.br/
tomato/).

All plants were greenhouse cultivated in 2L pots containing a 1:1 mixture of substrate
(Plantmax HT, Eucatex, Sdo Paulo, Brazil) and vermiculite supplemented with NPK (nitrogen
phosphorus potassium) 10:10:10, dolomite limestone (MgCO; + CaCO3) and magnesium
thermophosphate (Yoorin Master, Yoorin Fertilizantes, Brazil), under controlled temperature
(25 + 3°C), daily automatically irrigation by capillarity, and natural light conditions (11.5 h/13
h photoperiod in winter/summer, respectively, and 250-350 umolm > s~ of incident photo-
irradiance).

Fruits were collected at 12 h + 1 h and sectioned in three parts; the most proximal and distal
portions to the petiole were used, whereas the middle region was discarded. Only the pericarp
(without placenta and locule walls) were used in the experiments. Fruits were harvested at six
developmental stages: (i) immature green 3 (IG3, ~ 8 days post anthesis—-dpa, actively growing
fruits); (ii) immature green 5 (IG5, ~ 15 dpa, fruits at maximum size before ripening onset);
(iii) mature green (MG, ~ 22 dpa, when the placenta displays a gelatinous aspect, transition to
climacteric phase); (iv) breaker (Br, ~ 34 dpa, beginning of ripening, first signals of yellowish
coloration); (v) orange (Br+3, three days after breaker stage, when the fruits display orange col-
oration); (vi) red ripe (Br+5, 5 days after breaker stage). A biological replicate was defined as a
pool of fruits from at least five plants. All samples were frozen in liquid N,, powdered and
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stored at -80°C. For tocopherol content determination, samples were dried by lyophilization
before extraction.

qPCR analysis

RNA extraction, complementary DNA (cDNA) synthesis, primer design and qPCR assays
were performed as described by [27]. Primer sequences used are detailed in S1 Table. qPCR
reactions were carried out in a QuantiFlex Studio 6 real-time PCR system (Applied Biosys-
tems) using 2X Power SYBR Green Master Mix reagent (Life Technologies) in a 14 pL final
volume. Absolute fluorescence data were analysed using the LinRegPCR software package [35]
in order to obtain the quantitation cycle (Cq) values and calculate PCR efficiency. Expression
values were normalised against the geometric mean of two reference genes, SITIP41 and SIEX-
PRESSED, according to [27]. A permutation test lacking sample distribution assumption [36]
was applied to detect statistical differences (P < 0.05) in expression ratios using the algorithms
in the fgStatistics software package version 17/05/2012 [37].

GUS activity fluorometric assay

Fruits from genotypes DR5::GUS and ARR5::GUS in SIGLK2 and Slglk2 background were pow-
dered in liquid nitrogen and analysed through in vitro GUS activity quantitative assay, using
methylumbelliferyl-B-D-glucuronide (MUG) according to [38] with the modifications
described in [39].

Chlorophyll and tocopherol quantification

Chlorophyll extraction was carried out as described in [40]. One mL of dimethylformamide
(DMF) was added to 100 mg fresh weight of fruit samples. Then, samples were ice-cold soni-
cated for five min at 42 kHz and centrifugated at 9000 g for 10 min at room temperature and
the supernatant collected. The procedure was repeated until total removal of green tissue col-
our. Spectrophotometer measurements were performed at 664 and 647 nm. Chlorophyll a
content was estimated as (12*Abs 664)-(3,11*Abs 647), while chlorophyll b was calculated as
(20,78* Abs 647)-(4,88" Abs 664); total chlorophyll was then obtained by adding the obtained
values.

Tocopherols were extracted from approximately 25 mg dry weight as described in [25]. The
samples were adjusted to 4 mL final volume. Aliquots of 3 mL were dried and dissolved in
200 pL of mobile phase composed of hexane/tert-butyl methyl ether (90:10). Chromatography
was carried out on a Hewlett-Packard series 1100 HPLC system coupled with a fluorescence
detector (Agilent Technologies series 1200) on a normal-phase column (LiChrosphere 100
Diol Si; 250 mm x 4.0 mm, 5 pm; Agilent Technologies, Germany) at room temperature with
the mobile phase running isocratically at 1 mL min-1. a-, B-, y- and 8-tocopherol were
detected by excitation at 295 nm, and fluorescence was quantified at 330 nm.

Transgenic plant generation

SIGLK?2 full-length cDNA was amplified (primers described in S1 Table), cloned into pK7W
G2D,1 [41] and introduced in Solanum lycopersicum (cv Micro Tom) aurea Slglk2 (au-Slglk2)
mutant background following the protocol described in [42]. SIGLK2-overexpressing trans-
genic lines (L2, L7 and L8) were confirmed by genomic PCR and qPCR (primers described in
S1 Table). The experiments were performed with T1 plants.
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Total protein quantification and Western Blot

Approximately 400 mg of immature green fruits were frozen in liquid nitrogen, powdered and
lyophilised. The homogenized tissue was resuspended in extraction buffer (1:1 w/v ratio) con-
taining 10 mM KCl, 5 mM MgCl 2, 400 mM sucrose, 10 mM B-mercaptoethanol, 100 mM
Tris-HCI, pH 8, 10% glycerol (v/v), 1 mM PMSF [43] and 1:100 Protease Inhibitor Cocktail
(Sigma-Aldrich # P9599) and centrifuged twice at 12,000 RPM for 15 min at 4°C. The superna-
tant was collected and quantified using the Bradford assay [44]. Approximately 80 ug of total
protein extracts were separated by SDS/PAGE on a 12% (w/v) acrylamide (30% acrylamide/Bis
Solution, 29:1; Bio-Rad) gel and transferred on a 0.45-mm nitrocellulose membrane (Bio-Rad
#1620115). The membrane was stained with Ponceau red to assess equal transfer. Blotted
membrane was blocked in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBS-T) with
5% (w/v) dry milk (Biorad # 1706406) for 1 h and 30 min at 37°C, then washed three times for
5 min with TBS-T and incubated with a specific polyclonal antibody raised against synthetic
peptide based on specific amino acid sequence of SIGLK2 (peptide sequence: CSLSYKNERE-
NYD) (FastBio, Brazil). After incubation with the primary antibody, the membrane was
washed and subsequently incubated with Alkaline phosphatase-coupled anti-rabbit secondary
antibody (Sigma-Aldrich # A-3687) for 3 h at room temperature. AP Conjugate Substrate Kit
(Bio-Rad # 1706432) was used for detection.

Transmission electron microscopy and chloroplast counting

For plastid ultrastructure analysis, samples of immature green fruits at IG5 stage were fixed in
glutaraldehyde 2.5% (v/v) in 100 mM sodium phosphate buffer (pH 7.2) for 2 hours, post-
fixed in sodium tetroxide 2% (w/v) in the same buffer for 2 hours and treated with tannic acid
1% (w/v) in sodium phosphate buffer 50 mM (pH 7.2) for 16 hours. Dehydration was per-
formed gradually in acetone, and finally, samples were embedded in Spurr resin (Electron
Microscopy Science #14300). Ultra-thin sections were stained with uranyl acetate [45] and cit-
rate [46] and visualized under transmission electron microscopy JEOL model JEM1011. The
size of the chloroplasts was measured from the transmission electron microscopy images.

