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RESUMO 

 

Variações genéticas naturais do tomateiro selvagem Solanum pennellii associadas à 
domesticação e resistência à seca 

 
A domesticação das plantas levou a uma perda de variação genética em muitas culturas, 

devido à ênfase excessiva na seleção de órgãos comestíveis (raiz, folha, caule ou fruto) e a baixa 
pressão de seleção para outras características no ambiente cultivado. Essa "erosão genética" levou 
à perda de alelos associados à resistência de diversos estresses ambientais, como seca e salinidade, 
os quais, por sua vez, podem conduzir a perdas significativas na produtividade das plantas. 
Entretanto, no tomate (Solanum lycopersicum L.), é possível acessar um banco valioso de variação 
genética nas espécies selvagens relacionadas. Assim, a identificação de variantes genéticas 
associadas ao processo de domesticação do tomateiro e a mecanismos de resistência a estresses 
ambientais, os quais podem ter sido perdidos durante a domesticação, pode auxiliar em 
programas de melhoramento do tomateiro e de outras culturas de interesse comercial. Diante 
disso, no presente trabalho, o qual foi dividido em dois capítulos, realizamos cruzamentos entre a 
espécie selvagem, S. pennellii, e a cultivar miniatura de tomateiro Micro-Tom (MT) para criamos 
duas linhas de introgressão (ILs), uma com tamanho de órgão reduzido e outra com maior 
tolerância à seca. No primeiro capítulo, relatamos a caracterização e mapeamento da IL 
denominada como Tiny organs and reduced yield (Toy). O genótipo Toy carrega um segmento do 
genoma de S. pennellii no cromossomo 7 e apresenta uma considerável redução em órgãos 
vegetativos (folhas) e reprodutivos (frutos). Os resultados obtidos conduziram a uma discussão 
de como esse genótipo pode ser relevante para a domesticação do tomateiro, devido ao seu 
impacto no tamanho de diversos orgão. Por outro lado, no segundo capítulo, descrevemos o 
mecanismo de tolerância à seca da IL Water Economy Locus em Lycopersicon (Well). Plantas Well 
carregam um segmento do genoma de S. pennellii no cromossomo 1 e exibem uma menor 
condutância hidráulica, possivelmente relacionada ao tamanho reduzido do vaso xilemático. A 
menor condutância hidráulica do genótipo Well conduz a perturbações no contínuo 
solo/planta/atmosfera levando a mudança no comportamento estomático, que, por sua vez, 
provavelmente está relacionado a maior resistência ao murchamento apresentada por esse 
material em condições de déficit hídrico. 
 
Palavras-chave: Tomate; Linha de introgressão; Domesticação; Resistência à seca; Condutância 

hidráulica 
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ABSTRACT 

 

Natural genetic variations from the tomato wild relative Solanum pennellii associated with 

domestication and drought resistance 

 

Plant domestication led to a loss of genetic variation in many crops, due to the excessive 
emphasis in the selection of edible organs (root, leaf, stem or fruit) and the low selection pressure 
for other traits in the cultivated environment. This ‘genetic erosion’ led to loss of alleles 
associated with resistance to environmental stresses, such as drought and salinity, which can in 
turn culminate in productivity losses. In tomato (Solanum lycopersicum L.), it is possible to tap into a 
reservoir of valuable genetic variation in its wild relatives. Identification of genetic variants 
associated with tomato domestication, and with stress resistance mechanisms which may have 
been lost during domestication, could be used to aid in breeding programs. In the present work, 
which was divided into two chapters, we carried out crosses between the wild species S. pennellii 
and the miniature tomato cultivar Micro-Tom (MT) and created two introgression lines (ILs), one 
with reduced organ size and another with increased drought tolerance. In the first chapter, we 
report the characterization and mapping of the IL denominated as Tiny organs and reduced yield 
(Toy). Toy harbors a S. pennellii genome segment on chromosome 7 and presents a considerable 
reduction in both vegetative (leaves) and reproductive (fruit) organs. We discuss how this could 
be a relevant trait underpinning tomato domestication. In the second chapter, we describe the 
drought tolerance mechanism of the IL Water Economy Locus in Lycopersicon (Well). Well harbors a 
S. pennellii genome segment on chromosome 1 and shows lower hydraulic conductance, possibly 
related to decreased xylem vessel size. The results shown suggest that this lower hydraulic 
conductance promotes a disturbance in the soil-plant-atmosphere hydraulic continuum leading to 
changes in stomatal behavior, which, in turn, are probably related to the delayed wilting of Well 
under conditions of water deficit. 
 
Keywords: Tomato; Introgression line; Domestication; Drought resistance; Hydraulic 

conductance 
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1. A NATURAL GENETIC VARIATION LINKING LEAF AND FRUIT GIGANTISM IN 

THE TOMATO DOMESTICATION SYNDROME 

Abstract 

The domestication process involved the selection of traits that differentiate the cultivated 
and the wild ancestor species. The set of resulting traits is referred to as the domestication 
syndrome, and includes alterations in growth habit, flowering time and organ size. Increased size 
of plant structures (gigantism) is evident in many crops.  In tomato (Solanum lycopersicum), an 
obvious hallmark of domestication is the massive increase in fruit size in comparison to wild 
relatives. However, most studies neglect the importance of leaf size, which is also bigger in 
cultivated tomato cultivars. As a consequence, the genetic basis of leaf size increase during 
domestication remains relatively unexplored. Here, the tomato wild relative S. pennellii was 
crossed with the cultivated tomato cv. Micro-Tom, aiming to find a possible genetic component 
associated with leaf size. After successive backcrosses and phenotypic selection, we produced an 
introgression line (IL) with reduced leaves. The IL also present reduced ovary sizes and fruit 
weight compared to the MT plants. The IL was thus named Tiny organs and reduced yield (Toy) and 
mapped on chromosome 7. Anatomical determinations showed that the organ size reduction in 
Toy plants is due to a decreased cell division. Consistently, genes related to cell division, such as 
CYCB2,1 and FRUIT WEIGHT 2.2 had an heterochronic expression during ovary development 
in Toy. Together, the results presented here suggest that Toy may represent a major variation 
selected during tomato domestication, since it conciliates the increase of fruit size, which are 
strong sinks, with the necessary increase in the source of photoassimilates. 
 
Keywords: Tomato; Introgression line; Domestication; Leaf size; Fruit size 
 
1.1. INTRODUCTION  

The domestication syndrome can be defined as the suite of phenotypic changes that 

occurred through artificial selection to transform wild species into crops (Evans, 1993). Some of 

commonly found traits are more vigorous growth, increased apical dominance, determinate 

growth, loss of natural seed dispersal and larger fruits or grains. (Frary and Doganlar, 2003; 

Meyer and Purugganan, 2013). Increased size of the whole plant or of certain organs, namely 

gigantism, is widespread in crops. Gigantism can be also a consequence of allometric alterations 

in the relative size of certain plant structures (Niklas, 2004). A prime example is the species 

Brassica oleracea, where multiple cultivated strains were produced through selection on the 

differential growth of edible organs such as stems (kohlrabi), buds (cabbage, Brussels sprouts), 

leaves (kale) and flowers (broccoli, cauliflower) (Lester, 1989; Gómez-Campo and Prakash, 1999; 

Prakash et al. 2011). Although increased organ size can be explained by either increased cell size 

or number, or a combination of both (Krizek, 2009), it also requires developmental alterations to 

transform larger organs into stronger photosynthetic sinks (Gifford and Evans, 1981). 

In tomato (Solanum lycopersicum L.), gigantism during domestication is evidenced by the 

massive increase in fruit size when compared to its wild progenitor S. pimpinellifolium, which has 
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pea-sized fruits (Tanksley, 2004). The genetic basis of fruit gigantism has attracted considerable 

attention (reviewed in van der Knaap et al., 2014). Increased fruit size in tomato involved 

mutations in at least five major loci: fruit weight 2.2 (fw2.2), fruit weight 3.2 (fw3.2), fruit weight 11.3 

(fw11.3), fasciated (fas) and locule number (lc) (Tanksley, 2004). The FW2.2 gene is a negative 

regulator of cell division (Guo and Simmons, 2011) and is responsible for up to 30% of the 

increase on fruit size when comparing lines harboring small- and large-fruit alleles (Frary et al., 

2000).  The fw3.2 and fw11.3 together explained 27% of the phenotypic variance in an F2 

population obtained by crossing the tomato cv. Yellow Stuffer and S. pimpinellifolium (van der 

Knaap and Tanksley, 2003). FW3.2 and FW11.3 were identified as a P450 enzyme of the 

CYP78A subfamily (SlKLUH) and a Cell Size Regulator (CSR), respectively (Chakrabarti et al., 

2013; Mu et al., 2017). Unlike fw2.2, fw3.2 and fw11.3, which mostly affect fruit size, fas and lc also 

control fruit shape. Hence, the domestication fas and lc alleles increase the number of carpels (and 

locules), often resulting in larger and wider fruits with pronounced ribbing (Lippman and 

Tanksley, 2001; van der Knaap and Tanksley, 2003). The lc mutant phenotype is caused by two 

single-nucleotide polymorphisms (SNPs) downstream the coding region of the WUSCHEL gene 

(Muños et al., 2011). The activity of WUSCHEL increases the number of stem cells (Mayer et al., 

1998) in the meristem that will form the carpels. The fas mutation is a loss-of-function allele 

caused by an inversion in the regulatory region of the CLAVATA3 gene (Xu et al, 2015), a 

negative regulator of WUSCHEL. Thus, the fas mutation also affects stem cell fate, resulting in 

an increased number of carpels that derive from the altered meristem. The genetic basis for the 

gigantism of vegetative organs, on the other hand, is hitherto unknown. Increased stem and leaf 

size could indirectly have affected fruit size and provided for the necessary balance between 

photosynthetic sources and sinks accompanying the allometric alterations driven by 

domestication.  

In the carbon economy of the plant, larger fruits represent stronger ‘sinks’, as they require 

more photosynthate to achieve a greater size (Gustafson and Stoldt, 1936; Li et al., 2015; Osorio 

et al., 2014). This, in turn, would necessitate increased photoassimilate export from ‘source’ 

tissues, mainly leaves. In tomato, as in other crop plants, this can be achieved by increasing either 

photosynthetic rate or leaf size. As most domesticated tomato cultivars have bigger leaves than 

their wild relatives (Milla and Matesanz, 2017), the latter appears to be a more parsimonious 

possibility. In contrast to fruit size, however, the genetic basis of changes in vegetative organ size 

remain relatively unexplored in tomato. Given the recently established possibility of performing 

de novo domestication of wild species (Li et al., 2018; Zsögön et al., 2018), the discovery of alleles 
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responsible for vegetative gigantism would be a valuable addition to the repertoire of traits whose 

genetic basis is well understood. 

We hypothesized that if such a genetic determinant exists, the corresponding non-

domesticated alleles could be found through wide crosses between cultivated tomato with any 

wild relative species. Thus, we crossed S. pennellii with the cultivated tomato cv. Micro-Tom 

(MT). After successive backcrosses and phenotypic selection, we retrieved an introgression line 

(IL) that presents simultaneous reduction in leaf size and fruit weight, compared to the recurrent 

parental MT. We mapped this IL on chromosome 7 and named it as Tiny Organs and Reduced Yield 

(Toy). Toy presented as a single Mendelian locus. We also conducted a literature survey for 

described QTLs (Quantitative Trait Loci) for leaf size and fruit weight, and screened in the 

existent collection of introgression lines (ILs), where a defined genomic segment of S. pennellii 

replaces a homologous region in the cultivated tomato cultivar M82 background (Eshed and 

Zamir, 1994; 1995), and found a similar phenotype in the ILs corresponding to the Toy region in 

chromosome 7. We speculate on the impact of this pleiotropic locus in tomato domestication 

syndrome and discuss its potential exploitation for crop breeding.  

