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Abstract The objectives of this study were to analyze
changes in gene expression and identify candidate genes
and gene networks potentially inhibiting or triggering blos-
som-end rot (BER) in tomatoes treated with plant growth
regulators. ‘Ace 55 (Vf)’ tomato plants were grown in a
greenhouse and sprayed with Apogee (300 mg L), absci-
sic acid (ABA) (500 mg LY, water (control), or gibberel-
lins 447 (GA,, ;) (300 mg L) weekly after pollination.
The BER incidence rate was zero in Apogee- and ABA-,
medium in water-, and high in GA,_ ;-treated plants from
26 to 40 days after pollination (DAP). At 26 DAP, healthy
blossom-end fruit tissue still not showing visible BER
symptoms was used for transcriptome analysis. Candidate
genes potentially inhibiting or triggering BER were iden-
tified through a correlation analysis between gene expres-
sion levels at 26 DAP and BER incidence rate from 26 to
40 DAP. Genes inhibiting BER should be up-regulated in
Apogee- and/or ABA-treated fruit and down-regulated
in GA, ;-treated fruit. Genes triggering BER should be
down-regulated in Apogee- and/or ABA-treated fruit and
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up-regulated in GA,  ;-treated fruit. Most of the candi-
date genes inhibiting BER have functions leading to higher
resistance to oxidative stress and toxic compounds, whereas
most of the candidate genes triggering BER have functions
leading to higher levels of oxidative stress and cell death.
The results suggest that Apogee and ABA inhibited BER
possibly by increasing fruit tissue resistance to reactive
oxygen species (ROS) and other toxic compounds, whereas
GA, . ; triggered BER possibly by increasing the levels of
fruit oxidative stress.

Keywords Gene - BER - Abscisic acid - Prohexadione-
calcium - Gibberellin - Disorder

Introduction

Although Ca?* deficiency disorders have been known for
a long time, studies have revealed that complex and con-
served mechanisms are possibly regulating these disorders
in different plant species (Saure 2005). Better understand-
ing of the mechanisms triggering Ca>* deficiency disorders
in fruit will assist in selecting genotypes that are less sus-
ceptible to these disorders, as well as developing efficient
control strategies for current cultivars.

In tomato fruit, blossom-end rot (BER) is believed
to be triggered by a cell-localized Ca*" deficiency that
leads to plasma membrane damage, cell plasmolysis, and
water-soaked tissue at the blossom-end region of the fruit
that becomes dark-brown as cells die (Saure 2001; Suzuki
and others 2003; Ho and White 2005; Freitas and others
2011b). Cell-localized Ca>* deficiency may be triggered by
mechanisms that reduce total fruit Ca>* uptake and regulate
cellular Ca®* partitioning and distribution, which reduces
Ca’* binding to the plasma membrane, resulting in leaky
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membranes and cell death (Ho and White 2005; Freitas and
others 2011b).

Plant growth regulators play important roles in Ca**
deficiency disorder development in fruit tissue. Gibberel-
lins (GAs) have been shown to trigger BER development
in tomato fruit by reducing fruit Ca®* uptake, decreas-
ing apoplastic and water soluble Ca** concentration, and
increasing plasma membrane leakage (Saure 2001, 2005;
Freitas and others 2012a). Opposing results have been
observed for abscisic acid (ABA) and a GA-biosynthesis
inhibitor prohexadione, where these compounds prevented
BER development by increasing fruit Ca’>* uptake, main-
taining higher apoplastic and water soluble Ca>" concentra-
tion, and decreasing membrane leakage (Freitas and others
2012a, 2014). Prohexadione inhibits active GAs biosynthe-
sis by competing with the natural co-substrate, 2-oxoglutar-
ate, at the active site of hydroxylases involved in the latter
stages of the GA-biosynthesis pathway (Brown and others
1997). Although these studies suggest possible mechanisms
by which GA and ABA control BER development in fruit
tissue, the components of these mechanisms are largely
unknown (Freitas and Mitcham 2012c). GA and ABA may
control the expression of genes and gene networks that lead
to independent and/or antagonistic responses that influence
fruit susceptibility to BER.

In this study, a transcriptome approach was used to
better understand the possible mechanisms triggering
BER in response to GA and preventing BER develop-
ment in response to ABA and the GA-biosynthesis inhibi-
tor prohexadione. Our objectives were to analyze changes
in gene expression and identify candidate genes and gene
networks potentially inhibiting or triggering BER develop-
ment in tomato fruit in response to growth regulators.

Materials and Methods

The fresh market tomato (Solanum lycopersicum. cultivar
Ace 55 (Vf)) was grown from transplants in 9.5 L pots
containing organic substrate (33.3% peat, 33.3% sand,
33.3% redwood compost with 2.6 kg dolomite lime m™>)
in a greenhouse environment during the spring season at
approximately 20°C day and 18°C night temperatures,
without supplemental light. At full bloom, fully opened
flowers were selected, tagged, and manually pollinated
on each plant. Treatments started 1 day after manual pol-
lination (DAP) by spraying the plants with solutions
(200 mL plant_l) containing water (control), 300 mg L!
GA,.; (Typrus, Nufarm Americas, Burr Ridge, IL),
300 mg L7!' prohexadione-calcium (GA-biosynthesis
inhibitor, Apogee®, BASF Corporation, Research Trian-
gle Park, NC), or 500 mg L~' ABA (Valent Biosciences,
Libertyville, Illinois). Each solution contained 0.05%
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polysorbate 20 (Tween® 20) as a surfactant. There were
four single-plant replications per treatment and evalu-
ation time. Each replication contained 6-10 fruits. The
treatments were applied every week to the same plants.
Before initiating the treatments, the plants were irrigated
once a day until the substrate in each plant was saturated
with a nutrient solution containing N (7.2 mmol L™h, P
(0.84 mmol L"), K (3.1 mmol L™"), Ca (2.2 mmol L),
Mg (1 mmol LY, S (0.5 mmol L"), Fe (0.03 mmol L),
Mn (0.005 mmol L7!), Cu (0.003 mmol L7'), Zn
(0.002 mmol L7, B (0.024 mmol L7'), and Mo
(0.00016 mmol L7'). On the day of manual polli-
nation, 20 g of slow release fertilizer containing N
(10.7 mol kg™!), P (2.9 mol kg™!), K (3 mol kg™'), Mg
(0.41 mol kg™"), S (0.71 mol kg™, Fe (0.08 mol kg™!), Mn
(0.01 mol kg~!), Cu (0.008 mol kg~!), Zn (0.008 mol kg™!),
B (0.018 mol kg~), Mo (0.002 mol kg™ 1), but without Ca>*
(Osmocote Plus®, Scotts-Sierra Horticultural Products Co.,
Marysville, OH) was added to each plant pot. From this
point on, the plants were irrigated once a day with deion-
ized water only, as described previously (Freitas and oth-
ers 2011a, 2012a, 2014). This approach was used to obtain
fruit with low (Apogee and ABA), medium (water), and
high (GA,, ;) susceptibility to BER (Freitas and others
2011a, 2012a, 2014).

