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Introduction

Tomato and acidity

Tomato Solanum lycopersicums a horticultural cropvith major economic importanceand taste
and flavour arémportant concernsespeciallyfor consumes (Heuvelink 200 Sudying on genetic
basis ofacidity in fruit cells is thus importamot only for improving tomato fruit taste but also
expandingts market valueFleshy fruit acidityvhich is usuallyneasured by titratable acidity and/or
pHis mainly due to the presence of organic adi@genne, Genard et al. 20L3s intermediates or
end products of carbohydrate, lipid, amino acid metabolism,organic acidplay significant roles in
the organoleptic properties of fruits. The level of organic aciasgrealy affecttaste of fruit and
changevolatility of aroma compound¢Stevens, Buret et al. 20p7Besides affectingaste traits,
organic acidsalso influences starch metabolism,solude solid conteh and affects postharvest
softening of tomato fruit (Centeno, Osorio et al. 201L1Citrate and mahte are the major organic
acids determiningfruit acidity in mature tomato Based onour previousbiochemicaldata of F6
recombinant inbred linegRIL)at ripe stage citrate wasobserved tomaintaina positive correlaibn
with titratable acidsthus with sour taste traif while malate content was negatively correlatedth
sour tastetrait in tomato (Figurel).In tomato, a strong correlation betweenipening stages and
malate and citratecontent was observed Due to increasng catabolic activity of malic enzyme and
continuous activity of malate dehydrogase and citrate synthaseduring ripening stagesmalate
content level was significantlyhigh in young fruit then decreased progressively afterds while
citrate content levd keers high until later stagdCarrari, Baxter et al. 20D6n addition, he data
obtained fromour previous studyalsoshowedan oppositevarying trend betweemalate and citrate
content in ripe fruitgFigure2).

S: sour aftertaste

00| citrate

0.51 Lysine

0.46 phenylalanine

0.45 glutamine
-0.25 Glucose

-0.26 Xylose

-0.28 galacturonate
-0.35 glycerate
-0.35 glucuronate
-0.44 malate

Figure 1. Coefficierlietweenmetabolites and sour taste trait in population 4 (R104XC085)
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Figure 2 Left: Malate vs. Citrag in population 4 (R104 x C085),-®53.Right: Total acids content correlation

with citrate content fruit ripening

Metabolic pathways and affecting factors

Processes controlling the level of organic acids in plant tissues include thiesgnand degradation

of intermediates as well as vacuole possession according to recent re{8eweetman, Deluc et al.
2009 Etienne, Genard et al. 20L3Malate and citrate synthesis is considered to mainlyoat fruit.

After sucrose and/or sorbitol being transported from leavesfruits, hexoses will bgproduced by
glycolysis of hexosesvhich is the primary path of organic metaboli¢Bai, Dougherty et al. 20).2
After that, biosynthesis pathwagf phosphoenolpyruste (PEP3arboxylatbn happensin the cytosol
which isresponsible for the initial formation of organic aciddleanwhile, decarboxylation of
dicarboxylates takes plade the cytosolnd itisresponsible foorganic acidlegradation In addition,
tricarboxylic acid (TCA) cycle in the mitochondria, glyoxylate cycle in the glyoxysome, and citrate
catabolism in te cytosol are the pathwayallowing for conversion between tricarboxyladeand
dicarboxylategFigure 3.

Gitrate is tricarboxylateand it is produced fromdicarboxylatessuch asmalate and oxaloacetate
(OAA) It is also known that for citratéormation mostlyinvolveddicarboxylateis mdate. In this case,

the first stepfor organicacidsformation is the dicarboxylatessynthesis pathwayskey enzymes
involved insynthesis pathwaysre phosploenolpyruvate carboxylase (PBP&hd NABdependent
malate dehydrogenase (NAWDH). However, it has been proven in many fruit species that PEPC
does not contribute to the variation of malate content betarelow and high acid cultivars such as
peach, apple and loquaiMoing, Rothan et al. 2000Chen, Liu et al. 200%ao, Let al. 2009.
NADMDHi s suggested to beositively correlated wh malate content, inboth direct and indirect
involvement of malate accumulatidn apple(Yao, Li et al. 20}1

Degradation of malate mostly happensduring fruit ripening when gluconeogenesiactivated by
products ofmalate decarboxykon. This shift from accumulation of organic acids to sugar synthesis
has already been explained in several studi@arrari, Baxter et al. 200&weetman, Deluc et al.
2009 Etienne, Genard et al.2013. Enzymes mainly involved are phosphoenolpyruvate

2



Candidate gene analysis of an acidity QTL in tomato

2013/2014 Thesis report

carboxkinase (PEPCKosponsible fodissimilation of malate in seval fruitsand NADRIependent
malic enzyme (NADME) but not showing significant influence on malate accumulation in young
tomato fruits (Famiani, Cultrera et al. 20p85oodenoud), Prosser et al. 1985

Goncerning conversion pathways, three pathways have b#escribedto involvein the @nversion
between tricarboxylates and dicarboxylateshich are the tricarboxyli@cid (TCA) cycle in the
mitochondrial, the citrate metabolism in the cytosol and the glyoxylate cycle in the glyoxy€ime.
these pathways,many enzymesare involved such as citrate synthase (C@)xonitase (ACO),
NADMDH and NABnalic enzyme (NAME) They play different roles in acids conversion
metabolismbut functions of some enzymesa pathways stilkequire further investigation(Etienne,
Genard et al. 2013
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Figure3. Malate and citrate metabolic pathways in fruit cells. ACO, aconitaseCATRTRiItrate lyase; CS,

citrate synthase; ICL, isocitrate lyase; MS, malate synthase;NNMD NABmalate dehydrogenase; NAE,
NADmalic enzyme; NAIDH, NABsocitrate dehydrogenase; NABRE, NADMnalic enzyme; NADIPH,
NADPRisocitrate dehydrogenase; PDH, pyruvate dehydrogenas®CPEphosphoenolpyruvate carboxylase;
PEPCK, phosphoenolpyruvate carboxykinase; PPDK, pyruvate orthophosphate dikinase. The probable direction
of reversible reactions is indicated by the large arrow. Dashed blue arrows indicate malate and citrate transport.
Names in orange are dicarboxylates and names in red are tricarbox{fizttesne 2013)
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In addition, research shows that ost of citrate and malatecan be found in the vacuolein
approximately90% of mature fruit cellgfter being producedEtxeberria, Pozuetomero et al.
2012. They were transported in and out of vacuole wgcuolar membrane proteinsg such as
tonoplast dicarboxylate transportgfEmmerlich, Linka et al. 20pand vacuolar pump$Shitan and
Yazaki 2013 The TCA cycle mentioned @ hasexports of intermediates which imply naryclic
flux modes.In order to maintain the pools of TCA cyclemechanisms mediated by mitochondrial
carrier proteins sustain the transport of intermediates (Haferkamp and Schmi&sser 201p
Members of the aluminiuractivated malate transperl (ALMT1) family proteingKobayashi,
Lakshmanan et al. 20},3and membrane intrinsic proteifChen, Wilson et al. 2001 were dso
reported to participatein organic acids transporfhese transporters can regulate malate and citrate
accumulation and release in plant cells thsletermining fruit aadity.

A range of enzymes invahgin malate and citratenetabolism as well as transport system have been
described in the literature(Sweetman, Deluc et al. 200%tienne, Genard et al. 20L3Major
biosynthetic and transpornzymes/transporters described in literature are listed below.

Biosynthetic enzymes

- Aconitase Aconitase catalyses the reversible converdigtween citrate and isocitrate. In
tomato fruit, it is demonstreed that a reduction in the activity of aconitase could lead to an
accumulation of citrateand aconitase plays a key role in control of citrate content in ripe
fruit (Morgan, Osorio et al. 20)3

- Citrate synthasecitrate synthase directly control citrate synthesis in mitochondrial and is
proved tobe positivelycorrelated with citragé accumulation in citruand strawberry(Sadka,
Dahan et al. 20Qlannetta, Escobar et al. 2004

- Malate synthaseMalate synthase is directly involvéu catalyses of originating malate from
acyl groups.

- NADPIsocitrate dehydrogenasehere are two forms of isocitrate dehydrogenase, one is
NADdependent and the other is NABfependent. They can catalyse the reversible
conversion of isocitrate into -Bxoglutarate. It is observed in sour lemon that decreased
activity of NADRIependent isocitrate dehydrogenase would lead to a general reduction of
citrate metabolism(Sadka, Dahan et al. 2000

- NADIsocitrate dehydrogenase Transgenic manipulation to decrease the activity of
NADisocitrate dehydrogenasayhich isdownstream enzyme of aconitase TCA cyclehad
no effect on tomato citrateaccumulatiorlevels(SienkiewicZPorzucek, Sulpice et al. 2010

- NADdependent malate dehydrogenas®lADdependent malate dehydrogenase catalyses
the reversible conversion from malate into OAA, which might be the most bledgtion for
malate synthesis.

- NADRdependent malic enzymie There are two forms of mal enzyme one is

NADPRdependent malic enzyme (NARKME) located in cytosol and the other is
4
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NADdependent malic enzyme (NABDRME) located in mitochondrial. In youngnhato
fruits, NADRcytMEappearsnot playing a key role in malate accumulati@oodenough et al.
1985).