 

1.2. MATERIALS AND METHODS 

1.2.1 Plant material 

The wild relatives of tomato used in this work were S. pennelli (LA0716), S. chilense 

(LA1969), S. peruvianum (LA1537), S. neorickii (LA1322), S. chmieslewskii (LA1028), S. habrochaites f. 

glabratum (PI134417), S. habrochaites f. hirsutum (LA1777), S. galapagense (LA1401), S. pimpinellifolium 

(CNPH384), and S. lycopersicum var. cerasiforme (LA1320). Domesticated tomatoes of the cultivars 

Micro-Tom (MT) (LA3911), M82 (LA3475), Ailsa Craig (LA2838A), Moneymaker (LA2706) and 

Santa Clara (a Brazilian cultivar) were also used. The introgression lines (ILs) Tiny organs and 

reduced yield (Toy), Brilliant corolla (Bco) (Chetelat, 1998) and Rg7H (Pinto et al., 2017) were obtained 

through repeated backcrossing between the cv MT as a pollen receptor and S. pennellii, as 

described in Carvalho et al. (2011). 

 

1.2.2. Growth conditions 

Plants were grown in a greenhouse at the Laboratory of Plant Developmental Genetics, 

ESALQ-USP, (543 m a.s.l., 22º 42’ 36” S; 47º 37’ 50” W), Piracicaba, SP, Brazil. Automatic 

irrigation too place four times a day. Growth conditions were: mean temperature of 28°C, 11.5 
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h/13 h (winter/summer) photoperiod, 250–350 µmol photons m−2 s−1 PAR irradiance, attained 

by a reflecting mesh (Aluminet, Polysack Indústrias Ltda, Leme, Brazil). Seeds were germinated 

in 350 mL pots with a 1:1 mixture of commercial potting mix Basaplant® (Base Agro, Artur 

Nogueira, SP, Brazil) and expanded vermiculite supplemented with 1 g L−1 10:10:10 NPK and 4 g 

L−1 dolomite limestone (MgCO3 + CaCO3). Upon the appearance of the first true leaf, seedlings 

were transplanted to pots containing the soil mix described above, except for NPK 

supplementation, which was increased to 8 g L−1. In addition, MT and Toy plants received a 

supplementary fertilization of 0.5g of NPK formulation 10:10:10 after flowering. Cultivated and 

wild tomato plants were supplemented with 2g of NPK formulation 10:10:10 per plant. 

 

1.2.3. Phenotypic characterization 

Characterization of vegetative phenotypes was performed 40 days after germination (dag). 

Leaf area and perimeter of the leaf series, length and diameter of third, fourth and fifth internode, 

and number of leaves before flowering were evaluated. All leaves of the MT and Toy plant were 

scanned and the area and perimeter of leaves were determined using ImageJ software 

(http://rsbweb.nih.gov/ij/). Internode length and diameter were determined using a digital 

caliper (Western Ferramentas, São Paulo, SP, Brazil). 

For the characterization of reproductive phenotypes, length of petals, sepals, antheridial 

cones and style; corolla area; and ovary weight, height, and diameter were evaluated. To measure 

ovary length and height a magnifying glass (Leica S8AP0, Wetzlar, Germany), coupled to a 

camera (Leica DFC295 Wetzlar, Germany) were used. To determine ovary weight the weight of 

1.5 mL Eppendorf microtubes with 1 mL of distilled water, before and after to be filled with 10 

ovaries were measured. Ovary weight was then determined as the difference between initial and 

final tube weight. The leaf area and ovary weight of M82 plants and introgression lines (ILs) from 

chromosome 7, were also evaluated using the same methodology employed in MT and Toy. 

 

1.2.4. MT and Toy productivity traits 

MT and Toy plants were hand-pollinated with pollen from MT plants, because the Toy 

genotype presents low fruit set. Various ovaries were pollinated, but after fruit set 

confirmation (five days after pollination), we performed selective fruit removal to allow only 

five fruits to set on each plant. 

http://rsbweb.nih.gov/ij/
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Productive performance of plants was assessed 90 days after germination. The 

following parameters were determined: total fruit weight per plant; average weight per fruit; 

total soluble solids content in fruits (Brix); number of locules and number of seeds per fruit; 

weight of 10 seeds. Total soluble solids content was assessed in all fruits of plants, using a 

digital refractometer (PR-101, Atago, Tokyo, Japan). 

. 

1.2.5. Source-sink ratio in MT and Toy plants 

To determine whether leaf area of Toy plants is a limiting factor for fruit development 

(since leaves and fruits are the major sources and sinks of photoassimilates, respectively), we 

manipulated plants creating three categories based on different source-to-sink ratios. Thus, the 

same amount of source tissue (leaves) in all plants of each genotype was kept and the sink 

strength by changing fruit number (either three, six or nine per plant, to produce high, medium 

or low source-to-sink ratios, respectively) was altered. Side branches were removed to prevent 

them from acting as alternative sinks. The following parameters were then determined: total fruit 

weight per plant (yield); average fruit weight and leaf area. 

 

1.2.6. Mapping and PCR amplification 

Mapping and PCR amplification 

 Molecular markers were designed to discover polymorphisms between tomato and S. 

pennellii in the region comprising the IL7-2 and part of the IL 7-4. The sequences and types 

of molecular makers are shown on the Table S1. Two further genotypes harboring genome 

segments of S. pennellii for chromosome 7, Brilliant corolla (Bco) and Regeneration 7H 

(Rg7H), both in the Micro-Tom genetic background were characterized molecularly and 

phenotypically. Cross-referencing information from these genotypes and the ILs in the M82 

background we constructed a map with the putative location of the TOY locus. 

 Genomic DNA extraction from young leaves was performed as described by Fulton et 

al. (1995). PCR was performed using the following program: a denaturation step at 95°C for 2 

minutes, 35 cycles of 30 seconds at 95°C, 30 seconds at 56°C, 90 seconds at 72°C, and finally 

7 minutes at 72°C. When required, the enzymatic digestion was performed reactions 

following the manufacturer’s recommendations (NEB, Bethesda, USA). The final PCR 
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products were analyzed by electrophoresis, using 1.5% (m / v) agarose gel stained with SYBR 

Gold (Invitrogen). 

 

1.2.7. Histological and microscopic analysis 

Samples of MT and Toy ovaries (at -8, -4, 0, 4 and 8 days post-anthesis, DPA) and fruit 

pericarps (12 and 16 DPA), were collected and fixed in Karnovsky solution (Karnovsky, 1965), 

and vacuum-infiltrated for 15 min. Samples were next dehydrated in an increasing ethanol series 

(10–100%), and infiltrated into synthetic resin, using a HistoResin embedding kit (Leica, 

www.leica-microsystems.com), according to the manufacturer’s instructions. The tissues were 

sliced using a rotary microtome ( Leica RM 2045, Wetzlar, Germany), stained with toluidine blue 

0.05% (Sakai, 1973), and photographed in a Leica DM -LB microscope (Heidelberg, Germany), 

coupled to a Leica DFC310 camera (Wetzlar, Germany). Histological analysis of ovaries was 

performed in the central region of the outer pericarp of the fruits, and the area and number of 

cells were determinate using ImageJ software (http://rsbweb.nih.gov/ij/). This histological 

analysis also was performed in the mature leaves of these genotypes adopting the procedures 

described above. 

We also evaluated the area and number of cells in leaf epidermis of the MT and Toy 

genotypes. For this, we used the imprinting technique as described by Weyers and Johansen 

(1985).  

The times referred to as -8 and -4 DPA correspond to 8 and 4 days before anthesis, 

respectively. We based these on the length of the closed flower buds (Faria, 2014). 

 

1.2.8. Maturation rate of meristems and shoot growth 

The maturation rate of MT and Toy meristems was performed at two, four, six, eight and 

10 days after emergence (DAE) of the seedlings from soil. Meristems were characterized 

according to their stage of development as: vegetative, transition and reproductive (inflorescence 

+ floral meristem) (Park et al., 2012). 

Shoot apices were collected at one, two, three and 4 DAE, and photographed with a 

Leica magnifying glass model S8AP0 (Wetzlar, Germany), coupled to a Leica DFC295 camera 

(Wetzlar, Germany), for further evaluation of shoot growth by measures of shoot tip length in 

the ImageJ software. 

http://rsbweb.nih.gov/ij/
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1.2.9. Quantitative real-time PCR 

 Total RNA was extracted from young shoot apices (2 days after emergence of soil), 

young leaves, ovaries (at -8, -4, 0, 4 and 8 DPA) and fruit pericarps (12 and 16 DPA), using 

Trizol reagent (Invitrogen), according indicated by the manufacturer, and treated with RQ1 

RNAse-Free DNAse (Promega). Fruit pericarps were carefully collected from the central region 

of the outer pericarp of the fruits, at 12 and 16 DPA. After DNase treatment, a single-strand 

cDNA was synthesized from total RNA (1µg) by reverse-transcription, using RevertAid RT 

Reverse Transcription Kit (Thermo Fisher Scientific). 

Gene expression analyses were performed on a Rotor-Gene Q real-time PCR cycler 

(Qiagen), using Kapa Sybr Fast qPCR Master Mix (Kapa Biosystems) and gene-specific CYCB2;1 

(Solyc02g082820), FW2.2 (Solyc02g090730), EXP5 (Solyc02g088100) primers. The reactions 

were amplified for 2 min at 95 °C, followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. 

The threshold cycle (CT) was determined. Melt-curve analysis was performed with each primer 

set to confirm the presence of only a single peak before the gene expression analyses. Two 

technical replicates were analyzed for each of three or four biological samples. The CYCB2;1, 

EXPA5 and FW2.2 expression were normalized to ACTIN (Solyc04g011500) gene. The fold 

changes for each gene were calculated using the equation 2- ΔΔCT (Livak and Schmittgen, 2001). 

Primer sequences used to qRT-PCR are also shown in Table S1.  

 

1.2.10. Statistical analysis 

Statistical analysis was performed using SAS software (SAS Institute Inc., Cary, NC, 

USA). The variables data were submitted to analysis of variance (ANOVA) and the means 

compared by the Student’s t-test. When the data did not meet the assumptions of ANOVA, we 

performed to non-parametric analysis, using Wilcoxon rank sum test to compare the means. For 

qRT-PCR data analysis, was used a simplified alternative analysis based on ΔCt values (Yung et 

al., 2006). 
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Table S1. Oligonucleotide sequences used for genotyping and quantitative PCR analyses in this work. 

Locus ID1 Forward Reverse Utilization Enzyme 

Solyc02g082820_CYCB2;1 GAAGGCAGCAACAGGGAAACTAA CCCTCTTCTCCTCTATTCTTGTGTC  qPCR 
 

Solyc02g090730_FW2.2 GTTTTGATGACCCTGCTAACTG CAAAGAGCACAAGGTTCACAG qPCR 
 

Solyc02g088100_EXP5 ACCATCGCCTGTAGTGACCTTAAAG AAGGGTTCAAGAACTCAATGGCAAC qPCR 
 

Solyc04g011500_ACTIN GGTCCCTCTATTGTCCACAG TGCATCTCTGGTCCAGTAGGA qPCR 
 

Solyc02g083950_LC GGTCTTGGTCTCTTGGATGATG AAAATAATGCCTCGTGTCCATTC Genotyping EcoRV 

Solyc02g090730_FW2.2 CCTTGTATCACCTTTGGACAGATT CGGAGATAGCATTGTCAAAGTTA Genotyping MspI 

Solyc03g114940_FW3.2 GAGATAACGGGTTAAATAGAGT TAGTTAGGATAGTTATAGTTTGC Genotyping BstNI 

Solyc07g009130 TCTTACTCTCCGTCATTAGCCT ATGTCCTGTTTCCTTCGCAA Genotyping XhoI 

Solyc07g017650 GTAGGTTACCAAGTAGTAGAGGG AGAGCTACATACCTTATCCAACA Genotyping EcoRV 

Solyc07g020960 CATTATCTTATTTCCACCCACC TGAACCTCATCTAACCCTACC Genotyping HincII 

Solyc07g026680 GTGGATATGGGAAGGAAGT CGAGGAATATGATGTATGGT Genotyping RsaI  

Solyc07g039570 TGGCAATACTTTCAACCTTCC CAATGTCTGAGGACGAGCA Genotyping PsiI 

Solyc07g041190 GTGGACTTGACCTGGAGATG AAGAGAGAAGGATTGGGGACT Genotyping RsaI  

Solyc07g041980 GTGGACTTGACCTGGAGATG AAGAGAGAAGGATTGGGGACT Genotyping RsaI  

Solyc07g042560 CTGTTAATACCGAATAATCTTGTAAT GGGACTAAACAAAACAATGAATGG Genotyping BstNI 