To count chloroplasts, slides from immature green fruits at IG5 stage were prepared as
described by [47] and analysed in optical Axio Imager M2 microscope. Chloroplasts per cell
were manually counted.

Soluble sugars and total soluble solids quantification

For quantification of soluble sugars, 200 mg fresh weight of powdered fruit pericarp was
extracted with 1 mL ethanol 80% (v/v) four times as described by [48]. Approximately 1 mL of
the extract was vacuum dried in a SpeedVac system and resuspended in 1 mL of ultra-pure
water. Glucose, fructose and sucrose were quantified by high-performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex, Sunnyvale, CA,
USA) using a Carbopac PA1 column (250 x 4 mm, 5 pm particle size, Dionex) in an isocratic
run with 18 mM NaOH as mobile phase. Content of each sugar was calculated using standard
curves made with pure glucose, fructose and sucrose. Total soluble solids were measured in
ripe fruits with a refractometer DR201-95 (Kruss).

Data analysis

Differences in parameters were statistically evaluated using Infostat software v. 2016 [37].
When the data set showed homoscedasticity, ANOVA analysis was performed to compare
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values along development in the same genotype (P<0.05). In the absence of homoscedasticity,
non-parametric analysis was performed using the Kruskal Wallis test (P<0.05).

Results

The deficiency in PHY-mediated light perception alters the temporal, but
not the spatial, pattern of SIGLK2 mRNA accumulation in fruits

To address whether the presence of the mutant allele, Siglk2, or the global deficiency in func-
tional PHYs disrupt the spatial and temporal SIGLK2 expression pattern, three genotypes were
analysed, the wild-type harbouring SIGLK2 allele (SIGLK2), Slglk2 mutant (Slglk2), and PHY-
deficient aurea (au) mutant harbouring the wild-type SIGLK2 allele (au-SIGLK2). The mRNA
abundance of SIGLK2 was addressed at the pedicellar and the bottom part of the fruit at imma-
ture green (IG3 and IG5), mature green (MG), breaker (Br) and three and five days after
breaker (Br+3 and Br+5, respectively) stages. For all genotypes, SIGLK2 transcripts were found
in both portions until the onset of ripening (Br), although at least 2.5-fold more abundantly in
the pedicellar portion of the fruits, becoming undetectable in the bottom part at Br+3 and Br
+5 stages (Fig 1, S2 Table). Thus, the expression gradient along fruit longitudinal axis was
maintained in the absence of a functional SIGLK2 protein (in Slglk2 mutant) or when PHY-
mediated light perception was impaired (in au-SIGLK2 mutant). Regarding temporal expres-
sion profile in the pedicellar portion of the fruit, in SIGLK2 wild-type and Slglk2 mutant geno-
types the mRNA amount peaked at the MG stage declining gradually as ripening progressed.
However, a different profile was observed in au-SIGLK2 genotype fruits, in which the highest
amount of SIGLK2 transcripts was verified at IG5 stage (Fig 1, S2 Table). When comparing the
pedicellar portion of the distinct genotypes, the mRNA of Slglk2 mutant allele accumulated at
levels lower than those of SIGLK2 wild-type allele, throughout fruit development and ripening.
The deficiency in the PHY-mediated light perception characteristic of the au-SIGLK2 led to
increased levels of SIGLK2 transcript at immature green stages and decreased amounts from
Br stage onwards compared to the wild-type genotype (Fig 1, S2 Table). Thus, in all genotypes,
SIGLK2 mRNA peaks during initial fruit development and declines towards ripe stages. These
results indicate that, while the spatial gradient along the fruit longitudinal axis is maintained,
the temporal expression pattern of SIGLK2 locus along fruit development and ripening is
affected by PHY-mediated signalling.

SIGLK2 is negatively regulated by auxin and enhances cytokinin
responsiveness

Aiming to improve the knowledge about the SIGLK2 signalling network, the interplay between
this transcription factor and the auxins and cytokinins production and signalling was
investigated.

The eventual impact of SIGLK2 wild-type allele on hormonal activity was evaluated by ana-
lysing the activity of GUS reporter enzyme expressed under the control of the DR5 and ARR5
promoters, which are responsive to auxins and cytokinins, respectively. This fluorometric
assay uses 4-methylumbeliferyl-B-D-glucuronide (MUG) as substrate, which is hydrolysed by
GUS in glucuronic acid and the fluorescent 4-methylumbeliferone, providing a precise quanti-
tative data of GUS activity [38]. While no marked differences were found in GUS activity
between DR5:GUS-SIGLK2 and DR5::GUS-Slglk2, GUS activity was higher in the fruits from
ARRS5::GUS-SIGLK?2 than in those from ARR5:GUS-SIglk2 in all stages analysed (Fig 2A).
These data indicate that SIGLK2 has a positive influence on cytokinin signalling, evidenced by
the increment in ARR5 promoter activity in the presence of the wild-type allele.
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Subsequently, the influence of both hormones on the transcriptional regulation of SIGLK2
was investigated by analysing the SIGLK2 transcript abundance in the auxin-resistant diageo-
tropica (dgt) mutant and the cytokinin-deficient 35S:CKX2 (CYTOKININ OXIDASE/DEHY-
DROGENASE 2) genotype (Fig 2B). The reduction in cytokinin content of the 355:CKX2
genotype did not affect the mRNA abundance of SIGLK2. However, the reduced auxin respon-
siveness characteristic of the dgt mutant significantly promoted SIGLK2 transcript accumula-
tion in immature and mature green stages. Thus, while the presence of SIGLK2 wild-type allele
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increases the fruit tissue responsiveness to cytokinins, the expression of SIGLK2 is negatively

regulated by auxins.

Tocopherol metabolism is affected by SIGLK2 and PHY-mediated light
signalling

Since tocopherol is synthesized in the plastids and its production has been robustly demon-
strated to be linked to chlorophyll metabolism in tomato fruits [25, 26, 27], the effect of
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SIGLK2, and its PHY-dependent transcriptional regulation demonstrated above, on tocopherol
content was investigated. As expected, SIGLK2 genotype displayed higher levels of chlorophyll
than Slglk2 and au-SIGLK2 genotypes in green stages of fruit development (Fig 3A). Interest-
ingly, the presence of SIGLK2 wild-type allele in aurea background was not enough to recover
chlorophyll content, which did not surpass those detected in the Slglk2 mutant genotype (Fig
3B). Regarding total tocopherol, green fruits, i.e. IG3 and MG, of SIGLK2 and Slglk2 had simi-
lar levels, which were higher than au-SIGLK2. In ripe fruits, i.e. Br+5, when chlorophyll was
degraded, all genotypes showed increased total tocopherol content than the respective green
stages. This profile correlated with chlorophyll contents at green stages, where SIGLK2 wild-
type genotype and the au-SIGLK2 mutant accumulated the highest and the lowest total tocoph-
erol content, respectively (Fig 3C). When tocopherol forms were individually analysed (S3
Table), it became evident that all detectable tocopherol forms in green stages, except for y-
tocopherol in IG3 stage, of au-SIGLK2 fruits were less abundant when compared to SIGLK2
wild-type fruits. This trend was particularly conspicuous for a-tocopherol, which is the most
abundant form in tomato. At the ripe stage, fruits from au-SIGLK2 exhibited a reduction in all
tocopherol forms, while, Slglk2 showed decreased levels of y- and §-tocopherol in comparison
to SIGLK2 wild-type genotype. It is worth mentioning that the B, & and y forms little contribute
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to the total amount and vary between organs and tomato varieties. The minor tocopherol
forms are barely detected or remain below the HPLC detection level (as the case of 8 in MG
and IG3) [25, 27].