NADdependent malic enzyme NADdependent malic enzyme can catalyses the
carboxylation of malate for pyruvate, thus appears to be involved in malatenbdecrease
during ripening(Sweetman, Deluc et al. 20p9t was proved to be responsible fahe
majority of malatedegradationin young tanato fruit (Bahrami, Cheet al. 200).
Phosphoenolpyruvate carboxykinas®hosphoenolpyruvate carboxykinase (PEPCK) is a
cytosolic enzyme that catalyses decarboxylation of oxaloacetate (OAA) to
phosphoenolpyruvate, in which OAA originated from the oxidation of malate by
NADdependent malate dehydrogenase. In tomato, PEPCK greatly increases at the start of
ripening, during which there is a decrease in malate con(Batrami, Chen et al. 20p1
Phosphoenolpyruvate carboxylasePhosphoenolpyruvate carboxylase catalyses the
carboxylation of phosphoenolpyruvate the primary hexose metabolism pathway of malate
and citrate. It was suggested to affect malate accumulation during fruit development in
grape berriegEtienne, Genard et al. 2013

Transporters

Solute carrier family 255LC25 familis the largest group of solute carriers, which is also
known as the mitochondrial carrier (MC) family. MCs catalyse translocation of numerous
solutes across the memane between cytosol and mitochondrial. Among these solutes,
malae and citrate are included anttansported by SLC25A1, SLC25A10 and SLC25A1 in
human, respectivel{Palmieri 2013

Aluminiumactivated tansportes. Acamulation in vacuole ia function of both influx and
efflux of mahte and citrate from thevacuole In Arabidopsis, vacuolar malate transport is
mediated by a tonoplast malate transporter (AttDT) and aluminiactivated malate
transporter (ALMT) family. Plants without this transporter accumulate much resate
(Etienne, Genard et al. 2013

Aquaporin Aquaporinbelongs tomajor intrinsic proteins (MIFfamily whichmainly function
astransmembrane protein dmnnel It is integrated in a vacuole membrane and responsible
for transport of water and small moleculeResearch showedhat reduced transcription of
aguaporin encoding genean lead to increased accumulation of organic acids with regard to
normal pattern in tomato frui{Chen, Wilson et al. 200.1

Quantitative traits loci (QTL) of malate, citrate and acid fruit taste
Identification of the genetic determinants governing fruit atidtraits is essential for sensory

properties, and for better underganding of plant metabolic pathways. Thiuit sour trait can be

attributed to the existence ofmalate and citrate whichare both expressedas quantitative traitsn

nature. Two main QTLregions concerning to malatand citrate contentin tomato have been

5
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identified based onour previous studyof Centre for BioSystems Genomi¢€BS( crossing
populations region 6.2on chromosomes 6 andegion 9.1 onchromosome 9 of tomato genome
(Figure2). Analysis okffect each regionmposeson malatetrait showed that region 6.hasa more
significant mfluence than regiorB.1 accordingto the data annotated asvariation explaineé in
Figure4. Four homozygoubreeding lineghat the CBSG crossipgpulationsderived fromwere C74
(cherry, orange), C85 (cherry, red), R75 (round, yellow), and R104 (round, red), related to the
cultivated tomato SupplementalTable 1)(ViquezZamora, Vosman et al. 2013The four elite
breeding lines ad F6 RIL population 4 derived from C85 and R104 have been characterized
biochemically fotaste (Tikurov, Lommen et al. 2009 ikunov, de Vos et al. 201Blenéndez, Eilers

et al. 201).
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Accumulation oforganic acids in tomato fruit is a complex trsiiice it iscontrolled byvariousQTIs.
However, alvances in Xmics technologies make it possible to studisttomplexand multifactorial

trait. The aim of this work was to identify genes controlling the accumulation of organic @tids
identified QTL$n tomato fruit. For this purpose, a comparative transcriptomic approach was carried
out on mature fruitfrom Rlls and four elite breeding line®Amongcandidate genes we identifiedn
aguaporin gene, which may involve in transport of organic acids located in vacuole membrane, has a
promisingperformance in parental linesnd further experimergwill be mainly conducted on it.

Project background

The CBSG tomato programinas to implement research ogenetic basis of tomato quality traits,
especiallyto screen tomato varieties fanatural biodiversity of taste characteristi(Berloo, Heusden

et al. 2007. For this research purposa set of 94 cultivars known for their agrmmic qualities has
beenselected Metabolite profiling was performed on the set, including flavonoids, sugars and acids
(Tikunov, Lommen et al. 20P%Of these 94 cultivars, four most diverse genotypes were provated
homozygous breeding lineby breeding companieso obtain crossing populatios (Figure 5)
According to previous study, the QTL region on chromosome 6 is approximately from 33 Mbp to 44
Mbp (region 6.2) andhe regionon chromosome 9 igédm 3 Mbp to 6 Mbp (region 9.1Figured). To
elucidate the genetic basis underlying acidity trait, one of the experimental approaches is to isolate
candidate genes in these detected QTL regions. Teisigtwork is part of a project which aims to
select candidate genes influencing tomato acidity.

C074 < 1 > R104
20 6
4 7
CO85 < 5 > RO75

Figure 5 Four homozygous breeding lines and populations derived from them as parents
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Results

Candidate gene pre-selection

Based on gene locatian the QTLregions profiling of expression pattes from microarray data in
the four breedinglines and enzyme activities of gene putatively involved in acidity metabolism, in
total six genes were preelected All these genes arsupposed to bénvolved in transport of malate
andor citrate, of which there are threaluminiumactivated malatdransporterlike encoding genes
two mitochondrial transporters encoding genes amide aquaporinencoding geneAquaporinwas
presumedas a possible transporténvolved in passage of malate and citrate between vacuole and
cytosolin tomato fruits(Chen, Wilson et al. 2001 The aluminiurractivated malate transportelike
encoding genes are hardly expressedun breeding linesat any fruit ripening stageleading tono
expression variation observegrigure 3C, 3D and 3Ejowever,with two ALMTike genes in apple
being identified in malate metabolismand AtALMT6 and AtALMT9 channbksing describedin
Arabidopsisfor malate transport, the ALMT familyhave significant effect on vacuolar malate
trangport and @ndidate gees belonging to this familynay worthy of further study (Meyer,
ScholzStarke et al. 201,1Bai, Dougherty et al. 201Kobayashi, Lakshmanan et al. 2pTBe other

two genesare responsible for mitochondriatansport of small moleculesvith one on chromosome

6 belondng to solute carrier family 25This familywas previouslyreported to be involved in
malae/citrate transportin human(Mizuarai 2005 Palmieri, Pierri et al. 20)1Detailed information
including location, expression level and patterns of thesegalected genes can be foundRigure3

and Supplementalable 3.

For further expression analysied confirmation coding sequences of each gene were obtained from
the four parental lines and primers for gRFCR were designed based on them. By comparing
expression patterns derived fromicroarraydata and gRPCR results in breeding lindsgure3),
expression variatioraccording to the microarray datamong four breedinglines were further
confirmed by gRTPCR Based on performams amongfour breedinglines, putative mitochondrial
transporters Solyc069g061170 and Solyc09g0119E@ure 3A and Figure BBbtained expression
differences withhigher expression level in R104 than G&®npared by corresponding stages
AquaporinSolyc06g07213®&as also observed wittifferences in gene expressiafsobetween the
parents@85 and R104Figure 3B)There wasan odd expression ptgrn going sharply dowat ripe
stage in CO8With the microarray data, which may suggest an error happen. However, relative gene
expression (RGE) derived frolREPCRconfirmed the expression pattern whiciiso showed the
suddendecreaseat ripe fruits in C085

For the genes which were hardly expsedin parental lines based on the microarray datemely
aluminiumactivated malate transporters Solyc06g072910, Solyc06g072920 and Solyc06g074100
(Figure 3C, 3D and 3E), their RIR dataanfirmed thelow expressiorievel and thus it was difficult

to observe expression patterns of these genes
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Aluminumactivated malate transportelike Solyc06g074100; Figur8F Mitochondrial substrate carrier
Solyc09g011920

Co-segregation of three genes expression

Putative malate transporters Solyco6g061170 and Solyc09g011920 ang@qu&olyc06g072130,
and citrate/malate accumuladin trait was further studiedn fruits of F6 RIL populationsTen high
malate/low citrate content RILs and eight low malate/high citrate contens Rllbbalance due to
poor RNA quality of twsampks) were selected Supplemental Figure)1However, correlations
between gene expression and malate content were not as significamxpscted based on the
results obtained in parental lines for putative malate transportersSolyc06g061170 and
Solyc09g011920. Bpmparing expression datacludingcorresponding stagef breedinglines R104
and C85, it is difficult to observe any obviowsrelation betweenmalate contentand tested genes
(Figure 4. In order to exclude effect of other acrélated QTLs impose on gnession pattern of
these two genes, wlecular markers ifrmation on these genes was taken into consideratitake
putative malate transporters Solyco6g0611a€ an exampleexpression patterns afarkers in the
malate/citrate QTLwere comparedwith expressionof Solyc0§061170in correspondinghigh and
low malate F6 RIL$Figure5)It can beobservedthat expression patterns of Solyc06g061170 and its
closest marker matched with each other whicdn indicatehat there was nesignificanteffect from
other QTLsBy comparing the marker and Solyc06g061170 locationpild befurther confirmed
that Solyc06g06117@as not candidate genéor malate variationsince it was far away from the
markerbeg correlated to the traitannotaed as segs8105 inFigure 5.
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Figure 4. Expression levels in H8lls of Solyc069g061170, Solyc06g072130 and Solyc06g011920. Red bars
represents relative gene expression (RGE) of parental lines, orange bars represents high organic acids content
group and light orange bargpresents low organic acids content group.

