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Deciphering the mechanism of malate accumulation in plants would contribute to a greater understanding of plant chemistry,

which has implications for improving flavor quality in crop species and enhancing human health benefits. However, the

regulation of malate metabolism is poorly understood in crops such as tomato (Solanum lycopersicum). Here, we integrated

a metabolite-based genome-wide association study with linkage mapping and gene functional studies to characterize the

genetics of malate accumulation in a global collection of tomato accessions with broad genetic diversity. We report that

TFM6 (tomato fruit malate 6), which corresponds to Al-ACTIVATED MALATE TRANSPORTER9 (Sl-ALMT9 in tomato), is the

major quantitative trait locus responsible for variation in fruit malate accumulation among tomato genotypes. A 3-bp indel in

the promoter region of Sl-ALMT9 was linked to high fruit malate content. Further analysis indicated that this indel disrupts

a W-box binding site in the Sl-ALMT9 promoter, which prevents binding of the WRKY transcription repressor Sl-WRKY42,

thereby alleviating the repression of Sl-ALMT9 expression and promoting high fruit malate accumulation. Evolutionary

analysis revealed that this highly expressed Sl-ALMT9 allele was selected for during tomato domestication. Furthermore,

vacuole membrane-localized Sl-ALMT9 increases in abundance following Al treatment, thereby elevating malate transport

and enhancing Al resistance.

INTRODUCTION

Plants produce numerousmetabolites that are important for plant

growth and tolerance of environmental stress (Schwab, 2003;

Saito and Matsuda, 2010) and also serve as essential sources of

fiber, energy, andnutrients in thehumandiet (Schauer et al., 2006).

For example, thewater-solublemetabolite ascorbic acid hasbeen

reported as a key antioxidant andmodulator of plant development

throughhormonesignaling (Pastori et al., 2003).Ascorbic acid can

also assist in preventing human diseases such as cancer and

diabetes by scavenging reactive oxygen species (Riso et al.,

2004). Another organic acid, malic acid (or malate), affects plant

growth, stress responses, and the flavor and nutrient quality of

fruit. Malate is an intermediate metabolite in the citric acid and

glyoxylate cycles (Sweetman et al., 2009) and is formed during

carbon fixation in plants exhibiting C4 and crassulacean acid

metabolism photosynthesis. High malate contents protect plants

from Al toxicity via root malate efflux (Hoekenga et al., 2006). In

addition, malate is essential for maintaining cellular osmotic

pressure and charge balance in guard cells and thus directly

regulates stomatal aperture (Meyer et al., 2010).

In tomato (Solanum lycopersicum) fruits, the primary organic

acidsaremalate, citric acid, and tartaric acid, amongwhichmalate

is a crucial compound that contributes to fruit flavor and palat-

ability. Enhanced malate concentrations lead to altered starch

metabolism and soluble solid contents in tomato, which sub-

sequentlyaffectspostharvest fruit softening (Centenoetal., 2011).

Malate hasalsobeen shown toenhance theperceptionof sucrose

during fruit consumption (Lobit et al., 2006). Thus, consumers and

plant breeders have directly or indirectly selected for desirable

malate contents during agricultural variety development in the

past; however, the specificgenotypes associatedwithmalate trait

selection remain uncharacterized (Ma et al., 2015a).

Fruit malate content is determined by several processes, in-

cluding malate synthesis, degradation, and intracellular transport

(Sweetman et al., 2009). The malate synthesis and degradation

pathwayswithinglycolysis and the tricarboxylic acid cyclearewell

known, but the role that malate transport plays in final malate

concentration remains poorly understood. Al-activated malate

transporters (ALMTs) are plant-specific anion channel proteins

that are activated by Al and function in the efflux of malate to

chelate surplus Al3+, thereby protecting plant root tissue and

function (Delhaize et al., 2007). The first ALMT gene, Ta-ALMT1,

was identified in near-isogenic wheat (Triticum aestivum) lines

(Sasaki et al., 2004) andwascharacterized asaplasmamembrane

protein that promotes Al tolerance in wheat and barley (Hordeum

vulgare; Delhaize et al., 2004;Sasaki et al., 2004; Yamaguchi et al.,

2005). In Ta-ALMT1, theSer-384 residue regulates protein activity

depending on its level of phosphorylation, which allows malate

transport tobe regulated in response tovaryingAl3+concentration
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(Ligaba et al., 2009). Both plasma membrane (Bn-ALMT1 and

Ta-ALMT1; Yamaguchi et al., 2005; Ligaba et al., 2007) and

vacuolar membrane (At-ALMT9; Kovermann et al., 2007) ALMTs

contain transmembrane N-terminal and hydrophobic C-terminal

domains and contribute to the Al stress response (Motoda et al.,

2007). The ALMT N terminus contains several transmembrane

motifs and is predicted to function in anion transport (Ligaba et al.,

2013),whereas theC terminuscontainsa longhydrophobic region

located externally of themembrane that is specifically required for

the activation of anion transport by Al (Furuichi et al., 2010).

Recently, ALMT2 was presented as a candidate gene corre-

sponding to theMa locus that affects apple (Malusdomestica) fruit

acidity (Bai et al., 2012; Khan et al., 2012). A single nucleotide

polymorphism (SNP; G to A) in the terminal ALMT2 exon causes

premature termination of protein translation, which relocates

ALMT2 from the vacuole to the plasma membrane, resulting in

decreased fruit malate concentration (Ma et al., 2015b). Recently,

it was reported that two tomato ALMTs, namely, Sl-ALMT4 and

Sl-ALMT5, are involved in malate transport and that over-

expression of Sl-ALMT5 increased both malate and citric acid in

transgenic tomato seeds (Sasaki et al., 2016).

Tomato is an important source of organic acids, sugars, and

antioxidant nutrients in the human diet. Furthermore, tomato

serves as a model system for fruit biology studies. Genetic

characterization of the natural variation in tomato fruit malate

content therefore contributes to a greater understanding of the

molecular regulation of fruit flavor. Such knowledge potentially

facilitates the breeding of elite varieties with enhanced flavor and

nutritional composition for human consumption. Traditional

quantitative trait locus (QTL) linkagemapping is frequently used to

investigate the genetic architecture of metabolic traits in tomato

(Schauer et al., 2006; Stevens et al., 2007). Although QTL linkage

mapping has been used to detect valuable QTLs specific to the

parental lines of mapping populations, the efficiency and reso-

lution of this approach are low due to a limited genetic diversity in

the analyses and a low recombination frequency (Mauricio, 2001).

With the currently available high-throughput genotyping tech-

nologies, genome-wide association studies (GWAS) have been

developed as a powerful approach to characterize the genetic

basis of complex traits and locus-locus interactions in plants

(Nordborg and Weigel, 2008). More recent studies combining

GWAS with metabolomics (mGWAS) demonstrate a powerful

forward genetics strategy that can be used to dissect the genetic

andbiochemicalbasisofplantmetabolism, including that inmodel

species, such as Arabidopsis thaliana, tomato, rice (Oryza sativa),

andMedicago truncatula, and other crop species, such as barley,

perilla (Perilla ocymoides), and pepper (Capsicum annuum)

(Achnine et al., 2005; Yamazaki et al., 2008; Widodo et al., 2009;

Wahyuni et al., 2011; Carreno-Quintero et al., 2013; Luo, 2015).

Moreover, recent studies have revealed that linkage disequilib-

rium mapping in combination with linkage mapping improves the

ability to identify important loci. For example, mGWAS on

983 metabolites were performed in 702 maize genotypes, which

identifiedanumberof significant locus/trait associations thatwere

validated through linkage mapping (Wen et al., 2014). Also, both

linkage disequilibrium and linkage mapping indicated that the

underlying natural variation in leaf Cd accumulation in the global

Arabidopsis population was caused by different Heavy Metal

ATPase 3 (At-HMA3) alleles (Chao et al., 2012). Recently, an

mGWAS analyzed 28 chemicals specifically associated with

consumer preference and flavor intensity, using 2,014,488

commonSNPsdistributedamong398modern, heirloom,andwild

tomato accessions,which yieldeda total of 251associated loci for

20 traits, including malate content (Tieman et al., 2017).

Previously, Sauvage et al. (2014) conducted an mGWAS study

using 19 primary metabolites and 5995 SNPs among 163 tomato

accessions. This led to the identificationof 44major polymorphic loci

that control the variation of 19 primary metabolites in natural pop-

ulations. Among these loci, two SNPs located on chromosomes

2 and 6 were associated with fruit malate content; however, only the

association with the SNP located on chromosome 6, positioned

7.9 kb from a putative candidate gene (Solyc06g072910.2), was

determined as being significant. A limited number of strong asso-

ciationsbetween lociand fruitmalatecontentmaybeattributed to the

low number of SNPs (5995) used in this study. This is further sup-

ported by the observations of Shirasawa et al. (2013), who used

a population of 663 accessions and 1536 SNPs and yet identified

only a single SNP linked to fruit color, which was associated with

Sl-MYB12. By contrast, using a population of 360 accessions and

agreater numberofSNPs (5Mb), Lin et al. (2014) identifiedmore than

100 SNPs that were significantly associated with fruit color, and the

highest-ranked SNP was significantly linked to Sl-MYB12. Further-

more, the function and influenceof theSolyc06g072910.2 candidate

gene on fruit malate content variation remains largely unexplored.

In this study, we analyzed an enlarged mapping population of

272 accessions (Lin et al., 2014; Tieman et al., 2017) with GWAS

methods to identify reliable andhigh precisionQTLs that contribute

to fruit malate content in a diverse tomato population. Fur-

thermore, we integrated the mGWAS approach with analyses of

gene expression patterns, genetic variations, and T-DNA (CRISPR/

Cas9)-derivedmutants to functionally characterize amalate content-

related QTL. We identified a major QTL, TOMATO FRUIT MALATE

ON CHROMOSOME6 (TFM6), and found it to contribute toward

high malate content in both fruit and root tissue. Furthermore, the

high malate content improved both fruit flavor and Al stress re-

sistance in cultivated tomato plants harboring TFM6.