To better understand the alterations in chlorophyll and tocopherol content described
above, the mRNA of genes that are known to be transcriptionally regulated and contribute in
determining ripe fruit tocopherol content [25, 26] was profiled (Fig 4, S4 Table). The transcrip-
tional profile included SIDXS and SIGGDR from the methylerythritol-phosphate pathway,
SIVTEL, SIVTE2, SIVTE3 and SIVTE4 from tocopherol biosynthesis, and SIVTE5 and SIVTE6
involved in phytol recycling. At IG5 stage, just before the onset of ripening, the reduction of
the mRNA levels of SIDXS and SIGGDR in the absence of functional SIGLK2 limits the phytol
availability, explaining the decreased chlorophyll content in Slglk2 genotype. In au-SIGLK2
mutant the impairment in chlorophyll tetrapyrrolic ring biosynthesis and in PHY-mediated
signalling that attenuates chloroplast differentiation [49] explain the reduction in chlorophyll
and tocopherol level in green fruits. Therefore, the altered expression pattern of SIVTE3,
SIVTE4 and SIVTES5 might be a compensatory effect in response to the reduction in tocopherol
levels.

As ripening proceeded, at Br+5 stage the fruits from Slglk2 genotype displayed no alteration
in the transcript levels of SIGGDR nor in phytol recycling-related genes; therefore, the reduced
content of chlorophyll in the green fruits might have decreased the pool of free phytol during
ripening, explaining the reduced levels of tocopherol. Again, SIVTE! and SIVTE3 upregulation
and SIVTE4 downregulation might be a compensatory response to the reduced phytol avail-
ability in Slglk2 genotype. In the case of au-SIGLK2, besides the changes observed in Siglk2,
reduced levels of SIVTE2, SIVTE6, SIDXS and SIGGDR mRNA were verified, contributing to
the decrease in tocopherol levels together with the reduced chlorophyll content.

Collectively, these results suggest that both SIGLK2 and PHY-mediated light perception
affect the tocopherol biosynthesis and accumulation in tomato fruits, not only through their
impact on chlorophyll biosynthesis and, consequently, on the availability of chlorophyll-
derived phytol, but also by the transcriptional regulation of enzyme-encoding genes involved
in tocopherol biosynthetic, phytol recycling and methylerythritol-phosphate pathways.

SIGLK2 overexpression in PHY-deficient plants promotes fruit chlorophyll
accumulation and chloroplast biogenesis in green fruits and restores wild-
type levels of tocopherol in ripe fruits

Chlorophyll levels in green fruits before the onset of ripening directly affects tocopherol con-
tent in ripe fruits (Fig 3B and 3C) [25]. Thus, to evaluate whether SIGLK2 could promote chlo-
roplast differentiation and tocopherol accumulation despite the impairment in PHY-mediated
light perception, transgenic lines constitutively overexpressing SIGLK2 wild-type allele in
aurea Slglk2 (au-Slglk2) genetic background were generated. Three transgenic lines, namely
L2, L7 and L8, which displayed at least 4-fold increases in SIGLK2 transcript abundance in IG5
fruits (Fig 5A), were selected for further characterisation. The amount of SIGLK2 protein was
estimated at IG5 stage and, while undetected in the untransformed au-Slglk2 that harbours the
mutated allele encoding a truncated protein, it was only faintly detected in L7, L8 and SIGLK2
wild-type fruits. However, the SIGLK2 protein was conspicuously detected in L2, whose
mRNA levels surpassed those found in the untransformed au-Siglk2 and SIGLK2 genotypes
approximately 200- and 28-fold, respectively (Fig 5B). Phenotypically, both L7 and L8 imma-
ture fruits maintained the chlorotic aspect characteristic of the aurea mutation, while L2 devel-
oped fruits with uniform dark green colour (Fig 5C). It is worth mentioning that this
phenotype was not exclusively of L2, a fourth transgenic line, namely L6, also displayed dark

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 10/22


https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

G3p PEP -, . E4P

\*w ‘.. ...

\0\*”\&..}" EE Pyruvate B &
999 DXS S -
IGS 25
Br+S, -
Log10 relative DXP .
tranycript abundance . v
0.50 0.50 V HPP

Carotenoids <---- GGPP

L1 ]

vy GGDR

,.s* POP BEQ HGA

A VTE2
7 VTES VIE3
MPBQ ———3p DMBQ
Chlorophyil a PP

A% EIEE

VTES
cessssssssp Phytol

O- Tocopherol y- Tocopherol

VTE4

Pheophorbide a B-Tocopherol a-Tocopherol

Fig 4. Transcript profile of tocopherol-related encoding genes. Heatmap representation of the mRNA abundance of
tocopherol-related encoding genes in the pedicellar portion of immature green (IG5) and ripe (Br+5) fruits of wild-
type (SIGLK2), truncated SIGLK2-encoding (Slglk2) and au-SIGLK2 mutant genotypes. Coloured squares represent
statistically significant differences in relation to the respective wild-type (SIGLK2) sample (P < 0.05). Values represent
mean of at least three biological replicates. Relative transcript values are detailed in S4 Table. Methylerythritol
phosphate pathway (orange), shikimate pathway (red), chlorophyll metabolism (green), phytol recycling (purple)

and tocopherol biosynthesis (blue). Dotted lines indicate that intermediate steps were omitted. Enzymes: DXS:
1-DEOXY-D-XYLULOSE-5-P SYNTHASE; GGDR: GERANYLGERANYL DIPHOSPHATE REDUCTASE; VTEI:
TOCOPHEROL CYCLASE; VTE2: HOMOGENTISATE PHYTYL TRANSFERASE; VTE3: 2,3-DIMETHYL-5-
PHYTYLQUINOL METHYL TRANSFERASE; VTE4: TOCOPHEROL y-METHYL TRANSFERASE; VTE5: PHYTOL
KINASE; VTE6: PHYTYL-PHOSPHATE KINASE. Metabolites: G3P: glyceraldehyde 3-phosphate; DXP: 1-deoxy-D-
xylulose-5P; GGDP: geranylgeranyl-2P; PDP: phytyl diphosphate; HGA: homogentisate; HPP: hydroxyphenylpyruv-
ate; PEP: phosphoenolpyruvate; E4P: erythrose 4-phosphate; MPBQ: 2-methyl-6-phytylquinol; DMBQ: 2,3-dimethyl-
5-phytylquinol; PP: phytyl phosphate.

https://doi.org/10.1371/journal.pone.0212224.g004

green fruits. However the TO plant produced parthenocarpic fruits exhibiting only aborted
seeds, thus, we were unable to further analyse this line (S1 Fig).