The relative BER incidence was calculated at 12, 26,
and 40 DAP by multiplying the number of tagged fruit per
plant with BER symptoms by 100, and dividing by the total
number of tagged fruit per plant. The rate of BER inci-
dence from 26 to 40 DAP was determined by subtracting
the relative BER incidence at 40 DAP by the relative BER
incidence at 26 DAP and dividing by 14, the number of
days between 26 and 40 DAP. The results were expressed
as the increase in percentage of BER incidence per day dur-
ing this period (% day™'). The BER data were subjected
to analysis of variance (ANOVA) following a completely
randomized experimental design (SAS Institute 2002). The
mean values were compared using Tukey’s test (p=0.05)
and are presented + standard deviation (+SD).

Transcriptional analysis of gene expression was per-
formed in four biological replications per treatment at
26 DAP, when the first symptoms of BER appeared in
water- and GA, ;-treated fruit. Each biological replica-
tion included pericarp tissue sampled from the blossom-
end region of healthy tomato fruit not showing visible
BER symptoms. Total RNA was extracted following the
RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The
RNA concentration and purity were determined at 260 and
280 nm, respectively, using a UV spectrophotometer (Nan-
oDrop 2000, Thermo Scientific, Wilmington, DE, USA).
RNA quality was assessed by agarose gel electrophore-
sis. Total RNA (300 ng) was processed for the microar-
ray hybridizations using the Affymetrix GeneChip 3’ IVT
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express kit. The resultant biotinylated cRNA was frag-
mented and hybridized to the GeneChip® Tomato Genome
Array, which contains 10,209 tomato probe sets that inter-
rogate more than 9200 Solanum lycopersicum genes. The
arrays were washed, stained, and scanned at the Microar-
ray Core Facility at the UC Davis Genome Center. The
dChip software (http://www.dchip.org/dchip/) was used
for background subtraction, normalization, and to com-
pare samples. A ¢ test was used to calculate p values, which
were adjusted to cope with the problem of false discov-
ery rates (Tusher and others 2001). Considering that BER
incidence rate from 26 to 40 DAP was lowest in Apogee
and ABA, intermediate in water (control), and highest in
GA,  ;-treated fruit, water treatment was used as the base
level for gene expression analysis at 26 DAP. Expres-
sion values are presented as fold changes. Therefore, gene
expression levels in Apogee-, ABA-, or GA, , ;-treated fruit
were presented as fold increase (+) or decrease (—) in rela-
tion to water (control)-treated fruit. Genes with adjusted p
values <0.05 were considered to be differentially expressed
between Apogee-, ABA-, or GA, ;,-treated fruit and water
(control)-treated fruit. The Affymetrix Tomato Genome
Array functional annotations were updated according to
the annotations in the Sol Genomics Network (SNG, http://
www.solgenomics.net/), National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/), and
UniProt (http://www.uniprot.org/) databases.

Candidate genes potentially regulating BER develop-
ment in fruit tissue were identified according to the fol-
lowing criteria using water treatment as the base level for
expression analysis: (1) gene must be statistically (p values
<0.05) up- or down-regulated in Apogee- and/or ABA-,
and GA, , ,-treated fruit; (2) gene must have >+0.10 fold
change in expression in Apogee-, ABA-, or GA,  ;-treated
fruit; (3) gene up-regulated in treatment that inhibits BER
(Apogee and ABA) must be down-regulated in treatment
that triggers BER (GA,, ;); and (4) gene down-regulated
in treatment that inhibits BER (Apogee and ABA) must be
up-regulated in treatment that triggers BER (GA,_ ;). After
identifying the candidate genes, correlation analysis was
performed between the expression levels at 26 DAP and
the rate of increase in BER incidence from 26 to 40 DAP
in fruit with low (Apogee and ABA), medium (water), and
high (GA, ;) susceptibility to BER.

Candidate genes potentially inhibiting BER were iden-
tified according to the following criteria: (1) expression
level at 26 DAP must be negatively correlated (—R?) to rate
of increase in BER incidence from 26 to 40 DAP, mean-
ing that expression levels at 26 DAP must be statistically
up-regulated in Apogee and/or ABA (low susceptibility
to BER) and down-regulated in GA, ; (high susceptibil-
ity to BER)-treated tomato fruit, compared to water-treated
fruit (medium susceptibility to BER). (2) Genes must have

functional annotations potentially involved in mechanisms
inhibiting BER symptom development.

Candidate genes potentially triggering BER were identi-
fied according to the following criteria: (1) expression level
at 26 DAP must be positively correlated (+R?) to the rate
of increase in BER incidence from 26 to 40 DAP, mean-
ing that expression levels at 26 DAP must be statistically
down-regulated in Apogee and/or ABA (low susceptibil-
ity to BER) and up-regulated in GA, ; (high susceptibil-
ity to BER)-treated tomato fruit, compared to water-treated
fruit (medium susceptibility to BER). (2). Genes must have
functional annotations potentially involved in mechanisms
leading to BER symptom development.

Quantitative Real-Time PCR (qRT-PCR) for genes
potentially inhibiting or triggering BER was accomplished
for each candidate gene to validate the GeneChip® Tomato
Genome Array expression levels observed at 26 DAP. RNA
extraction as well as concentration and quality analysis fol-
lowed the same procedures described for the transcriptional
analysis. Total RNA extracted was reverse transcribed with
SuperScript III (Invitrogen, Carlsbad, CA, USA). qRT-PCR
was then performed with the addition of 1x SYBR Green
Mater Mix (Applied Biosystem, Foster City, CA, USA) to
each sample containing about 100 ng of the synthesized
cDNA. The data obtained were normalized based on the
expression of the housekeeping tomato Clathrin adaptor
complexes medium subunit (CAC) gene (Gonzilez-Agu-
ilera and others 2016). Target and housekeeping gene and
primer information are presented in Supplemental Table 4.
Primers were purified through standard desalting (Inte-
grated DNA Technologies, Coralville, lowa, USA). Expres-
sion level was determined as fold change for each gene, as
described in the transcription analysis. Correlation analysis
between GeneChip® Tomato Genome Array and gRT-PCR
expression level for each candidate gene was accomplished
to validate the GeneChip® Tomato Genome Array expres-
sion levels obtained at 26 DAP.