RESULTS

Combined GWAS and BSA for Efficient Mapping of Fruit

Malate Content in Tomato

From more than 11.6 million SNPs identified in 30,945 annotated

genes (Linetal., 2014),5.5millionhigh-qualitySNPswereselected

for this study. These genotyped lines were subsequently pro-

cessed via a quality control protocol (seeMethods). We observed

consistent fruit malate contents between two experimental re-

peats, and the broad-sense heritability (H2) and coefficient

of variation were 19.1% and 37.6%, respectively (Figure 1A;

Supplemental Data Set 1). A number of accessions within the

BIG and CER variety groups showed high fruit malate content,

and several of these accessions also were present in the PIM

group (Supplemental Figure 1). In this GWAS, we observed that

a single region on chromosome 6 contained multiple SNPs that

were highly associated with fruit malate content, consistent with
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previous results (Figures 1B and 1C; Sauvage et al., 2014). We

therefore designated this locus TFM6. Within TFM6, we ob-

served 83 SNPs that were significantly associated with fruit

malate content (P value <1.823 1027, compressedmixed linear

model), ofwhich 31displayed significant associationwith amore

stringent P value (P value <1 3 10215; Supplemental Table 1).

The SNP with the highest association to fruit malate content

was located at ch06_41345866 (P value =1.76 3 10220) and

explained 39.1% of the total variance observed in fruit malate

contents. This finding suggested that a genomic sequence re-

lated to SNP ch06_41345866 forms the major genetic locus

responsible for the natural variation in malate contents of cul-

tivated tomato fruit. There was a total of 24 genes within the

50-kb sequence either side of SNP ch06_41345866, which was

less than the linkage disequilibrium decay distance (Figure 1C;

Supplemental Table 2). The genes in this genomic region in-

cluded two ALMTs; thus, given that ALMTs have been shown to

function asmalate transporters (Hoekengaet al., 2006;DeAngeli

Figure 1. GWAS Combined with BSA of Fruit Malate Content from Natural and Linkage Mapping Populations.

(A)Correlation betweenmalate levels in fruit from a collection of 272 accessions in two different locations (HZ and ZD). The metabolic data of malate were

log2 transformed.

(B)Manhattan plot displaying theGWAS result for fruitmalate content (compressedmixed linearmodel, n=272). Negative log10-transformedP values from

the compressed mixed linear model are plotted on the y axis. The horizontal dashed line indicates a genome-wide significance threshold of 1.8 3 1027.

(C)Expandeddetail of the plot in (B) and the locations of 23predictedORFsbetween41.3 and41.4Mbonchromosome6 (xaxis). For eachORF, blue boxes

represent thepromoter and39untranslated region (UTR), yellowboxes represent coding sequences, thin linesbetweenboxes represent introns, andarrows

indicate gene orientation. The gene enclosed by a red box is Sl-ALMT9.

(D) The frequency distribution of fruit malate contents in the F2 progeny resulting from a cross between TS-40 and TS-66. Arrows indicate fruit malate

contents of the parental accessions.

(E)Boxplot indicating distributionof fruitmalate contents.Median values are indicated byhorizontal lineswithin boxes, and the rangeof the 25th to the 75th

data percentile is representedbybox height. Boxwhiskers indicate the interquartile range andouter dots are outlier data. LM, low-malate content; HMhigh-

malate content, respectively. The two bulk populations with high-level malate content from the F2 population were each formed by 40 individuals.

(F) The∆SNP index (the difference between the SNP index of the LMbulk population and that of theHMbulk population), with its 95%and 99%confidence

intervals indicated using green and blue lines, respectively.

(G) Expanded detail on chromosome 6 of the ∆SNP index above the limits of the confidence intervals in (F). Significant windows are marked with red plots.

Sl-ALMT9 Mediates Malate Transport 2251
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et al., 2013a, 2013b), these twogeneswere consideredascausal

gene candidates for TFM6.

To further genetically characterize the fruit malate content QTL

on chromosome 6, we generated an experimental F2 population

thatdisplayedsegregationof themajorityofmalatecontent-linked

SNPs on chromosome 6. For this, the tomato accession TS-66

with low fruit malate content (1.99 mmol/g fresh weight [FW])

was crossed with TS-40, which has high fruit malate content

(18.79 mmol/g FW). The F1 generation resulting from this cross

displayed fruit malate contents that were significantly lower than

thoseof theTS-40parent andslightly higher than that of theTS-66

parent (Supplemental Figure 2). A similar distribution of malate

contentswas observed in the F2 generation, whereby themajority

of individuals possessed fruit malate contents closer to that of the

TS-66 parent (Figure 1D). Bulk segregant analysis (BSA) was

performed using the individuals within the F2mapping population

(Supplemental Data Set 2). We sequenced two bulk populations,

namely, the HM-pool and LM-pool, which comprised individuals

withextremelyhighor low fruitmalatecontents, respectively.Each

population consisted of 40 progeny plants from the F2 population

of 350 individuals and was sequenced to a depth of 40 genome

equivalents (Figure 1E; Supplemental Data Set 2). The HM-pool

exhibited an average fruit malate concentration of 12.84 mmol/g

FW,which ismore than four times thatof theLM-pool (3.08mmol/g

FW; Figure 1E). We called SNPs between the two parental ge-

nomes and calculated the SNP indices for the high- and low-

malate bulk populations, as well as the difference between them

(∆SNP index), using a 1000-kb sliding window with a step size of

10 kb (Figure 1F). Based on the allele frequency differences be-

tween the two pools, the causal locus for fruit malate content was

mapped to a 9.6-Mb interval on chromosome 6 (;36–45.6 Mb;

Figures1Fand1G),with thepeakcenteredon themapping interval

identified in our GWAS analysis (Figure 1B). Furthermore, several

SNPs identified by the GWAS were located to within or near the

genomic DNA region of the two aforementioned ALMT genes

(Solyc06g072910 and Solyc06g072920) and displayed a con-

siderably high ∆SNP index (Figure 1G; Supplemental Data Set 3).

Thus, the results of our linkagemapping in the F2 population from

TS-403TS-66 were consistent with those from our GWAS anal-

ysis and further indicated that ALMT on chromosome 6 was

a causal gene candidate for the observed natural variation in fruit

malate content.

A 3-bp Deletion in the Sl-ALMT9 Promoter Alters

Its Expression

ThroughNCBIBLASTPanalysis andPCRamplification of cDNA, two

candidate ALMT genes in the mapped region of chromosome 6,

namely, Solyc06g072910 and Solyc06g072920, were found to

correspond to a single gene (Sl-ALMT9) separated by a 3708-bp

intron (Supplemental Figure 3). Furthermore, NCBI BLASTN

analysis revealed that the long terminal repeat (LTR) retro-

transposonCopiaSL_37 resided in theSl-ALMT93708-bp intron

(Paz et al., 2017). Sl-ALMT9 contained six exons and five introns

and encoded a 559-amino acid protein, which was predicted to

contain five transmembrane domains and to have a molecular

mass of 62.54 kD (Supplemental Figure 4). Sl-ALMT9 exhibited

the highest amino acid sequence similarity to Ma of apple (58%)

and At-ALMT9 of Arabidopsis (57%; Supplemental Figures 5A

and 5B and Supplemental Data Set 4).

As both GWAS and linkage mapping indicated that Sl-ALMT9

was themost likely causal candidate gene for the natural variation

of tomato fruit malate content, we sequenced the genomic

region surrounding this locus, including that corresponding to the

upstream promoter sequence. Sequencing was performed on 10

accessions with high fruit malate contents (average 9.73 mmol/g

FW), which were 64.18% higher than that of a further seven se-

quenced accessions with low fruit malate contents (average

5.93 mmol/g FW; Figure 2A). Sequence analysis suggested that the

Sl-ALMT9genotypecanbeclassified into twodifferenthaplotypes in

cultivated tomato,namely,Sl-ALMT9HMH for thehighmalate-content

phenotype and Sl-ALMT9LMH for the lowmalate-content phenotype

(Figure 2B; Supplemental Figures 6A and 6B). Comparative analysis

of the Sl-ALMT9HMH and Sl-ALMT9LMH sequences in 155 tomato

accessions showed that only 8 of 29 polymorphismswere tightly

associated with the malate-associated SNP ch06_41345866

(Supplemental Data Set 5), and these included one indel

(indel_3, ->GTC variant at position 2423 to 2421) in the pro-

moter region,fiveSNPs located in introns (T>Cvariant at position

872, A>G variant at position 1978, A>G variant at position 2356,

C>T variant at position 3357, and G>A variant at position 3941),

one nonsynonymous polymorphism in exon 5 (G>A variant at po-

sition 6094, with amino acid change from R to H), and one synon-

ymousSNPinexon6(G>Avariantatposition5185,ch06_41343002).

Interestingly, CopiaSL_37 in the second intron was observed in

someaccessionswithin BIG andCER variety groups but was not

observed in those in the PIM variety group and in wild species,

indicating that CopiaSL_37 insertion into Sl-ALMT9 likely oc-

curredduring the recentdomesticationof tomato from thePIM to

CER variety.

To determine whether the variation in malate contents be-

tween the two Sl-ALMT9 haplotypes was due to polymorphisms

in the promoter or coding regions, we generated transgenic

plants using four constructs: Sl-ALMT9LMH
pro:Sl-ALMT9HMH,

Sl-ALMT9HMH
pro:Sl-ALMT9LMH, Sl-ALMT9HMH

pro:Sl-ALMT9HMH,

and 35Spro:Sl-ALMT9HMH (Figure 2C, constructs II, III, IV, and OX,

respectively; see Methods). In comparison to the wild-type

TS66, thetransgenic linesexpressingSl-ALMT9HMH
pro:Sl-ALMT9LMH,

Sl-ALMT9HMH
pro:Sl-ALMT9HMH, and 35Spro:Sl-ALMT9HMH displayed

enhanced Sl-ALMT9 expression that was accompanied by in-

creased malate contents, indicating that malate accumulation

was governed by Sl-ALMT9 expression level as opposed to

coding sequence variance. The transgenic lines expressing

Sl-ALMT9HMH driven by Sl-ALMT9LMH
pro did not accumulate

malate to levels comparable to those in TS66, suggesting that the

indel_3 identified in the Sl-ALMT9 promoter (->GTC) was the

causal QTL for fruit malate contents (Figures 2D to 2F). Further-

more, cosegregation of the indel_3 genotype within the BSA

HM-pool (GTC deletion) and LM-pool (GTC insertion) accessions,

as revealed by our resequencing results, further indicated that the

indel_3 in Sl-ALMT9 was strongly associated with fruit malate

content (Supplemental Figure 7). Combined, these results identify

an indel of the GTC sequence from 2423 to 2421 bp in the

Sl-ALMT9 promoter as the causal genetic element for TFM6 and,

therefore, the variation in fruit malate content among cultivated

tomato. The GTC deletion of this indel results in increased
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Figure 2. Comparative Analyses of the Sl-ALMT9 Locus between Low-Malate and High-Malate Haplotypes.