In line with the fruit colour phenotypes observed, the chlorophyll content in IG5 fruits of
the L2 transgenic line was markedly higher than in untransformed au-Slglk2 genotype, even
when compared to SIGLK2 wild-type genotype (Fig 5D). No differences were found in chloro-
phyll content between the L7 and L8 transgenic lines and the untransformed genotype. The
distinct phenotype of L2, that was also displayed by L6 and is in agreement to what was
reported to wild-type tomato fruits overexpressing AtGLK2 [12], together with the expression
and the western blot results allowed us to conclude that the only transgenic line that indeed
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https://doi.org/10.1371/journal.pone.0212224.9005

accumulates higher levels of the SIGLK2 protein is L2; therefore, only this line was further
characterised.

To address whether the increment in chlorophyll content might reflect an alteration in
chloroplast differentiation, chloroplast number and ultrastructure were evaluated in IG5 fruits.
Immature fruits from L2 transgenic line had more chloroplasts than both the untransformed
au-Slglk2 and SIGLK2 genotypes (Fig 6A). Ultrastructural analysis revealed SIGLK2 overex-
pression in aurea-Siglk2 background was able to restore chloroplast size to that observed in the
wild type SIGLK2 genotype (Fig 6B). Moreover, fruit chloroplasts from L2 line exhibited grana
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with more abundantly stacked thylakoids and notably fewer starch grains compared to au-
Slglk2 and SIGLK2 genotypes (Fig 6C).

To investigate whether the alterations in chloroplast number and internal structure in
immature fruits from L2 overexpressing line would restore the quality of the edible fruits, we
measured plastid metabolic activity products in Br+5 stage. L2 ripe fruits exhibited great
amounts of total soluble solids than those observed in both control genotypes (Fig 7A), which
correlates with the increment in sucrose also detected in the overexpressing line (Fig 7B).
Additionally, the tocopherol content in ripe fruits from the L2 genotype increased up to the
value observed in SIGLK2 genotype (Fig 7C; S5 Table). Tocopherol profiling in ripe fruits
revealed that SIGLK2 overexpression led greater 8- and y-tocopherol accumulation compared
to both au-Siglk2 and SIGLK2 control genotypes.
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Aiming to better understand the metabolic shift observed in SIGLK2-overexpressing line, a
comprehensive transcript profile of key regulatory enzyme-encoding genes of the methylery-
thritol-phosphate pathway (SIDXS and SIGGDR), shikimate pathway (SIHPPD2), tocopherol
biosynthesis (SIVTEI, SIVTE2, SIVTE3 and SIVTE4), and chlorophyll synthesis (SICHLG),
chlorophyll dephytylation (SIPPH and SIPPHLI) and phytol recycling (SIVTE5 and SIVTE6)
were performed in green and ripe fruits (Fig 8, S6 Table).

Interestingly, an overall up-regulation of these genes was detected in L2 compared to
control au-Slglk2 in at least one of the analysed stages. The only exception was SIHPPD2
gene, which was downregulated in au-Siglk2 and L2 transgenic line compared to SIGLK2
wild-type genotype. It is worth mentioning that all enzyme-encoding genes that were upre-
gulated in SIGLK2 genotype compared to Slglk2 mutant shown in Fig 4 were also upregu-
lated in L2 line, suggesting that they are indeed directly or indirectly regulated by SIGLK2
transcription factor.

In conclusion, SIGLK2 overexpression in au-Slglk2 background led to the differentiation of
more chloroplasts with highly-developed grana, which was accompanied by increased chloro-
phyll content in green fruits as well as by higher sugar accumulation and wild-type tocopherol
levels in ripe fruits.
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https://doi.org/10.1371/journal.pone.0212224.9008

Discussion

The crosstalk between light and phytohormones in tomato fruit chloroplast regulation has
been increasingly investigated in recent years [6, 39, 50]. In this study, we focused our atten-
tion on the interplay between light, phytohormones and SIGLK2, as well as the signalling net-
work of this tomato master transcription factor for fruit chloroplast differentiation.
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The expression of SIGLK2 is partially induced by light as it is diminished if green immature
fruits develop in darkness [12]. However, the results presented here show that the aurea
mutant had higher transcript amounts of SIGLK2 in early stages of fruit development (Fig 1).
The global deficiency in the PHY-mediated light perception characteristic of the aurea mutant
has a much broader effect on plant physiology than solely depriving fruits of red/far-red light
perception. For instance, such a deficiency has been shown to limit the auxin content and
responsiveness in aurea immature fruits [39]. This not only explains the increment in SIGLK2
transcripts (Fig 1), as auxin was found to transcriptionally repress this transcription factor as
demonstrated in green fruits of the auxin resistant dgt mutant genotype (Fig 2), but also the
anticipation of the SIGLK2 mRNA peak in aurea fruits. This auxin-induced repression of
SIGLK2 might be mediated by the auxin-induced auxin-repressor AUXIN RESPONSE FAC-
TOR4 (SIARF4). This transcription factor was found to downregulate SIGLK1 expression in
tomato fruits harbouring the mutated Siglk2 allele [6], and putative ARF binding sites
(TGTCTC box) can be recognized in SIGLK2 promoter (S2A Fig). Moreover, both aurea [39]
and dgt (52B Fig) mutant genotypes display reduced levels of SIARF4 transcripts at early stages
of fruit development. Thus, it is not only the light signal that regulates SIGLK2 expression, but
also its interplay with auxin signalling.

Less clear is the relationship between cytokinins and SIGLK2 expression. According to GUS
activity assay, the cytokinin responsive ARR5 promoter drove higher expression levels of uid
gene in the presence of SIGLK2 wild-type compared to mutant Slglk2 allele in all fruit stages
analysed (Fig 2). This result suggests that SIGLK2 positively regulates cytokinin signalling
along fruit development and ripening. However, the constitutive overexpression of AtCKX2,
which reduces the content of cytokinin, did not affect SIGLK2 mRNA levels (Fig 2). This does
not confirm the positive effect of cytokinins on AtGLK2 expression described in A. thaliana
root greening [3], supporting the existence of organ-specific regulatory networks.

To sum up, the PHY-mediated light regulation over SIGLK2 is most probably mediated by
auxin through SIARF4, while SIGLK?2 positively affects cytokinin signalling in fruits.

Fruits are generally regarded as photosynthate sinks that rely on energy provided by sugars
transported from leaves to carry out the highly demanding processes of development and rip-
ening [51]. However, in recent years, it has been increasingly demonstrated that tomato fruit
plastid metabolism significantly influences nutritional and industrial quality of fruit [50].
Recent reports have shown that transcriptional factors enhancing chloroplast development in
fruit may result in higher content not only of tomato fruit-specialized metabolites, i.e. caroten-
oids, but also of sugars [6, 12, 52]. SIGLK2 is within these transcription factors [13]; this study
brings new, detailed data to this scenario.

The results obtained here by the analysis of the effect of the functional SIGLK2 or the trun-
cated protein-encoding Slglk2 allele in wild-type or aurea mutant background provide further
evidence regarding the role of this fruit specific transcription factor on nutritional quality, par-
ticularly on tocopherol content.