Solyc07g043450 CCATTACATCTTCAAAGCCATCTC GGCATAGTGACTACAATACATATCG Genotyping PagI  

Solyc07g045180 GCTTCCAGGGTGTCAATG ATGTCTAAGTCTGCCAACC Genotyping HpyCH4V 

Solyc07g047950 GCCATACCTAGACGGGATTT TATTTCCAGGCACAAGAAGC Genotyping DpnII 

Solyc07g0518302 CAATGAGGACAGACTGATAGC CACCTGATCTTTGACAACGAG Genotyping 
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Table S1. Continuation… 

Solyc07g0529702 TGGATGTCAATGGTGAACAAG GCCCCACACATGAACAATG Genotyping 
 

Solyc07g054090 TTTGTCAACCTTCATCAGCCTT AGAGAAAAAGCAGGTAAGGAGAG Genotyping Hpy188I 

Solyc07g055020 CCGCCATCTTGACCCATTTATA CTTTCTTCCGCAATCCACTCAT Genotyping HincII 

Solyc07g055400 GCAACCCAAAATCCAAATCAAC ATCTCCCTGTAGACACCATG Genotyping Hpy188I 

Solyc07g056060 GCAAGAAGGCAATCAACTAC CACTTGTAAAGACTTCCTGC Genotyping PsiI 

Solyc07g056580 CCACGACTGTTATGCTTTATG GGGTATCAGTTCACTTTCTTG Genotyping TaqI 

Solyc07g062600 AAGCCATTCACCTTATGTCAG CCACCAGGAGAACTTGATTCA Genotyping EcoRI 

Solyc07g062750 GGGTTTGTTGTGTCCTATGTG TGGGTTGGTGTGATGCTTC Genotyping ApaLI 

Solyc07g062930 CCTTTCTCCTACCTCCCAGAT GAATTGTGGTCCTGAGTGTAGA Genotyping 
MspI and 

HaeIII 

Solyc07g0630102 GTGATGATTTGAAGGAGGATTGA TTATCAGTCACCTCTCTGCCAG Genotyping 
 

Solyc07g063080 GTGTCCAGGGAGAAGGTA GACGTTCTCGACTGTTGA Genotyping RsaI  

Solyc07g063130 GCAGAAAAGACAAGGTCAATCC CAAACTCCCTCAACTCACCCTT Genotyping HpyCH4V 

Solyc07g063300 CCATTGTAGGTGTTACGGTGC CAGAACCAATAGATGCGAGTAGT Genotyping DraI 

Solyc07g063390 GTCTTACTGGCTTAAAACTTGG CTTGGGAACTCGATCTAATGTA Genotyping EcoRV 

Solyc07g063480 GCCTTTATTTCTATCCTCTCC GCTAGACCTTGTTCAGATCTC Genotyping PsiI 

Solyc07g063590 GGTGCTATGAAGGTGAAAGGA GTTGTGAAGAACAGATGGCTC Genotyping HinfI 

Solyc07g064080 TCTAAGTTGAGAGTTATGGATGATGT TGGAACGAATCATGAAGGAA Genotyping EcoRV 

Solyc07g064300 AGCATCTTAATATAGGGGGCTTA CTCTTATTCGGGCAAGCAAG Genotyping DraI 

Solyc07g064550 TCGTCTCCTTGTTGATCCTGT TCCAAACACCATCCAGCATA Genotyping PstI 

Solyc07g064830 AATGGGCTCCAGGTTCAAAT TTGTTGACCACCCATTGAAG Genotyping EcoRV 
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Table S1. Continuation… 

Solyc07g065050 TGTGGGCATTTTGTTGACTG CAATAGCAAAACAAAAGGCATC Genotyping PstI 

Solyc07g065270 GTCGGGTAACAGTTCGTGCT CCCTGAGCAATCTGGAAATC Genotyping MspI 

Solyc07g065440 CTCAGAAGAAGAACGAGCACAG TGGTGCATCCTGTGTAACATC Genotyping HinfI 

Solyc07g066630 TGATAGCTTAAATGTTGTGGGAAG GCAACCAAGCAACTAACCAAA Genotyping HindII 

Solyc11g071940_FW11.3 CAATAGTCTCCATGCTCAACG CTGTCATAGAAACATCTCAAAAGG Genotyping HaeIII + SmlI 

1 Locus according to the Sol Genomics Network database (http://solgenomics.net/).  

2 SCAR (sequence characterized amplified regions) markers. 
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1.3 RESULTS 

1.3.1. Natural allelic variation that reduced leaf area and diameter stem 

Most wild relatives of the tomato have small leaves (Figure 1), so we decided to look for 

the genetic determinants of leaf size in the wild species. S. pennellii was crossed with the tomato 

cv. Micro-Tom (MT). S. pennellii has a fully sequenced genome (Bolger et al., 2014), and a 

collection of introgression lines (ILs) (Eshed and Zamir, 1994; 1995), which can facilitate the 

mapping of possible candidate genes. Upon self-fertilization of the F1 population, we selected 

plants with the size of MT, but with smaller leaves, from which we collected pollen to backcross 

(BC) to MT. After six rounds of backcrosses, self-fertilization (BC6F3), and phenotypic screening, 

we produced an introgression line (IL) with reduced leaf size in the MT background, which we 

named as Tiny organs and reduced yield (Toy) (Figure S1A). Toy plants present a very conspicuous 

phenotype for leaf size (Figure S1B). 

Monogenic segregation of Toy was verified by a crossing between MT and Toy. The F1 

plants presented intermediate phenotype between MT and Toy plants (Figure S2). In an F2 

population, the leaf size of 28 plants was scored as MT, 31 plants were scored as Toy and 73 

plants presented and intermediate phenotype. A χ2 test indicated no significant deviation from a 

1:2:1 segregation ratio (P=0,445; χ2=2.26), suggesting that Toy may behave as a semi-dominant 

gene. 
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Figure 1. Representative leaf of tomato cultivars and its wild relatives. A. Solanum pennelli 
(LA0716). B. S. chilense (LA1969). C. S. peruvianum (LA1537). D. S.neorickii (LA1322). E. S. 
chmieslewskii (LA1028). F. S. habrochaites f. glabratum (PI134417). G. S. habrochaites f. hirsutum 
(LA1777). H.  S. galapagense (LA1401). I. S. pimpinellifolium (CNPH384). J. S. lycopersicum var. 
cerasiforme (LA1320). K. S. lycopersicum cv. M82 (LA3475). L. S. lycopersicum cv. Ailsa Craig 
(LA2838A). M. S. lycopersicum cv. Moneymaker (LA2706). N. S. lycopersicum cv. Santa Clara (local 
variety). Scale bar= 10 cm. 
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Figure S1. Introgression of a natural variation to leaf size from S. pennellii. A. Crossing 
sequence to create an introgression line with small leaf in MT background, here denominated as 
TINY ORGANS AND REDUCED YIELD (Toy). B Homogenous population of MT (left) and 
Toy (right) plants, 25 days after germination (dag).  Note the considerable difference in leaf size of 
MT and Toy plants. 
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Figure S2. F1 population (Toy/+) presents intermediate leaf phenotype. A. Representative 
leaf from MT, Toy/+ and Toy plants. B. Leaf area of representative leaves of the genotypes, 50 
dag. n at the bottom of the graphic represents the leaf number on each evaluation). Statistical 
significance was tested by Student’s t-test (p<0.001). 
 

The difference in leaf size between MT and Toy was consistent across all leaves and 

developmental stages (Figure 2A and 2B). The reduced size of Toy leaves appears to be due to a 

decrease in cell proliferation (Figure 2C and 2D). We verified a significant increase in epidermal 

pavement cell area (Figure 2E) with reduced cell numbers (Figure 2F) in Toy mature leaf 

epidermis compared to MT (Figure 2G). Remarkably, stomatal density (Figure S3A), the number 

of stomata per area of leaf surface, was not altered in Toy. Leaf dry mass also was lower in Toy 

than MT for all leaves (Figure S3B). Toy palisade parenchyma showed bigger cells than MT, both 

in cell height and width, but in a smaller number (Figure 2G to 2L). Greater palisade parenchyma 

cell size promoted an increase in leaf thickness in Toy (Figure 2M). Toy plants also showed a 

reduction in stem diameter compared to MT (Figure S3C). On the other hand, no evidence 

difference was observed in Toy internode length (Figure S3D), root system (Figure S4A), and root 

dry mass (Figure S4B) compared to MT. 
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Figure 2. A tomato introgression line (IL) from S. pennellii with reduced leaf size.  A. Side 
and top view of MT (top) and Toy (bottom) plants, as well as the heteroblastic leaf series of both 
genotypes from cotyledons (C1) to fifth leaf (L5). Scale bars=5 cm. B. Leaf area of heteroblastic 
leaf series of MT (gray bar) and Toy (white bar) genotypes, 40 dag. Data are presented as 
mean±s.e.m. (n=14 leaves). C and D. Representative imprints of adaxial side from MT (C) and 
Toy (D) leaves. Note the difference in cell size. Scale bar=100µm. E. Cell area in adaxial side of 
MT and Toy leaves (n=320 cells). F. Number of pavement cells per mm2 in adaxial side of MT 
and Toy leaves (n=14 sections). G and H.  Representative cross-sections of MT (G) and Toy (H) 
leaves. Scale bar=100µm. I-L. Characterization of palisade tissue. Palisade cell area (I), height (J), 
width (K) and number (M) from MT and Toy leaves (n=5 cross-sections). M.  Leaf thickness 
(n=5 cross-sections). Data are mean±s.e.m. Statistical significance was tested by Student’s t-test 
(*p<0.05, **p<0.01, ***p<0.001). 
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Figure S3. Toy characterization. A. Stomatal density per mm2 in adaxial side of MT and Toy 
leaves. B. Leaf dry mass of heteroblastic leaf series of MT (gray bar) and Toy (white bar) leaves. C 
and D. Internode diameter (C) and length (D) of the MT and Toy plants, 40 dag. Data are 
mean±s.e.m. (n=14). Statistical significance was tested by Wilcoxon rank sum test, being the 
significance levels indicated by asterisks (**p<0.01, ***p<0.001).  
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Figure S4. Root size is not affected in Toy. A. MT (left) and Toy (right) genotypes showed no 
evident differences in the root system, 20 dag. Scale bar = 5 cm. B. Root dry mass of MT and Toy 
seedlings. Data are mean±s.e.m. Statistical significance was tested by Student’s t-test.  

 

1.3.2. Toy affects all flower whorls 

 Toy plants also show alterations in reproductive organ size (Figure 3A). We verified a 

significant decrease in the size of all whorls, namely, petal length, corolla area and sepal length in 

Toy flowers compared to MT (Figure 3B-3D). Toy also showed smaller anther cones and pistils 

than MT (Figure S5). The reduction in the anteridial cone length appears to be more severe, 

which explains the high incidence of exserted styles in the Toy flowers. Toy also showed smaller 

fresh weight, length, and diameter of ovaries (Figure 3E-3H). Therefore, Toy promotes a 

reduction in all flower whorls, which may strong consequence on the plant yield, since its impact 

in the ovary size. 
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Figure 3. Toy reduces organ size in all whorls. A. Representative MT (left) and Toy (right) 
flower at anthesis. Scale bar=0.5 cm. B-D. Petal length (B). C. Corolla area. D. Sepal length of 
MT and Toy flowers. n=45 flowers. E. Representative MT (left) and Toy (right) ovary at anthesis. 
Scale bar=1 mm. F. Fresh weight of 10 ovaries at anthesis (n= 13 repetitions). G and H.  Ovary 
height (G) and diameter (H), at anthesis (n= 25 flowers). Data are mean±s.e.m. *** indicate 
significant differences by Wilcoxon rank sum test (p<0.001). 
 