Position Name H HH HHHUHHIL L

L L
31039064seq-rs4063 _ I . I I I _ I — I —
34264392%seq-rs3540 . . I I I I _____
35282416|seq-rs7951 [ __ __ __ ___ ___ I I I ______
35568620|Solyc069061170 - __ I I I e — . -
3635509¢seq-rs3904 - I — I I I [ . J—
3827040(seq-rs6658 I _ I I _ I I I ______
38063792seq-rs6650 _ I I _ I I I ______
3963131%seq-rs6275 - I o I I I I I I
40243656|seq-rs8105 I I I I I I I I ______
4229915¢seq-rs3627 _ I _ I — . — I I I — I I

Figureb. Expression patterns comparison betweermnkers in QTkegion 6.2and putative malate transporter
Solyc06g06117@He stands for high malate RIl&¢ stands for low malate RILs

The expressiopattern of aguaporinSolyc06g072136id not showa significant difference between
the high malate and low malate F6 RHither (Figure 4)But this could be due to that we only
analysed ripe fruits of F6 genotypes, whereas the differences in the patie@siR104 and C85 were
observed at earlier ripening stages and ripe fruits of both lines showed equally low expr@sgime
3). To study cesegregation of this aquaparigene expression with thacidrelated trait in F6
contrasting linesearlier ripening stages must be harvested and-§®&R must be performed in these
materials.

Amplification of Solyc06g072910, Solyc06¢g072920 and Solyc06g074100

Aluminiumactivated malate transportersSolyc06g072910, Solyc06g072920 and Solyc06g074100
were promising candidates with regard to related reports but difficult tataon expression patterns
with their low expression level@Meyer, SchokStarke et al. 20L1Kobayshi, Lakshmanan et al.
2013. The best way to analysis their functions in malatel citrate metabolism was to overexpress
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these genes and investigate corresponding respond of tomato frilierefore an effort to cne
these genes was undertakerHHowever, with designed primers (Table 5), no fragment was
successfully amplified or amfsid fragments failed to be sequenced due to their low expression
levels (data not shown).

Obtaining aquaporin sequence and blast result

Aquaporin Solyc06g072130, ittv encouraging expression performances in parental lines and
uncertaintyin F6RILswas séected asa candidate gene to process further verification. To obtain the
full-length coding sequencefdhe putative aquaporin geneSanger sequencing was conducted.
Amplified fragment of Solyc06g072130 can only be obtained with green stage fruits cDD& of
among parental linesvhich matched its expression pattern in breeding liiEgure6). Convinced
sequenceof amplified fragmentwas approximately 800 bS(pplementalFigure2; Supplemental
Figure 3. Blast against Tomato gene models CDS (ITAG eel@®kl) database on SOL
(http://www.solgenomics.ne}, result showed hit of Solyc06g072130 witivdtue of 0. Annotated
differences(SupplementaFigure3) needfurther confirmation which may imply mutant of aquaporin

encoding gene.

60°C 64°C 60°C  64°C  60°C 64°C 60°C  64°C
4G 85G 104 G NTC

-
N~
-y
—
—
-

' 4
.
i

Figure6. Electrophoresis gel picture of PCR prochluthinedfrom Solyc06g07213@DNA of fruits harvested at
green stage of parental liseC74, C85 and R104 were testBid Tempmte Control replaced cDNA with Midji.

Discussions

In the present workwe investigated the genetic basis that ledd a varyingaccumulationof organic
acids¢ malate and citrate, in fruits of CBSG segregating tomato popukatand their parental
genotypesQTL analysis, neolomics data, microarray data and gRTR data were used to search
for candidate genewhich couldlead to difference®f malate and citratecontent between high/low
cultivars in tomato fruit These approaches allowed the idification of a group of genes
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contributing to the accumulation of organic acids and led us to hypothéisi#tehe candidate gene
Solyc06g072136ncoding for aquaporin may play an important role in the mechanisms involved in.

By combining metabolic and anker data in F6 RIlcf our previous study, it was knowthat the
introgression ofR104leading tohigh malate/low citrateaccumulation and the introgression of C85
leading tolow malate/high citrateaccumulation The differential gene>@ression evidencén this

work raisesthe hypothesis thaexpression of aquaporin encoding gemay lead to the lowmalate

level in itsfruits which implieda role of aquaporin in malate transporHowever, malate content
variation which mayderive from aquaporin was onlgonfirmed in breeding linessame gRIPCR
experiment should be carried otngether metabolicanalysisn more RILs at vari@uipening stages

to confirm thishypothesis.For aquaporin sequence differencdstected inblast result ofC85, it is

likely dueto the different tomato variety used for sequencing (e.g., HeiAnother explanation can

be sincethese differences were all found at the tail of sequence where errors are inclined to happen.
In order to identify and characterize aquaporin geocemparative analysief gene sequences in four
breeding linexan be doneln addition,characterization of a tomato aquaporimutant linemay be
another accessvhich can be isolated through TILLING (targeting induced local lesions in genomes)
technology It can helpconfirm the role of aquaporin gene in controlling the level of organic acids in
the fruit of the selected tomato line.

Three detected ALMT genes analysis were abandoned due to their low expressioratayelse
subsequent inability to clone #@m for functional analysedn this case, with purpose of achieving
fragments, material of tomato fruits harvestdcbm aluminium added cultivattg environment can

be used for research. Withp-regulated gene expression, fragment amplification will be asitde.

The analysis conducted with fine mapping residtild alsoconfirm these genes functiongith more
molecular markersinvolved. The predicted QTL region for malate/citrate accumulation on
chromosome 6 of tomato spans approximately 2Mbp and 170 ganegpresent in the region. To
confirm the candidate genes found or to find new candidate genes fine mapping of the region is
needed. The fine mapping populatiég currently under developmenvhich can help us to narrow

the QTL region and get closer teetbandidate genes.

Organic acid content in tomato fruit is a complex trait due to the intricate involvement of all
abovementioned enzymes in fundamental cellular processes and it is manipulated by not only one
QTL. While analysing correlation between eegmion of single candidate gene and organic acid
content, influence of other QTLs should be taken into consideration. The information about QTL
regions studied in this work is only that region 6.2 imposes more influence than region 9.1 and 9.2 in
terms of acidity trait. More accurate function of these QTLs can be achieved byniagping
underway. The differences detected inugaporin Solyc06d2130 can be used for firmapping if

they are confirmed not sequence errofa.addition, only eighteen cultivargere used for expression
level investigation which may not be comprehensive enough to exclude one gene with limited
samples in this workMore RILs at various ripening stagebould be tested for expressed
pre-selected genes in which caaeomprehensive gne function can be achieved.
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Material and methods

Plant Material

Tomato germplasm was obtained from the collection of Wageningen UR Plant Breeding, The
NetherlandsFour homozygous breeding lines, which were C74 (cherry, orange), C85 (cherry, red),
R75(round, yellow), and R104 (round, red), were selected and crosses was made with these four
breeding lines resulting in six segregating populations. Further material includedgragating F6
population4 derived from breeding lines RaGand C085, of whicten highmalate content cultivars

(163, 101, 116, 48, 68, 58, 6865, 142, 151) and eight lomalate content cultivars (111, 129, 168,
139, 146, 82, 40, 10) (all F6 hybrids) are selected fofRfFRI expression analysi®hen tomato fruit
ripening stages we studied, fruitswere harvested according to a standardizedit colour chart
consisting ofl2 stages provided by The Greeneryl$téa Holland): stage 1, maturgreen, fruit
surface is completely greeand the shade of green may vainpm light to dak; stage 3, breaker,
there is a definitéoreak in colour frongreen to tanniskyellow, pink, or red on nanore than 10% of

the surfacestage 5, turning, 10 to 30% of the surfasenot green, in the aggregatshows a definite
change from green to tanrtisyellow, pink, red, or a combinatiahereof; stage910, ripe,morethan

90%of thesurfaceis not green,in the aggregate, shows red caio All F6fruits were harvested at

ripe stage.

Methods

Gene prediction and annotation

Based on protein sequenceduced from enzymes and transporters mentioned above, genomic
DNA (gDNA) or coding DNA (cDNA) sequences of targeted gene were obtained from NCBI
(http://www.ncbi.nlm.nih.gov). When targeted gene sequence was not available on tomato, its
homolog from Araldopsis thaliana was taken. Putative functions of the predicted genes were
annotated with the Tomato WGS ITAG (International Tomato Annotation Group) 2.3 proteins and
Tomato WGS chromosomes v240 database orB@ghttp://www.solgenomics.net).