The presence of SIGLK2 wild-type allele enhanced chlorophyll accumulation in immature
fruits compared with those from Siglk2 genotypes (Fig 3). This effect was accompanied by the
enhancement of de novo synthesis of phytyl-2P (SIDXS and SIGGDR), chlorophyll biosynthesis
(SICHLG), and/or chlorophyll degradation and recycling (SIPPH, SIPPHLI and SIVTES6) (Fig
4).In A. thaliana, AtGLKs induce the expression of photosynthesis-related genes by the direct
interaction with the promoter sequences of genes that function in light harvesting, such as
LIGHT-HARVESTING CHLOROPHYLL-BINDING (AtLHCB) and key chlorophyll biosyn-
thetic genes [3, 10]. Moreover, GLK proteins influence photosynthetic gene expression inde-
pendently of the PHY's signaling pathway [10], in agreement with the results obtained for
SIGLK2-overexpressing L2 plants in aurea background (Fig 6).

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 16/22


https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

During tomato fruit ripening, SIDXS and SIGGDR expression is up- and downregulated,
respectively; consequently, MEP pathways boost GGDP availability for carotenoid biosynthesis
[27]. From breaker stage onwards, chlorophyll degradation-derived phytol is recycled to phy-
tyl-2P, which feeds tocopherol biosynthesis [25]. Thus, there is a positive correlation between
chlorophyll levels in green fruits and tocopherol amounts in ripe fruits [25]. In this regard,
higher levels of tocopherol were observed in ripe fruits from SIGLK2 than in Siglk2. Despite
this, even with 3-fold more chlorophyll, ripe fruits from SIGLK2-overexpressing L2 plants in
aurea mutant background displayed similar levels of tocopherol as wild-type fruits (Fig 5). Sev-
eral reports demonstrated that phytyl-2P is the most limiting factor in tocopherol biosynthesis,
both for S. lycopersicum [25] and A. thaliana [53]. However, this does not seem to be the case
since phytol recycling is indeed enhanced by SIGLK2 overexpression compared to SIGLK2
wild-type ripe fruits by the upregulation of SIVTE5 and SIVTE6 expression (Fig 8). In this
sense, tocopherol increment impairment might be the consequence of the shikimate precursor
HGA limitation, reinforced by the fact that there was no effect of SIGLK2 on SIHPPD?2 tran-
script levels, with both au-Slglk2 and L2 line showing decreased relative transcript abundance
when compared to wild-type fruits (Fig 8). These results suggest that SIGLK2 positively regu-
lates the tocopherol content in ripe fruits in two different ways: by increasing chlorophyll con-
tent during green stages of fruit development and by enhancing phytol recycling once ripening
is triggered. Moreover, SIGLK2 participates in the regulation of chlorophyll, MEP and tocoph-
erol core metabolic genes in a PHY-independent manner since the effect was observed in
aurea mutant background.

Interestingly, when overexpressed in aurea background, SIGLK2 reduced starch content in
immature fruits and increased total soluble solids in ripe fruit (Fig 7), in part due to an incre-
ment in soluble sugars, similarly to what has been previously reported [12]. The combined
effects of SIGLK2 and PHY-mediated light perception constitute an intricate regulatory net-
work that controls carbon metabolism in a way yet to be revealed.

Recently, it has been shown that PHY-mediated light perception impairment reduced the
mRNA levels of the auxin-induced SIARF4 and enhanced the starch content in immature fruits
[54]. Moreover, SIARF4-silenced tomato plants have higher expression and activity of AGPase,
leading to an increment in the starch content observed in immature fruits from these plants
[6]. Similarly, it has been demonstrated in cultured tobacco cells that auxins inhibit amyloplast
development and transcriptionally repress starch biosynthesis-related genes [55]. Also, auxins,
which are induced by PHY-mediated light perception [39], inhibit AMYLASE activity, delay-
ing the accumulation of soluble sugars along ripening in climacteric fruits [56, 57]. In this con-
text, given the fact that SIGLK2 is downregulated by auxins and that SIGLK2 binding motifs
[10] are found in a- and S-AMYLASE promotor sequence (S3 Fig), it is tempting to propose
that SIGLK2 mediates the auxin inhibition of AMYLASE. Altogether, SIGLK2 and PHY-medi-
ated light perception affect soluble sugar content by controlling the balance between starch
synthesis and degradation probably through the regulation of both AGPase and AMYLASE
expression and/or enzyme activity.

In all, the results obtained here revealed that SIGLK2 expression is negatively regulated by
auxins in a phytochrome-dependent manner. By promoting the differentiation of proplastids
into chloroplasts, SIGLK2 increases chlorophyll content at green stages of fruit development,
which, during ripening, enhances phytol precursor availability for tocopherol biosynthesis.
Additionally, by altering sugar metabolism, this protein also improves the total soluble solids
of ripe fruits. In conclusion, SIGLK2 belongs to a complex signalling network that regulates
chloroplast differentiation, maintenance and function, ultimately affecting the nutritional
value of edible fruits. Although we cannot rule out that other unidentified variables and/or
mechanisms could be underneath the observed responses, a tentative model for SIGLK2
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signalling network can be drawn based on the experimental results obtained here as well as
previously reported data (Fig 9). The complete understanding of all the factors involved and
their relationships will be paramount to develop strategies to improve nutritional quality of
tomato fruit.

PHY

Auxins \

dgt— (SIARF4

Cytokinin .
response SIGLK2

Starch ——— Soluble sugars

o -” |

— #
|
|

Chlorophyll —— VTE

I
I
I
I

Fruit growth and expansion 1 Fruit ripening

Fig 9. SIGLK?2 signalling network. Phytochromes (PHY) acts as positive regulators of auxins [39], which, in turn, repress SIGLK2
expression either directly or indirectly via SIAFR4, a negative regulator of auxin signalling [6]. In dgt background, an auxin response
impaired genotype [33], the negative regulation of auxin over SIGLK2 gene expression is disrupted. Cytokinin response is upregulated
in the presence of SIGLK2. The positive effect of cytokinins over AtGLK2 expression, described by [3] (dashed arrow), was not
verified in tomato fruits. SIGLK2 is a master transcription factor that promotes the differentiation of proplastids into chloroplasts
with the corresponding chlorophyll accumulation in green fruits, which is directly proportional to VTE content in ripe fruits. SIARF4
inhibits AGPase expression and enzyme activity [6]. Moreover, auxin is known to inhibit AMYLASE activity, which is associated with
ripening-inducing starch degradation for soluble sugar accumulation in climacteric ripe fruits [56], probably mediated by SIGLK2.
The balance between AGPase and AMYLASE enzyme activities determines the starch and, in part, soluble sugar content in green and
ripe stages of fruits development.

https://doi.org/10.1371/journal.pone.0212224.9g009

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 18/22


https://doi.org/10.1371/journal.pone.0212224.g009
https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

Supporting information

S1 Fig. Phenotype of L6 TO plant.
(TTF)

S2 Fig. SIGLK?2 is regulated by auxins.
(TIF)

$3 Fig. SIGLK2 binding motifs on AMYLASE promoter.
(TIF)

S1 Table. Primers used in the experiments.
(XLSX)

$2 Table. Relative transcript values of SIGLK2 in tomato fruits from SIGLK2, Slglk2 and
au-GLK2 genotypes.
(XLSX)

$3 Table. Tocopherol content in the pedicellar portion of fruits from SIGLK2, au-SIGLK2
and Slglk2 genotypes.
(XLSX)

S4 Table. Relative transcript values in the pedicellar portion of tomato fruits from
SIGLK2, Slglk2 and au-GLK2 genotypes.
(XLSX)

S5 Table. Tocopherol content in the pedicellar portion of ripe fruits from SIGLK2-overex-
pressing L2 line.
(XLSX)

S6 Table. Relative transcript values in the pedicellar portion of tomato fruits from
SIGLK2-overexpressing L2 line.
(XLSX)

Author Contributions
Conceptualization: Luciano Freschi, Magdalena Rossi.