 

Figure S5. Toy flowers display reduction in anther cone and pistil length. A. Anther cone 
length. B. Pistil length. Data are mean±s.e.m. (n=45 flowers). *** indicate significant differences 
by Wilcoxon rank sum test (p<0.001). 
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1.3.3. Ovary reduction results in reduced fruit size in Toy 

Ovary size is strongly related to final fruit size (Nesbitt and Tanksley, 2001; Hamada et al., 

2008; Rosati et al., 2009). Thus, we analyzed whether the Toy ovary reduction could have an 

impact on fruit weight and, potentially, in yield of plants. As fruit set is reduced in heterostylic Toy 

flowers, we hand-pollinated Toy with MT pollen. Several ovaries per plant were pollinated, but 

after fruit set confirmation (five days after pollination), we performed selective fruit removal to 

allow only five fruits to set on each plant. The results confirmed that the ovary size has a 

substantial impact on the final fruit size (Figure 4A). When we compare Toy and MT fruits, the 

difference in fruit weight between them is 43% (Figure 4B), which promotes a drastic 

consequences on total fruit weight per plant (Figure 4C). Although MT presents large fruits, they 

show a decrease in soluble solids (°Brix) compared to Toy, which is 21% higher (Figure 4D). 

Another interesting feature we observed, in Toy plants, was a reduction in fruit locule size, which 

was accompanied by a reduction in seed number (Figure 4A). Toy plants presented a greater 

frequency of fruits with two locules (Figure 4E), and a reduction in seed production and size 

compared to MT fruits (Figure 4F and 4G). 

We next investigated whether reduced seed set in Toy was due to gametophytic 

incompatibility with MT. We hand-pollinated MT and Toy plants with Toy pollen. Toy plants also 

produced fewer seeds per fruit than MT (Figure S6), indicating that Toy plants do no show 

incompatibility with MT pollen. 
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Figure 4. Fruit traits are altered in Toy. A. Representative MT (left) and Toy (right) ripe fruits. 
Scale bar=1 cm. B. Average values of fruit weight in ripe fruit.  C. Average fruit yield per plant of 
each genotype. D. The average total soluble solids content in ripe fruits (Brix) (n = 10 plants with 
5 fruits on each). E. Frequency of locule number per fruit in MT and Toy fruits (n=125 fruits). F 
and G. Average seeds number (F) and weight of 10 seeds (G) from MT and Toy fruits (n=11 
plants, here we weigh all seeds of the 5 fruits on each plant and divide by the total seeds number). 
Data are mean±s.e.m. Statistical significance was tested by Student's t test, being the significance 
levels indicated by asterisks (*p<0.05, ***p<0.001). 
 



31 

 
 
 

 

Figure S6. MT and Toy fruits pollinated with Toy pollen. A. Representative MT (left) and 

Toy (right) ripe fruits. Scale bar=1 cm. B. Average seeds number per fruit (n=15 fruits). Data are 

mean±s.e.m. ** indicate significant differences by Wilcoxon rank sum test (p<0.01). 

 

We next addressed the possibility that reduced fruit size could be the consequence of 

altered photosynthetic source-sink relationships due to reduced leaf area. We thus manipulated 

the plants to maintain source strength constant and altered the source:sink ratio by changing the 

sinks as follows: 1) Plants with three fruits (high source:sink ratio); 2) Plants with six fruits 

(medium source:sink ratio); and 3) Plants with nine fruits (low source:sink ratio). To ensure that 

side branching did not interfere in the results, we pruned all the plants in the three treatments. 

Toy plants produced smaller fruits than MT in all treatments (Figure 5A). The increase in 

fruit number, from three to six, promoted a significant reduction in fruit weight only in MT 

plants, suggesting that the leaf area and ovary size were limiting factors to the final fruit weight in 

MT and Toy genotypes, respectively, since the leaf area was similar in both experimental 

conditions (Figure 5B). On the other hand, when we increased the number of fruits, from six to 
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nine, there was a significant reduction in the final fruit weight for both genotypes, probably by 

the source limitation. This reduction was more pronounced in Toy plants, since MT genotype 

showed an increase in yield (approximately 10%), which was not observed for Toy plants (Figure 

5C). 

 

 

Figure 5. Fruit weight differences as a result of the source-sink relationship. A. Average 
values of fruits weight; B. Leaf area and C. Yield from MT (dark square) and Toy (white circle) 
plants with three, six and nine fruits. Data are mean±s.e.m.. n at the bottom of the figure 
represents the plant number on each evaluation. Statistical significance was tested by Student’s t-
test (p<0.001). Different capital and lowercase letters on the symbols indicate significant 
difference between the treatments in MT and Toy genotypes, respectively. 
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1.3.4. Toy affects cell number and size during fruit development 

 Toy presented alterations in ovary/fruit size before and after anthesis. A time-course 

comparison of ovary/fruit development from -8 DPA to 16 DPA (Figure 7A) exposed the 

differences in the Toy ovary/fruit growth. This difference is explained, at least in part, by pericarp 

development. Toy plants always presented an ovary/fruit pericarp thinner that MT throughout 

the evaluation period (Figure 7B). 

Increase in organ size is due to either increased cell proliferation or expansion, or a 

combination of both (Krizek, 2009). Thus, we measured the number of cell layers and the cell 

area of MT and Toy ovary/fruit pericarps. The measurements revealed that the reduction in the 

Toy pericarp may be due to a combined decrease in the cell number and size during fruit 

development (Figure 7C and 7D). The number of cell layers was lower in Toy than MT pericarps 

from -8 DPA to 16 DPA. Cell size was also reduced in Toy fruit pericarps compared to MT from 

the flower anthesis (0 DPA). Noteworthy, both genotypes followed the same pattern of division 

and expansion, i.e., a drastic increase in cell division from anthesis to 8 DPA (Figure 7C) and a 

quick expansion after 8 DPA (Figure 7D), which is the norm in tomato fruit development 

(Gillaspy et al., 1993). 
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Figure 7. Histological analysis of pericarp development of MT and Toy fruits. A. 

Developing ovary/fruit at -12, -8, -4, 0, 4, 8, 12 and 16 days post-anthesis (DPA). MT (top) and 

Toy (botton). Scale bar=5mm. B. Longitudinal sections of MT (top) and Toy (botton) pericarp at -

12, -8, -4, 0, 4, 8, 12 and 16 days post-anthesis. Scale bar = 150µm. C. Time course of cell 

number per line in the longitudinal sections of MT (dark bar) and Toy (white bar) fruit pericarp. 

Insert in top of this figure represents how the counting of the cells was performed and red lines 

delimited cell perimeter (n=30). D. Time course of average cell area in the line of the MT (dark 

bar) and Toy (white bra) genotypes (n=30). Data are mean±s.e.m. Statistical significance was 

tested by Student’s t-test (*p<0.05, **p<0.001, ***p<0.001, ns indicate similar means). 
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1.3.5. The Toy locus is located on chromosome 7 

 Given that Toy is an IL from S. pennellii, we took advantage of the existing collection of 

introgression lines (ILs) from S. pennellii in tomato cv. M82 as a tool to identify its chromosomal 

position (Zamir and Eshed, 1994; 1995). We performed a survey of the existing literature and 

found that six QTLs responsible for fruit reduction were found in chromosomes 2, 3, 5, 7 and 10 

(Causse et al 2004). Interestingly, an independent study showed decreased leaflet size in ILs 2-6, 

7-2 and 7-3 (Chitwood et al 2013). These results restricted our search in two region of 

chromosomes 2 and 7, so we next conducted an in silico analysis of these chromosomes to 

identify candidate genes for Toy (Tomato Genome Consortium, 2012). 

Chromosome 2 harbors the FW2.2 gene (Solyc02g090730), which is responsible for 

approximately 30% of the increase on tomato fruit size between the wild relative S. pimpinellifolium 

and cultivated tomato, and is present in the IL2-5/2-6 (Frary et al., 2000). Furthermore, the 

S.pennellii allele of this gene (Spfw2.2) promotes reduction in ovary size when introgressed in the 

cultivated tomato (Nesbitt and Tanksley, 2001). Thus, we designed molecular markers to 

investigate whether the FW2.2 allele from S. pennellii underlies the Toy phenotype. Our results 

showed that Toy harbors the cultivated tomato allele of FW2.2. Concomitantly, we verified that 

Toy genotype also presents all MT alleles for other known genes for fruit size, such as FW3.2, 

FW11.3 and LC (Figure S7). Thus, we focused our subsequent analyses on chromosome 7. 

We cultivated all ILs harboring S. pennellii genomic segments on chromosome 7 (IL7-1; 

IL7-2, IL7-3; IL7-4 and IL7-5) and determined their leaf area.  IL7-2 showed a consistently lower 

leaf area than the parental line M82 (Figure 6 and S8A). We next analyzed ovary size, another Toy 

phenotype, and found a reduction in the ovaries of both IL7-2 and IL7-3 compared to M82 

(Figure S8B and S8C), suggesting a common genetic basis for the phenotype of these ILs and 

Toy. These data corroborate our literature survey describe above. 
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Figure S7. Toy plants harboring alleles of known genes for fruit size from MT. PCR 

genotyping for the FW2.2 (top, right), FW3.2 (top, left), FW11.3 (bottom, right) and LC (bottom, 

left) alleles. Micro-Tom (MT) and S. pennellii (S.pen) were used as control. 

 

 

Figure S8. Characterization of introgression lines from chromosome 7. A. Representative 

leaf. Scale bar=10 cm. B. Representative ovary at anthesis. Scale bar=2 mm. C. Weight of 10 

ovaries of M82 and introgression lines from chromosome 7 (n=10 repetitions). Statistical 

significance was tested by Wilcoxon rank sum test. Colors indicate the significance level in 

comparisons of each IL with M82. 
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We next used a set of genetic markers to analyze chromosome 7 of Toy. Thus, we found 

an introgression from S. pennellii encompassing approximately 11 Mbp on the long arm of 

chromossome 7. This region encompasses 1169 genes between the Solyc07g042560 and 

Solyc07g065440 markers. To refine the mapping results, we made use of two other ILs of S. 

pennellii in the MT background previously generated in our laboratory: Brilliant corolla (Bco) and 

Regeneration 7H (Rg7H), neither of which shows the reduced organ phenotype of Toy (Figure 6 

and S9). Our mapping and comparison helped us reduce the genomic region responsible for the 

Toy phenotype to a region harboring 250 genes, which located between the Solyc07g042560 and 

Solyc07g065440 markers (Figure 6). 
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Figure 6. Mapping of Toy allelic natural variation. Toy plants harboring a genome segment from 
S. pennellii that presents in the IL 7-1, 7-2, 7-3 and 7-4 (top). This segment was mapped between 
the Solyc07g042560 and Solyc07g065440 markers. IL7-2 showed a consistently reduction in leaf 
area compared to parental line, M82 (graphic in top, statistical significance was tested by 
Wilcoxon rank sum test and colors indicate the significance in comparisons of each IL with M82, 
n=14 leaves). Two ILs in the MT background that lodge a segment from S. pennellii on the 
chromosome 7 (Bco and Rg7H) were also mapped. Toy presented a drastic reduction in leaf area 
compared to MT, Rg7H and Bco genotypes (graphic in bottom, Statistical significance was tested 
by Student t test and colors indicate the significance level between genotypes, n=10 leaves). The 
data and the overlapping of the Bco, Rg7H and Toy genotype mapping indicate that the Toy gene 
might be in one region with 250 genes localized in the bins d-7F and d-7G. In the construction 
of this figure, we searched data from The Tomato Genome Consortium (2012) and Chitwood et 
al. (2013). 
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Figure S9. Toy plants present reduced leaves and ovaries. A. Representative leaf of MT, Toy, 
Rg7H and Bco genotypes. Scale bar=5 cm B. Terminal leaflet area (n=10 leaflet). C. Ovary weight 
(n=8 repetitions with 10 ovaries on each). Statistical significance was tested by Student’s t-test. 
Colors indicate the significance level between genotypes. 
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1.3.6. Toy affects genes related to cell division and expansion 

The results presented so far suggest that the transcriptional activity of genes related to cell 

division and expansion could be altered in Toy. To assess this, we extracted mRNA from 

ovaries/fruits (at -8, -4, 0, 4 and 8 DPA), fruit pericarps (12 and 16 DPA) and young leaves to 

analyze the transcriptional profile of a set of genes. Genes analyzed were CYCB2;1 

(Solyc02g082820), FW2.2 (Solyc02g090730), and EXP5 (Solyc02g088100). The results are shown 

in Figure 8. 