(A) Fruit malate content of the 17 accessions can be grouped into two bulks, namely, that with high-malate contents and that with low-malate contents

according to the presence of either the Sl-ALMT9HMH or Sl-ALMT9LMH haplotype, respectively.

(B) Structural variations of the Sl-ALMT9 haplotypes in low-malate (blue) and high-malate (red) varieties. Bold lines represent the promoter and 39UTR, boxes

represent coding sequences, and the thin lines between boxes represent introns. Nucleotide polymorphisms are indicated at their corresponding

positions.

(C)TheSl-ALMT9expressionconstructsused togenerate experimental transgenic lines.Construct I: Sl-ALMT9expressioncassetteas it exists inwild-type

TS66.Construct II: the2.7-kbpromoter region from low-malate varietyTS66 (Sl-ALMT9LMH
pro) drivingexpressionof the1.8-kbORF fromhigh-malatevariety

TS40 (Sl-ALMT9HMH). Construct III: the 2.7-kb promoter region from high-malate variety TS40 (Sl-ALMT9HMH
pro) driving expression of the 1.8-kbORF from

low-malate varietyTS66 (Sl-ALMT9LMH).Construct IV: the2.7-kbpromoter region fromhigh-malatevariety TS40 (Sl-ALMT9HMH
pro) drivingexpressionof the

6.2-kbORF fromhigh-malate variety TS40 (Sl-ALMT9HMH). Construct OX: theCaMV35Spromoter (35Spro) driving expression of the 6.2-kbORF fromhigh-

malate variety TS40 (Sl-ALMT9HMH). Genomic coordinates are from SL2.4.

(D) Fruit malate content (n = 3) in transgenic plants expressing constructs I to V described in (C) (*P < 0.05, **P < 0.01; t test).

(E) and (F) Comparison of Sl-ALMT9 expression levels in red ripe fruit from transgenic plants expressing constructs I to V described in (C). Data in (E)

means 6 SD (n = 3). Actin depicted in lower panel of (F) was used as the loading control.
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Sl-ALMT9expression levels, leading tohigh fruitmalate contents in

cultivated tomato.

Cosegregation between Malate Content and Sl-ALMT9indel_3

Genetic Markers

A cleaved amplified polymorphic sequence (CAPS) marker was

developed based on the ALMT9indel_3 polymorphism (Figures

3A and 3B). This marker enabled codominant scoring of

commercial tomato cultivars (F1 hybrids) that produce fruit with

large variation in malate contents and are popular in certain

markets such as China. All cultivars were genotyped using the

ALMT9indel_3 marker and their ripe fruits were analyzed for

malate contents (Supplemental Figure 8). Among the 73 F1

hybrids tested, 11 cultivars were genotyped as almt9/almt9,

21 as ALMT9/ALMT9, and 41 as ALMT9/almt (Supplemental

Table 3). The complete genotyping accuracy of the CAPS

marker was verified by subsequent Sanger sequencing. The

CAPS marker also displayed cosegregation with malate con-

tent, whereby ALMT9/ALMT9 and ALMT9/almt9 had lower

malate contents than the high malate contents of almt9/almt9

(Figure 3C).

Sl-ALMT9 Positively Regulates Fruit Malate Content and the

Associated Enhanced Fruit Quality and Al Stress Tolerance

in Roots

Since tomato is a common model system in fruit biology studies,

we investigated the role of Sl-ALMT9 in malate content dynamics

during fruit development (Figure 4A). In contrast to the high fruit

malate content in TS40, the fruit of TS66 displayed a continuous

decline in malate content during each of the nine development

stages.At theBRdevelopmental stage, significantlyhighermalate

levels were measured in fruit from the three Sl-ALMT9 OX

transgenic linescomparedwith that inTS66,and thesedifferences

were maintained in the RR developmental stage (Figure 4B).

Considerably higher Sl-ALMT9 expression was measured in fruit

of TS40 compared with that of TS66, in particular during later

development stages, which reflected the rate of fruit malate ac-

cumulation (Figures 4B and 4C). We also investigated the ex-

pression levels of fumarase (FUM ) and malate dehydrogenase

(MDH), which are involved in malate synthesis and degradation,

respectively (Supplemental Figure 9). Significantly lower MDH

expression was observed in later fruit developmental stages,

which may underlie the considerably higher malate content in

Figure 3. Genotyping of Commercial Tomato Cultivars Using an indel_3-Based CAPS Marker.

(A)CAPS genotyping of different accessions based on indel_3. The indel_3-basedCAPSmarker was developed using sequence polymorphisms between

the Sl-ALMT9indel_3 of high- and low-malate tomato. Three different genotypes were detected, namely, ALMT9/ALMT9, almt9/almt9, and ALMT9/almt9.

(B) Determination of fruit malate content in varieties and accessions representing the genotypes in (A).

(C) CAPS genotyping of 73 commercial tomato cultivars (F1 hybrids) compared with their malate contents. Cultivars with high fruit malate content were

associated with the almt9/almt9 genotype (b). Cultivars with low fruit malate content were associated with either theALMT9/ALMT9 (a) orALMT9/almt9 (h)

genotypes. Malate content data shown are means 6 SD (n = 3).
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Figure 4. Dynamics of Malate Content and Sl-ALMT9 Expression during Tomato Fruit Development.

(A)Morphologyof fruit fromTS66at nine developmental stages.Numbers above images refer to the number of days after flowering. Br, breaker stage;Br+2,

2 d after breaker stage; YR, yellow ripening; RR, red ripening.

(B)Dynamics of fruit malate content at the developmental stages described in (A) in TS66, TS40, and three Sl-ALMT9OX lines. Data aremeans6 SD (n= 3).
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TS40 fruit comparedwith that in the threeSl-ALMT9OXtransgenic

lines (Supplemental Figure 9A).

Previous reports indicate that fruit malate content is consid-

erably higher in green-fruit wild species than in red-fruit species

(PIM) and cultivars (BIG; Schauer et al., 2005). Therefore, we

analyzed the correlation between fruit malate content and

Sl-ALMT9 expression level in these different tomatoes. Interest-

ingly, we found higher Sl-ALMT9 expression in wild species with

high fruit malate content (LA0444 and LA0716) compared with

that in red-fruit varieties (PIM, CER, and BIG) and the high-level

fruit malate content accession TS40 (Supplemental Figure 10).

This result demonstrates the high correlation between Sl-ALMT9

expression level and malate contents in a wide range of tomato

varieties and accessions.

A number of sugars and organic acidswere significantly altered

in Sl-ALMT9 OX fruit at the RR developmental stage, which likely

influenced fruit flavor (Supplemental Table 4). Compared with

that in TS-66 wild-type fruit, sucrose, inositol, citric acid, and

aminobutanoic acid contents were significantly increased in

Sl-ALMT9 OX lines, whereas galacturonic acid content was sig-

nificantly decreased (Supplemental Table 4). These metabolite

changes suggest that Sl-ALMT9 regulates malate accumulation

and, in turn, malate plays a central role in fruit primarymetabolism

in tomato.

RNA-seq analysis of wild-type TS66 and Sl-ALMT9 OX lines

was employed to investigate the potential Sl-ALMT9 regulation

network (Figure 4D; Supplemental Data Set 6). Among the

1887 differentially expressed genes, several core genes involved

in sugar and organic acid metabolism were differentially ex-

pressed in the Sl-ALMT9 OX lines (Figure 4E), which partially

corresponded with changes in sugar and organic acid contents

(Supplemental Table 4). The expression of PR genes was also

altered in the OX lines (Figure 4F), which is in agreement with

a previous study that suggested tomato fruit malate content is

involved in pathogen resistance (Centeno et al., 2011). Further-

more, members of the multidrug and toxin efflux (MATE) protein

family, which are alternative malate transporters, displayed either

upregulated (Sl-MATE5and6) or downregulated (Sl-MATE9) gene

expression levels (Figure 4G). Moreover, we observed enhanced

gene expression for three sugar transport proteins and four other

vacuole/plasma membrane proteins in Sl-ALMT9 OX lines (Fig-

ures 4H and 4I).

To elucidate how Sl-ALMT9 regulates malate content,

we mutated Sl-ALMT9 in vivo using CRISPR/Cas9 in the

Sl-ALMT9HMH accession Ailsa Craig (AC; Figure 5). We selected

two adjacent target sites separated by a 74-bp spacer in

Sl-ALMT9 (Figure 5A). Deletions in Sl-ALMT9 were detected

by PCR and further confirmed by DNA sequencing. Using

quantitative RT-PCR (RT-qPCR), we found that Sl-ALMT9 ex-

pression was downregulated in five isolated almt9 mutant lines,

and almost no Sl-ALMT9 expression was detectable in almt9-5

(Figure 5D). Furthermore, CR-almt9-5 contained a 93-bp deletion

in Sl-ALMT9 that included the entire 74-bp spacer sequence

between the CRISPR/Cas9 target sites (Figures 5B and 5C).

Consistent with reduced Sl-ALMT9 expression, lower fruit malate

contents were observed in the five almt9mutants compared with

that in wild-type AC (Figure 5E). It should be noted that the de-

creased fruit malate contents in almt9 mutants (AC background)

remained higher than that in a number of naturally occurring

Sl-ALMT9LMH accessions, such as TS66, and that the enhanced

fruit malate content following Sl-ALMT9 OX in TS66 remained

lower than that in a number of Sl-ALMT9HMH accessions, such as

AC and TS40. These varying fruit malate contents may be at-

tributable to the effect of different genotypic backgrounds.