Formal analysis: Alessandra Cavalcanti Duarte Lupi, Bruno Silvestre Lira, Luciano Freschi,
Magdalena Rossi.

Funding acquisition: Magdalena Rossi.
Investigation: Alessandra Cavalcanti Duarte Lupi, Bruno Silvestre Lira.

Methodology: Alessandra Cavalcanti Duarte Lupi, Bruno Silvestre Lira, Giovanna Gramegna,
Bruna Trench, Frederico Rocha Rodrigues Alves, Diego Demarco, Eduardo Purgatto.

Project administration: Magdalena Rossi.
Resources: Lazaro Eustaquio Pereira Peres.
Supervision: Luciano Freschi, Magdalena Rossi.

Writing - original draft: Alessandra Cavalcanti Duarte Lupi, Bruno Silvestre Lira, Magdalena
Rossi.

Writing - review & editing: Bruno Silvestre Lira, Luciano Freschi, Magdalena Rossi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212224.s009
https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Jarvis P, Lépez-Juez E. Biogenesis and homeostasis of chloroplasts and other plastids. Nature
Reviews Molecular Cell Biology. 2013; 14(12): 787-802. https://doi.org/10.1038/nrm3702 PMID:
24263360

Cortleven A, Schmiilling T. Regulation of chloroplast development and function by cytokinin. Journal of
Experimental Botany. 2015; 66(16): 4999-5013. https://doi.org/10.1093/jxb/erv132 PMID: 25873684

Kobayashi K, Baba S, Obayashi T, Sato M, Toyooka K, Keréanen M, et al. Regulation of root greening by
light and auxin/cytokinin signalling in Arabidopsis. The Plant Cell. 2012; 24(3): 1081-1095. https://doi.
org/10.1105/tpc.111.092254 PMID: 22415275

Kobayashi K, Ohnishi A, Sasaki D, Fuijii S, lwase A, Sugimoto K, et al. Shoot removal induces chloro-
plast development in roots via cytokinin signalling. Plant Physiology. 2017; 173(4): 2340-2355. https://
doi.org/10.1104/pp.16.01368 PMID: 28193764

Jones B, Frasse P, OImos E, Zegzouti H, Li ZG, Latché A, et al. Down-regulation of DR12, an auxin-
response-factor homolog, in the tomato results in a pleiotropic phenotype including dark green and blot-
chy ripening fruit. The Plant Journal. 2002; 32(4): 603—613. PMID: 12445130

Sagar M, Chervin C, Mila I, Hao Y, Roustan JP, Benichou M, et al. SIARF4, an auxin response factor
involved in the control of sugar metabolism during tomato fruit development. Plant Physiology. 2013;
161(3): 1362—-1374. https://doi.org/10.1104/pp.113.213843 PMID: 23341361

Bae G, Choi G. Decoding of light signals by plant phytochromes and their interacting proteins. Annual
Review of Plant Biology. 2008; 59: 281-311. https://doi.org/10.1146/annurev.arplant.59.032607.
092859 PMID: 18257712

SongY, Yang C, Gao S, Zhang W, Li L, Kuai B. Age-triggered and dark-induced leaf senescence
require the bHLH transcription factors PIF3, 4, and 5. Molecular Plant. 2014; 7(12): 1776—1787. https:/
doi.org/10.1093/mp/ssu109 PMID: 25296857

Fitter DW, Martin DJ, Copley MJ, Scotland RW, Langdale JA. GLK gene pairs regulate chloroplast
development in diverse plant species. The Plant Journal. 2002; 31(6): 713-727. PMID: 12220263

Waters MT, Wang P, Korkaric M, Capper RG, Saunders NJ, Langdale JA. GLK transcription factors
coordinate expression of the photosynthetic apparatus in Arabidopsis. The Plant Cell. 2009; 21(4):
1109-1128. https://doi.org/10.1105/tpc.108.065250 PMID: 19376934

Lee J, He K, Stolc V, Lee H, Figueroa P, Gao Y, et al. Analysis of transcription factor HY5 genomic bind-
ing sites revealed its hierarchical role in light regulation of development. The Plant Cell. 2007; 19(3):
731-749. https://doi.org/10.1105/tpc.106.047688 PMID: 17337630

Powell AL, Nguyen CV, Hill T, Cheng KL, Figueroa-Balderas R, Aktas H, et al. Uniform ripening
encodes a Golden 2-like transcription factor regulating tomato fruit chloroplast development. Science.
2012; 336(6089): 1711-1715. https://doi.org/10.1126/science.1222218 PMID: 22745430

Nguyen CV, Vrebalov JT, Gapper NE, Zheng Y, Zhong S, Fei Z., Giovannoni JJ. Tomato GOLDEN2-
LIKE transcription factors reveal molecular gradients that function during fruit development and ripen-
ing. The Plant Cell. 2014; 26(2): 585-601. https://doi.org/10.1105/tpc.113.118794 PMID: 24510723

Booth SL, Golly I, Sacheck JM, Roubenoff R, Dallal GE, Hamada K, Blumberg JB. Effect of vitamin E
supplementation on vitamin K status in adults with normal coagulation status. The American Journal of
Clinical Nutrition. 2004; 80(1): 143—148. https://doi.org/10.1093/ajcn/80.1.143 PMID: 15213041

Stone WL, Krishnan K, Campbell SE, Qui M, Whaley SG, Yang H. Tocopherols and the treatment of
colon cancer. Annals of the New York Academy of Sciences. 2004; 1031(1): 223-233.

Rizvi S, Raza ST, Ahmed F, Ahmad A, Abbas S, Mahdi F. The role of vitamin E in human health and
some diseases. Sultan Qaboos University Medical Journal. 2014; 14(2): e157. PMID: 24790736

Morris MC, Schneider JA, Li H, Tangney CC, Nag S, et al. Brain tocopherols related to Alzheimer’s dis-
ease neuropathology in humans. Alzheimer’s, and Dementia. 2015; 11(1): 32-39.

Triantaphylides C, Havaux M. Singlet oxygen in plants: production, detoxification and signalling. Trends
in Plant Science. 2009; 14(4): 219-228. https://doi.org/10.1016/j.tplants.2009.01.008 PMID: 19303348

Méne-Saffrané L, Jones AD, DellaPenna D. Plastochromanol-8 and tocopherols are essential lipid-sol-
uble antioxidants during seed desiccation and quiescence in Arabidopsis. Proceedings of the National
Academy of Sciences. 2010; 107(41): 17815-17820.

Rastogi A, Yadav DK, Szymarnska R, Kruk J, Sedlarova M, Pospisil P. Singlet oxygen scavenging activ-
ity of tocopherol and plastochromanol in Arabidopsis thaliana: relevance to photooxidative stress. Plant,
Cell, and Environment. 2014; 37(2): 392—401.