In ovary/fruit tissues, we verified that the mRNA levels of the cell-cycle gene CYCB2;1 

presented greatest expression peak in both genotypes at 4 DPA (Figure 8A). CYCB2;1 was higher 

in MT than Toy at anthesis (0 DAP) and at 16 DPA. On the other hand, FW2.2, another cell-

cycle gene, was highly expressed at 4 DPA and 8 DPA in both genotypes. No quantitative 

variation in FW2.2 expression was observed between genotypes during fruit devolvement, except 

at 8 DPA, where Toy ovaries presented increased levels of this transcript compared than MT 

(Figure 8B). After 4 DPA, the expression of cell-expansion gene EXPA5, a member of the α-

expansin gene family, increased in in both genotypes (Figure 8C). However, ovaries of Toy plants 

presented a significant decrease in the expression of this gene at anthesis. Similar behavior was 

observed at 16 DPA. In contrast, we observed similar expression of CYCB2;1 and EXP5 genes 

in MT and Toy young leaves (Figure 8D). 
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Figure 8. Time course of transcript levels of cell division- and expansion-related genes in 
ovaries/fruits and young leaves of MT (gray bar) and Toy (white bar). A-C. Relative transcript 
levels of CYCB2;1 (A), FW2.2 (B) and EXP5 (C) in ovaries/fruit at -8, -4, 0, 4, 8 DPA and fruit 
pericarp at 12 and 16 DPA. D. Relative expression of CYC2;1 and EXPA5 genes in young 
leaves. Data are mean±s.e.m (n= 3 biological replicates). Statistical significance was tested by 
Student’s t-test (*p<0.05, **p<0.01). 
 

1.3.7. Toy plants present early flowering 

 Toy genotype exhibited a consistent early flowering compared to MT confirmed by 

distinct experiments. The analysis of the rate of shoot apical meristem maturation showed that 

Toy seedling present transition of all vegetative meristem at six days after emergence of same 

from soil (DAE), whilst MT present vegetative meristem same after 10 DAE (Figure 9A). This 

precocious transition affects the flowering time and the number of leaves in the primary shoot of 

Toy plants, which bloomed earlier and produce less leaves to the first inflorescence than MT 

genotype (Figure 9B and 9C). 

Interestingly, although the Toy genotype exhibits a reduction in vegetative and 

reproductive organs it shows an initial growth more pronounced than MT, which corroborates 
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with precocious flowering. This differentiated growth was observed when we evaluated the shoot 

tip length of MT and Toy seedlings from emergence to 4 DAE (Figure 9D). Thus, we next 

collected apices from seedlings at 2DAE, where all meristems are vegetative in MT and Toy 

genotypes (Figure 9A), to evaluate the expression levels of cell division and expansion genes. 

However, we found no significate difference in the expression of CYCB2;1 and EXP5 genes 

between genotypes (Figure 9E). Together, these results suggest that the Toy genotype may 

exhibits a heterochronic behavior. 
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Figure 9. Flowering partner of MT and Toy plants. A. Rate of shoot apical meristem 
maturation. Percentage of MT (top panel) and Toy (bottom panel) seedlings (n=21), whose 
meristems were visually recognized as: vegetative meristem (vegetative; green bars); transition 
meristem (transition; yellow bars) or inflorescence/floral meristem (reproductive; pink bars). 
Representative images of meristem types are shown to the right of the figure. Seedlings were 
assessed two, four, six, eight and ten days after emergence from soil of seedling. B. Chronological 
time to flowering of the MT and Toy genotypes, in days. Percentage of plants with at least one 
open flower (n= 16). C. Development time to flowering (days) of the MT and Toy genotypes. 
Number of leaves formed before the vegetative meristem transition. Data are mean±s.e.m (n= 
16). D. Time course of MT (gray bars) and Toy (white bars) shoot tip development in the first 
days after seedling emergence. Insert in top of this figure represents how measure was 
performed. E. Relative expression of CYC2;1 and EXPA5 genes in shoot apices at 2 DAE. Data 
are mean±s.e.m (n= 3 biological replicates). Statistical significance was tested by Student's t test, 
being the significance levels indicated by asterisks (**p<0.01, ***p<0.001).  
 
1.4. DISCUSSION 

Increased organ size, or gigantism, is a recurrent domestication trait observed in many 

crops (Evans, 1993; Frary and Doganlar, 2003). In this study, we set out to discover genetic 

determinants for gigantism of vegetative organs in the tomato. We characterized TINY 

ORGANS AND REDUCED YIELD (Toy), a novel introgression line from S. pennellii in the 

tomato cv. Micro-Tom background. Besides reduced leaves, Toy also showed reduction in the 

stem diameter, flower whorls, fruit weight, seed number per fruit, and seed weight. These 

differences in plant structure indicate that either one gene, or multiple closely linked genes, are 

potentially responsible for a key domestication trait in tomato, namely, increased plant size and 

vigor. Possibly, Toy may harbor gene with pleiotropic effects that contribute to domestication-

related characteristics. 

Among the many genes influencing fruit size, tomato domestication was marked by a 

change in the expression pattern of the FW2.2 gene.  When present in cultivated tomato, the 

FW2.2 allele from S. pennellii promotes reduction not only in fruit weight but also in ovary size 

(Nesbitt and Tanksley, 2001). Toy plants also showed reduction in fruit and ovary size, however, 

this IL harbors the cultivated tomato allele (Figure S7). This suggests that the increase in the 

expression of FW2.2 gene, at 8 DPA (Figure 8B), is a consequence of the change in the temporal 

expression of division-related genes during Toy fruit cell division phase. 

Changes in temporal expression patterns during plant ontogeny promoting heterochronic 

alterations may entail several consequences in the final organ (Cong et al. 2002; Chuck et al., 

2007; Eloy et al., 2011; Jiang et al., 2015; Vendemiatti et al., 2017). In Arabidopsis, the increase in 

leaf size of the apc10 mutant was ascribed to enhanced cell proliferation during the early stages of 

leaf development, due to changes in expression timing of these genes (Eloy et al., 2011). In 

tomato, the temporal variation in expression of FW2.2 gene was suggested as the responsible for 
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the fruit gigantism associated with the wild and domesticated alleles of this gene (heterochronic 

allelic variation) (Cong et al., 2002). Domestication of several crops entailed different 

heterochronic alterations (Takhtajan, 1991) and some may be linked with gigantism phenotypes. 

Thus, changes in the transcript levels of cell division- and expansion-related genes in particular 

moments of Toy fruit development shown here (Figure 8), suggest that Toy could be an allelic 

variation, which results in a decrease of organ size through heterochronic alterations in plant 

development. In addition, it is widely known that changes in flowering time and development 

rate may be interpreted as heterochrony (Geuten and Coenen, 2013), such as occurs in Toy plants 

(Figure 9). 

Increased organ size, or gigantism, is a recurrent characteristic of the domestication 

process and promotes several phenotypic differences between cultivated and wild ancestor 

species (Darwin, 1868; Evans, 1993). Most tomato cultivars have bigger leaves than their wild 

relatives (Figure 1), suggesting that plants with greater leaves were selected during domestication. 

It is probably that this selection was unconscious, since human interest was mostly focused on 

the fruit. However, the successful production of larger fruits may necessitate proportionally 

increased vegetative organs to supply sufficient photosynthates. 

Several studies highlight the importance of leaf size for growth and productivity of plants 

(Gifford et al., 1984; Li et al., 1998; Vos et al., 2005; Koester et al., 2014), since the leaves are the 

major organ for carbon fixation. Toy plants exhibit a drastic reduction in photosynthetic sources. 

When we evaluated the impact of this leaf area reduction on fruit size (sink), we found that under 

high and medium source-to-sink ratio, the leaf area was not a limiting factor for fruit size in Toy 

plants, but rather the ovary size, which was found to be smaller than MT (Figure 3). On the other 

hand, when we decreased the source-to-sink ratio, increasing the fruit number per plant, it was 

evident that the reduced leaf area of Toy became a major limiting to factor for fruit size and yield 

(Figure 5). Previous works demonstrated an increase in fruit size when the inflorescence number 

per plant and/or the fruit load per inflorescence are reduced, which probably occurs by 

increasing the source-to-sink ratio (Veliath and Ferguson, 1972; Fisher, 1977; Nesbitt and 

Tanskely, 2001; Baldet et al., 2006).  

Although the segregation data indicate that Toy behaves as a Mendelian, semi-dominant 

gene, we cannot exclude the possibility that the IL harbors two or more genes controlling similar 

traits (i.e., organ size) on chromosome 7. Several studies indicate that may exist of two QTLs for 

fruit weight in the region corresponding to the introgression of the S. pennellii segment in the Toy 

plants (Grandillo et al., 1999; Van der Knaap and Tanksley, 2003; Causse et al., 2004; Barrantes et 

al. 2016). Moreover, it has been demonstrated that different elements of the domestication 
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syndrome may be regulated by the same genomic regions, indicating pleiotropy or linkage among 

several loci (Koinange et al., 1996; Cai and Morishima, 2002; Poncet et al., 2002; Bomblies and 

Doebley, 2006; Weeden, 2007). 

The probable ancestor of cultivated tomato is the cherry tomato (S. lycopersicum var. 

cerasiforme). This tomato was structured into two groups and one of them is resulting from the 

admixture of the S. lycopersicum and S. pimpinellifolium genomes (Ranc et al., 2008). Several 

accessions of S. pimpinellifolium, S. lycopersicum var. cerasiforme and cultivated tomatoes were 

sequenced by Lin et al. (2014). Based on the single nucleotide polymorphism (SNP) occurrence 

between these genotypes, the authors classified the putative genes in domestication or 

improvement genes. Interestingly, the region that Toy was mapped to contains both putative 

domestication and improvement genes (Figure 10). Thus, our results would not be invalidated by 

the existence of more than one genetic determinant behind the Toy phenotype, as co-selection 

could have occurred through linkage drag over the course of domestication. 
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Figure 10. QTLs (Quantitative Trait Loci) affecting fruit weight on chromosome 7. The 

interval of putative domestication and improvement genes identified by Lin et al. (2014) occur at 

least in same region where Toy was mapped. Some QTL mapping works for fruit weight on the 

chromosome 7, more specifically in the Toy location region, are also shown, as well as the 

possible region may harboring Toy locus. Bars indicate approximately QTL intervals.   

 

1.5. CONCLUSION 

Based on the analysis of natural genetic variation, we presented a potential genetic 

determinant for increased leaf size in cultivated tomato. Furthermore, our results could unveil a 

novel link in the genetic basis of fruit and leaf size in tomato. Fruit gigantism in tomato is a 

hallmark domestication trait, however, less attention has been paid to the increase in vegetative 

organ size, which represents a necessary source of photosynthates to supply larger fruits.  