PhylogeneticanalysishasplacedSl-ALMT9 into thesameclade

as the tonoplast-located proteins At-ALMT6, At-ALMT9, andMa1

(Supplemental Figure 5B and Supplemental Data Set 4), of which

Ma1 plays a key role in regulating apple malate content (Ma et al.,

2015b). To investigate Sl-ALMT9 cellular localization, we created

Sl-ALMT9-GFP fusion proteins, whichwere transiently expressed

in Nicotiana benthamiana. The Sl-ALMT9-GFP fluorescence

signal overlapped with that of CBL6-OFP, a marker for the vac-

uolar membrane (Batistic et al., 2010), suggesting that Sl-ALMT9

is located to the tonoplast (Figure 6A).

The Sl-ALMT9 expression pattern was investigated in tomato

plants carrying Sl-ALMT9HMH
pro:GUS, whereby expression of

the GUS reporter gene was driven by the putative Sl-ALMT9

promoter. GUS staining of these transgenic plants revealed high

Sl-ALMT9 promoter activity in both main and lateral roots

following Al3+ treatment under low pH conditions, which was

considerably higher than that observed in roots under normal

conditions (Figure 6B). The root-specific and Al-responsive ex-

pression of Sl-ALMT9 suggested that Sl-ALMT9 could function in

malate transport for the detoxification of Al. Root malate contents

were significantly greater in Sl-ALMT9OX transgenic lines than in

wild-type TS66 (Supplemental Figure 11).

The role of Sl-ALMT9 in Al stress tolerance was assessed by

measuring the root length of tomato plants grown in hydroponic

culture supplemented with Al. Sl-ALMT9 OX lines and TS40 (the

high fruit malate content line from which Sl-ALMT9was originally

obtained) displayed robust root growth in hydroponic culture

supplemented with Al at a concentration that severely inhibited

root growth in wild-type TS66 (Figures 6C and 6D). The extent of

malate efflux from the hairy roots of these lines was closely

correlated with root growth, with significantly greater root growth

in theSl-ALMT9-OX lines andTS40comparedwith thatmeasured

Figure 4. (continued).

(C) Dynamics of Sl-ALMT9 expression at the development stages described in (A) in TS66 and TS40. Data are means 6 SD (n = 3).

(D)Gene Ontology term analysis of the differentially expressed genes determined by RNA-seq in red fruits in Sl-ALMT9OX line OX3 compared with that in

wild-type TS66.

(E) to (I)RNA-seq determination of the relative expression of genes related to sugar and organic acid biosynthesis (E), disease resistance (F), tonoplast and

plasma membrane (G), alternative malate transporters (H), and sugar transport (I). Gene expression is normalized against actin (Solyc10g080500) as an

internal expression control.
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in the wild-type TS66 (Figure 6E). Hematoxylin forms a purple/red

complex with Al thus providing an indirect measure of non-

complexedAl in rootapices; therefore, the intensityofhematoxylin

staining is correlated with plant Al sensitivity. The apices of wild-

type roots displayed extensive hematoxylin staining, indicating

high-level Al accumulation,whereasminimal hematoxylin staining

was observed in roots of the Sl-ALMT9 OX lines (Figure 6F).

Overall, these results suggest that Sl-ALMT9 functions in tomato

roots as a malate efflux transporter that promotes malate accu-

mulation at the root surface to chelate free Al and protect root

tissue, thereby facilitating Al tolerance.

Sl-ALMT9 Expression Is Directly Regulated by the

Transcription Factor Sl-WRKY42

In plants, WRKYs are reported to directly target a core W-box

binding motif [(T)(T)TGAC(C/T)] (Eulgem et al., 2000) present in

the promoters of target genes. Previous reports indicated that

At-WRKY46 acts as a negative regulator of At-ALM1 by directly

binding to its promoter at W-boxes and that mutation of WRKY46

led to increased rootmalate efflux and reducedAl accumulation in

root apices (Ding et al., 2013). Yeast one-hybrid and transient

expression analyses indicated that Sl-WRKY42, an At-WRKY46

homolog, is a candidate protein binding to cis-elements in the

Sl-ALMT9 promoter. Nine W-boxes are present in the Sl-ALMT9

promoter, located at positions 2363, 2263, 1308, 1274, 701, 506,

463, 420, and 85 bp upstream of the translation initiation codon

(Figure 7A; motifs 1–9, respectively). The fruit malate content-

associated 3-bp indel (GTC) is located in the eighth W-box

(Figures 7A and 7B). Yeast one-hybrid results showed that yeast

cells transformedwithSl-ALMT9HMH
progrewmoreslowlyandwith

less binding activity than those transformedwithSl-ALMT9LMH
pro,

which was more evident with increasing abscisic acid (ABA)

concentration (Figure 7C). Taken together, these results suggest

that the eighth W-box in the Sl-ALMT9 promoter is critical for

interactionwithSl-WRKY42. To further investigate this interaction,

Figure 5. CRISPR/Cas9-Engineered Mutations in Sl-ALMT9 Result in Reduced Fruit Malate Content.

(A) Schematic illustration of the two sgRNA target sites (red arrows) in Sl-ALMT9. Black arrows represent the location of PCR genotyping primers.

(B) PCR genotyping of five T0 generationCR-almt9mutants showing differential Sl-ALMT9 amplicon length. PCR amplicon ofCas9 is shown as a positive

control.

(C)CR-almt9alleles identified fromfiveT0mutant lines.Allelesequencesasdeterminedbysequencingareshown.CR-almt9-1andCR-almt9-4bothcarried

single 8-bp deletions (dashed lines). CR-almt9-5 carried a 93-bp deletion that spanned the two sgRNA target sites. Red font indicates sgRNA target

sequence, and black boxes indicate protospacer-adjacent motif (PAM) sequences.

(D)and (E)ReducedSl-ALMT9expression (D)and lowermalatecontent (E) in red fruitsofCR-almt9mutants.AC,AilsaCraigvariety.Dataaremeans6SD (n=3).

P value was calculated by t test.
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we generated luciferase (LUC) reporter constructs containing

apromotersequencefrom21523tothestartcodonATGderivedfrom

either Sl-ALMT9LMH
pro or Sl-ALMT9HMH

pro, which either contained or

lacked the eighthW-box, respectively. Alongside effector constructs

containing Sl-WRKY42, these promoter-LUC reporter constructs

were transiently expressed in N. benthamiana via infiltration with

Agrobacterium tumefaciens (GV3101) strains. Analysis of infiltrated

tissue revealed that although the use of both Sl-ALMT9LMH
pro and

Sl-ALMT9HMH
pro promoter sequences activated LUC signal, the

Sl-ALMT9LMH
pro sequencewasassociatedwith significantly higher

LUCactivity (Figure7D).These results indicate thatSl-WRKY42can

directlybind to theeighthW-box in theSl-ALMT9promoter tomodify

Sl-ALMT9expressionand thatSl-WRKY42directly affectsSl-ALMT9

expression to negatively regulate tomato fruit malate content.

Human Selection May Have Altered Sl-ALMT9 in Modern

Tomato Varieties

To examine the evolutionary history of the TFM6 locus, DNA

sequence variation in the genomic region spanning part of

the Sl-ALMT9 coding region and promoter was investigated.

The Sl-ALMT9 region showed reduced nucleotide diversity (p)

in BIG (0.0001526 and 0.001353 for the promoter and coding

region, respectively) compared with that in CER (0.003168 and

0.002707) and PIM (0.006587 and 0.004115) (Figure 8A). The ratio

of nucleotide diversity of PIM to CER (pPIM/pCER) and CER to BIG

(pCER/pBIG) at indel_3 of Sl-ALMT9 was 3.545 and 29.56, re-

spectively (Figure 8B), which is greater than 3 and 6.9, and

therefore suggestive of a domestication event (Lin et al., 2014). A

similar trend was observed for CopiaSL_37 within the Sl-ALMT9

locus, in thatpPIM/pCERwashigher than3; thus, this polymorphism

was likely createdby selectionduring thedomesticationof tomato

from the PIM variety to the BIG and CER varieties (Figure 8B).

These molecular diversity findings are also supported by phylo-

geneticanalysisusingSl-ALMT9genesequences,which revealed

single-clade grouping of HMH haplotypes, which are CER and

BIG. Genotypes containing indel_3 were grouped into a single

subclade that included a number of CERCERs and cultivated

tomatoaccessions, suggesting that the indelmutationarose in the

CER background (Supplemental Figure 12 and Supplemental

Figure 6. Sl-ALMT9 Confers Al Tolerance to Hydroponically Cultured Tomato.

(A) Subcellular colocalization of transiently expressed Sl-ALMT9-GFP fusion protein with a tonoplast marker (CBL6) in N. benthamiana leaves. Arrows

highlight the position of vacuoles exhibiting green and red fluorescence. Bars = 50 mm.

(B)Histochemical localizationofGUSactivity in themainand lateral rootsofSl-ALMT9HMH
pro:GUSplantsundernormal conditions (left) or treatmentwith low

pH plus Al (right). Bars = 500 mm.

(C)Effect of 7-d incubationwith Al on plant growth of 3-week-old seedlings of Sl-ALMT9OX3 (T2), wild-type TS66, and highmalate line TS40. Bars = 5 cm.

(D)Root elongation ofwild-type TS66, T2 homozygous tomato linesOX1andOX3, and high-malate line TS40grown in a hydroponic systemsupplemented

with Al. Root elongation after 7-d Al treatment is expressed as a percentage of control. Values are represented as means 6 SD (n = 5)

(E)Malateexudationof transgenic lines (OX1andOX3), high-malate line (TS40)andcontrol (TS66) supplementedwithAl (pH4.3).Rootmalateexudationwas

measured after the roots were exposed to 1 mM CaCl2 (pH 4.3) for 6 h. Values are represented as means 6 SD (n = 3).