Results

According to the results, BER incidence was higher in
GA, . ;-treated fruit followed by the water (control)-treated
fruit during growth and development (Fig. 1). Apogee- and
ABA-treated fruit showed no BER incidence during growth
and development (Fig. 1). The rate of increase in BER
incidence was higher in GA, ; than in water-treated fruit
from 26 DAP to 40 DAP (Fig. 2). Water-, GA, , -, Apo-
gee-, and ABA-treated fruit had 21.0 (+2.4), 19.9 (+£2.4),
30.2 (+2.9), and 32.3 (+2.3) ug Ca** g7! fresh weight at
40 DAP, respectively (data not shown). The correlation
analysis between expression levels at 26 DAP and the rate
of increase in BER incidence from 26 DAP to 40 DAP
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Fig. 1 Blossom-end rot incidence in ‘Ace 55 (Vf)’ tomato plants
sprayed weekly with water (control), GA,, ;, Apogee (GA-biosynthe-
sis inhibitor prohexadione-Ca), or ABA. Mean values with different
letters at each evaluation time are significantly different according to
Tukey’s test (p=0.05). Data shown, mean + SD
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Fig. 2 Blossom-end rot incidence rate in ‘Ace 55 (Vf)’ tomato plants
from 26 to 40 DAP. Plants were sprayed weekly with water (con-
trol), GA, .7, Apogee (GA-biosynthesis inhibitor prohexadione-Ca),
or ABA. Mean values with different letters are significantly different
according to Tukey’s test (p =0.05). Data shown, mean+ SD

revealed 26 genes up-regulated in Apogee and down-reg-
ulated in GA, , ; (Fig. 3a, Supplemental Table 1), 23 genes
down-regulated in Apogee and up-regulated in GA,,
(Fig. 3b, Supplemental Table 1), 56 genes up-regulated in
ABA and down-regulated in GA, ; (Fig. 3c, Supplemental
Table 2), 32 genes down-regulated in ABA and up-regu-
lated in GA,, ; (Fig. 3d, Supplemental Table 2), 19 genes
up-regulated in both Apogee and ABA and down-regulated
in GA,,, (Fig. 3e, Supplemental Table 3), and 39 genes
down-regulated in both Apogee and ABA and up-regulated
in GA,_ ; (Fig. 3f, Supplemental Table 3).

Functional annotation showed that Apogee up- and
GA,,,; down-regulated transcripts were represented by
genes involved in protein metabolism and transport, cell
wall metabolism, nutrient metabolism, carbohydrate metab-
olism, transcriptional regulation, hormone metabolism,
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and oxidation—reduction reactions (Table 1, Supplemen-
tal Table 1). Apogee down- and GA,, ; up-regulated tran-
scripts were represented by genes involved in cell wall
metabolism, transcription regulation, carbohydrate metabo-
lism, cytoskeleton, protein metabolism, hormone metabo-
lism, oxidation—reduction reactions, epidermal proteins,
and aquaporins (Table 2, Supplemental Table 1). ABA up-
and GA,,, down-regulated transcripts were represented
by genes involved in protein metabolism and transport,
cell wall metabolism, nutrient metabolism, carbohydrate
metabolism, transcription regulation, hormone metabolism,
oxidation-reduction reactions, lipid metabolism, defense
responses, epicuticular wax, aquaporins, cell cycle, and
nucleoside diphosphate hydrolysis (Table 1, Supplemental
Table 2). ABA down- and GA,_ ; up-regulated transcripts
were represented by genes involved in protein metabolism
and transport, cell wall metabolism, nutrient metabolism,
carbohydrate metabolism, transcription regulation, hor-
mone metabolism, lipid metabolism, and storage proteins
(Table 2, Supplemental Table 2). Common Apogee and
ABA up- and GA,, , down-regulated transcripts were
represented by genes involved in protein metabolism and
transport, cell wall metabolism, nutrient metabolism, car-
bohydrate metabolism, transcription regulation, hormone
metabolism, lipid metabolism, defense responses, detoxi-
fication, and cell cycle (Table 1, Supplemental Table 3).
Common Apogee and ABA down- and GA, ; up-regulated
transcripts were represented by genes involved in protein
metabolism and transport, cell wall metabolism, nutrient
metabolism, transcription regulation, hormone metabolism,
oxidation-reduction reactions, lipid metabolism, membrane
proteins, stress proteins, defense response, aquaporins, cell
cycle, storage proteins, phosphatases, amino acid biosyn-
thesis, and triterpenoid biosynthesis (Table 2, Supplemen-
tal Table 3).

The analysis of genes potentially regulating BER
development revealed that candidate genes inhibiting
BER were involved in transcription regulation (SRO2,
DREB, MAFI, ERFI109, ERF010, CBFI, NAC-NOR),
hormone metabolism (MeJA- esterase, WATI, AREB,
PYL9, TASI14), oxidation-reduction reactions (TIC32,
Class-1Il ADH), protein metabolism (FBXL2-like, 2
PIIF, SRP 7s, UBLCPI, 2 CIPK, RABA5a, DNAJC2,
SDF2, PP2-Al13, MSR-B5), lipid metabolism (2 GDSL
esterases/lipases, AAE7, LTPI), defense responses (2
JRL 19, STO, PRP6), detoxification (LGL), and nutrient
metabolism (TAT, Td, MTP1, CCH-like) (Fig. 4; Table 3).
Candidate genes triggering BER development were
involved in transcription regulation (ZAT11 and ZATI2),
hormone metabolism (TIFY10-like), oxidation—reduc-
tion reaction (Rboh), protein metabolism (SOBIRI), and
cell wall metabolism (PME 3) (Fig. 4; Table 4). The
expression levels of each gene potentially inhibiting or
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Fig. 3 Gene expression changes in ‘Ace 55 (Vf)’ tomato fruit with
low (Apogee and ABA), medium (water), or high (GA,, ;) suscep-
tibility to BER at 26 DAP. Genes presented are up-regulated (+) in
Apogee and down-regulated (—) in GA,, ; (a), down-regulated (—) in
Apogee and up-regulated (+) in GA, ; treatments (b), up-regulated
(+) in ABA and down-regulated (—) in GA,,; (¢), down-regulated
(=) in ABA and up-regulated (+) in GA, ; treatments (d), as well
as up-regulated (+) in both Apogee and ABA and down-regulated
(=) in GA, ; (e), down-regulated (—) in both Apogee and ABA and
up-regulated (+) in GA,,, treatments (fb). Apogee and ABA (aa)
expression level is represented by the average between Apogee and

ABA treatments. Water treatment was used as the base level for gene
expression analysis. Apogee-, ABA-, or GA, ;-regulated genes have
expression levels >=+0.1 fold the expression observed in the water
treatment at p value <0.05. Data show 26 Apogee up-regulated and
GA,,; down-regulated genes (a), 23 Apogee down-regulated and
GA,,; up-regulated genes (b), 56 ABA up-regulated and GA,_,
down-regulated genes (c), 32 ABA down-regulated and GA,, ; up-
regulated genes (d), as well as 19 common Apogee and ABA (aa) up-
regulated and GA,, ; down-regulated genes (e) and 39 common Apo-
gee and ABA (aa) down-regulated and GA, , ; up-regulated genes (f)

Table 1 Percentage of genes
belonging to a given functional
group for the genes up-regulated
(4+) in Apogee- and/or ABA-

treated fruit and down-regulated
(=) in GA 4 ,-treated fruit at
26 DAP

Functional group Apogee/GA (+/-) ABA/GA (+/-) Apogee-
ABA/GA
(+/-)
Transcription regulation 7.70% 23.21% 5.26%
Hormone metabolism 3.80% 8.93% 5.26%
Oxidation—reduction reactions 3.80% 3.57% -
Protein metabolism 26.90% 14.29% 21.05%
Lipid metabolism - 5.36% 5.26%
Defense response - 5.36% 5.26%
Detoxification metabolism - - 5.26%
Nutrient metabolism 19.20% 1.79% 5.26%
Cell cycle regulation - 1.79% 5.26%
Carbohydrate metabolism 11.50% 8.93% 10.53%
Cell wall metabolism 23.10% 5.36% 5.26%
Epicuticular wax synthesis - 1.79% -
Aquaporin - 1.79% -
Nucleoside diphosphate hydrolysis - 1.79% -
Unknown 3.80% 16.07% 26.32%
Total number of genes 26 (100%) 56 (100%) 19 (100%)