Further research should determinate the molecular identity of the gene(s) underlying the 

Toy phenotype. This would place one more piece in the tomato domestication puzzle and provide 

new information that could be harnessed to improve both tomatoes as well as other species, as 

gigantism is recurring theme in most extant crops. In addition, the pleiotropic effect presented by 
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Toy plants, credits this locus as a good candidate for the implementation of the de novo 

domestication (Zsogon et al. 2017; 2018) in several species.  
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2. THE WATER ECONOMY LOCUS IN LYCOPERSICON (WELL) HAS A LOWER 

HYDRAULIC CONDUCTANCE, WHICH IS LINKED TO ITS DELAYED WILTING AND 

FAST RECOVERY FROM DROUGHT 

Abstract 

The search for drought-resistant plants is becoming increasingly relevant, especially in 
light of future predictions of climate change. Tomato (Solanum lycopersicum) is an important crop 
that presents a great source of drought resistance in its wild relatives, such as S. pennellii. 
However, studies exploring the genetic components and physiological mechanisms involved in 
this resistance are still incipient. In the present work the physiological mechanisms responsible 
for the drought resistance of an introgression line (IL) named Water Economy Locus in Lycopersicon 
(Well) were studied. Well was obtained by crossing S. pennellii and the miniature tomato cultivar 
Micro-Tom (MT), and further mapped on chromosome 1. This IL presents a noteworthy delay in 
wilting upon water withdrawal and a great control of water loss compared to MT. Measurements 
of stomatal conductance (gs) showed no significant difference between MT and Well plants under 
well-hydrated and moderate stress conditions, but a significant gs reduction in Well plants was 
verified after the resuming of irrigation. Well plants also presented midday depressions in leaf 
patch pressure (Pp) curve, which is inversely proportional to the leaf turgor pressure, as well as a 
smaller “wrong-way responses” (WWR) duration compared to MT. These results suggest that 
Well plants exhibit a differential stomatal behavior. Well stomatal behavior was associated with a 
lower hydraulic conductance (K), which is probably ascribed to a decreased xylem vessel size 
observed in its stem. The further molecular identification of the Well gene will provide for our 
understanding of drought-resistance mechanisms and allows its faster use in breeding programs. 

 
Keywords: Tomato; Introgression line; Drought resistance; Hydraulic conductance; Xylem vessel 

 

2.1. INTRODUCTION  

Water has a fundamental role in biomass accumulation in plants, namely photosynthesis, 

and its lack may beget irreparable losses in crop production (Boyer, 1982; Mueller et al., 2012; van 

Ittersum et al., 2013). The importance of water is undeniable for current agriculture. Hence, 

climate change has caused significant impacts on the global water cycle, leading to concerning 

prospects for food security, mostly due to changes in crop yield (Kang et al., 2009; Sun et al., 

2012; Najafi et al. 2018). In this context, the investigation of the genetic basis and the 

physiological mechanisms that improve drought resistance or water-use efficiency (WUE, 

amount of carbon fixed per unit water transpired) in plants is required. In addition, the 

manipulation of such parameters might be essential for modern agriculture, which requires more 

sustainable crop production. 

Noteworthy, the process of crop domestication has generated a bottleneck in genetic 

diversity (Doebley et al., 2006), which has made it difficult to search for putative genes and 

mechanisms involved in biotic and abiotic stress tolerance. However, wild progenitors and/or 
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related species of crops represent an excellent alternative for breeding, as they are a rich reservoir 

of natural genetic variation (Rick, 1973; Zamir, 2001; Koornneef et al., 2004; Juenger, 2013). Such 

genetic variation can directly contribute to improve crop performance under resource-limited 

conditions (e.g. low water availability). Among domesticated crops, the tomato (Solanum 

lycopersicum L.) stands out as a useful model for natural genetic variation studies (Rick, 1973; 

Zsögön et al., 2017). Tomato has a fully sequenced genome and a broad repository of natural 

genetic variation in the form of 12 closely related wild species (Rick, 1976, 1983; The Tomato 

Genome Consortium, 2012; Bolger et al, 2014). Each of these relatives presents peculiarities 

according to the conditions that they experience in their natural habitat, including water 

availability. The major genetic sources for drought resistance in tomato are S. chilense and S. 

pennellii (Rick, 1973). Although some features of S. chilense preclude its use in genetic and 

physiological studies (e.g. fertility barriers with cultivated tomato) (Zsögön et al, 2017), S. pennellii 

has attracted the interest of plant biologists around the world (Bolger et al, 2014). 

S. pennellii exhibits a remarkable capacity of surviving, maintaining water status and 

growth in environments with low water availability (Yu, 1972; Rick, 1973; Martin and 

Thorstenson, 1988). Besides, a high-quality, fully annotated genome sequence of S. pennellii is 

already publicly available (Bolger et al., 2014). Thus, determination of the genetic basis of its 

drought resistance is highly desirable, and some progress has been made by identification and 

characterization of S. pennellii´s individual genes (Wei and O’Connell, 1996; Treviño and 

O’Connell, 1998; Ziaf et al., 2011; Loukehaich et al., 2012; Li et al., 2015; Li et al., 2018). 

Furthermore, S. pennellii has a higher WUE than cultivated tomatoes (Kebede et al., 1994; Martin 

et al., 1999; Xu et al., 2008).  

Drought resistance is sometimes treated as synonymous with high WUE, and although 

drought can increase WUE (Franks et al 2015), they are not physiologically equivalent (Blum 

2005; 2009). Different from WUE, drought resistance is more complex than the relationship 

between two physiological variables, transpiration and photosynthesis (Blum, 2005). Instead, it is 

a trait strongly linked to all aspects of plant development, including phenology and morphology. 

In line with this, Levitt (1972) pointed out that the mechanisms of drought resistance can be 

drought escape, dehydration avoidance and dehydration tolerance. Drought escape consists of 

phenological modifications that make plants capable of completing their life cycle before the 

onset of severe water stress, such as earlier flowering (Kooyers, 2015). Drought avoidance 

involves morphological adaptations such as deep root systems or stomatal modifications 

(Pinheiro et al. 2005; Basu et al. 2016).  Both drought scape and avoidance comprise mechanisms 

that maintain plant tissues with high water potentials in dry environments (Levitt, 1972). In 
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dehydration tolerance, biochemical mechanism allows plants to withstand severe water scarcity 

through the protection of membranes and other cellular components (Serraj and Sinclair, 2002; 

Basu et al. 2016). Drought tolerance can lead to a growth reduction and thus lower yields. 

Therefore, despite the fact that drought resistance is a trait long sought by breeders, it is 

important to determine the kind of mechanism involved and its impact on productivity. 

Herein, we use an introgression line (IL) produced by successive backcross between S. 

pennellii and the tomato model system Micro-Tom (MT), which was denominated as Water 

Economy Locus in Lycopersicon (WELL) (Zsögön, 2011). WELL was mapped on chromosome 1 

and characterized as both drought resistant (Zsögön, 2011) and more effective in water use 

(Vicente et al., 2015). Probably, Well plants harbor one of the genetic components of S. pennellii´s 

drought resistance, whose physiological mechanism has not yet been explored. The aim of this 

work was to investigate the physiological mechanisms involved in the drought-resistance 

presented by the Well genotype. The data presented here indicate a putative mechanism of 

drought resistance in the Well plants involving decreased xylem conductance, which promotes 

changes in the stomatal behavior and dehydration avoidance.  

 

2.2. MATERIALS AND METHODS 

2.2.1 Plant material and growth conditions 

The tomato model system Micro-Tom (MT) cultivar (Meissner et al., 1997) and the Water 

Economy Locus in Lycopersicon (Well) genotype, an introgression line into MT from Solanum pennellii 

(LA716) were used for this study. The introgression and initial characterization of Well genotype 

was described in Zsögön (2011) and Vicente et al. (2015). 

Plants were grown in a greenhouse at the Laboratory of Hormonal Control of Plant 

Development, ESALQ-USP, (543 m a.s.l., 22º 42’ 36” S; 47º 37’ 50” W), Piracicaba, SP, Brazil. 

Growth condition were mean temperature of 28°C, 11.5 h/13 h (winter/summer) photoperiod, 

250–350 µmol photons m−2 s−1 PAR irradiance, attained by a reflecting mesh (Aluminet, Polysack 

Indústrias Ltda, Leme, Brazil). Seeds were sown in trays containing a 1:1 mixture of commercial 

substrate (Basaplant®, Base Agro, Artur Nogueira, SP, Brazil) and expanded vermiculite, 

supplemented with 1 g L−1 10:10:10 NPK and 4 g L−1 dolomite limestone (MgCO3 + CaCO3). 

Ten days after germination, seedlings were transplanted to pots containing the soil mix described 

above but supplemented with 8 g L−1 10:10:10 NPK. However, the pots capacity varied 

according to the experiments, as described below. 
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Experiments conducted to measure the time course of plant growth, water loss, leaf 

transpiration, transient wrong way response (WWR) of stomata, anatomical analyses, stem and 

leaf hydraulic conductance were performed with plants grown individually in 250 mL pots. To 

determine the degree of leaf rolling, gas exchange and water potential under three condition 

(watering, drought and rewatering), and turgor pressure by the LPCP (leaf patch clamp pressure) 

probes were conducted in 350 mL pots with two plants per pot, one of each genotype (MT and 

Well). Lastly, experiments of wilting and stem and leaf relative water content in seedling were 

conducted in 6 L pots containing 60 seedlings, 30 of each genotype (MT and Well). 

 

2.2.2. Leaf rolling and time course of plant growth 

The leaf rolling degree (LRD) of MT and Well plants was calculated according to 

Premachandra et al. (1993). The blade width was measured daily in a terminal leaflet of a fully 

expanded leaf from watering interruption to rewatering of plants. Measurements were taken in 

the leaflet median region of plants initially 45 days old. LRD was determined as the percentage 

reduction of leaf width by rolling. 

In a separate experiment, plant growth was determined by the weekly measurement of 

MT and Well plant height. The measurements were taken from the tenth day after germination 

and the height was considered as distance between of the cotyledon insertion and apex of plants. 

 

2.2.3. Gas exchange and leaf water potential determinations 

Gas-exchange measurements were performed with a portable photosynthesis system (LI-

6400XT, LI-COR, Lincon, USA) to obtain the net CO2 assimilation rate (A), stomatal 

conductance (gs), transpiration rate (E), and transpiration efficiency (A/E). The analyses were 

performed in three different conditions of water supply: before water interruption, moderate 

visual wilting and one week after rehydration of plants. All gas exchange measurements were 

performed on a same fully expanded terminal leaflet. The measurements before water 

interruption were performed in plants with 45 days after germination (DAG). Leaf temperature 

(27 ± 0.5°C), photosynthetic photon flux density (1000 μmol m-2 s-1), flow rate (350 μmol s-1), 

CO2 concentration (400 ppm) into the leaf chamber were held constant. Evaluations were taken 

after ~20 minutes equilibration to measure steady-state gas exchanges. 

At the end of the gas exchange evaluation of each plant, the water potential was 

determined. A small leaf disc (~6 mm diameter) was collected and quickly taken to a 
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thermocouple psychrometer (PSYPRO, WESCOR, Logan, USA) coupled to C-52 sample 

chambers. All measurements were performed on the lateral leaflet of the leaf used to obtain the 

gas exchange. 

 

2.2.4. Leaf water loss and transpiration in detached leaves 

Leaf water loss and transpiration were determined using fully expanded leaves from five 

plants per genotypes at 40 DAG. Detached leaves were photographed for area determination 

using ImageJ software (http://rsbweb.nih.gov/ij/).  Leaf petioles were excised, then re-cut under 

water (to prevent embolism) and placed in a solution of “artificial xylem sap” (AX) in 10mL 

scintillation vials. The vials were sealed with plastic film, in which was made a small hole to 

introduce the petioles. The AX solution contained 3 mM KNO3, 1 mM CaCl2, 1 mM KH2PO4, 1 

mM K2HPO4, 0.1 mM MnSO4 and 0.1 mM MgSO4 as described by Carvalho et al. (2011). 

Samples were maintained in this solution over-night at room temperature for maximum 

hydration. 

The leaves used to evaluate water loss were taken from the solution of AX and left on the 

laboratory bench. Leaves that were used to determine detached leaf transpiration rate remained in 

the scintillation vials. An analytical balance was used to weight hourly the leaves (06:00 h to 18:00 

h). Water loss was normalized according to the initial weight (%). Transpiration was determined 

through the following equation: E = (Wi – Wn)/Leaf area (g cm-2), where Wi represents the initial 

weight of the experimental set (leaf + vial + AX solution) and Wn the weight of this set after one 

hour. 