Tomato genome RNA extraction and gene expression analysis using gRT-PCR

For the expression analysis of candidate genes, four breeding lines as well as ten bighest
acidscontent and ten lowesbrganic acidgontentcultivars ofF6population 4derived from breding

lines R104 and C085 were used as biological replicates. Fruit materials (whole fruit) for each cultivar

were harvested at four ripening stages: mature green, breaker, turning, and ripe. All harvested
materiak were stored at-80°C after frozen and gunded in liquid nitrogen. Total RNA was then

extracted following the protocol for RNA extracti@ugs Rc FauChiang, Chiang VI Fadhang et

a)f YR FAylFftfte GNBFGISR 6AGK ! YOA2Y 5blFaS oOLY@AGNER
RNA concentration was measured in a Nanodrop1l800 spectrophotometer and RNA quality was

checked by elde N2 LIK2 NB&aAa 3ISf NHzyyAyad wSOSNARS GNI yaONR
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RNA and an oligdT primer using Superscript Il reverse transcriptase (Invitrogen) following the
YIydzFlF OG§dZNBNDRa AyaiNHzOGA2yaod

Gene expression analysis was performed usiRFRCR using SYBR Green in an ABI 7500 Fast
Real¢t AYS t/w &a@adSy 6! LILIX A S Ractin gepaiserded & ¥4 deferente/geng K A O K
with primersForwardd FCOTEGCACATTCCAG@AQU | Y B p@IRACE\NECTTCTCCABQTE O

cDNA of each genotype wabulked evenly from biological replicates and then used for-RGR.
Genespecific used for amplification primers were designed to cover the known alleles of candidate
genes and were designed using Primer3 plus website
(http://www.pubmed.de/cgibin/primer3/primer3plus.cgi  (Supplemental Table 4). For each

biological replicate, duplicate analyses were performed. Relative gene expression (RGE) was
calculated, with Ct value used, by formiGE= POWHR- / G O fF FF OG0 2NJ Ay GKAOK 1
interest) ¢ Ct(reference gene). A factor is needed to enlarge the figures and 10:@@used in

this project.

ForeachqRT / wX | FAYIlIf @2ftdzyS 2F wun >t g a Idkda SAD HK
RAfdziA2yas ¢ >a 2F (GKS TFT2NBIFNRI SNIR yNS OWBMNBESE LINA N
super mix. The qRFCR program included an initial denaturation step of 3 min at 95°C, 40 cycles of
amplification using 15s at 95°C and 60s at 58°C aatidsociation stage of 10s at 95°C, melting curve

from 65°C to 95°C at the increment of 0.5°C for 5s. Expression quantification and data analysis were
performed by BieRad CFX manager Software (Version 2.0).

Isolation of candidate gene

Several pairs of primers were designed for a same amplicon in order to maximize chances to obtain a
targeted fragments fitting with the different constrains. Each primer pair was tested and
characterized using gradient PCR with a Tm range from 55°C t¢Stf@dementalr ableb).

The coding sequence of candidate genes was amplified by PCR using high fidelity Phusion polymerase
(Finnzymes). PCR reactions were performed with protocol consisting of denaturation temperature at

94°C for 30s, 35 cycles of 98°C X0s, primerspecific gradient annealing temperature for 20s, 72°C

F2NI 704 FYR | FAYlLf LISNA2R 2F THc/ F2NIp YAYyo |
GKS t Kd&AA2Y 1 C NBIFOGAZY o0dZFFSNE n @ 2fF A1 SR BF@RING:
FYR NBJSNES LMKYSaER> YR dpodp >f

DNA sequencing

Sequencing method is based on Sanger sequencing with ddNTPs as chain terminator. Sequencing mix
O2yillFAya Hodp >f LINAYSNI 6mMn>ai0vxr ndpibft @2 wdXBR2REz
PCR reaction for sequencing was conducted by GATC sequencing.
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Supplemental Figure 1. F6 RILs malate content distribution
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210 220 230 240 250 260 270 280 290 300 310 320
ATGAACGTC TCCGGTGGTCATATCAACCCGGCIGTTACGTTTGGTCCTCTTIGTGGGCGGGCGAGT TACCGTCCTTICGTGCTATGTACTACTGGATTGGTCAGTTGC TAGGTGCTGTTGTTECC

ML AN | l

SupplementaFigure2A GATC sequence with forward primer added

210 220 230 240 250 260 270 280 290 300 310 320
ACAATGAAAGCAATAGCAAGAGGTGCAATAATCCCCAAACTACCCCTCTTTGGATCAATAGCTGTTCCATAAACAGTGTACACCAAACCAAATGTCATCACTATTTCCATCACAAGTGC

m e

SupplementaFigure2B GATC sequence with reverse primer added

Supplemental Figur2. DNA sequence partial viewsfadgment amplified from cDNA of C85 green stage fruit

20



Candidate gene analysis of an acidity QTL in tomato
2013/2014 Thesis report

Query= WEB-USER-SEQUENCE (Unknown)
(792 letters)

Database: ITAG Release 2 predicted CDS (SL2.31)
35,802 sequences; 37,045,110 total letters

SeArching.cecesssssoscscssssssosasansssssssssssssssssnsesess done

Score E
Sequences producing significant alignments: (bits) value

Solyc06g072130.1.1 SL2.31ch06 10FOH1E1IEG 40843919-40845649 2010... 1435 0.0

>S01yc069072130.1.1 SL2.31ch06 10FOH1E1IEG 40843919-40845649 20101015/09:20:27GMT
Length = 780

Score = 1435 bits (724), Expect = 0.0
Identities = 766/772 (99%), Gaps = 6/772 (0%)
strand = Plus / Plus|

Query: 8 ccacggagatatgagtttggcagggcggatgaagctacacaccctgattctgtgegtget 67

. PEVETELELEEE R e e e e e e e e bbb e e ee et
Sbjct: 7 ccacggagatatgagtttggcagggcggatgaagctacacaccctgattctgtgegtget 66

Query: 68 accttatctgagtttctctctactttcattttcgtctttgetggagaaggatctgttctt 127

) PECELELEREEEEE e et e e e e e v e e e e e e e e e e e el
Sbjct: 67 accttatctgagtttctctctactttcattttcgtctttgctggagaaggatctgttctt 126

Query: 128 gcccttgataagttgtaccctgatagagctttaggagcgtcgagattgacggegattgea 187
L PEVELETRLEER R e e e e e e e e e e e e e e e e el
Sbjct: 127 gcccttgataagttgtaccctgatagagcetttaggagegtcgagattgacggcgattgea 186

Query: 188 cgcatgcgttttcgetgtttgetgeggtagegtccagtatgaacgtctccggtggt 247

. IIIIIIIIIIIlIIIIIIIIIIlIIIIIIIIIIIIIIIIIlIIlIIIIIIIIIIlIIIlI
Sbjct: 187 gcatgcgttttcgetgtttgetgcggtagegtccagtatgaacgtctccggtggt 246

Query: 248 catatcaacccggctgttacgtttggtgcetcttgtgggcgggcgagttagegtccttegt 307

) PECELEEEEREr e et e e e e b e e e e e e e e e b e inml
Sbjct: 247 catatcaacccggetgttacgtttggtgctcttgtgggcgggcgagttagcgtccttcgt 306

Query: 308 gctatgtactactggattggtcagttgctaggtgctgttgttgectctgecttgttgagg 367

5 PEERRERERREE e e e e e e e e e e b e e re e bbbyl
Sbjct: 307 gctatgtactactggattggtcagttgctaggtgctgttgttgcctctgecttgttgagg 366

Query: 368 cttgctacggatggattgaggccagtgggatttgcggtagcatcaggagttggcaatgga 427

s PEVELELEEEEEE R et e e e e e e e e e e e e e e el
Sbjct: 367 cttgctacggatggattgaggccagtgggatttgcggtagcatcaggagttggcaatgga 426

Query: 428 aatgcacttgtgatggaaatagtgatgacatttggtttggtgtacactgtttatgcaaca 487

" PEVECELRLEEE e e e e e e e e e e e e e e e e el
Sbjct: 427 aatgcacttgtgatggaaatagtgatgacatttggtttggtgtacactgtttatgcaaca 486

Query: 488 gctattgatccaaagaggggtagtttggggattattgcacctcttgetattgetttcatt 547

i PERRERTERREe e e e e b e e e e e e e b ety
Sbjct: 487 gctattgatccaaagaggggtagtttggggattattgcacctcttgcetattgetttcatt 546

Query: 548 gttggagctaatgtccttgttggtgggccttttgaaggagcatccatgaacccagcaagg 607

. PEVELERELREREE e e e e e e bbb e e e e e e bbbl
Sbjct: 547 gttggagctaatgtccttgttggtgggccttttgaaggagcatccatgaacccagcaagg 606

Query: 608 gcttttgggcctgctttagtgggctggaggtggaggaatcattggatctattgggtas 667

. lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIlIIlIIIIIIIIIIlIIIH
Sbjct: 607 gcrtttgggcctgctttagtgggctggaggtggaggaatcattggatctattgggtagge 666

Query: 668 ccattcattggtgcagccatagctggaattatctatgaatttgggactcatacagggctc 727

. PEVELEEELEEE e et e e e ee v e e e e er e e teererril 1l
Sbjct: 667 ccattcattggtgcagccatagctggaattatctatgaattt-ggactcataca-ggete 724

Query: 728 atgatggaagctccagtttcatactcatcatcaagccttttggctccagaag 779

. N 00 0T 0 A 4 A M AL
Sbjct: 725 atgat-gaagctccag-ttcatactcatcatc-agcc-tttggcetccagaag 772