Water treatment was used as the base level for gene expression analysis. Genes presented have expression
levels >+0.1 fold different between Apogee, ABA, or GA,_ ; and water treatment at p value <0.05 (Sup-
plemental Tables 1, 2, and 3). Common genes up-regulated in both Apogee and ABA are presented as

Apogee-ABA (+)
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Table 2 Percentage of

genes belonging to a given
functional group for the

genes down-regulated (—) in
Apogee- and/or ABA-treated
fruit and up-regulated (+) in
GA, , ;-treated fruit at 26 DAP

Fig. 4 Candidate genes and
gene networks potentially
inhibiting or triggering BER
development in tomato fruit
with low (Apogee and ABA),
medium (water), or high

(GA, . ;) susceptibility to BER
at 26 DAP (Tables 3, 4)

triggering BER obtained with the GeneChip® Tomato
Genome Array were highly positively correlated with the
expression levels obtained for each gene using RT-PCR

(Table 5).
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Functional group Apogee/GA (—/+) ABA/GA (—/+) Apogee-
ABA/GA
(=)
Transcription regulation 17.39% 18.75% 2.56%
Hormone metabolism 4.35% 6.25% 20.51%
Oxidation—reduction reactions 4.35% - 2.56%
Protein metabolism 4.35% 21.88% 12.82%
Lipid metabolism - 6.25% 2.56%
Membrane protein - - 2.56%
Defense response - - 2.56%
Nutrient metabolism - 3.13% 5.13%
Cytoskeleton metabolism 8.70% - -
Cell cycle regulation - - 2.56%
Carbohydrate metabolism 8.70% 3.13% -
Cell wall metabolism 30.43% 3.13% 15.38%
Epidermal protein 4.35% - -
Triterpenoid biosynthesis - - 2.56%
Amino acid biosynthesis - - 2.56%
Phosphatase - - 2.56%
Aquaporin 4.35% - 2.56%
Stress protein - - 2.56%
Storage protein - 15.63% 2.56%
Unknown 13.04% 21.88% 15.38%
Total number of genes 23 (100%) 32 (100%) 39 (100%)

Water treatment was used as the base level for gene expression analysis. Genes presented have expression
levels >+0.1 fold different between Apogee, ABA, or GA,_ ; and water treatment at p value <0.05 (Sup-
plemental Tables 1, 2, and 3). Common genes down-regulated in both Apogee and ABA are presented as

Apogee-ABA (-)

Down-regulated in higher BER fruit

Candidate genes regulating BER

Up-regulated in higher BER fruit

v
Potentially inhibiting BER

PP2-413, MSR-B5
Lipid: 2 GDSL, A4E7, LTP1

Detoxification: LGL

Transcriptional regulation: SRO2, DREB, MAF1I,
ERFI109, ERF010, CBF1, NAC-NOR

Hormone: MeJA-est., WAT1, AREB, PYL9, TAS14
Oxidation-reduction: 7/C32, Class-III ADH
Protein metabolism: FBXL2, 2PIIFs, SRP 78,
UBLCPI, 2 CIPKs, RA4BA5a, DNAJC2, SDF2,

Defense Response: 2 JRLs 19, STO, PRP6

Nutrient: 7A7, Td, MTP1, CCH

¥
Potentially triggering BER

Hormone: 7/FT 104
Oxidation-reduction: Rboh, AO
Protein metabolism: SOBIR 1
Cell wall: PME 3

Transcriptional regulation: ZAT11, ZAT12

Discussion

According to the rate of increase in BER incidence
observed from 26 to 40 DAP, susceptibility to BER was
lower in Apogee- and ABA-, medium in water-, and high-
est in GA,, ;-treated fruit. Therefore, these treatments
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Table 3 Down-regulated genes in tomato fruit with higher susceptibility to BER

Functional group Apogee/GA (+/-)

ABA/GA (+/-)

Apogee-ABA/GA (+/-)

Transcription regulation LOB, SRO2*

Hormone metabolism ARACS

Oxidation-reduction reactions FMox

CysProt, TI, FBXL2, 2PIIFs, CPI,
SRP 7S

Lipid metabolism -

Protein metabolism

Defense response -

Detoxification metabolism -

2 allantoinases, TAT, COPA,Td
Cell cycle regulation -

IAGLU2, UGT, PK

Nutrient metabolism

Carbohydrate metabolism

Cell wall metabolism Expll, COMT, Expl2, 2 Exts, CCRI
Epicuticular wax synthesis -
Aquaporin -

Nucleoside 2P hydrolysis -

1IB-2, DREB, tRDS, MAF1, NAC-NOR
SFRS41, TRBF1, ERF109, 17 S
rRNA, mRDE2, ERF010, HH1,
ZFC6,CBF1

MeJA- esterase, WATI, AREB, TAS14

GA200x3, PYL9
TIC32, Class-II ADH

CysProt, UBLCPI, AP, 2 CIPKs,
RABAS5a, FBP, DNAJC2

SDF2, PP2-Al3, ASPAP, MSR-B5

2 GDSL, AAE7 LTPI1

2 JRLI19, STO PRP6

- LGL

MTPI1 CCH
MSAC-MADI1 FPF1

ICL, beta-FFase, FBPase, BST- 2UGT 73C3

SWEETI0, PRK
PMEIL.9, CCRI, TBLA1
ECERIFERUM 26 -
TIP3-2 -
Nudix hydrolase 9 -

Ext (Lemmi8)

These genes are potentially inhibiting BER development in tomato fruit with low (Apogee and ABA), medium (water), or high (GA, ;) suscep-
tibility to BER at 26 DAP. Candidate genes were identified based on functional annotation and negative correlation between expression level and
increase in rate of BER incidence (—R?). Genes presented are up-regulated (+) in Apogee and/or ABA and down-regulated (—) in GA, +7 (Sup-

plemental Tables 1, 2, and 3)

*Highlighted genes have functions related to higher resistance to oxidative stress and toxic compounds

provided an efficient way to manipulate fruit susceptibility
to BER in order to identify candidate genes and gene net-
works regulating or responding to BER development.