(F)Root tipsstainedwithhematoxylin.Hematoxylin formsapurple-redcomplexwithAl andprovidesan indirectmeasureofnoncomplexed.Al in rootapices,

with the intensity of staining correlated with sensitivity to Al. Asterisks indicate significant differences by t test: *P < 0.05, **0.001 < P < 0.01, ***P < 0.001. Bar = 1 mm.
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Data Sets 7 and 8). By contrast, theCopiaSL_37allelewasdetected

only in wild tomatoes and a number of CERCERs, suggesting that

themutation arose in the PIMbackground.Moreover, we examined

Sl-ALMT9 evolution by conducting a cross-population composite

likelihood ratio test (XP-CLR) on the TFM6 locus between different

subspecies (Figure 8C). The value of XP-CLR of PIM to CER and

CER to BIG at indel_3 of Sl-ALMT9 was considerably higher,

specifically 14.03 and 9.26, respectively (Figure 8C). Again, these

results are suggestive of a domestication event.

The geographic distribution of a genetic locus may indicate

whether a particular allele had been selected for in a certain

environment. To further explore the origin of the Sl-ALMT9indel_3

allele, we genotyped the mutation in 322 diverse accessions

covering the proposed trajectory of tomato domestication

(SupplementalDataSet 9). Thehigh fruitmalate-associated indel_3

was present at a frequency of 23.2% inCER accessions that were

domesticated from thewild progenitor variety PIM. The frequency

of indel_3 presence increased significantly in the BIG landraces

from Europe and Asia (Figure 8D). Therefore, selection for higher

fruit malate content and Al3+ tolerance likely resulted in the in-

advertent selection of Sl-ALMT9 on chromosome 6, thus repre-

senting a genomic signature of modern tomatoes. Moreover, we

Figure 7. Identification of Sl-ALMT9 as a Direct Target of Sl-WRKY42.

(A)Diagramof theSl-ALMT9genomic region. Arrows indicateW-box in the promoter and the eighthW-box circledwith a black box indicates the location of

indel_3. The red boxes represent the coding regions. The thin red line and thick red line represent the introns and 39 UTR, respectively.

(B) Diagram of the sequence of the eighth W-box in the Sl-ALMT9HMH and Sl-ALMT9LMH genotypes, respectively.

(C) Yeast-one hybrid (Y1H) assay of Sl-WRKY42 binding to Sl-ALMT9 promoter fragments. The bait vectors Sl-ALMT9HMH
pro and Sl-ALMT9LMH

pro (the

fragments containing the region 1523 bp upstreamof the Sl-ALMT9 initiation codon) and the prey vector containingSl-WRKY42were introduced into yeast

strain Y187, and interaction betweenbait and prey enhancedABA resistance. Yeast cells were grown onSD-Leumediawith various concentrations of ABA

(0, 10, 15, and 20 mM). The bait vector (Sl-ALMT9HMH
pro and Sl-ALMT9LMH

pro) + pGADT7 were also transformed into Y187 as a negative control.

(D)BindingofSl-WRKY42 topromotersof Sl-ALMT9assayedbydual luciferase system. TheSl-WRKY42ORFwascloned into theeffector vector (pGreen II

62-SK) and Sl-ALMT9 promoter fragments were inserted into the reporter vector (pGreen II 0800 LUC). Both vectors of effectors and reporters were

transformed into Agrobacterium cells and used to infiltrate tobacco leaves. LUC, firefly luciferase activity; RLU, Renilla luciferase activity; PG, the empty

vector of pGreen II 62-SK. TheSl-ALMT9promoter plusPGwereusedascontrol. Valuesare representedasmeans6 SD (n=3). Asterisks indicate significant

differences by t test: ** 0.001 < P < 0.01, ***P < 0.001.

Sl-ALMT9 Mediates Malate Transport 2259

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
9
/9

/2
2
4
9
/6

1
0
0
6
3
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://www.plantcell.org/cgi/content/full/tpc.17.00211/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00211/DC1


Figure 8. Molecular Diversity Analysis of Sl-ALMT9 during Domestication and Improvement.

(A)Distribution of nucleotide diversity (p) of the PIM (S.p, red solid line), CER (S.l.c, red dotted line), and BIG (S.l.l, red dashed line) within the 8-kb region of

TFM6 covering the promoter and coding region of Sl-ALMT9. Gray lines indicate the locations of indel_3 (GTC/-), LTR retrotransposon (CopiaSL_37), and

SNP6 (A/G).

(B) The ratio of nucleotide diversity (p) is calculated from the Sl-ALMT9 sequences of S. pimpinellifolium (S.p) with S. l. cerasiforme (S. l. c) (blue line) and S. l.

cerasiforme (S. l. c)withS. l. lycopersicum (red line). Verticalblackdashed line in (A)and (B) indicates thedividingof thepromoterand thecoding regionofSl-ALMT9.

(C) The level of XP-CLR within the region of TFM6 between different subspecies (up, S. l. cerasiforme and S. l. lycopersicum; down, S. l. cerasiforme and

S. pimpinellifolium). In total, 331 tomato accessions were used for analysis, including 53 S. pimpinellifolium accessions, 112 S. l. cerasiforme accessions,

and 166 S. l. lycopersicum accessions.
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plotted the geographical distribution of the two indel_3 alleles of

Sl-ALMT9, which showed that most of the accessions originating

from South America, including those from Ecuador and Peru

where wild tomato relatives originated, carried the “GTC/GTC”

genotype (Figure 8E). The “2/2” genotype frequency increased

slightly in the Mesoamerican BIG accessions, was further prev-

alent in the European and Asian BIG landraces, and appeared

almost systemic in modern varieties (Figure 8E; Supplemental

Data Set 9). This analysis suggests that high fruit malate content

selection may not have been performed until recently or that the

indel_3 Sl-ALMT9 allele was not associated with this trait during

early tomato breeding efforts.

DISCUSSION

Species distribution and human selection are key processes in

plant domestication and improvement, as they may contribute to

geographical differences inpreferences for cultivated species and

their traits (Gross and Olsen, 2010). Here, using GWAS based

on ;5.5 million SNPs obtained from a diverse world-wide col-

lectionof 360 tomato accessions (Lin et al., 2014),wesuccessfully

identifiedasinglestrongpeakofSNPsassociatedwith fruitmalate

accumulation near Sl-ALMT9 (Figure 1). To confirm the GWAS

result and provide further insight into the genetics of malate ac-

cumulation, we performed linkage mapping, transgenic com-

plementation experiments, functional segregation analyses,

and molecular biology experiments to demonstrate that poly-

morphisms of indel_3 in the Sl-ALMT9 promoter are the major

genetic determinant for the variation we observe in fruit malate

content in cultivated tomatoes. Our result demonstrates that

mGWAS combined with linkage analysis as well as functional

validation provides a powerful tool to quickly identify new genes

associated with fruit quality and stress tolerance in plants.

Sl-ALMT9 encodes an Al-activated malate transporter with the

highest similarity to the apple Ma1, which controls fruit malate

transport and accumulation (Bai et al., 2012; Khan et al., 2012;

Ma et al., 2015b). This highly conserved function of the ALMT

subfamily in regulating malate transport led us to postulate that

Sl-ALMT9 was the most likely candidate gene for the TFM6 QTL.

The proteins in Arabidopsis most similar to Sl-ALMT9 are

At-ALMT6 and At-ALMT9, which localize to the vacuolar mem-

brane and are expressed in guard cells of leaves (Meyer et al.,

2011; DeAngeli et al., 2013a). BothAt-ALMT6 andAt-ALMT9 play

a role in vacuolar malate transport in guard cells; At-ALMT6 is

a Ca2+-activated malate channel that does not function in regu-

lating stoma movement and At-ALMT9 is a malate-activated

vacuolar chloride channel that does control stomatal aperture and

thereby stomatal conductance and drought tolerance. Other

members of this family, e.g., Ta-ALMT1, At-ALMT1, Bn-ALMT1,

Bn-ALMT2, and Gm-ALMT1, control leaf malate accumulation,

malate exudation in root, and affect Al resistance (Delhaize et al.,

2004; Hurth et al., 2005; Hoekenga et al., 2006; Ligaba et al.,

2006; Kobayashi et al., 2013; Liang et al., 2013). In this work,

Sl-ALMT9HMHaccessions (e.g.,TS40)andSl-ALMT9LMHaccessions

(e.g., TS66) showed significant differences in malate contents in

fruits, but contained comparable amounts in leaves. In addition,

Sl-ALMT9-OX transgenic lines did not exhibit altered leaf malate

content. These results point to a divergent regulatory mechanism

for ALMT9 in spite of high similarity in conserved domains.

We found that variation in transcript abundance, rather than

variation in the protein-coding sequence in Sl-ALMT9 was re-

sponsible for the Sl-ALMT9-dependent variation in fruit malate.

This finding is consistent with previous reports that attributed

natural variation in tomato fruit size and rice grain size to ex-

pression variation in Sl-KLUH and OsSPL13, respectively

(Chakrabarti et al., 2013;Si et al., 2016).Genetic complementation

tests with four transgene constructs representing four haplotypes

(II, III, IV, andOX) showed that theTS66 loss-of-functionhaplotype

cannot be complemented by Sl-ALMT9 alleles from haplotype

construct II, which indicates that construct II haplotypes also

represent loss-of-function alleles. By contrast, the construct III

and IV haplotype andSl-ALMT9overexpression lineswere able to

complement the loss-of-function allele in TS66, confirming that

these two haplotypes represent a functional allele of Sl-ALMT9.

We conclude that the genetically determined natural variation in

fruitmalateobserved inourworldwide tomatopopulation is largely

driven by variation in the expression of Sl-ALMT9. The sequence

differences between the high-malate pool and low-malate pool

tomato haplotypes of Sl-ALMT9 allowed us to further conclude

that deletion_3 in the promoter of Sl-ALMT9 was responsible for

the performance of the Sl-ALMT9 alleles in haplotype groups III

and IV. Furthermore, we confirmed that the indel_3 mutation was

located within a putative W-box element (Eulgem et al., 2000),

which could be directly targeted by Sl-WRKY42 and function as

anegative regulator of Sl-ALMT9 expression. A similar hypothesis

has been proposed to explain the action of Arabidopsis ALMT1

(Ding et al., 2013). Although further evidence is necessary to

confirm the biochemical function of Sl-WRKY42, our discoveries

contribute to the understanding of the functional mechanism of

Sl-ALMT9 and other Al-activated malate transporters.