Supplemental Figur8. BLASTX hits of the obtained aquaporin sequeagainstTomato gene models CDS
(ITAG release 2.31) database
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Tables
Supplemental Table 1. Introgressions known to be present in the initial breeding lifMarcela et al. 2013).
Introgressions Chr | C74 | C85 | R75 | R104 | Origin
Tomato Ripeningnhibitor (Rin) | 5 S. lycopersicum
Cladosporium 5 5 L. peruvianum
TYLCV 6 S.chilense / L. hirsutum
Nematode 6 L. peruvianum
ToMV 9 L. peruvianum
ToMV (race 0,1,2) 9 L. peruvianum
Verticillium albo atrum 9 S. lycopersicum var. cerasiforme
Leaf mold (A,B,C,D,E) 9 L. peruvianum
Fusariunrace 0 (ex1) 11 S. pimpinellifolium / S. pennellii
Fusarium crown and rootrot ? L. peruvianum
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Supplemental Table 2. Genes involved inrganicacids metabolism in tomato genome

Gene ID Chromosome Hit Chromosome star|{ ITAG Hit description
Name subject

Aconitase

Solyc06g060790| SL2.40ch06 35203912 3-isopropylmalate dehydratasemall subunit (AHRD V1 **0Q97W85 ARATH); contains Interpro domai
IPR011827 -Bopropylmalate dehydratase, small subunit, subgroup

Solyc079052350| SL2.40ch07 58180570 3-isopropylmalate dehydratase large subunit (AHRD W1 PEUC_NATPD); contsirinterpro domain(s
IPR006249 Aconitase/iron regulatory protein 2

Solyc12g005860| SL2.40ch12 490766 3-isopropylmalate dehydratase large subunit (AHRD W1 IFEUC_BACWK); contains Interpro domai
IPR006249 Aconitase/iron regulatory protein 2

Solyc03g005730 | SL2.40ch03 509511 3-isopropylmalate dehydratase large subunit (AHRD W1 EUC_NATPD) contains Interpro domai
IPR006249 Aconitase/iron regulatory protein 2

Citrate synthase

Solyc01g073740| SL2.40ch01 70355794 Citrate synthase (AHRD V1 **024135 TOBAC); contains Interpro domain(s) [PR010109 (
synthase, eukaryotic

Solyc07g055840| SL2.40ch07 61081153 Citrate synthase (AHRD V1 *** B9Y|FM7_POPTR); contains Interpro domain(s) [IPR010953
synthase type Il

Solyc12g011000| SL2.40ch12 3858058 Citrate synthase (AHRD V1 #B9IFM7_POPTR); contains Interpro domain(s) IPR010953 Citrate syi
type Il

Isocitrate dehydrogenase

Solyc01g005560| SL2.40ch01 396126 Isocitrate dehydrogenase (AHRD V1 **D2D324_GOSHI); contains Interpro domain(s) IPROO
Isocitrate dehydrogenase NABRIBpendent, eukaryotic

Solyc02g082860| SL2.40ch02 41089703 Isocitrate dehydrogenase (AHRD V1 **** A3]|YS8 PICST); contains Interpro domdiPi¥)04434
Isocitrate dehydrogenase NAd®pendent, mitochondrial

Solyc02g086610| SL2.40ch02 43847134 Isocitrate dehydrogenaskke protein (AHRD V1 **** Q8LPJ5 ARATH); contains Interpro dom
IPR0O04790 Isocitrate dehydrogenase NABPendent, ekaryotic

Solyc05g009030| SL2.40ch05 3194166 3-isopropylmalate dehydrogenase (AHRD V1 **** B5L AV1_CAPAN); contains Interpro domain(s) IP
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Isopropylmalate dehydrogenase

Solyc08g077920| SL2.40ch08 58981388 Isocitrate dehydrogenase (AHRD V1 **** Q17P79 AEDAE); contains Interpro domain(s) IPR
Isocitrate dehydrogenase NAd@pendent, mitochondrial

Solyc08g077930| SL2.40ch08 58989316 Isocitrate dehydrogenase (AHRD V1 **Q17P79 AEDAE); contains Interpro dongin( IPR00443;
Isocitrate dehydrogenase NAd®2pendent, mitochondrial

Solyc10g074500| SL2.40ch10 57374538 Isocitrate dehydrogenase (AHRD V1 **A3LYS8 PICST); contains Interpro domain(s) IPRO
Isocitrate dehydrogenase NAd®2pendent, mitochondrial

Solyc11g011930| SL2.40ch11 4860233 Isocitrate dehydrogenase (AHRD V1 **D2D324 GOSHI); contains Interpro domain(s) IPR0OO
Isocitrate dehydrogenase NABRpendent, eukaryotic

Malate synthase

Solyc03g111120| SL2.40ch03 55845049 Malate synthase (AHRD V1 ¥*B9RAKO_RICCO); contains Interpro domain(s) IPR001465 Malate sy

Solyc03g111130| SL2.40ch03 55849347 Malate synthase (AHRD V1 **** BORAKO_RICCO); contains Interpro dgmait{R006252 Malat
synthase

Solyc039111140| SL2.40ch03 55852765 Malate synthase (AHRD V1 *** B9RAKO_RICCO); contains Interpro demailfR006252 Malat
synthase

NAD-dependent malic enzyme

Solyc01g094200| SL2.40ch01 77521249 NADdependent malic enzyme 2 (AHRD V1-*€2WKU6_BACCE); contdinterpro domain(s) [PR0123(
Malic enzyme, NADinding

Solyc039120990| SL2.40ch03 63268135 Malic enzyme (AHRD V1 **004935_SOLLC); contains Interpro domain(s) [PR012302 Malic ef
NADbinding

Solyc05g050120| SL2.40ch05 59251037 Malic enzyme (AHRM1 ***- 004936_SOLLC); contains Interpro domain(s) [PR012302 Malic ef
NADbinding

Solyc08g013860| SL2.40ch08 3202146 NADdependent malic enzyme 2 (AHRD V1-*€2WKU6_BACCE); contains Interpro domain(s) |PRO]
Malic enzyme, NADinding

Solyc08066360 | SL2.40ch08 52156692 Malic enzyme (AHRD V1 *B9RKI6_RICCO); contains Interpro domain(s) [PR012302 Malic e
NADbinding

Solyc12g008430| SL2.40ch12 1860802 Malic enzyme (AHRD V1 #*Q006Q0_TOBAC); contains Intergtomain(s) IPR012302 Malic enzyn
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NADbinding

Solyc12g044600| SL2.40ch12

45080017

NADPdependent malic enzyme, chloroplastic (AHRD V1- RAOC_FLAPR); contains Interpro domai
IPR012302 Malic enzyme, NAIDding

NAD-dependent isocitrate dehydrogenase

Solyc029g082860| SL2.40ch02 41089703 Isocitrate dehydrogenase (AHRD V1 **** A3LYS8 PICST) contains Interpro domain(s) IPR004434
dehydrogenase NADependent mitochondrial

Solyc02g086610| SL2.40ch® 43847134 Isocitrate dehydrogenasdike protein (AHRD V1 *** Q8LPJ5 ARATH) contains Interpro dom
IPR004790 Isocitrate dehydrogenase NAIBPendent eukaryotic

Solyc05g009030| SL2.40ch05 3194166 3-isopropylmalate dehydrogenase (AHRD V1 **** B5LAV1 CAPAN) contamsdrdemain(s) IPR00442
Isopropylmalate dehydrogenase

Solyc08g077920| SL2.40ch08 58981388 Isocitrate dehydrogenase (AHRD V1 **** Q17P79_AEDAE) contains Interpro domain(s) IPR004434
dehydrogenase NADependent mitochondrial

NAD-dependent malate dehydrogenase

Solyc01g090710| SL2.40ch01 76110800 Malate dehydrogenase, cytoplasmic (AHRD V1 **** MDHC_ORYSJ); contains Interpro domain(s) IP
Malate dehydrogenase, NAflependent, cytosolic

Solyc019106480| SL2.40ch01 86122403 Malate dehydrogenase (AHRD V1 *#*A5BEJ8_VITVI); contains Interpro domain(s) IPR010097 ©N
dehydrogenase, NABependent, eukaryotes and gamma proteobacteria

Solyc02g063490| SL2.40ch02 30142927 Malate dehydrogenase (AHRD V1 **** B9S7S1_RICCO); contaarpro domain(s) IPR010097 Malé
dehydrogenase, NABependent, eukaryotes and gamma proteobacteria

Solyc039115990| SL2.40ch03 59594226 Malate dehydrogenase (AHRD V1 **** 048906_MEDSA); contains Intdgonain(s) IPR010097 Mala
dehydrogenase, NABependent, eukaryotes and gamma proteobacteria

Solyc079062650| SL2.40ch07 62562048 Malate dehydrogenase (AHRD V1 **** Q645N1_SOLLC); contains Interpro domain(s) [IPR010097
dehydrogenase, NABependen, eukaryotes and gamma proteobacteria

Solyc09g090140| SL2.40ch09 65031356 Malate dehydrogenase (AHRD V1 **** Q2PYY8_SOLTU); contains Interpro domain(s) IPR011274
dehydrogenase, NABependent, cytosolic

Solyc09g091070| SL2.40ch09 65753933 Malate cehydrogenase (AHRD V1 **** 048906 _MEDSA); contains Interpro domain(s) 1PR010097

dehydrogenase, NABependent, eukaryotes and gamma proteobacteria
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Solyc11g007990| SL2.40ch11 2198503 Malate dehydrogenase (AHRD V1 **** Q5NE17_SOLLC); coiméengro domain(s) IPR011273 Malg
dehydrogenase, NAB&#ependent, plants