Candidate Genes Potentially Inhibiting BER
Transcription Regulation

Among genes up-regulated in Apogee and down-regulated
in GA, -, the polymerase similar to radical-induced cell
death-one 2 (SRO2) is required for plant defenses against
salt and oxidative stresses (Borsani and others 2005; Jas-
pers and others 2009). Transcription factors up-regulated in
ABA and down-regulated in GA, ,; include the dehydra-
tion-responsive element-binding protein (DREB) that trig-
gers abiotic stress tolerance in many plant species (Gupta
and others 2014); the repressor of RNA polymerase III
transcription MAFI that is highly expressed to overcome
oxidative stress and growth-limiting conditions (Boguta
2013); ethylene-responsive factors (ERFI109 and ERF010)
that have been shown to control the expression of impor-
tant stress-responsive genes required for plant response
to a range of abiotic and biotic stresses (Singh and others
2002); and the C repeat/dehydration-responsive element-
binding factor 1 (CBFI) that has been shown to enhance

tomato plant resistance to water deficit stress (Hsieh and
others 2002). Another transcription factor gene up-regu-
lated in both Apogee and ABA-treated fruit and down-reg-
ulated in GA, ;-treated fruit included the NAC-NOR that
is involved in developmental programs, plant defense, and
abiotic stress responses to dehydration and salinity (Olsen
and others 2005). The NAC domain was identified based on
consensus sequences from Petunia NAM and Arabidopsis
ATAF1/2 and CUC2 proteins (the domain was named from
their first letters of the genes) (Aida and others 1997). Stud-
ies have shown that NAC expression is induced by ROS and
its overexpression triggers stress-related genes involved in
plant drought and salt tolerance (Fujita and others 2004;
Zheng and others 2009). NAC proteins also trigger the
expression of glyoxalase I family genes that catalyze the
first step in the glyoxalase system (Fujita and others 2004),
a critical two-step detoxification system for methylglyoxal
that is produced naturally as a byproduct of normal metab-
olism, but is highly toxic due to its reactions with proteins,
nucleic acids, and other cellular components (Veena and
Sopory 1999). These results indicate that Apogee and ABA
triggered the expression of a range of transcription factors
up-regulating gene networks involved in stress responses
that resulted in fruit tissue becoming more resistant to BER
compared to GA, ;-treated fruit. Other studies suggested
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Table 4 Up-regulated genes in tomato fruit with higher susceptibility to BER

Functional group Apogee/GA (—/+)

ABA/GA (—/4)

Apogee-ABA/GA (—/+)

Transcription regulation

bHLHI130, ZAT11*, OFP SAP 12, LOR 10, WRKY 40, WRKY 53,

ZATI2

ARRY9, NAC-NOR

Hormone metabolism Aux/TAA3 SAMT, Auxl/protein
Oxidation—reduction reactions Rboh
Protein metabolism UBP 28

Hsc70
Lipid metabolism - GDSL, AAE9
Membrane protein - -
Defense response - -
Nutrient metabolism - NRTI1/PTR
Cytoskeleton metabolism MTAP70-2, profilin -
Cell cycle regulation - -
Carbohydrate metabolism UGIGT, STERDG6-16 LDHAL
Cell wall metabolism GRPI1, 2 XTH 8, CCRI, CESA-E6

PMEI LeXET2, GBAIl
Epidermal protein EPI -
Triterpenoid biosynthesis - -
Amino acid biosynthesis - -
Phosphatase -
PIP2-1 -
Stress protein - -

Aquaporin

Storage protein -

2 MPK3, RLK, SOBIRI, FEZ, CML30,

3 legumin B, Lea5, 11 S globulin

2 Aux/IAA11, 2 Auxlproteinl5A,
Aux/IAA3, Aux/IAA9, GH3.1, TIFY
10A

AO
FBP, E2, MPK3, CaMBP, Tl

DIRI

TMEM97

Ve2

HMTDP, MTGP

CDKG-2

AGP-Ic, AXS2, XTHS, ARASP, XTHY,
PME3

SgMO

ADI

BPAP26
NIP2-1

UspA

Vicilin GC72-A

These genes are potentially triggering BER development in tomato fruit with low (Apogee and ABA), medium (water), or high (GA,, ;) suscep-
tibility to BER at 26 DAP. Candidate genes were identified based on functional annotation and positive correlation between expression level and
rate of increase in BER incidence (+R?). Genes presented are down-regulated (=) in Apogee and/or ABA and up-regulated (+) in GA,_ ; (Sup-

plemental Tables 1, 2, and 3)

*Highlighted genes have functions related to higher levels of oxidative stress and cell death

that fruit susceptibility to BER is mainly dependent on its
ability to deal with reactive radicals naturally produced in
response to stresses such as salinity, drought, high light
intensity, heat, and ammonia nutrition (Ho and White 2005;
Saure 2014). Bioactive GAs may increase fruit susceptibil-
ity to stress and BER development, while Apogee and ABA
could have the opposite effect (Saure 2014).

Hormones

Genes up-regulated in ABA and down-regulated in GA, ;
code for methyl jasmonate esterase (MeJA- esterase),
vacuolar auxin transport facilitator (WAT1), ABA-respon-
sive element-binding protein (AREB), and ABA recep-
tor PYL9. MeJA-esterase hydrolyzes methyl jasmonate
to jasmonic acid (Wu and others 2008) that is involved
in plant responses to biotic and abiotic stresses (Mithofer
and others 2004), suggesting a crosstalk communication
between ABA, GA,,;, and jasmonic acid that regulates
stress responses and fruit susceptibility to BER. The WATI
gene is known to be involved in cellular auxin homeostasis
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(Ranocha and others 2013). Auxin distribution at the cel-
lular level is known to trigger specific cellular responses,
some of which may regulate fruit resistance to BER (Saure
2001, 2005). The AREB gene family plays a critical role in
plant responses to abiotic stresses and enhancing drought
and salt tolerance (Li and others 2014). The ABA recep-
tor PYLO is required for ABA-mediated responses through
inhibition of the activity of group-A protein phosphatase
type 2Cs (PP2Cs), and its expression confers enhanced
sensitivity to ABA (Nakagawa and others 2014). The
observed high or low PYL9 expression in response to ABA
or GA, , ; is probably a crosstalk mechanism to enhance or
reduce fruit tissue sensitivity to ABA and susceptibility to
BER, respectively. A candidate gene up-regulated in both
Apogee and ABA and down-regulated in GA,_, is the
ABA and environmental stress-inducible dehydrin gene
TAS14, which increases in expression upon plant exposure
to osmotic stress and ABA (Godoy and others 1990) and
may be involved in cellular responses to abiotic stress con-
ditions (Godoy and others 1994; Parra and others 1996).
The results show that most of the hormone-related genes
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Table 5 Correla?io(él analysis Genes potentially inhibiting BER Genes potentially triggering BER
between GeneChip~ Tomato
Genome Array and qRT- Apogee/GA (+/-) R? Apogee/GA (—/+) R?
PCR expression levels for
genes potentially inhibiting or SRO2 +0.99 ZAT11 +0.98
triggering BER in tomato fruit FBXL2 +0.99 Rboh +0.95
PIIF +0.98
SRP 7S +0.81
TAT +0.94
Td +0,64
ABA/GA (+/-) ABA/GA (—/+)
DREB +0.98 SOBIR1 +0.95
MAF1 +0.90
ERF109 +0.96
ERFO010 +0.76
CBF1 +0.79
MeJA-est +0.99
WAT1 +0.93
AREB +0.88
PYL9 +0.99
TIC32 +0.98
Class-1II ADH +0.86
UBLCP1 +0.99
CIPK1 +0.99
CIPK2 +0.93
RABASa +0.98
DNAJC2 +0.94
GDSL +0.99
AAE7 +0.80
JRL19 +0.81
STO +0.86
MTP1 +0,94
Apogee-ABA/GA (+/-) Apogee-ABA/GA (—/+)
NAC-NOR +0.85 ZAT12 +0.97
TAS14 +0.94 TIFY10A +0.79
SDF2 +0.91 AO +0.82
PP2-A13 +0.98 PME3 +0.88
MSR-B5 +0.99
LTP1 +0.96
PRP6 +0.97
LGL +0.97
CCH +0.97

potentially inhibiting BER are involved in biotic and abiotic
stress responses. It is possible that these hormone-related
genes are part of the transcription factor’s stress-related
responses to inhibit BER development, as described above,
or upstream as part of the response to the signals that acti-
vated different mechanisms inhibiting BER. Our results
also suggest that ABA treatment increased fruit tissue sen-
sitivity to ABA, possibly enhancing ABA responses related
and not related with the inhibition of BER development.