Unlike secondary metabolites, which have a less complex

genetic architecture but great diversity (Chan et al., 2011; Suhre

et al., 2011; Chen et al., 2014), natural variation in primary me-

tabolites and other agronomic traits tends to be controlled by

a large number of small-effect loci (Keurentjes et al., 2006; Rowe

etal., 2008;Huangetal., 2010,2011;Chanetal., 2011;Suhreet al.,

2011; Joseph et al., 2013). In a linkage mapping analysis of in-

trogression lines in which marker-defined genomic regions of

a cultivated S. lycopersicum variety M82 (BIG group) were re-

placed with homologous intervals of the wild species S. pennellii,

malateQTLswere foundmainlyonchromosomes1, 2, 5, and7but

Figure 8. (continued).

(D) Frequency of derived and ancestral indel_3 allele in tomato subpopulations. PIM, S. pimpinellifolium; CER, S. l. cerasiforme; BIG, S. l. lycopersicum

(n = number of accessions).

(E) The geographical distribution of 322 accessions based on genotyping with indel_3 of Sl-ALMT9.
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not on chromosome 6 (Schauer et al., 2006). However, here, only

one major locus spanning Sl-ALMT9 on chromosome 6 was

identified, while other core genes that have been known to be

involved in malate synthesis and degradation were not recovered

in ourGWASanalysis (Centeno et al., 2011). In the promoter of the

S. pennellii allele Sp-ALMT9, indel_3 was neither GTC nor a de-

letion, but ATG, which might not be targeted by WRKY42

(Supplemental Figure 13A) andmight lead toS. pennellii acquiring

a higher fruit malate content.While theALMT9indel_3marker exists

in M82 and S. pennellii, additional SNPs and insertions found in

ALMT9 and at additional loci throughout the genome may in-

fluence its performance in S. pennellii (Supplemental Figures 13B

and 13C). Sl-ALMT9 showed the highest sequence similarity to

Sl-ALMT4, but with different expression and protein localization.

Specifically, Sl-ALMT4 displays constitutive expression and is

located in the endoplasmic reticulum (Sasaki et al., 2016), while

Sl-ALMT9 showed Al-induced expression in the root and vacuole

membrane localization (Figures 6A and 6B). Our results indicate

that Sl-ALMT9 mainly promotes fruit malate accumulation and

root Al resistance by active vacuole membrane malate effusion

(Supplemental Figure 14). Sl-ALMT4 was previously reported to

affect malate concentration in seeds; this difference in function

might be associated with their different expression patterns and

subcellular localizations.

Notably,126of the155 investigatedaccessionsbelonged to the

Sl-ALMT9LMH haplotype (Supplemental Data Set 5), suggesting

that the Sl-ALMT9LMH alleles are widely distributed in the tomato

population (Figure 8D). The Sl-ALMT9HMH alleles we identified

weremore common in BIG varieties than in CER andPIM varieties

in the genome resequenced population of tomato accessions

we investigated (Figure 8D). This pattern is supported by the

geographical distribution of the –/– genotype at indel_3 linked to

the Sl-ALMT9HMH allele, which tended to be in Europe and Asia

(Figure8C). Thisfinding raises thequestionofwhether theeffect of

Sl-ALMT9HMH is neutral orprovidesanadaptivebenefit tohumans

or plants under certain environmental conditions. Our findings

indicate reduced nucleotide diversity in BIG in the Sl-ALMT9

region compared with PIM and CER. Parts of the genomic region

around Sl-ALMT9 showed significant XP-CLR values, which

may suggest an excess of low frequency SNPs in certain regions

of Sl-ALMT9 in tomato, as a result of a population expansion after

a bottleneck or a selective sweep. Taken together, these results

support a selective pressure around the TFM6 region, but this

selection is likely to occur posterior to domestication because the

reduction is found in both CER and BIG but not in PIM. We could

speculate that the selection of hyperfunctional Sl-ALMT9 is

beneficial in areas of elevated Al3+ where enhanced vacuolar

transport of Al3+would potentially improve the plant’s tolerance to

Al3+. Also, due to the diverse consumption habits of humans and

other animals (e.g., birds), the malate content in fruit would help

improve fruit quality and flavor that attracts consumption and

thereby promotes seed dispersal.

In summary, we identified Sl-ALMT9, which is required for

malate accumulation in tomato fruit during ripening and in

Al-stressed roots. Phylogenetic analysis indicates that the

Sl-ALMT9HMH genotype originated through two evolutionary

events: LTR retrotransposon CopiaSL_37 insertion into the

second intron of the wild tomato, producing the Sl-ALMT9LMH

genotype in most CER accessions. The second step was the

removal of indel_3 in the Sl-ALMT9LMH genotype under strong

human selection, leading to Sl-ALMT9HMH genotype prevalence

in CER and BIG (Supplemental Figure 15). These results indicate

that Sl-ALMT9 might have been a critical factor during the

process of domestication and improvement in tomato, thus

providing the opportunity to improve flavor and resistance

qualities for other varieties. Importantly, our work demonstrates

that the process of tomato domestication was associated with

fixation and extension of favored alleles or mutations that in-

creased malate accumulation to adapt to the needs of humans.

METHODS

Plant Materials and Growth Conditions

The tomato varieties used in this study were Solanum pimpinellifolium

(PIM), S. lycopersicum var cerasiforme (CER), and S. l. lycopersicum (BIG).

GWAS was performed with 272 tomato accessions, which included

144 BIG, 104 CER, and 23 PIM accessions that were selected from the

previously described 360 accessions distributed worldwide (Lin et al.,

2014). The experimental population was grown inWuhan, China, over two

locations in 2013: open-field cultivation at Huazhong Agricultural Uni-

versity (HZ location) and greenhouse cultivation at Zhongdou Seed

Company (ZD location). The F2 population consisting of 350 individuals

resulting from TS-403TS-66 was grown in open-field cultivation at

Huazhong Agricultural University in 2014. The 73 commercial tomato

cultivars (F1 hybrids) were germinated and planted in an experimental field

in Yichang, China. The 155 individual cultivated andwild tomato lines used

in the phylogenetic analysis are listed in Supplemental Data Set 7. For

GWAS, BSA and F1 plants were used, and a minimum of three fruits were

harvested at the ripe stage from a minimum of three plants for each line.

Ripe stage was determined by external and internal visual inspection of

fruit, e.g., extent of pigmentation, seed development, and development of

locular jelly. Following tissue selection, the outer pericarp of five fruits was

pooled and stored at –80°C for metabolic profiling. For fruit development

analysis, flowers were tagged at the full-bloom stage to synchronize de-

velopmental stages.The fruitswereharvestedat7,14,21,28,and35dafter

flowering (DAF), breaker (BR, 38 DAF), 2 d after breaker (BR+2, 40 DAF),

yellow ripe (YR, 41 DAF), and red ripe (RR, 44 DAF) developmental stages.

Three biological replicates of each developmental stage were analyzed,

and each biological replicate contained 5 to 10 individual fruits of the

same developmental stage from the same genotype. Only fruits that

appeared developmentally equivalent were used for analysis. After fruit

selection, whole fruits, including the seeds, pulp, and skin, were com-

bined in developmental stage-specific pools (5–10 fruits in each), frozen

in liquid nitrogen, and stored at –80°C for further analysis.

Determination of Malate Content

Malate content of 272 tomato accessions was measured by gas chro-

matography-mass spectrometry with a modified method as described

previously (Roessner-Tunali et al., 2003). Tomato pericarp tissue

(;100 mg) was homogenized and extracted in 700 mL of methanol, and

31.5 mL of internal standard (0.2 mg ribitol mL21 water) was subsequently

added as a quantification standard. The mixture was extracted for 15 min

at room temperature and mixed vigorously with 1 volume of water. To

separate polar and nonpolar metabolites, 750 mL of chloroform was then

added to the mixtures. After centrifugation at 2200g, the upper methanol/

water phase was taken and reduced to dryness under vacuum. Residues

after reduction were redissolved in 90 mL of 20 mg mL21 methoxyamine

hydrochloride in pyridine and then derivatized for 90 min at 37°C followed
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by treatment with 90 mL [trimethylsilyl] trifluoroacetamide at 37°C for

30min. Then, 1-mL samples were injected onto the GC column using a hot

needle technique (Zamperlini et al., 2000). The gas chromatography-mass

spectrometry system used comprised an AS2000 autosampler, a TRACE

GC Ultra gas chromatograph, and a Voyager quadrupole mass spec-

trometer (Thermo Finnigan). Themass spectrometer was tuned according

to the manufacturer’s recommendations using Tris-(perfluorobutyl)-

amine(CF43).

GC was performed on a 30 m HP-5 MS column with 0.25 mm*0.25 mm

film thickness (Agilent). The injection temperature was set at 230°C, the

interface at 250°C, and the ion source adjusted to 200°C. Heliumwas used

as the carrier gas at a flow rate of 1 mLmin21. The analysis was performed

under the following temperature program: 5 min of isothermal heating at

70°C, followed by a 5°C min21 oven temperature ramp to 300°C, and

a final 3 min heating at 300°C. The system was then temperature

equilibrated for 1 min at 70°C before injection of the next sample. Mass

spectra were recorded at 5 scans s21 with a mass-to-charge ratio of

50 to 600.

Fruit malate determination of transgenic plants, linkage population, and

F1 hybrids was performed by a modified method described previously

(Nunes-Nesi et al., 2007). Malate was determined using 30 mL extract or

standards (ranging from 0–8 mg), which were pipetted into a microplate

containing 105 mL 200 mM Tricine/KOH, pH 9.0, 40 mL 20 mM NAD+,

20mL 1mMmethylthiazolyldi-phenyl-tetrazolium bromide, 4mL 0.4 mM

phenazine ethosulfate, and 1 mL Triton X-100. Absorbance at 570 nm

was recorded after 5 min. Then, 2.5 units of malate dehydrogenase was

added and the absorbance was recorded when the reaction was

complete.