Miret JA, Munné-Bosch S. Redox signalling and stress tolerance in plants: a focus on vitamin E. Annals
of the New York Academy of Sciences. 2015; 1340(1): 29-38.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 20/22


https://doi.org/10.1038/nrm3702
http://www.ncbi.nlm.nih.gov/pubmed/24263360
https://doi.org/10.1093/jxb/erv132
http://www.ncbi.nlm.nih.gov/pubmed/25873684
https://doi.org/10.1105/tpc.111.092254
https://doi.org/10.1105/tpc.111.092254
http://www.ncbi.nlm.nih.gov/pubmed/22415275
https://doi.org/10.1104/pp.16.01368
https://doi.org/10.1104/pp.16.01368
http://www.ncbi.nlm.nih.gov/pubmed/28193764
http://www.ncbi.nlm.nih.gov/pubmed/12445130
https://doi.org/10.1104/pp.113.213843
http://www.ncbi.nlm.nih.gov/pubmed/23341361
https://doi.org/10.1146/annurev.arplant.59.032607.092859
https://doi.org/10.1146/annurev.arplant.59.032607.092859
http://www.ncbi.nlm.nih.gov/pubmed/18257712
https://doi.org/10.1093/mp/ssu109
https://doi.org/10.1093/mp/ssu109
http://www.ncbi.nlm.nih.gov/pubmed/25296857
http://www.ncbi.nlm.nih.gov/pubmed/12220263
https://doi.org/10.1105/tpc.108.065250
http://www.ncbi.nlm.nih.gov/pubmed/19376934
https://doi.org/10.1105/tpc.106.047688
http://www.ncbi.nlm.nih.gov/pubmed/17337630
https://doi.org/10.1126/science.1222218
http://www.ncbi.nlm.nih.gov/pubmed/22745430
https://doi.org/10.1105/tpc.113.118794
http://www.ncbi.nlm.nih.gov/pubmed/24510723
https://doi.org/10.1093/ajcn/80.1.143
http://www.ncbi.nlm.nih.gov/pubmed/15213041
http://www.ncbi.nlm.nih.gov/pubmed/24790736
https://doi.org/10.1016/j.tplants.2009.01.008
http://www.ncbi.nlm.nih.gov/pubmed/19303348
https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bjgrneboe A, Bjgrneboe GEA, Drevon CA. Absorption, transport and distribution of vitamin E. The Jour-
nal of Nutrition. 1990; 120(3): 233—-242. https://doi.org/10.1093/jn/120.3.233 PMID: 2181082

DellaPenna D. A decade of progress in understanding vitamin E synthesis in plants. Journal of Plant
Physiology. 2005; 162(7): 729-737. https://doi.org/10.1016/}.jplph.2005.04.004 PMID: 16008096

Almeida J, Quadrana L, Asis R, Setta N, de Godoy F, BermUdez L, et al. Genetic dissection of vitamin E
biosynthesis in tomato. Journal of Experimental Botany. 2011; 62(11): 3781-3798. https://doi.org/10.
1093/jxb/err055 PMID: 21527625

Almeida J, Asis R, Molineri VN, Sestari |, Lira BS, Carrari F, et al. Fruits from ripening impaired, chloro-
phyll degraded and jasmonate insensitive tomato mutants have altered tocopherol content and compo-
sition. Phytochemistry. 2015; 111:72-83. https://doi.org/10.1016/j.phytochem.2014.11.007 PMID:
25432273

Almeida J, Azevedo MDS, Spicher L, Glauser G, vom Dorp K, Guyer L, et al. Down-regulation of tomato
PHYTOL KINASE strongly impairs tocopherol biosynthesis and affects prenyllipid metabolism in an
organ-specific manner. Journal of Experimental Botany. 2016; 67(3): 919-934. https://doi.org/10.1093/
jxb/erv504 PMID: 26596763

Quadrana L, Almeida J, Otaiza SN, Duffy T, Da Silva JC, de Godoy F, et al. Transcriptional regulation of
tocopherol biosynthesis in tomato. Plant Molecular Biology. 2013; 81(3): 309. https://doi.org/10.1007/
s$11103-012-0001-4 PMID: 23247837

Lira BS, Rosado D, Almeida J, de Souza AP, Buckeridge MS, Purgatto E, et al. Pheophytinase knock-
down impacts carbon metabolism and nutraceutical content under normal growth conditions in tomato.
Plant and Cell Physiology. 2016; 57(3): 642—653. https://doi.org/10.1093/pcp/pcw021 PMID:
26880818

Canene-Adams K, Campbell JK, Zaripheh S, Jeffery EH, Erdman JW. The tomato as a functional food.
The Journal of Nutrition. 2005; 135(5): 1226—1230. https://doi.org/10.1093/jn/135.5.1226 PMID:
15867308

Parks BM, Jones AM, Adamse P, Koornneef M, Kendrick RE, Quail PH. The aurea mutant of tomato is
deficient in spectrophotometrically and immunochemically detectable phytochrome. Plant Molecular
Biology. 1987; 9(2): 97—107. https://doi.org/10.1007/BF00015642 PMID: 24276899

Kendrick RE, Kerckhoffs LHJ, Tuinen AV, Koornneef M. Photomorphogenic mutants of tomato. Plant,
Cell, and Environment. 1997; 20(6): 746—751.

Muramoto T, Kami C, Kataoka H, Iwata N, Linley PJ, Mukougawa K, et al. The tomato photomorphoge-
netic mutant, aurea, is deficient in phytochromobilin synthase for phytochrome chromophore biosynthe-
sis. Plant and Cell Physiology. 2005; 46(4): 661-665. https://doi.org/10.1093/pcp/pci062 PMID:
15695440

Oh K, lvanchenko MG, White TJ, Lomax TL. The diageotropica gene of tomato encodes a cyclophilin: a
novel player in auxin signaling. Planta. 2006; 224(1): 133—-144. https://doi.org/10.1007/s00425-005-
0202-z PMID: 16395583

Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmiilling T. Cytokinin-deficient transgenic
Arabidopsis plants show multiple developmental alterations indicating opposite functions of cytokinins
in the regulation of shoot and root meristem activity. The Plant Cell. 2003; 15(11): 2532—-2550. https://
doi.org/10.1105/tpc.014928 PMID: 14555694

Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, Van den Hoff MJB. Amplification effi-
ciency: linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Research.
2009; 37(6): e45—e45. hitps://doi.org/10.1093/nar/gkp045 PMID: 19237396

Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST) for group-wise compari-
son and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Research.
2002; 30(9): e36—e36. PMID: 11972351

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, Robledo CW. InfoStat versién
2016. Grupo InfoStat, FCA, Universidad Nacional de Cérdoba, Argentina. URL http://www.infostat.
com.ar

Jefferson RA, Kavanagh TA, Bevan MW. GUS fusions: beta-glucuronidase as a sensitive and versatile
gene fusion marker in higher plants. The EMBO Journal. 1987; 6(13): 3901. PMID: 3327686

Bianchetti RE, Cruz AB, Oliveira BS, Demarco D, Purgatto E, Peres LEP, et al. Phytochromobilin defi-
ciency impairs sugar metabolism through the regulation of cytokinin and auxin signalling in tomato fruits.
Scientific Reports. 2017; 7(1): 7822. https://doi.org/10.1038/s41598-017-08448-2 PMID: 28798491