Oxidation—Reduction

Genes up-regulated in ABA and down-regulated in GA, ;
included the dehydrogenase 7/C32 and the alcohol dehy-
drogenase class-3-like (Class-IIl ADH). The TIC32 is
part of a translocon involved in protein import into the
chloroplast (Hormann and others 2004). Studies attempt-
ing to knockout TIC32 activity resulted in early seed abor-
tion, suggesting that TIC32 plays an important role in cell
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metabolism (Hormann and others 2004). Therefore, the
observed negative correlation between TIC32 expression
and the rate of increase in BER incidence suggests that
down-regulation in TI/C32 expression could possibly be
involved in the increase in fruit susceptibility to BER. The
Class-III ADH proteins play an important role in formal-
dehyde detoxification in plants (Achkor and others 2003).
Formaldehyde is considered a toxic compound because of
its ability to react with proteins, nucleic acids, and lipids
(Achkor and others 2003). It is possible that down-regula-
tion of Class-1II ADH in tomato could favor BER develop-
ment in the fruit.

Protein Metabolism

Genes up-regulated in Apogee and down-regulated in
GA, . ; included F-box/LRR-repeat protein 2-like (FBXL2-
like), wound-induced proteinase inhibitor I prepropep-
tide (PIIF), and signal recognition particle 7s (SRP 7s).
FBXL2-like is part of a ubiquitin protein ligase complex
that functions in phosphorylation-dependent ubiquitina-
tion. Negative correlation between FBXL2-like levels and
BER incidence suggests that ubiquitination regulated by
the FBXL2-like protein may play a role in determining
fruit susceptibility to BER, possibly by affecting targeted
protein degradation via the proteasome, changing protein
cellular location, affecting their activity, and/or promot-
ing or inhibiting protein interactions (Mukhopadhyay and
Riezman 2007). Down-regulation of PIIF suggests a higher
proteinase activity in fruit with higher susceptibility to
BER, which could lead to unwanted levels of protein break-
down, cell death, and BER symptoms in fruit tissue. The
SRP 7s is a ribonucleoprotein that directs the traffic of pro-
teins within the cell and allows them to be secreted through
translocation channels in the plasma membrane (Noriega
and others 2014). The negative correlation between SRP
7s levels and BER incidence suggests that down-regulation
of protein trafficking and secretion into the apoplast could
have affected membrane and/or other apoplastic metabo-
lism, leading to higher fruit susceptibility to BER.

Genes up-regulated in ABA and down-regulated in
GA,,; included ubiquitin-like domain-containing CTD
phosphatase (UBLCPI), two calcineurin B-like mole-
cules (CBL), interacting protein kinase 1 and 2 (CIPKI
and 2), RAB GTPase homolog A5A (RABA5a), and dnaJ
homolog subfamily C member 2-like (DNAJC2). UBLCP1
dephosphorylates 26S nuclear proteasomes, thereby
decreasing their proteolytic activity that may prevent
assembly of the core and regulatory particles into mature
26S proteasomes (Zheng and others 2004). Knockdown
of UBLCPI in cells promotes 26S proteasome assembly
and selectively enhances nuclear proteasome activity

@ Springer

(Zheng and others 2004), potentially leading to protein
breakdown that could increase fruit susceptibility to
BER. CIPKs have been shown to be involved in acquired
tolerance and acclimation under environmental stresses
such as salinity, drought, and chilling (Yuasa and oth-
ers 2012), which also suggests a potential role in reduc-
ing fruit susceptibility to BER under stress conditions.
RABAJ5a belongs to the Rab protein family involved in
intracellular vesicle trafficking and protein transport.
Studies have shown that high expression of the Rab gene
AtRabG3e increased plant tolerance to salt and osmotic
stresses and reduced accumulation of reactive oxygen
species in plants (Mazel and others 2004). These results
imply that vesicle trafficking plays an important role in
plant adaptation to stress, beyond the housekeeping func-
tion in intracellular vesicle trafficking (Mazel and oth-
ers 2004). The DNAJC2 homolog subfamily C member
2-like acts both as a chaperone and chromatin regulator
(Kaschner and others 2015), suggesting that proper pro-
tein folding and chromatin structure can also help the
fruit to avoid BER development.

Candidate genes up-regulated in both Apogee and
ABA and down-regulated in GA, , ; included the stromal
cell-derived factor 2-like (SDF2), F-box PP2-Al3-like
(PP2-A13), and methionine sulfoxide reductase B5-like
(MSR-B5). SDF2 is involved in endoplasmic reticu-
lum (ER) protein quality control and unfolded protein
response (UPR) triggered under stress conditions (Schott
and others 2010). Under normal growth conditions,
SDF2 is highly expressed in fast growing, differentiat-
ing cells and meristematic tissues that require enhanced
protein biosynthesis and secretion (Schott and others
2010). Therefore, down-regulation of the SDF2 gene in
GA,  ;-treated fruit could limit protein biosynthesis and
secretion at the time of fast growth in distal tissues, trig-
gering cell damage and BER symptoms. PP2-A13 is a
component of ASK-cullin-F-box E3 ubiquitin ligase com-
plexes that may mediate the ubiquitination of target pro-
teins (Dinant and others 2003). In plants, many physio-
logical processes such as hormone and defense responses
employ F-box protein to direct negative regulators to the
ubiquitin-mediated degradation pathway (del Pozo and
Estelle 2000). In this case, GA,,; down-regulation of
PP2-Al3 possibly resulted in metabolic processes that
enhanced fruit susceptibility to BER. MSR-B5 catalyzes
the reduction of methionine sulfoxide to methionine in
proteins, playing a protective role against oxidative stress
by restoring activity to proteins that have been inacti-
vated by methionine oxidation (Rouhier and others 2006).
As previously mentioned, down-regulation of oxidative
stress-alleviating mechanisms in GA,  ;-treated fruit
potentially enhanced BER symptom development.
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Lipid

Lipid-related genes up-regulated in ABA and down-reg-
ulated in GA,,,; code for two GDSL esterases/lipases
and one acetate/butyrate-CoA ligase (AAE7). GDSL
esterasellipases have been reported to be up-regulated by
biotic and abiotic stresses, nutrient deficiency, as well as
chemical and hormonal treatments (Chepyshko and oth-
ers 2012). The enzymes have hydrolytic activity and are
mainly involved in the regulation of plant development,
morphogenesis, synthesis of secondary metabolites, and
defense responses (Chepyshko and others 2012). Therefore,
the negative correlation between GDSL esterases/lipases
expression and fruit susceptibility to BER suggests that
these genes are possibly triggering defense responses and/
or synthesis of secondary metabolites that can inhibit BER
development in the fruit.