Association Mapping

Weused5.5Mhigh-quality SNPs (MAF>0.05, the number of varietieswith

the minor allele $ 6) to perform GWAS for fruit malate content in 272 ac-

cessions. The association analyseswereperformedusing thecompressed

mixed linearmodel (Yu et al., 2006)with TASSEL4.0 (Bradbury et al., 2007).

The P value of each SNP was calculated and significance was defined at

a uniform threshold of #1.8 3 1027 (P = 1/n; n = total number of markers

used) (Wen et al., 2014). Among the unique association signals identified,

several candidate geneswithin 50 kb up- and downstreamof the lead SNP

were validated, among which the closest genes were considered to be

the most likely candidates. The physical locations of the SNPs were

identified based on the tomato genomic sequence version SL 2.40 (http://

solgenomics.net/).

Candidate Gene Resequencing and Analysis

To further detect the causal variant in the significantly associated region

(chromosome 6: 41,300,000–41,400,000), the polymorphism of candidate

genes (Solyc06g072910 and Solyc06g072920) was compared between

high-malate and low-malate tomatoes by resequencing 10 high-malate

and 7 low-malate fruit accessions (release SL2.40) by PCR, sequencing,

and comparison against the reference genome. Primers were designed

using Primer Premier 5 (http://www.premierbiosoft.com/primerdesign/

index.html) to cover the full length of the candidate genes (Supplemental

DataSet 10). Sequencingwasperformedby theTianyi HuiyuanBioscience

and Technology.

Linkage Mapping by Bulked Segregant Analysis

An F2 population of 350 individuals derived from the cross between TS-40

(a high-malate accession) andTS-66 (a low-malate accession)wasplanted

in the spring of 2015 in the experimental station of Huazhong Agricultural

University, China. For each individual, the average malate content of three

representative fruits was recorded (Figure 2; Supplemental Data Set 2) and

genomic DNAwas isolated from fresh leaves using the CTABmethod. For

bulked segregant analysis, bulk DNA samples for high- and low-malate

accessions were constructed by mixing equal amounts of DNA from

40 individuals showing an extremely high- and low-malate content, re-

spectively. Roughly 403 genome sequences for each bulk sample (high-

malate fruit and low-malate fruit) were generated. Short readswere aligned

against the reference genome (release SL2.40) using theBurrows-Wheeler

Aligner (BWA) 47, and SNPs were identified using SAMtools48. SNPs

between the two parental genomes were identified for further analysis

when the base quality value was$20 and the SNP quality value was$20.

Basedon these criteria and the number of SNPswith a readdepth from4 to

200, a SNP index was calculated for both bulk samples expressing the

proportion of reads harboringSNPs thatwere identical to those in the high-

malate parent (TS-40). A∆SNP indexwas obtained by subtracting theSNP

index of the low-malate bulk sample from that of the high-malate bulk

sample. An average SNP index for the high-malate and low-malate bulk

samples was calculated using a 1000-kb slidingwindowwith a step size of

10 kb (Figure 1). The statistical confidence intervals of the ∆SNP index

under the null hypothesis of no QTLs were also calculated. For each po-

sition, the 95% confidence intervals of the ∆SNP index were obtained

following the method described by Takagi et al. (2013).

Gene Cloning, Construct Generation, and Plant Transformation

The 4.5-kb sequence fused by the 2.7-kb promoter from TS66 and 1.8-kb

coding sequence from TS40 of Sl-ALMT9 was amplified and cloned into

plant binary vector pMV2 (modified from pHELLSGATE2) to generate

construct II (Sl-ALMT9LMH
pro:Sl-ALMT9HMH). The 2.7-kb promoter region

from TS40 was fused with the coding region from TS66 to generate

construct III (Sl-ALMT9HMH
pro:Sl-ALMT9LMH). The 8.9-kb genomic region

including the 2.7-kb promoter and coding sequence of Sl-ALMT9 was am-

plified from TS40 to generate construct IV (Sl-ALMT9HMH
pro:Sl-ALMT9HMH).

For the overexpression construct, the 6.3-kb fragment including the

genomic DNA region of Sl-ALMT9 was amplified and cloned into the

pMV2 vector driven by the cauliflowermosaic virus (CaMV) 35Spromoter

(35Spro:Sl-ALMT9HMH). Control plantswere generated by introducing the

empty vector pMV2. For the Sl-ALMT9HMH
pro:GUS construct, a genomic

DNA sequence (from –2541 to –1 bp) upstream of the Sl-ALMT9 coding

sequencewas amplified using sequence-specificprimers (Supplemental

Data Set 10). The resulting fragment was recombined upstream of the

glucuronidase synthase (GUS) coding sequences in the pV3P vector

(modified from pHELLSGATE2). The recombinant constructs were trans-

formed into the Agrobacterium tumefaciens strain C58 by electroporation

and subsequently transformed into the tomato genome via explants of

cotyledon. The constructs with allelic combinations of promoter and genes

were transformed into TS-66 (Figure 2C). The Sl-ALMT9HMH
pro:GUS

construct was transformed into tomato Ailsa Craig.

CAPS Markers for Fruit Malate in Tomato

Homozygous and heterozygous Sl-ALMT9indel_3 tomato plants were

genotyped using CAPSmarkers. PCR was performed to amplify a 784-bp

fragment of the functional Sl-ALMT9indel_3 sequence using the following

primers: a forward primer, 59-TGGATGTAATAAAAACAAGGGAA-39, and

a reverse primer, 59-TATCCATAAAATAGCGAAATAGAAAC-39. The PCR

programwasconducted as follows: (1) 3min at 94°C; (2) 34 cyclesof 30sat

94°C, 30 s at 56°C and 50 s at 72°C; (3) 10min at 72°C. The PCR products

were subsequently digestedwithHin1II (Thermoscientific) for 2hat 37°C in

10-mL reaction volumes containing 3mLPCRproducts, 1mL 103buffer G,

0.3mLHin1II (5 units/mL), and 5.7mL double-distilledwater. Digested DNA

products were then separated by electrophoresis in 1% agarose gels

stained with ethidium bromide and visualized by UV light.
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CRIPSR/Cas9 Gene Editing

TheCRISPR/Cas9binary vectors (pTX)were derived frompBin19, inwhich

the target sequence was driven by the tomato U6 promoter and Cas9 by

2335S. The recombinant pTX vector was designed to produce defined

deletions within the coding sequence of Sl-ALMT9 using two sgRNAs

alongside theCas9 endonuclease gene (Supplemental Data Set 10 for the

two sgRNAs used in this study). For genotyping of each first-generation

(T0) transgenic line, mixed samples of three different leaveswere collected

to capture all possible inducedmutant alleles due to sectoring (chimerism).

Positive detection of eachplantwas conductedbyPCR for thepresence of

Cas9. The CRISPR/Cas9 T-DNA-positive lines were further genotyped for

indel mutations using a forward primer to the left of sgRNA1 and a reverse

primer to the right of sgRNA2 (Supplemental Data Set 10).

RNA Extraction and RNA-Seq

The fruits from CK and OX1 harvested at the ripening stage were frozen in

liquid nitrogen and kept at –80°C until use. Total RNA extractions were

performed essentially as described by Ye et al. (2015). Total RNAs were

then sent to the Annoroad Company, where the libraries were produced

and sequenced using single-ended sequencing of Illumina HiSeq 2500.

The sequencing data can be accessed at the website: http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE89772. Raw sequences were

filtered to remove the 39 adaptor sequence, low-quality reads (reads

containing sequencing Ns > 5) and short reads (<16 nucleotides), and the

resulting sets of clean reads were used for the subsequent analyses, as

describedpreviously (Patel andJain, 2012).All clean readsweremapped to

contig assemblies using the TopHat mapping algorithm with version 2.0.4

(http://tophat.cbcb.umd.edu/) allowing no more than 2-nucleotide mis-

matches. Clean reads were mapped to the genome sequences (SL2.40

version) of S. lycopersicum downloaded from the SOLGenomics Network

database (http://solgenomics.net/organism/Solanum_lycopersicum/

genome). The multiple aligned reads were then filtered by TopHat

software and the remaining clean reads were designated as unambiguous

clean reads. The number of unambiguous clean reads for each gene was

calculated and then normalized to reads per kilobase of gene per million

reads, a standard unit to calculate UniGene expression (Mortazavi et al.,

2008). The software edgeR was used to perform differential expression

analysis (Robinson et al., 2010). edgeR can be used to analyze the dif-

ference in expression between two or more samples and indices of fold

change (log2 ratio) andPvalue (falsediscovery rate) provide an indicationof

whether a gene is differentially expressed.Here, geneswith aPvalue<0.01

and a log2 ratio >1.0 or <0.5 were considered differentially expressed. The

differentially expressed tomato genes extracted from ITAG2.4_proteins.

fasta (ftp://ftp.solgenomics.net/genomes/Solanum_lycopersicum/annotation/

ITAG2.4_release/) were used as query to identify Arabidopsis thaliana ho-

mologs (TAIR9 version) using an e-value of 13e25 by BLASTP (http://blast.

ncbi.nlm.nih.gov/Blast.cgi).

Gene Expression Analysis

The expression abundance of Sl-ALMT9 was also investigated by

RT-qPCR. The sequences of the primer pair (designed using Primer

Premier 3.0, http://frodo.wi.mit.edu/primer3) are listed in Supplemental

Data Set 10. The cDNA synthesis and RT-qPCR steps were performed as

previously described (Liu et al., 2012).

GUS Staining

Slices of roots, stems, and leaves from the transgenic lines transformed

with Sl-ALMT9HMH
pro:GUS were stained with a GUS staining solution

(100 mM sodium phosphate buffer) to evaluate GUS activity. Staining was

allowed to proceed for 5 h at 37°C in darkness, and then samples were

washed with a graded ethanol series at room temperature for de-

colorization and observed by light microscopy (Olympus SZX12).