Solyc12g014180| SL2.40ch12 5027840 Malate dehydrogenase (AHRD V1 #®8L5C9_SOLTU); contains Interpro domain(s) IPR010097 N
dehydrogenase, NABependent, eukaryotes and gana proteobacteria

NADP-dependent malic enzyme

Solyc01g094200| SL2.40ch01 77521249 NADdependent malic enzyme 2 (AHRD V1-*€2WKU6_BACCE); contains Interpro domain(s) IPRO]
Malic enzyme, NADinding

Solyc03g120990| SL2.40ch03 63268135 Malic enzyme (AHRD V1 **004935_ SOLLC); contains Interpro domain(s) [PR012302 Malic ef
NADbinding

Solyc05g050120| SL2.40ch05 59251037 Malic enzyme (AHRD V1 *004936_SOLLC); contains Interpro domain(s) [PR012302 Malic ef
NADbinding

Soly/c08g013860 | SL2.40ch08 3202146 NADdependent malic enzyme 2 (AHRD V1-*€2WKU6_BACCE); contains Interpro domain(s) IPRO]
Malic enzyme, NADinding

Solyc08g066360| SL2.40ch08 52156692 Malic enzyme (AHRD V1 *B9RKI6_RICCO); contains Interpro dofsai IPR012302 Malic enzyn
NADbinding

Solyc12g008430| SL2.40ch12 1860802 Malic enzyme (AHRD V1 **0Q006Q0_TOBAC); contains Interpro domain(s) IPR012302 Malic er|
NADbinding

Solyc12g044600| SL2.40ch12 45080017 NADPRdependent malic enzymegshloroplastic (AHRD V1 **MAOC_FLAPR); contains Interpro domai
IPR012302 Malic enzyme, NAIDding

Phosphoenolpyruate carboxylase

Solyc04g006970| SL2.40ch11 10695978 Phosphoenolpyruvate carboxylase (AHRD V1 **** A6YM33_RICCO); contains Intenaio@p [IPR01581
Pyruvate/Phosphoenolpyruvate kinase, catalytic core

Solyc059056270| SL2.40ch05 64764049 Isocitrate lyase (AHRD VI** Q2TWG5_ASPOR); contains Interpro domain(s) IPR000918 Isocitrat
and phosphorylmutase

Solyc079g052480| SL2.40ch07 58294477 Isocitrate lyase (AHRD V1 **** Q9FQD2_IPOBA); contains Interpro domain(s) IPR006254 Isocitraty

Solyc07g055060| SL2.40ch07 60511069 Phosphoenolpyruvate carboxylase 1 (AHRD V1- *©23946_GOSHI); contains Interpro domair

IPRO5813
carboxylase

Pyruvate/Phosphoenolpyruvate kinase, catalytic core IPR001449 Phosphoenolp
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Solyc079062530| SL2.40ch07 62451122 Phosphoenolpyruvate carboxylase 2 (AHRD V1-*®9SCB2_SOLLC); contains Interpro doma
IPR015813 Pyruvate/Phogmmolpyruvate kinase, catalytic core IPR001449 Phosphoenolpyr
carboxylase

Solyc08g008530| SL2.40ch08 2926277 Aldolase (AHRD V1 *#D7JQJ4_ECOLX); contains Interpro domain(s) IPR0O05000 HpcH/Hpal aldolé

Solyc09g007130| SL2.40ch09 764390 3-methyk2-oxobutanoate hydroxymethyltransferase (AHRD V1 **** B6TL59 MAIZE); contains In
domain(s) IPR003700 Ketopantoate hydroxymethyltransferase

Solyc10g007290| SL2.40ch10 1686141 Phosphoenolpyruvate carboxylase (AHRD V1 A8YM32_RICCO); cais Interpro domain(s) IPR0158
Pyruvate/Phosphoenolpyruvate kinase, catalytic core IPR001449 Phosphoenolpyruvate carboxylas

Solyc12g014250| SL2.40ch12 5069527 Phosphoenolpyruvate carboxylase 1 (AHRD V1- *®9SCB3_SOLLC); contains Interpro doma
IPRO15813 Pyruvate/Phosphoenolpyruvate kinase, catalytic core [IPR001449 Phosphoenolj
carboxylase

Phosphoenolpyruvate carboxykinase

Solyc04g076880| SL2.40ch04 59409959 Phosphoenolpyruvate carboxykinase (AHRD V1 **** Q8W505 SOLLC); comééngro domain(s)
IPR001272 Phosphoenolpyruvate carboxykinase;ulNlising

Solyc12g088160| SL2.40ch12 62058688 Phosphoenolpyruvate carboxykinase (AHRD V1- *®8W505 SOLLC); contains Interpro domai
IPR001272 Phosphoenolpyruvate carboxykinasB;ulifising

Transporter

Solyc01g007080| SL2.40ch01 1631873 Aluminumactivated malate transporter (Fragment) (AHRD % Q071L4_AVESA) contains Interf
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc01g007090| SL2.40ch01 1649335 Aluminumactivated malate transporter (Fragment) (AHRD V& 07DQ0_WHEAT) contains Interg
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc01g008420| SL2.40ch01 2505405 Mate efflux family protein (AHRD V1-*#*D7KHQ9_ARALY) containtgedpro domain(s) IPR002528 Mu
antimicrobial extrusion protein MatE

Solyc01g014210| SL2.40ch01 11843347 ADP ATP carrier protelike (AHRD V1 **** Q2XTC3_SOLTU) contains Interpro domain(s) IPR(
Adenine nucleotide translocator 1

Solyc01g021740| SL240ch01 32801059 Mitochondrial 2oxoglutarate/malate carrier protein (AHRD V1 *#*Q9FSF4_TOBAC) contains Inter
domain(s) IPR001993 Mitochondrial substrate carrier

Solyc01g067070| SL2.40ch01 67795099 Mitochondrial deoxynucleotidecarrier (AHRD V1 **** B4FIJ0_MAIZE) contains Interpro domg
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IPR002067 Mitochondrial carrier protein

Solyc01g079760| SL2.40ch01 71416743 Mitochondrial carrier protein (AHRD V1 **C5P0Z3_COCP7) contains Interpro domain(s) IPRO(
Mitochondrial sulstrate carrier

Solyc01g087070| SL2.40ch01 73772466 Mitochondrial ADP/ATP carrier proteins (AHRD V1 **** Q2UU95 ASPOR) contains Interpro do
IPR002113 Adenine nucleotide translocator 1

Solyc01g087150| SL2.40ch01 73849055 Mate efflux family protein (AHRD V1-*D7KHQ9_ARALY) contains Interpro domain(s) IPR002528
antimicrobial extrusion protein MatE

Solyc01g095510| SL2.40ch01 78512128 Mitochondrial carrier family (AHRD V1 **C1E2Y0_9CHLO) contains Interpro dorsainPR002111
Adenine nucleotide translocator 1

Solyc01g095570| SL.2.40ch01 78536562 Mitochondrial carriedike protein (AHRD V1 **Q2PYY0_SOLTU) contains Interpro domain(s) IPRO
Mitochondrial carrier protein

Solyc01g096140| SL2.40ch01 79013698 Alumnum-activated malate transporter (Fragment) (AHRD \t1- €6EP55 SECCE) contains Inte
domain(s) IPR006214 Uncharacterised protein family UPF0005

Solyc01g098910| SL.2.40ch01 81036659 Mitochondrial carrier protein (AHRD V1 **C5P0Z3_COCP7) containgerpro domain(s) IPR00199
Mitochondrial substrate carrier

Solyc019105540| SL2.40ch01 85441161 2-oxoglutarate/malate translocator (AHRD V}*Q9FMF7_ARATH) contains Interpro domain(s) IPR0OO
Sodium/sulphate symporter

Solyc019110280| SL2.40ch01 88755591 DNAdamageinducible protein F (AHRD V1-#*B4V9L8_9ACTO) contains Interpro domain(s) IPR0OO
Multi antimicrobial extrusion protein MatE

Solyc019112090| SL2.40ch01 89954214 MATE efflux family protein expressed (AHRD Vi1 ©2QYUO_ORYSJ) @in$ Interpro domain(s
IPR002528 Multi antimicrobial extrusion protein MatE

Solyc02g061760| SL2.40c62 27855665 Mate efflux family protein (AHRD V1 -**D7LLI9_ARALY) contains Interpro domain(s) IPR002528
antimicrobial extrusion protein MatE

Solyc02g077910| SL.2.40ch02 37316263 Mitochondrial ornithine carrier protein (AHRD V1 *** B6K278 SCHJY) contains Interpro don
IPR018108 Mitochondrial substrate/solute carrier

Solyc02g084770| SL.2.40ch02 42445465 Mitochondrial carrier protein expresseAHRD V1 **#* Q6AVS9 ORYSJ) contains Interpro domal

IPR001993 Mitochondrial substrate carrier
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Solyc02g088770| SL2.40ch02 45312395 Mitochondrial carrier protein expressed (AHRD V1 -*®6AVS9 ORYSJ) contains Intergomain(s)
IPR001993 Mitochondrial substrate carrier