A candidate lipid-related gene up-regulated in both Apo-
gee and ABA treatments and down-regulated in GA, , ; was
the Lipid Transfer Protein 1 (LTPI). Although the mecha-
nisms are still not well understood, high LTP expression
has been reported to increase plant tolerance to drought,
salt, and elevated H,0, levels (Kader 1996; Guo and oth-
ers 2013; Safi and others 2015). Considering that BER inci-
dence is also enhanced by such plant stress conditions, high
LTP expression can potentially lead to inhibition of BER
incidence in the fruit.

Defense Response

Genes up-regulated in ABA and down-regulated in GA, 5
included two jacalin-related lectin 19s (JRL 19) and a salt
tolerance protein (STO). The JRLs are carbohydrate bind-
ing proteins involved in signaling pathways required to
overcome plant environmental stress conditions (Song and
others 2014), and JRL genes have been associated with abi-
otic stress tolerance, such as salt stress, or even responses
to multiple stresses (Claes and others 1990; Garcia and oth-
ers 1998; Zhang and others 2000; Filho and others 2003;
Subramanyam and others 2006). Studies have also sug-
gested that JRLs are a part of the salicylic acid, jasmonic
acid, and ABA-dependent defense signaling pathways
(Xiang and others 2011; Song and others 2014). STO is a
B-box type Zn finger protein reported to confer salt toler-
ance in plants grown in high-salt medium (Lagercrantz
and Axelsson 2000; Nagaoka and Takano 2003; Griffiths
and others 2003). The STO protein interacts with CEO1/
RCD1, a protein required to protect against oxidative dam-
age (Belles-Boix and others 2000; Fujibe and others 2004).
Therefore, the observed JRL 19 and STO up-regulation in
ABA-treated fruit and down-regulation in GA, ;-treated
fruit suggests cross communication between these growth

regulators leading to defense response pathways inhibiting
and triggering BER in the fruit, respectively.

A gene coding for a pathogenesis-related protein 6
(PRP6) was up-regulated in Apogee- and ABA-treated fruit
and down-regulated in GA, ;-treated fruit. The PRP pro-
teins have been reported to be up-regulated in response to
pathogen infection leading to plant stress defense responses
(El-Kereamy and others 2011), suggesting that PRP6
up-regulation in fruit with lower susceptibility to BER
could have activated defense mechanisms inhibiting BER
development.

Detoxification

A gene up-regulated in both Apogee- and ABA-treated
fruit and down-regulated in GA,_ ;-treated fruit was the
lactoylglutathione lyase-like (LGL), also known as Gly-
oxalase I (Gly I), which is a detoxifying enzyme required
for the glutathione-based detoxification of methylglyoxal,
formed primarily as a byproduct of carbohydrate and lipid
metabolism (Singla-Pareek and others 2003). Methylgly-
oxal is a potent mutagenic and cytotoxic compound known
to arrest growth, react with DNA and protein, and increase
sister chromatid exchange (Singla-Pareek and others 2003).
Up-regulation of Gly I has been shown to take place in
tomato in response to salt, osmotic stress, and phytohormo-
nal stimuli (Espartero and others 1995), as well as to con-
fer salinity and drought stress tolerance in plants (Singla-
Pareek and others 2003; Bhomkar and others 2008; Alam
and others 2014).

Nutrient

Genes up-regulated in Apogee and down-regulated in
GA,,; included a tyrosine aminotransferase (TAT) and
a threonine deaminase (Td). TAT proteins have been
reported to be involved in tocopherol synthesis (Riewe and
others 2012), which are important antioxidants and scaven-
gers of lipid radicals and ROS in plants (Holldnder-Czytko
and others 2005). The Td catalyzes the conversion of threo-
nine to 2-ketobutyrate that is used to synthesize isoleucine,
which together with other branched-chain amino acids are
thought to play an important role as osmolytes in plant abi-
otic stress tolerance (Joshi and others 2010).

A gene up-regulated in ABA and down-regulated in
GA, ;7 was the metal tolerance protein 1 (MTPI), a vacu-
olar cation efflux transporter shown to play an essential role
in metal homeostasis and tolerance in plants (Blaudez and
others 2003; Lin and Aarts 2012).

A gene up-regulated in both Apogee and ABA and
down-regulated in GA, , was the copper (Cu) trans-
port protein Copper Chaperone-like (CCH-like), which is
required to maintain proper cellular copper homeostasis
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and avoid toxicity (Shin and others 2012). Intracellular Cu
must be accurately regulated to avoid toxicity caused by
the free Cu ion that can generate ROS such as superoxide,
hydrogen peroxide, and hydroxyl radicals that damage pro-
teins, lipids, and DNA (Brewer 2010). Therefore, higher
expression of the Cu transport protein Cu chaperone-like in
response to Apogee and ABA may have favored cellular Cu
homeostasis, inhibiting cell damage and BER development,
as compared to GA, | ,-treated fruit.

Candidate Genes Potentially Triggering BER
Transcriptional Regulation

Candidate transcription factors down-regulated in Apogee
and up-regulated in GA,_ ;, as well as down-regulated in
both Apogee and ABA and up-regulated in GA,, ; were the
putative zinc fingers ZAT1I-like and ZATI2-like, respec-
tively. The zinc finger proteins ZAT11 and ZAT12 are
part of a gene family known to be involved in an intricate
oxidative stress-induced programed cell death (PCD) net-
work in plants (Qureshi and others 2013). Therefore, high
ZATI I-like and ZATI12-like expressions can potentially be
involved in PCD leading to BER symptoms in water- and
GA, | ;-treated fruit with higher susceptibility to BER.

Hormone

A gene down-regulated in Apogee- and ABA-treated fruit
and up-regulated in GA,, ;-treated fruit was the putative
TIFY10A-like gene coding for a protein that represses JA
responses (Grunewald and others 2009). JA is required
for appropriate plant stress responses and an increase in
TIFY expression can lead to impaired cellular response and
potentially cell death (Mithofer and others 2004). Expres-
sion of the Arabidopsis JA signaling repressor TIFYI0A
has been shown to be stimulated by auxin (Grunewald and
others 2009), suggesting that high levels of auxin could
have inhibited the JA stress response pathway in fruit with
higher BER susceptibility.

Oxidation—Reduction

A gene coding for the Respiratory Burst Oxidase
Homolog (Rboh) was down-regulated in Apogee-treated
fruit and up-regulated in GA,, ;-treated fruit. Although
studies have suggested that ROS produced by Rboh play
a role in abiotic stress responses (Sagi and others 2004;
Torres and Dangl 2005), high Rboh expression can poten-
tially increase fruit susceptibility to BER by stimulating
ROS accumulation and cell death in fruit tissue. Indeed,
ROS accumulation leads to tissue oxidative stress and
cell death in plants (Dat and others 2003; Van Breusegem
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and Dat 2006). For example, transgenic plants with low
levels of antioxidants and mutants unable to stop the ini-
tiation or propagation of ROS-driven cell death have high
susceptibility to cell death events (Mittler and Rizhsky
2000; Lorrain and others 2003). It has been suggested
that when ROS levels exceed their cellular scavenging
capacity, ROS build up to phytotoxic levels that attack
and damage proteins, lipids, and DNA, resulting in cell
death and necrotic tissue phenotypes (Van Breusegem
and Dat 2015).