Protein Subcellular Localization

To investigate the subcellular localizations of the Sl-ALMT9 proteins, the

coding sequence of Sl-ALMT9 without the stop codon was amplified by

PCRand thencloned into theexpressionvector pCAMBIA1302:GFPunder

the control of the CaMV35S promoter by homologous recombination. The

fusion construct combined with CBL6-OFP (Calcineurin B-like protein) as

a marker of the tonoplast and the control GFP vector were individually

transformed into leaves ofNicotiana benthamiana as described previously

(Batistic et al., 2010). GFP and OFP fluorescence were detected and an-

alyzed at 48 h following transfection using Leica Confocal software.

Al Tolerance and Malate Efflux

Plants in hydroponic culture were assessed for Al tolerance by supple-

menting the hydroponic nutrient solution with a range of AlCl3 concen-

trations. Specifically, tomato seeds (TS66,OX1,OX2,OX3, andTS40)were

sown on wet filter paper in a Petri dish and germinated in darkness for 3 d.

Subsequently, seedlings were transferred to a floating cystosepiment in

a plastic box containing 2 liters of modified one-fifth nutrient solution

(Urbanczyk-Wochniak and Fernie, 2005). The Ca(NO3)2 concentration was

set to 0.8 mM instead of 1.25 mM (Wang et al., 2001). Following 1 week of

growth under 70 to 80% relative humidity and a 12/12-h light/dark (white

light with an irradiation intensity of 900 mmol m–2 s–1) regime at 25°C, the

seedlings were transferred to hydroponic boxes containing 40 liters of full

nutrient solutionatpH6.5,whichwas refreshedevery3d.Following1week

of hydroponic growth, AlCl3 at different concentrations (0, 10, and 20 mM)

was added to the nutrient solution at pH 4.2. Primary root length was

recorded to quantify the effect of Al toxicity on root growth. Relative root

growthwas calculated aspreviously described (Delhaize et al., 2004). Each

experimental treatment of the different lines was performed in three rep-

licates, each of which contained three plants. Malate efflux from root

segments was assayed according to previously described methods

(Delhaize et al., 2004) with some modifications. Four 2-cm lengths of root

apices were incubated with constant agitation in 1 mL of 1 mM CaCl2,

pH 4.2, for 5 h. The apices were then rinsedwith the CaCl2 solution three

times and subsequently treated with 1 mL of either CaCl2 (control) or

treatment solution (1mMCaCl2with 100mMAlCl3, pH 4.2). Following a 3-h

incubation, the treatment solution was collected and dried, and the

resulting residues were collected and analyzed for malate contents as

described above. To characterize the role of Sl-ALMT9 in Al detoxification,

tomato hairy rootswere treated for 3 hwith 1mMCaCl2, pH 4.2, containing

100 mM Al, after which they were then stained with hematoxylin as de-

scribed previously (Liang et al., 2013).

Yeast One-Hybrid Assay

The yeast one-hybrid assay was performed as described in the

Matchmaker One-Hybrid Library Construction and Screening Kit

(Clontech). The full-length and Sl-WRKY42 open reading frame (ORF)

sequences were amplified from tomato cDNA by PCR and cloned into the

pGADT7 vector (Clontech). The fragment of the Sl-ALMT9 promoter was

amplified from TS66 and TS40 genomic DNA and cloned into the pAbAi

vector (Clontech). The pAbAi bait vectors were introduced into the

GOLD1 yeast and cultured on SD/–Ura. The pGADT7 prey vector was

introduced into yeast strains containing pAbAi bait vectors and cultured

on SD/–Leu. After 4 d incubation, the positive yeast strains were picked

and diluted in double-distilled water to an OD600 of 0.1, and 2 mL of

suspension was spotted on SD/–Leu, with or without ABA (0–20 ng/mL)

(Sigma-Aldrich), followed by 3 to 7 d incubation at 30°C.
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Analysis of Promoter-cis-Element Interaction via Transient

Expression in N. benthamiana Leaves

The full-length Sl-WRKY42 ORF was cloned into the effector vector

pGreen II 62-SK under the control of CaMV 35S promoter (Hellens et al.,

2005). Sl-ALMT9 promoter fragments with serial deletions from the 59

end were PCR amplified using specific primers (Supplemental Data Set

10) and cloned into the reporter vector pGreen II 0800-LUC. Individual

combinations of effector and reporter vectors were cotransformed

into Agrobacterium GV3101 cells alongside the pSoup vector, and

the transformed Agrobacterium strains were used to infiltrate young

N. benthamiana leaves, in which transient expression was analyzed

following a 2-d incubation. Firefly and Renilla luciferase signals were

assayed with the dual luciferase assay reagents (Promega) using an

Infinite M200 (Tecan).

Molecular Diversity and Phylogenetic Analysis

A contig of 8000 bp comprising the promoter and coding region of

Sl-ALMT9 (corresponding to 41,336,000–41,344,000 in Tomato WGS

chromosome SL2.40 ch06) was obtained from the 155 accessions

(Supplemental Data Sets 7 and 8) and used for the phylogenetic analysis.

All sequences were aligned using Geneious4.8.5 with default multiple

sequence alignment parameters. The alignment file was imported into

MEGA5.2.2 (Tamura et al., 2011) and converted into mega (.meg) file

format. The phylogeny was reconstructed using the neighbor-joining

statistical method with 1000 bootstrap replications and the maximum

composite likelihood model.

For themolecular diversity analysis, twomethods, i.e., the up ratios and

the XP-CLR (Chen et al., 2010), were used to identify the selective sweeps

in Sl-ALMT9 associated with tomato domestication and improvement

events. Briefly, up ratios (up, PIM/up, CER; up, CER/up, BIG) were cal-

culated with a sliding window length of 100 bp and step size of 25 bp.

XP-CLR was employed with the following parameters: a window size of

0.005Mb,nomore than50SNPswithin awindow,200bpbetween twogrid

points, and a correlated level of 0.95 between two SNPs.

Accession Numbers

Sequence data from this article can be found in the Sol Genomics Network

or GenBank/EMBL databases under the following accession numbers:

Sl-ALMT9 (Soly06g072910 and Soly06g072920; KY094467); Sl-WRKY42

(Solyc10g009550; XM_004248031); mitochondrial MDH (AY725474);

fumarase (SGN-U570526); Zm-ALMT1, ABC86748.2; Zm-ALMT2,

NP_001132468.1; Hv-ALMT1, ACJ15441.1; Ta-ALMT1, AB081803;

At-ALMT1, NP_172319; Bn-ALMT1, AB194300; Bn-ALMT2, AB194301;

At-ALMT6, NP_001325206; At-ALMT9, OAP01562; At-ALMT12,

NP_193531; Ma1, XP_008361731.1; and Ma2, XP_008339686.2.

Supplemental Data

Supplemental Figure 1. Spectra of fruit malate content for three

tomato variety groups.

Supplemental Figure 2. Malate contents in tomato accessions TS-40

and TS-66, and their F1 progeny.

Supplemental Figure 3. Characterization of Sl-ALMT9 gene structure.

Supplemental Figure 4. Comparison of amino acid sequences

between Sl-ALMT9HMH (TS40) and Sl-ALMT9LMH (TS66).

Supplemental Figure 5. Phylogenetic and protein similarity analysis

of Sl-ALMT9 orthologs in plants.

Supplemental Figure 6. Association of polymorphism sites in Sl-ALMT9

with malate contents.

Supplemental Figure 7. Comparison of Sl-ALMT9 promoter sequen-

ces between HMH pool and LMH pool in BSA analysis.

Supplemental Figure 8. Analysis of indel_3-based CPAS marker in

73 commercial tomato cultivars (F1 hybrids).

Supplemental Figure 9. The expression levels of the two core genes

involved in malate biosynthesis.

Supplemental Figure 10. The malate content and relative Sl-ALMT9

transcript levels in ripe fruits from different tomato species.

Supplemental Figure 11. The malate content in two Sl-ALMT9

overexpression lines (OX1, OX3) compared with that in wild-type TS66.

Supplemental Figure 12. Phylogenetic tree of Sl-ALMT9 in 155 to-

mato accessions.

Supplemental Figure 13. Alignment of genomic DNA sequences,

cDNA sequences, and amino acid sequences of ALMT9 in Solanum

lycopersicum cv M82, TS-87, and S. pennellii.

Supplemental Figure 14. Proposed model for the role of TFM6 in

regulating fruit malate content and Al resistance in roots.

Supplemental Figure 15. Structural variations of TFM6 between PIM

accessions, low-malate accessions, and high-malate accessions.

Supplemental Table 1. List of 83 SNPs significantly associated with

the malate accumulation in tomato fruit.

Supplemental Table 2. Predicted genes in a region extending the

TFM6 locus within 50 kb from both sides.

Supplemental Table 3. Malate content of ripe fruits in 73 genotyped

commercial tomato cultivars (F1 hybrids).

Supplemental Table 4. Multiple metabolites analysis in the over-

expression plant of Sl-ALMT9.

Supplemental Data Set 1. Relative content (log2-transformed) of

malate in ripening fruit of 272 resequenced tomato accessions.

Supplemental Data Set 2. Malate content in ripe fruits of 350 F2

progenies from TS-403TS-66.

Supplemental Data Set 3. List of SNPs involved in the significantly

linkage region on chromosome 6 by BSA.

Supplemental Data Set 4. Amino acid sequences of 14 Sl-ALMT9

orthologs in plants referred to in Supplemental Figure 5B.

Supplemental Data Set 5. Natural Sl-ALMT9 sequence variation in

tomato accessions.

Supplemental Data Set 6. Significantly differentially expressed genes

(RPKM >5 at least in OX1 or CK) in red ripe fruits of Sl-ALMT9

overexpression line (OX1) compared with wild-type CK.

Supplemental Data Set 7. List of tomato accessions used in

phylogenetic analysis.

Supplemental Data Set 8. Nucleotide sequences of Sl-ALMT9 in

155 accessions refer to Supplemental Figure 12 and Supplemental

Data Set 7.

Supplemental Data Set 9. Accessions used to determine origin of

ALMT9indel_3 mutation.

Supplemental Data Set 10. Primers used in this study.
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