Porra RJ, Thompson WA, and Kriedem. Determination of accurate extinction coefficients and simulta-
neous equations for assaying chlorophylls a and b extracted with four different solvents: verification of
the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochimica et Biophysica
Acta (BBA)-Bioenergetics. 1989; 975(3): 384—-394.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 21/22


https://doi.org/10.1093/jn/120.3.233
http://www.ncbi.nlm.nih.gov/pubmed/2181082
https://doi.org/10.1016/j.jplph.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16008096
https://doi.org/10.1093/jxb/err055
https://doi.org/10.1093/jxb/err055
http://www.ncbi.nlm.nih.gov/pubmed/21527625
https://doi.org/10.1016/j.phytochem.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25432273
https://doi.org/10.1093/jxb/erv504
https://doi.org/10.1093/jxb/erv504
http://www.ncbi.nlm.nih.gov/pubmed/26596763
https://doi.org/10.1007/s11103-012-0001-4
https://doi.org/10.1007/s11103-012-0001-4
http://www.ncbi.nlm.nih.gov/pubmed/23247837
https://doi.org/10.1093/pcp/pcw021
http://www.ncbi.nlm.nih.gov/pubmed/26880818
https://doi.org/10.1093/jn/135.5.1226
http://www.ncbi.nlm.nih.gov/pubmed/15867308
https://doi.org/10.1007/BF00015642
http://www.ncbi.nlm.nih.gov/pubmed/24276899
https://doi.org/10.1093/pcp/pci062
http://www.ncbi.nlm.nih.gov/pubmed/15695440
https://doi.org/10.1007/s00425-005-0202-z
https://doi.org/10.1007/s00425-005-0202-z
http://www.ncbi.nlm.nih.gov/pubmed/16395583
https://doi.org/10.1105/tpc.014928
https://doi.org/10.1105/tpc.014928
http://www.ncbi.nlm.nih.gov/pubmed/14555694
https://doi.org/10.1093/nar/gkp045
http://www.ncbi.nlm.nih.gov/pubmed/19237396
http://www.ncbi.nlm.nih.gov/pubmed/11972351
http://www.infostat.com.ar
http://www.infostat.com.ar
http://www.ncbi.nlm.nih.gov/pubmed/3327686
https://doi.org/10.1038/s41598-017-08448-2
http://www.ncbi.nlm.nih.gov/pubmed/28798491
https://doi.org/10.1371/journal.pone.0212224

®PLOS | one

SIGLK2 effect on fruit quality

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Karimi M, Inzé D, Depicker A. GATEWAY vectors for Agrobacterium-mediated plant transformation.
Trends in Plant Science. 2002; 7(5): 193—-195. PMID: 11992820

Pino LE, Lombardi-Crestana S, Azevedo MS, Scotton DC, Borgo L, Quecini V, et al. The Rg1 allele as a
valuable tool for genetic transformation of the tomato 'Micro-Tom’ model system. Plant Methods. 2010;
6(1):28.

Isogai M, Uyeda |, Lee BC. Detection and assignment of proteins encoded by rice black streaked dwarf
fijivirus S7, S8, S9 and S10. Journal of General Virology. 1998; 79(6): 1487—-1494.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Analytical biochemistry. 1976; 72(1-2): 248-254.

Watson ML. Staining of tissue sections for electron microscopy with heavy metals. The Journal of Cell
Biology. 1958; 4(4): 475-478.

Reynolds ES. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy.
The Journal of Cell Biology. 1963; 17(1): 208.

Pyke K. Analysis of plastid number, size, and distribution in Arabidopsis plants by light and fluorescence
microscopy. Chloroplast Research in Arabidopsis: Methods and Protocols. 2011; Volume |: 19-32.

FreschiL, Rodrigues MA, Tiné MAS, Mercier H. Correlation between citric acid and nitrate metabolisms
during CAM cycle in the atmospheric bromeliad Tillandsia pohliana. Journal of Plant Physiology. 2010;
167(18): 1577—1583. https://doi.org/10.1016/}.jplph.2010.06.002 PMID: 20594612

Terry MJ, Kendrick R. Feedback Inhibition of Chlorophyll Synthesis in the Phytochrome Chromophore-
Deficient aurea andyellow-green-2 Mutants of Tomato. Plant Physiology. 1999; 119(1): 143—152.
PMID: 9880355

Cocaliadis MF, Fernandez-Mufioz R, Pons C, Orzaez D, Granell A. Increasing tomato fruit quality by
enhancing fruit chloroplast function. A double-edged sword? Journal of Experimental Botany. 2014: 65
(16); 4589—-4598. https://doi.org/10.1093/jxb/eru165 PMID: 24723405

Lytovchenko A, Eickmeier |, Pons C, Osorio S, Szecowka M, Lehmberg K, et al. Tomato fruit photosyn-
thesis is seemingly unimportant in primary metabolism and ripening but plays a considerable role in
seed development. Plant Physiology. 2011; pp-111.

PanY, Bradley G, Pyke K, Ball G, Lu C, Fray R, et al. Network inference analysis identifies an APRR2-
like gene linked to pigment accumulation in tomato and pepper fruits. Plant Physiology. 2013; pp-112.

Ajjawi |, Shintani D. Engineered plants with elevated vitamin E: a nutraceutical success story. Trends in
Biotechnology. 2004; 22(3): 104—107. https://doi.org/10.1016/j.tibtech.2004.01.008 PMID: 15043044

Bianchetti RE, Lira BS, Monteiro SS, Demarco D, Purgatto E, Rothan C, et al. Fruit-localized phyto-
chromes regulate plastid biogenesis, starch synthesis and carotenoid metabolism in tomato. Journal of
Experimental Botany. 2018; https://doi.org/10.1093/jxb/ery145 PMID: 29912373

Miyazawa Y, Sakai A, Miyagishima SY, Takano H, Kawano S, Kuroiwa T. Auxin and cytokinin have
opposite effects on amyloplast development and the expression of starch synthesis genes in cultured
bright yellow-2 tobacco cells. Plant Physiology.1999; 121(2): 461-470. PMID: 10517837

Purgatto E, Lajolo FM, do Nascimento JRO, Cordenunsi BR. Inhibition of 3-amylase activity, starch
degradation and sucrose formation by indole-3-acetic acid during banana ripening. Planta. 2001; 212
(5-6): 823—-828. PMID: 11346957

Purgatto E, do Nascimento JRO, Lajolo FM, Cordenunsi BR. The onset of starch degradation during
banana ripening is concomitant to changes in the content of free and conjugated forms of indole-3-ace-
tic acid. Journal of Plant Physiology. 2002; 159(10): 1105-1111.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212224  February 12,2019 22/22


http://www.ncbi.nlm.nih.gov/pubmed/11992820
https://doi.org/10.1016/j.jplph.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20594612
http://www.ncbi.nlm.nih.gov/pubmed/9880355
https://doi.org/10.1093/jxb/eru165
http://www.ncbi.nlm.nih.gov/pubmed/24723405
https://doi.org/10.1016/j.tibtech.2004.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15043044
https://doi.org/10.1093/jxb/ery145
http://www.ncbi.nlm.nih.gov/pubmed/29912373
http://www.ncbi.nlm.nih.gov/pubmed/10517837
http://www.ncbi.nlm.nih.gov/pubmed/11346957
https://doi.org/10.1371/journal.pone.0212224