Our results also indicate that the r-ascorbate oxidase
(AO) homolog gene was down-regulated in Apogee-
treated fruit and up-regulated in GA,  ;-treated fruit. The
AO enzyme converts reduced ascorbic acid into oxidized
ascorbic acid (Zhang and others 2011). Because reduced
ascorbic acid is an important antioxidant to counteract
oxidative damage by scavenging free radicals and reac-
tive oxygen species (ROS), increased ascorbic acid oxi-
dation by high AO expression can increase fruit tissue
susceptibility to oxidative stress, cell death, and possibly
BER. Accordingly, studies have shown that transgenic
plants with suppressed AO expression have higher levels
of reduced ascorbic acid, which increases plant resistance
to oxidative stress under high drought and salt conditions
(Yamamoto and others 2005; Stevens and others 2007,
Zhang and others 2011).

Protein Metabolism

An ABA down- and GA,_ , up-regulated gene possibly
triggering BER was the leucine-rich repeat receptor-like
protein kinase SOBIR1, whose overexpression activates
cell death, whereas mutation in the gene suppresses cell
death in plants (Gao and others 2009; Liu and others 2013).
In that case, high SOBIRI expression in GA, ;-treated
fruit can potentially increase tissue susceptibility to cell
death leading to BER symptom:s.

Cell Wall

A putative pectin methylesterase 3 (PME 3) was down-
regulated in both Apogee and ABA and up-regulated in
GA, ;. High PME expression has been reported to increase
Ca*" binding to the cell wall, reducing Ca>" availability to
other cellular functions and increasing fruit susceptibility to
BER (Freitas and others 2012b). Therefore, the high PME
3 expression may help explain higher fruit susceptibility to
BER in response to GA,  ; treatment; however, PME 3 and
PME].9 showed opposite changes in expression suggest-
ing differential regulation of PME isoforms during BER
development.
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Mechanisms Inhibiting and Triggering BER

The identified candidate genes potentially inhibiting BER
have widely different cellular functions, including transcrip-
tion regulation, hormone metabolism, oxidation—reduction
reactions, protein metabolism, lipid metabolism, defense
responses, cell detoxification, and nutrient metabolism.
Although the candidate genes inhibiting BER had a wide
range of cellular functions, most of the identified genes
have functional annotations related with an increase in fruit
tissue resistance to oxidative stress and toxic compounds.
Therefore, comparing fruit with higher and lower suscep-
tibility to BER, it was possible to conclude that mecha-
nisms inhibiting BER development were possibly involved
in increasing fruit tissue resistance to oxidative stress and
toxic compounds. Indeed, studies have shown that fruit sus-
ceptibility to BER is enhanced by abiotic stress conditions,
such as salinity, drought, high light intensity, heat, and
ammonia nutrition (Ho and White 2005), which increase
ROS and other toxic compounds that eventually can lead to
cell death and BER symptoms (Saure 2014).

The identified candidate genes potentially triggering
BER are involved in transcription regulation triggering
programmed cell death, repression of JA responses possi-
bly leading to cell death, increases in production of ROS,
conversion of reduced ascorbic acid into oxidized ascorbic
acid, and increases in cell wall bound Ca**. Accordingly,
since most of the genes inhibiting BER are involved in
oxidative stress response, it was expected that most of the
genes triggering BER would be possibly leading to higher
levels of fruit oxidative stress. The production of reactive
oxygen species takes place naturally during normal cell
metabolism and can be enhanced by adverse environmen-
tal conditions such as drought, salt and osmotic stresses,
and high temperatures (Saure 2014). Therefore, cells have
developed different mechanisms to overcome oxidative
stresses. In that case, the main difference observed between
a fruit with higher and lower susceptibility to BER seems to
be related to mechanisms triggered to overcome or increase
oxidative stress in the fruit. These results agree with other
studies suggesting that bioactive GAs not only can reduce
Ca®* accumulation in the fruit, but also increase tissue sus-
ceptibility to oxidative stress and the risk of BER, while
GA inhibitors may have the opposite effect (Saure 2014).
These results also agree with other studies showing higher
ROS levels in fruit tissue with BER symptoms (Aktas and
others 2005; Turhan and others 2006; Mestre and others
2012).

Calcium deficiency disorders in plants are believed
to be triggered by mechanisms leading to cell membrane
damage (Saure 2014). ROS are known to disintegrate cel-
lular membranes (Mestre and others 2012), whereas Ca**
has been shown to protect cellular membranes by binding

to phospholipids and proteins on the membranes and by
increasing the activity of enzymes leading to ROS detoxi-
fication (Mestre and others 2012). In our study, treating
the plants from O to 40 DAP with water, GA,, ;, Apogee,
or ABA resulted in 21.0 (£2.4), 19.9 (£2.4), 30.2 (£2.9),
or 32.3 (+2.3) ug Ca®* g7! fruit fresh weight, respec-
tively. These results suggest that Apogee and ABA inhib-
ited BER development in tomato fruit by increasing fruit
Ca’* content and possibly by increasing fruit tissue resist-
ance to ROS and other toxic compounds. Water- and
GA,, -treated fruit had similar Ca** content, but different
susceptibility to BER, suggesting that GA, ;-treated fruit
had higher susceptibility to BER possibly due to higher lev-
els of fruit oxidative stress. These results suggest that nei-
ther Ca®" nor ROS alone fully explain BER development,
but there is possibly an interaction between Ca** and ROS
concentrations in fruit tissue involved in BER susceptibil-
ity. This interaction may also be influenced by mechanisms
regulating cellular Ca?* and ROS partitioning, which can
change the cellular Ca®*/ROS interaction in the tissue
(Turhan and others 2006; Freitas and others 2011b, 2012a,
b). In that case, future studies should determine the role
of Ca**/ROS interactions at different cellular locations on
BER development.

It is very possible that not all the genes inhibiting
and triggering BER in tomato fruit are present on the
GeneChip® Tomato Genome Array, which contains 10,209
tomato probe sets that interrogate more than 9200 Sola-
num lycopersicum genes. Therefore, more detailed stud-
ies can be accomplished using whole-genome sequencing
technologies to explore a wider range of genes potentially
regulating fruit susceptibility to BER. Studies with trans-
genic plants containing knockouts or up-regulated candi-
date genes can help identify the key genes regulating BER
development in fruit tissue. Identified genes regulating
BER can then be used as markers for the selection of new
tomato cultivars less susceptible to BER in breeding pro-
grams. Since the mechanisms leading to Ca®* deficiency
disorders are believed to be highly conserved across dif-
ferent plant species, identified key genes regulating BER
can be studied in other plant species and also used to select
other crop plants more resistant to these physiological
disorders.
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