 

2.2.5. Wrong Way Response by leaflet excision 

MT and Well plants were brought to the laboratory two days before the evaluation for 

acclimation. The laboratory condition was mean temperature of 25°C, 12 h photoperiod, 200 

µmol photons m−2 s−1 PAR irradiance. A fully expanded terminal leaflet from fourth to sixth leaf 

was chosen for gas exchange analysis and measurements were performed with a portable 

photosynthesis system (LI-6400XT). After stomatal conductance (gs) reached a steady state, 

measurements were taken every minute and after 10 minutes the leaflet was excised from the 

rachis and gas exchange continued to be logged until a new steady state of at least 5 minutes. Leaf 

temperature (27 ± 0.5°C), photon flux density (800 μmol m-2 s-1), air flow rate (300 μmol s-1) and 

CO2 concentration (400 ppm) into the leaf chamber were kept constant. 
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The quantification of the parameters of stomatal opening during wrong way response 

(WWR) of plants was as described by Buckley et al. (2011).  Briefly, the initial and maximum gs 

value (gsi and gsmax, respectively) logged after leaflet excision and the time required for it to happen, 

i.e., the time at the end of the WWR (t), were recorded. Then, the absolute size of WWR (W = 

gsmax - gsi), duration of WWR (L= t) and rate of opening during WWR (V=W/L) were calculated. 

All gs values were normalized using the initial gs from each sample, which was logged right before 

the excision. 

 

2.2.6. Stem anatomic, stomatal and vein density analyses 

Internodes of MT and Well stem were collected (between fourth and fifth leaves) and 

immediately sliced in a sliding microtome (Leica RM 2045, Wetzlar, Germany). Cross-sections 

were placed in distilled water and clarified with 1.0% sodium hypochlorite solution. The 

clarification time varied according to each sample. Samples were stained with 0.5% aqueous 

Safranin and for one minute with 1% alcian blue. Afterwards, the analyses and the pictures were 

acquired using the light microscope (Nikon Eclipse E200, Tokyo, Japan). The xylem vessels were 

measured in the ImageJ software (http://rsbweb.nih.gov/ij/). 

The stomatal density in adaxial and abaxial sides of terminal leaflet of fully expanded leaf 

of the MT and Well genotypes were also evaluated. For this, the imprinting technique was used, 

as previously described by Vicente et al. (2015). 

Leaf vein length per unit leaf area (VLA; also known as vein density) was determined in 

photographs of terminal leaflet using ImageJ software. Firstly, leaflets were cleared using 70% 

ethanol aqueous solution and the images were collected with a Leica magnifying glass model 

S8AP0 (Wetzlar, Germany), coupled to a Leica DFC295 camera (Wetzlar, Germany). 

 

2.2.7. Stem and leaf hydraulic conductance 

 To determinate stem hydraulic conductance, stem internodes were excised, and the distal 

end was tightly sealed to a silicone hose, using dental low-viscosity addition silicone (Futura AD). 

The opposite extremity was immersed in a container filled with deionized water. The container 

was maintained in a thermal bath at 25ºC. The internodes were maintained in the same vertical 

orientation as in situ. 

            The silicone hose was connected to a metal cylindrical piece of 4 cm3 filled with a dry 

cotton previously weighted. The metal piece was connected to a polyurethane tube that was 
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connected to a computer-controlled pump. A suction pressure (vacuum) was applied in the 

excised stems to drive water across the system, simulating the plant transpiration. The pressure 

applied to the internode was maintained constant at 30 KPa, being this value determined in 

preliminary tests (data not shown). Measurements were started at the time in which the silicone 

hose was completely filled with water, avoiding any interference of the internode length. 

            Water flow was determined by weighing the water absorbed by the cotton piece, which 

was renewed after each measurement. 

Leaf hydraulic conductance (Kleaf) was performed according Zsögön et al. (2015). Briefly, 

Kleaf was estimated by the relationship between transpiration rates and the difference in water 

potential between the transpiring leaflet (ΨL) and the opposite non-transpiring leaflet (ΨX) on the 

same leaf. Leaflet transpiration (E) was measured using a portable photosynthesis system (LI-

6400XT), and water potential using a Scholander pressure chamber (Soil Moisture Equipment 

Corp 3005; Santa Barbara Corp, Santa Barbara, CA, USA). Kleaf was calculated according to 

Ohm’s Law as: 

Kleaf = E / (ΨL – ΨX) 

 

2.2.8. Determination of leaf turgor pressure by leaf patch clamp pressure (LPCP) 

 

The relative changes of turgor pressure of leaves were measured by the leaf patch clamp 

pressure (LPCP) probes (formerly Zim-probes, now Yara Water Sensor – Yara, Oslo, Norway). 

The measuring principles of the LPCP probe together with the theoretical background are 

described in detail elsewhere (Zimmermann et al., 2008; Westhoff et al., 2009; Zimmermann et 

al., 2013). Briefly, two magnets are oppositely placed on the leaf and a pressure sensor in the 

magnet positioned on the leaf abaxial side. This sensor captures variations in the attraction 

between the magnets (known as patch pressure) in response to changes in water status of leaf 

(leaf turgor pressure). Thus, the patch pressure (Pp) is inversely proportional to the leaf turgor 

pressure, i.e., when leaf dehydrates during stomatal opening, Pp values increases, and conversely, 

decreases when the leaf rehydrates (Bramley et al, 2013). 

The clamped leaf was a fully expanded terminal leaflet from fourth to sixth leaf in the 

primary stem, always considering leaves of similar physiological growth. The clamping was made 

as recommended by Westhoff et al., (2009) and Zimmerman et al. (2010). The LPCP probe 

readings were recorded in real time during 10 days. Measurements of ambient temperature (T) 
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and relative humidity (RH) were also taken simultaneously by temperature and humidity sensors 

(Yara, Oslo, Norway). The plants were kept well-watered during the experiment. 

 

2.2.9. Seedling wilting and relative water content 

Six-liter pots were filled with three liters of gravel, two liters of the transplanting soil mix, 

and one liter of the substrate used for sowing. Fifty seeds of MT and Well genotypes were sown 

on each half side of the pot. Thirty seedlings of each genotype were left per pot after 

germination. Three pots (90 seedlings of each genotype) were used for these experiments. A daily 

watering regime was adopted for 10 DAG with subsequent water withholding. 

The seedling wilting experiment was conducted after irrigation interruption. The 

percentage of wilted seedlings was evaluated after the wilting onset on the first seedling in the 

pot, regardless of its genotype. Seedlings were considered as wilted when they presented wilting 

of the first leaf below the shoot apex. The evaluations were performed twice a day (12:00h and 

17:00h). We rewatered the pot when 100% of the seedlings had wilted. The percentage of 

seedlings that recovered the leaf turgor was determined next. 

Aiming to record the seedling water status from the interruption of irrigation to the 

wilting onset, the leaf and stem relative water content (RWCleaf and RWCstem, respectively) were 

determined. RWC in leaves and stem were performed every two days, sampling at noon. For 

RWC evaluation, four MT and Well seedlings were collected and the fresh weight of the stem and 

the first two true leaves above the cotyledons were determined. Then, stems and leaves were 

immediately placed in distilled water for 3-4 hours to hydrate to full turgidity. After complete 

rehydration, excess water was removed using filter paper and the turgid weight of samples was 

obtained. Next, stems and leaves were oven dried at 80°C for 24 hours and weighed to determine 

the dry weight. RWC was calculated using the equation: 

 

RWC (%) = [(FW - DW) / (TW - DW)] x 100 

 

The parameters FW, DW and TW correspond to the fresh, dry and turgid weight of the 

samples, respectively. The protocol used here to determine relative water content was adapted 

from http://plantstress.com/methods/RWC.htm. 

 

2.2.10. Statistical analysis 
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All data significance was tested by the Student t-test when the data  using SAS software 

(SAS Institute Inc., Cary, NC, USA). When the data did not meet the assumptions of ANOVA, 

we performed to non-parametric analysis, using Mann–Whitney U test. Each experiment had 

different number of sample units (as indicated in the figure legends).  

 

2.3 RESULTS AND DISCUSSION 

To explore the drought resistance of S. pennelli (Figure 1A), we used the genotype Well, 

which was generated by an initial cross between S. pennellii and the miniature tomato cultivar 

Micro-Tom (MT). After successive backcrosses with MT, a near isogenic line, that presents a 

remarkable resistance to wilting after water withdrawal, was obtained (Figure 1B). Noteworthy, 

during the introgression of Well, we noticed that plants displaying delayed wilting were always 

taller than MT, even after five backcrosses (Zsögön, 2011). From the seedling stage, the Well 

plants were already taller than MT and such phenotype was kept during all the plant growth 

(Figure S1). Previous studies also showed that Well plants present longer internodes when 

compared to MT plants (Zsögön 2011; Vicente et al., 2015). 

We next performed an experiment to verify if the drought resistance of Well is displayed 

at the early growth stage. MT and Well seedlings were grown in the same pot and water supply 

was interrupted 10 days after germination (DAG). We verified that Well seedlings had a delayed 

wilting compared to MT, particularly in the first 48 hours (Figure S2A). When all seedlings of 

both genotypes in the same pot were wilted (Figure S2B), irrigation was resumed, and an 

increased recovery of Well seedling in comparison to MT was observed (Figure S2C and S2D). 

Plants under water deficit usually show a progressive decrease in leaf width due to leaf 

rolling (Kadioglu and Terzi, 2007; Saglam et al., 2008; Puglielli et al., 2017).  Well plants had a 

reduced leaf rolling after water withdrawal when compared to MT (Figure 1C). Since both 

genotypes were placed in the same pot, they experienced similar soil water potential (Figure 1B). 

These results suggest that Well presents a mechanism that allows plants to reduce water loss and 

to resist drought stress.  
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Figure 1 – Phenotype of the Water Economy Locus in Lycopersicon (Well), an 
introgression line for drought resistance from the tomato wild relative S. pennellii. A. 
Tomato (S. lycopersicum cv. Ailsa Craig) (left) and S. pennellii (right) plants under drought stress 
cultivated on the same pot. Scale bar = 10 cm. Note that the cultivated tomato tip is already 
drooping where the wild species is not.  B. Representative 40-days old MT (left) and Well (right) 
plants cultivated in the same pot after 5 days of water withdrawal.  Note that Well leaves look 
more turgid (presenting less rolling) than MT ones. Bar scale = 5 cm. B. Changes in leaf rolling 
(degree of leaf rolling) in MT (squares) and Well (circles) plants cultivated on the same pot under 
two conditions: well-watered (control, full symbols, n=8 terminal leaflets) or water-deficient 
(drought, open symbols, n=12 terminal leaflets). Water supply was interrupted during 10 days, 
when plants were 45-days old. Arrow indicates the point of rewatering of the plants. Data are 
mean±s.e.m.. * indicates statistical significances between MT and Well plants in drought 
conditions (Student t test; p<0.05). No significant differences were observed between genotypes 
under well-watering conditions. 
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Figure S1. Well seedlings are taller than MT ones. A. 10-days old seedlings of MT (left) and 
Well (right).  Scale bar = 2 cm. B. Time course of MT (full square) and Well (open circle) plants 
growing during 59 days after germination. Data are mean±s.e.m.. *** indicates significant 
differences by Student t test (p<0.001). 
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Figure S2 – Well plants wilt slower and recover faster from water withdraw, when 
compared to MT. A. Time course of wilted seedlings in MT (full square) and Well (open circle) 
after the start of wilting in each pot. Wilted seedlings were scored when presenting the curvature 
of the shoot apex. B. Representative image at the time when 100% of MT (left) and Well (right) 
seedlings were wilted. C. Time course of turgor recovery in MT (full square) and Well (open 
circle) seedlings after resuming irrigation. D. Representative image after 120 hours of resuming 
irrigation in MT (left) and Well (right) seedlings. Water supply was interrupted when seedlings 
were 15 days old. Scale bar = 15 cm. Data are mean ± s.e.m. (n = 3 pots with 60 seedlings, 30 of 
each genotype). * indicates significant differences by Student t test (p<0.05). 