Solyc029g089110| SL2.40ch02 45578249 Mitochondrial carrier protein (AHRD V1 **Q69FA0_PHAVU) contains Interpro domain(s) IPROO
Mitochondrial carrier protein

Solyc029094470| SL.2.40ch02 49555156 Mitochondrial phosphate carrier protein (AHRD V1 **** BOGFH9 POPTR) contains Interpro do
IPR001993 Mitochondrial substrate carrier

Solyc03g007430| SL2.40cB3 1970093 Mitochondrial carrier family (AHRD V1 **C1E2Y0 _9CHLO) contains Interpro dofs®inPR00199
Mitochondrial substrate carrier

Solyc03g032030| SL.2.40ch03 8818078 Mitochondrial phosphate carrier protein (AHRD V1 **** BOH646_POPTR) contains Interpro dorn
IPR001993 Mitochondrial substrate carrier

Solyc03g096820| SL.2.40ch03 52622354 Aluminumactivated malate transportelike (AHRD V1-* Q5Z6M4_ORYSJ) contains Interpro domai
IPR006214 Uncharacterised protein family UPF0005

Solyc03g097840| SL.2.40ch03 53614811 Mitochondrial phosphate carrier protein (AHRD V1 **** BOGFH9 POPTRairt® Interpro domain(s
IPR001993 Mitochondrial substrate carrier

Solyc03g118090| SL2.40ch03 61114804 Calciumbinding mitochondrial carrier protein SCaMQAHRD V1 **** B5X2X8 SALSA) contains Inte
domain(s) IPR002113 Adenine nucleotide translocator

Solyc039119640| SL.2.40ch03 62249689 Aluminumactivated malate transportelike (AHRD V1-* Q5Z6M4_ORYSJ) contains Interpro domai
IPR006214 Uncharacterised protein family UPFO005

Solyc039120100| SL2.40ch03 62642424 Mitochondrial carrier protein (AHRD V1 **D2VIZ2_NAEGR) contains Interpro domain(s) IPROQ
Adenine nucleotide translocator 1

Solyc039121920| SL.2.40ch03 63983040 Mitochondrial carriedike protein (AHRD V1 **Q8L9F8 ARATH) contains Interpro don®ihPR00206
Mitochondrial carrier protein

Solyc039123990| SL.2.40ch03 64730205 Mitochondrial carrier protein (AHRD V1 **C5P8G6_COCP7) contains Interpro domain(s) IPRO(
Mitochondrial carrier protein

Solyc04g005650| SL2.40cH4 419995 Mitochondrial carrier family (AHRD V1 **C1MWU5_MICPS) contains Interpro domain(s) IPROO
Mitochondrial substrate carrier

Solyc04g050040| SL.2.40ch04 44390951 Mitochondrial carrier C12B10.09 (AHRD V- B6U3K8 MAIZE) contains Interpomain(s) IPR00199

Mitochondrial substrate carrier
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Solyc049g051580| SL.2.40ch04 50020654 Mitochondrial carrier C12B10.09 (AHRD V1-*B6TYC7_MAIZE) contains Interpro domain(s) IPROQ
Mitochondrial carrier protein

Solyc049056260| SL.2.40ch04 53064210 Mitochondrial carrier protein expressed (AHRD V1-*®10QM8 ORYSJ) contains Interpro domai
IPR002067 Mitochondrial carrier protein

Solyc049g071010| SL.2.40ch04 55469007 Mitochondrial carrier proteidike (AHRD V1-*- Q9FHX2_ARATH) contains Interdoomain(s) IPR00206
Mitochondrial carrier protein

Solyc049g074130| SL.2.40ch04 57726041 Mitochondrial carrier protein expressed (AHRD V1-*®10QM8 ORYSJ) contains Interpro domai
IPR002067 Mitochondrial carrier protein

Solyc05g007730| SL2.40ch05 2205309 Mitochondrial carrier protein (AHRD V1 **Q6F2C9 SOLDE) contains Interpro domain(s) IPRO
Mitochondrial substrate carrier

Solyc05g009020| SL.2.40ch05 3185966 Mitochondrial carrier like protein (AHRD V1 #*®4A3J5 ARATH) contains Interprandin(s) IPR00211
Adenine nucleotide translocator 1

Solyc05g009580| SL.2.40ch05 3773292 Aluminumactivated malate transportelike (AHRD V1-* Q5Z6M4_ORYSJ) contains Interpro domai
IPR006214 Uncharacterised protein family UPF0005

Solyc05g009590| SL.2.40ch05 3795089 Aluminumactivated malate transportelike (AHRD V1-* Q5Z6M4_ORYSJ) contains Interpro domai
IPR006214 Uncharacterised protein family UPF0005

Solyc059051400| SL.2.40ch05 60846157 Mitochondrial 2oxoglutarate/malate carrier protein (AHRD V1 **** B6TRY7_MAIZE) contains Int
domain(s) IPR001993 Mitochondrial substrate carrier

Solyc059051560| SL.2.40ch05 61079388 Mitochondrial carrier protein expressed (AHRD V1 -*®10QM8_ORYSJrontains Interpro domain(s
IPR002067 Mitochondrial carrier protein

Solyc059052640| S[.2.40ch05 61997501 Mitochondrial carrier family (AHRD V1 *C1MWU5_MICPS) contains Interpro domain(s) IPROO
Mitochondrial substrate carrier

Solyc069061100| SL2.40ch06 35505543 Aluminumactivated malate transporter (Fragment) (AHRD V¥ *C6EP55_ SECCE); contains Inte
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc06g061170| SL2.40ch06 35568620 Solute carrier family 25 (Mitochondrial cgar ornithine transporter) member 15 (AHRD V1 **
Q2KHW4_BOVIN); contains Interpro domain(s) [IPR002067 Mitochondrial carrier protein

Solyc06g066680| SL2.40ch06 38284882 Mitochondrial carrier protein (AHRD V1 *D2VIZ2_NAEGR); contains Intergtomain(s) IPR00206

Mitochondrial carrier protein
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Solyc06g068720| SL2.40ch06 38986649 Calciumbinding mitochondrial carrier protein SCaMGQAHRD V1 **** B5X2X8 SALSA); contains Inte
domain(s) IPR002067 Mitochondrial carrier protein

Solyc06g06941 | SL2.40ch06 39556573 Mitochondrial ADP/ATP carrier proteins (AHRD V1 **** Q2UU95 ASPOR); contains Interpro do
IPR002113 Adenine nucleotide translocator 1

Solyc069g072510| SL2.40ch06 41107621 Mitochondrial phosphate carrier protein (AHRD V1 **** @BH9 POPTR); contains Interpro domai
IPR001993 Mitochondrial substrate carrier

Solyc069g072910| SL2.40ch06 41337818 Aluminumactivated malate transportelike (AHRD V1-* Q5Z6M4_ ORYSJ); contains Interpro domai
IPR006214 Uncharacterised protéamily UPF0005

Solyc06g072920| SL2.40ch06 41342452 Aluminumactivated malate transportelike (AHRD V1 ** Q5Z6M5_ORYSJ); contains Interpro domai
IPR006214 Uncharacterised protein family UPF0O005

Solyc06g074100| SL2.40ch06 42195659 Aluminumactivated malate transporter (Fragment) (AHRD W1 'Q071L4_ AVESA); contains Interf
domain(s) [PR006214 Uncharacterised protein family UPF0005

Solyc06g082290| SL2.40ch06 44455190 Mitochondrial carrier protein (AHRD V1 **082049 RIBNI); contains énpro domain(s) IPR00211
Adenine nucleotide translocator 1

Solyc07g053830| SL2.40ch07 59572251 Mitochondrial ADP/ATP carrier proteins (AHRD V1 **** Q2UU95 ASPOR) contains Interpro do
IPR002113 Adenine nucleotide translocator 1

Solyc08g006990| SL2.40ch08 1562950 Aluminumactivated malate transporter (Fragment) (AHRD \¥ *C6EP55_SECCE) contains Inte
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc08g061090| S[.2.40ch08 43863556 Mitochondrial carrier family (AHRD V1 **C1MYP8 MICPS) contains Interpro domain(s) IPROO
Mitochondrial carrier protein

Solyc08g062860| SL2.40ch08 49440083 Mitochondrial carrier proteidike (AHRD V1 **Q8S1A3_ORYSJ) contains Interpro domain(s) IPRO
Adenine nucleotide translocator 1

Solc08g063010 | SL2.40ch08 49712117 ADP ATP carrier protein 1 mitochondrial (AHRD W1 ADT1_WHEAT) contains Interpro domain
IPR002113 Adenine nucleotide translocator 1

Solyc08g081070| SL.2.40ch08 61351813 Mitochondrial carrier family (AHRD V1-** C1MZ50 MICPS) contains Interpro domain(s) IPROO
Mitochondrial substrate carrier

Solyc08g082020| S.2.40ch08 62100643 Mitochondrial carriedike protein (AHRD V1 *Q2PYY0_SOLTU) contains Integwmain(s) IPR00206

Mitochondrial carrier protein
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Solyc08g082950| SL2.40ch08 62759331 Aluminumactivated malate transporter (Fragment) (AHRD V- Q07DP9_AEGSP) contains Inter
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc09g0754® | SL2.40ch09 764390 3-methyl2-oxobutanoate hydroxymethyltransferase (AHRD V1 **** B6TL59 MAIZE); contains In
domain(s) IPR003700 Ketopantoate hydroxymethyltransferase

Solyc09g005250| SL2.40ch09 62687766 Mitochondrial carrier like protein (AHRD V1 #*®4A3J5 ARATH); contains Interpro domain(s) [PROQ
Adenine nucleotide translocator 1

Solyc09g011360| SL2.40ch09 1151125 Zinc finger family protein (AHRD V3--*D7M7Z8 ARALY); contains Interpro domain(®R007087 Zin
finger, C2H2ype

Solyc09g011920| SL2.40ch09 4697472 Mitochondrial carrier protein expressed (AHRD V1 -*®10NJ7_ORYSJ); contains Interpro doma
IPR002113 Adenine nucleotide translocator 1

Solyc09g031680| SL2.40ch09 5178759 Mitochondrial uncoupling protein (AHRD V1 #®24391 SOLTU); contains Interpro domain(s) IPRO1
Mitochondrial substrate/solute carrier IPR001993 Mitochondrial substrate carrier

Solyc09g065070| SL2.40ch09 23500640 Mitochondrial uncoupling protein (ARD V1 *** 024391 SOLTU); contains Interpro domain(s) IPROO
Mitochondrial substrate carrier

Solyc09g074370| SL2.40ch09 58474238 Aluminumactivated malate transportelike (AHRD V1 * Q6EPG5_ORYSJ); contains Interpro domal
IPR006214 Uncharaxtsed protein family UPF0005

Solyc10g009090| SL2.40ch10 3110903 Mitochondrial ornithine transporter (AHRD V1 **** Q16ZQ7_AEDAE) contains Interpro dom
IPR002113 Adenine nucleotide translocator 1

Solyc109011670| SL.2.40ch10 3930863 Mitochondrial carriedike protein (AHRD V1 *Q2PYY0_SOLTU) contains Interpro domain(s) IPRO
Mitochondrial carrier protein

Solyc10g054110| SL.2.40ch10 50079470 MATE efflux family protein (AHRD V1-+*B7CWB4_TRURR) contains Interpro domain(sOER8 Multi
antimicrobial extrusion protein MatE

Solyc10g079200| SL2.40ch10 60110996 Mitochondrial carrier protein (AHRD V1 **B1N662_SOLLC) contains Interpro domain(s) IPRO1
Mitochondrial substrate/solute carrier IPR001993 Mitochondrial substrateier

Solyc10g081890| SL2.40ch10 62152726 Aluminumactivated malate transporter (Fragment) (AHRD V- Q07DP9_AEGSP) contains Inter
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc10g085220| S1.2.40ch10 63813443 Mitochondrial carrier protein expressed (AHRD \tt-*Q10MX0 _ORYSJ) contains Interpro domai

IPR005199 Glycoside hydrolase family 73tershinal
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Solyc10g085330| SL2.40ch10 63872645 Aluminum activated citrate transporter (AHRD V1--*A7M6X1_HORVU) dams Interpro domain(s
IPR002528 Multi antimicrobial extrusion protein MatE

Solyc10g085340| SL2.40ch10 63874543 Mate efflux family protein (AHRD V1 -*#*D7LLI9_ARALY) contains Interpro domain(s) IPR002528
antimicrobial extrusion protein MatE

Solyc11g007070| SL2.40ch11 1541145 Mitochondrial substrate carrier family protein (AHRD V1-®7MB92_ARALY) contains Interpro domai
IPR001993 Mitochondrial substrate carrier

Solyc11g010290| S[.2.40ch11 3367440 2-oxoglutarate/malate translocator(AHRD V1 ** Q9FMF7_ARATH) contains Interpro domai
IPR001898 Sodium/sulphate symporter

Solyc11g010500| sL.2.40ch11 3562990 Mitochondrial carrier family (AHRD V1 *C1MMX1 MICPS) contains Interpro domain(s) IPROO
Mitochondrial substrate carrier

Solyc11g012360| SL.2.40ch11 5208591 Sodiumdependent dicarboxylate transporter (AHRD V1 +®35055 RAT) contains Interpro domain
IPR001898 Sodium/sulphate symporter

Solyc11g065820| SL.2.40ch11 48471799 Mate efflux family protein (AHRD V1-**D7KHQ9_ARALY) contains Interpro domain(s) IPR002528
antimicrobial extrusion protein MatE

Solyc11g065830| SL.2.40ch11 48480353 2-oxoglutarate/malate translocatelike protein (AHRD V1 #*Q9LXV3_ARATH) cominterpro domain(s
IPR001898 Sodium/sulphate symporter

Solyc11g068970| SL.2.40ch11 50629888 Aluminumactivated malate transporter (Fragment) (AHRD \f1- ©07DP9_AEGSP) contains Inter
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc1g071350 | SL.2.40ch11 51945321 Aluminumactivated malate transporter (Fragment) (AHRD \f1- ©07DP9_AEGSP) contains Inter
domain(s) IPR006214 Uncharacterised protein family UPFO005

Solyc12g008770| SL2.40ch12 2123717 Mitochondrial carrier proteidike (AHRD V1 **Q8S1A3_ORYSJ) contains Interpro domain(s) IPRO
Adenine nucleotide translocator 1

Solyc12g036670| SL.2.40ch12 32229955 Glutamate/malate translocator (AHRD V-¥+*Q8L728 TOBAC)

Solyc12g056660| SL.2.40ch12 48016823 Mitochondrial carrier C12B10.09 (AHRD V1-*B6TYC7_MAIZE) contains Interpro domain(s) IPROQ
Mitochondrial carrier protein

Solyc12g096030| SL.2.40ch12 63449456 Mitochondrial carriedike protein (AHRD V1 **Q8L9F8_ARATH) contains Interdamain(s) IPR00206

Mitochondrial carrier protein
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Aquaporin
Solyc03g019820| SL2.40ch03 6736518 Aquaporin (AHRD V1 *D6BRE1_9ROSI); contains Interpro domain(s) 1PR012269 Aquaporin
Solyc069g072130| SL2.40ch06 40842120 Aquaporin (AHRD V1 *D6BRE1_9ROSI); contains Interpro domain(s) [PR012269 Aquaporin

Supplemental Table 3. Pre-selectedgene list andexpression level
ID Startsite  MAX 74G 74B 74T 74R 85G 85B 85T 85R 104G 104B 104T 104R 75G 75GR 75mR average

35568620- 229.7 507.5 599.5_ 319.3 302.5 220.3- 465.1 614.3 534.7_

41337818 55 4.0 4.8 39 40 45 3.7 32 41 40 33 4.0
3.5

chromosome 6

41342452 4.8 40 3.9 3.7 37 41 40 34 41 3.8

42195659 3.8 33 35 35 33 32 33 35 35 ﬂ 3.3
40842120 210.7 153 333 [6I80 146.0 12082107 106 107 172 110 124 301 168 44.6
chromosome 9
Solyc09g01102( 5178759 196.7 1015 126.5 142.8 181.9 274 536 57.3 541 622 186.0 196.7 133.4 458 880 61.7 1013
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Supplemental Table 4. Primers used for gRPCR analysis pfe-selectedgenes

Gene C2NB I NR LINAYSNWSOHSNES LINRK Y SN Amplicon (bp)
Solyc06g061170 | TGCTGTCAGGAAAACAGTG( GAAAAGCAAAGCGTTGAAG| 100
Solyc06g061170 | CAAGACACGTTCTCCGTTCA TATCCATCCCTCCTGCAAA(Q 144
Solyco6g072920 | GGAGAACTGGGAAAATGCA| GAAGGCCACACCATCTGAT| 240
Solyco6g072920 | TTCGCGATTGTTGCTAATTG| TCCATTGACACAACCTTCCA 245
Solyc06g074100 | CCTTAATGCATGGCTTTGGT AAGACGACGACGACCGTAA 174
Solyc06g074100 | TGTTGGAAATGGCAGAAAC/H AGTTGTTGACCAGCCCAAA( 103
Solyc069072130 | CTTTTGGGCCTGCTTTAGTE GCCAAAGGCTGATGATGAG 157
Solyc069072130 | AGGAGTTGGCAATGGAAAT( TCCAATGATTCCTCCACCT(Q 242
Solyc09g011920 | TATTCGCAAGTAGCGCCTTT GCAATGGTCCCAACAGTAC| 174
Solyc09g011920 | GGAGTTCGAGCTCTGTGGA| TATGCGGAATCTCCCATCAT 233
j -actin CCTCAGCACATTCCAGCAG | CCACCAAACTTCTCCATCC( 191
Supplemental Table 5. Primers used for candidate genes cloning
Gene PCR primer Ta, °C t NAYSNBE o6pQi2 o0QO
Solyco6g072910 64 Fw: ATGGCGGCGCCATTGAGCCAAAA
Re: TCAAACGAGACCTGCAACAAAAATGCTG
Solyco6g072920 68 Fw:ATGAAGCAATATGAATATGGTTTTCGGG
Re: CTAGAAGTTCGCTGCCTCCGCT
Solyc06g074100 66 FW.ATGACTATTGTTGTTGAAAATCAAGC
ReTCACTCTCCTGCAACATCATG
Solyc069g072130 64 Fw: ATGCAGCCACGGAGATATGA
Re: TTAGTAATCTTCTGGAGCCAAAG

* only most optimum annealing tempature and bet pair of primers were showed.
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