 

In order to test whether the reduced water loss in Well is due to the regulation of stomatal 

aperture, the stomatal conductance (gs) was measured in three situations: well-watered plants, 

during drought stress (after water withdrawal) and after rewatering. Although no differences were 

verified before and during drought stress, Well plants showed a significant reduction in gs after 

rewatering, when compared to MT plants (Figure 2A). However, the lower gs of Well after 

rewatering did not affect CO2 assimilation (A), which presented similar values in both genotypes 

(Figure 2B). Well plants showed a higher A than MT before water interruption. Well plants also 

presented a lower transpiration rate (E) than MT after the restoration of water supply (Figure 

2C). The reduced E in Well genotype promoted an increase in the instantaneous WUE (WUE 

instantaneous), which was obtain by the relationship between CO2 assimilation and transpiration rate. 
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No difference in WUEinstantaneous was observed before and during drought stress among the 

genotypes (Figure 2D).  

The reduction in leaf water potential (ΨL) is usually accompanied by a decrease in 

photosynthetic activity and stomatal conductance in response to drought stress (Brix, 1962; 

Hsiao, 1973; Pasteirnak and Wilsoon, 1974; Boyer, 1976). ΨL was determined in both genotypes 

in each situation during gas exchange measurements and no difference was verified between MT 

and Well leaves (Figure 2E). These results suggest that the reduced wilting phenotype of Well 

plant does not involve a mechanism of water potential modification (e.g. osmotic adjustment) and 

that the genotypes experienced the same soil water potential when placed in the same pot. As 

expected, we observed a significant decrease in ΨL of plants under drought condition (ΨPD = -

1.48 ± 0.081) compared to those under control and rewatering conditions (ΨPD = -0.83 ± 0.079 

and ΨPD = -0.92 ± 0.083, respectively; Student's t-test, p<0.001). 

Fully expanded leaves of both genotypes were placed on the laboratory bench for drying 

and the weight was evaluated hourly. In a total period of 12 h, the water loss was significantly 

lower in Well leaves than MT ones only in the first three hours (Figure 2F).  
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Figure 2 – Stomatal conductance (gs) is reduced in Well plants after rehydration. A-E. MT 
(full bars) and Well (open bars) stomatal conductance (A), CO2 assimilation (B), transpiration (C), 
instantaneous WUE (D) and water potential (E) in three different conditions. Control, drought 
and rehydrated condition represent the moment before the water interruption, moderated visual 
wilting and one week after rehydration of plants, respectively (n=6 plants to gas exchange and 
n=4 to water potential determination). MT and Well were cultivated in the same pot and the 
evaluation was conducted in plants 45 DAG. F. Water loss in MT (full square) and Well (open 
circle) detached leaves left on a laboratory bench under environment condition (n=5 leaves).  
Insert presents the area of leaves used to perform this experiment. Data are mean±s.e.m.. 
Statistical significance was tested by Student t test (*p<0.05, **p<0.01). 
 

The transpiration rate was also measured in detached leaves with petioles immersed in a 

solution of artificial xylem sap. The reduced water loss in Well leaves compared to MT ones was 

evidenced shortly in the first hour of the experiment and the differences became greater during 

the 12 h of measurements (Figure 3A). Normally, reduced transpiration rate is associated with 

reduced stomatal density (Xu and Zhou, 2008; Farber et al., 2016). However, the comparison of 

stomatal density in Well and MT leaves showed increased values for Well in the adaxial surface 
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and no differences in the abaxial surface (Figure 3B), where tomato has the higher stomatal 

density (Gay and Hurd, 1975). These results suggest that the reduced Well transpiration and 

wilting are more related to stomatal sensitivity than density. 

In most plants, stomatal closure occurs in response to changes in evaporative demand or 

water supply. However, transient gs increases before closure lead to a new, lower steady-state 

value of gs, known as “wrong-way responses” (WWR) (Buckley et al., 2011). These responses 

occur after any disruption in the soil-plant-atmosphere hydraulic flow continuum (Powles et al., 

2006). Since this disruption may be achieved by leaf excision (Darwin, 1898; Raschke, 1970; 

Powles et al., 2006), we evaluated WWR in MT and Well terminal leaflet after excision and 

verified that these genotypes present different kinetics of stomatal closure (Figure 3C). 

The WWR parameters were also calculated as described by Buckley et al. (2011) and a 

smaller WWR duration in Well compared to MT was observed. This indicates a faster response to 

water content variation (Table S1). WWR is a phenomenon useful to investigate the kinetics of 

guard cell osmoregulation, because it involves two distinct phases: an initial hydropassive phase 

followed for a hydroactive one. The later hydroactive phase needs metabolic energy to reduce the 

guard cell osmotic pressure (Darwin 1898; Raschke 1970; Buckley et al. 2003; Powles et al., 2006). 

These data suggest that Well plants have a mechanism to induce or sense water status variations, 

promoting stomatal closure, and consequently regulating the water loss under stress conditions. 

 
Table S1. Wrong-Way Response parameters of MT and Well terminal leaflets as 
described by Buckley et al. (2011). W corresponds to WWR absolute size and L to WWR 
duration (n=5). 

  
*Different letters indicate significant differences among genotypes (Mann–Whitney U test). 

 
 

WWR absolute 

size (relative gs)

WWR duration 

(time_min)

WWR rate 

opening (W/L)

MT 36.26 ± 10.56 a 4.60 ± 0.40 a 7.74 ± 2.01 a

Well 20.08 ±   4.08 a 3.00 ± 0.00 b 6.69 ± 1.36 a

p -value 0.690 0.004 0.222
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Figure 3 – Well plants present higher stomatal sensitivity. A. Transpiration of MT (full 
square) and Well (open circle) leaves (n=5) with petioles immersed in a solution of artificial xylem 
sap during 12 hours. B. Stomatal density in adaxial and abaxial side of MT (full bar) and Well 
(open bar) leaves (n=12). C. Wrong-way response (WWR) of stomatal conductance (gs) of MT 
(full square) and Well (open circle) plants after terminal leaflet excision at the rachis (n=5). The 
WWR parameters described by Buckley et al. (2011) are shown in Table S1. Data are 
mean±s.e.m.. Statistical significance was tested by Student t test (*p<0.05, ***p<0.001). D. 
Relative changes in leaf patch pressure (Pp) (upper panel) on MT (red line) and Well (blue line) 
representative plants cultivated in the same pot, and concomitant changes in local air temperature 
(lower panel; T; red line) and relative humidity (lower panel; RH; blue line). Relative Pp values 
were normalized to the first value evaluated in each plant using the non-invasive leaf patch clamp 
pressure probe (Zimmermann et al., 2008; Westhoff et al., 2009). Pp is inversely proportional to 
the leaf turgor pressure, e.i., leaf dehydrated presents higher Pp values, which decrease with the 
rehydration of leaves. In the graphic background, white and gray bars represent day and night 
periods, respectively. The black arrow heads indicate the midday depression of Pp curve on Well 
plant (upper panel) and that this depression correspond to higher temperatures (lower panel). 

 

The water status of MT and Well plants was also evaluated using non-invasive leaf patch 

clamp pressure (LPCP) probes (Zimmermann et al. 2008; Westhoff et al. 2009; Zimmermann et 

al., 2013).  LPCP probe is an alternative method to keep track, in real time, leaf hydration, and 

water temporal and spatial dynamics in the plants by measuring patch pressure (Pp), which is 

inversely proportional to the leaf turgor pressure (Zimmermann et al. 2008; Fernández et al., 

2011; Bramley et al., 2013; Zimmermann et al., 2013; Fernández, 2014; Padilla-Díaz et al., 2016). 

The evaluation of changes in leaf patch pressure in MT and Well plants cultivated in the same pot 

under well-watered condition showed similar patterns of Pp values. In plants under well-watered 
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or low stress conditions, Pp curves presented maximum and minimum values at day and night, 

respectively (Westhoff et al., 2009; Ehrenberger et al., 2012; Bramley et al, 2013). Interestingly, 

the totality of Well plants evaluated presented midday depressions in the daily Pp curve over the 

all evaluation period, mainly in the hours of greater evapotranspirational demand (Figure 3D). 

Sporadically, some MT plants also showed midday depressions, but in a much lower frequency. 

Ehrenberger et al. (2012) observed a midday depression in olive plants under moderate water 

stress, i.e., higher Pp values in the morning followed by decreased values on the hours around 

midday and increased values in the afternoon. 

The stomatal closure of Well plants observed during the midday is likely to explain, at 

least in part, the higher water-use efficiency (WUE) of this genotype previously verified through 

gravimetric and carbon isotope discrimination (Δ13C) determination (Vicente et al., 2015). Several 

studies demonstrated a reduction in the CO2 leaf concentration and an improvement in the 

assimilation of the 13C isotope under conditions that promotes stomatal closure, such as reduced 

water supply (Farquhar et al., 1982; Martin and Thorstenson, 1988; Farquhar et al., 1989). Under 

non-limiting condition for gas exchange, the enzyme Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) normally catalyses 12C fixation, which is lighter than 13C 

(Farquhar et al., 1989). 

Together, these results showed that Well genotype, under well-watered conditions, 

exhibits responses similar to plant under moderate stress (Ehrenberger et al., 2012), which 

evidences the Well greater stomatal sensitivity to variations in water availability. Therefore, the 

reduced wilting observed in Well plants is likely to be due to its capacity to perceive differences in 

the water status and to respond by closing stomata, allowing a better recovery of Well when 

compared to MT after severe drought stress (Figure 1 and S2). 

The water status variation in 10-days old MT and Well seedlings were also monitored. The 

relative water content (RWC) in leaves and stem was measured in both genotypes from the 

interruption of irrigation to the beginning of seedling wilting. The measures were taken every two 

days at midday, since all Well plants presented a drastic variation in Pp curves during this period 

(Figure 3D). Significant differences in RWC between MT and Well leaves were verified only at 0 

and 10 days after irrigation interruption (Figure 4A). MT presented higher leaf RWC values at 0 

days and Well at 10 days. On the other hand, the Well genotype maintained the stem RWC higher 

than MT plants when submitted to the same dry stress conditions (Figure 4B). These results 

indicate that the stem may act as a water reservoir in Well plants. This observation, coupled to the 

greater stomatal sensitivity, is likely to contribute to the better recovery from drought stress 

presented by Well. 
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Several studies demonstrated that the stomatal closure occurs in response to variations in 

the plant hydraulic conductance (Kplant) (Saliendra et al., 1995; Cochard et al., 2002; Brodribb and 

Holbrook, 2003; 2004; Sack and Holbrook, 2006; Scoffoni et al., 2017a), due to the disruption in 

the soil/plant/atmosphere water flux continuum. The major determinant of Kplant is the leaf 

hydraulic conductance (Kleaf), since it forms a considerable part of hydraulic resistance in the plant 

structure (Sack and Holbrook, 2006). The Kleaf was measured in MT and Well plants, and Well 

plants presented reduced values (Figure 4C). This suggests that the diurnal variation on the 

stomatal behavior in this genotype (Figure 3D), may be a consequence of its lower hydraulic 

conductance. These findings are corroborated by Fletcher et al., (2007), which reported that 

soybean genotypes exhibiting slow-wilting in response to drought stress presented little or no 

further increase in transpiration rate under high vapor pressure deficit (VPD). Later, it was 

demonstrated that this limiting transpiration rates is associated with a low Kleaf (Sinclair et al., 

2008). 

The vein density (Vein length per unit area, VLA) in MT and Well leaves was 

characterized, since the leaf vein system has a crucial role on water supply across the leaf, as well 

as a strong influence on stomatal aperture and, consequently, on leaf hydraulic conductance (Sack 

& Holbrook, 2006; Sack and Scoffoni, 2013). High VLA can enable higher Kleaf, stomatal 

conductance and higher rates of gas exchange per unit leaf area (Sack and Scoffoni, 2013). 

However, Well plants showed higher vein density than MT (Figure S3). Another Kplant component, 

shoot hydraulic conductance (Kstem), was also measured and a lower conductance in Well stem 

when compared to MT (Figure 4D) was observed. Thus, there is strong evidence that the wilting 

responses verified in Well plants are caused by a differential xylem hydraulic conductance. 
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Figure 4 – Well plants maintain a higher stem relative water content (RWC) than MT 
under water withdrawal. A and B. Variation on the leaf (A) and stem (B) RWC in MT (full 
square) and Well (open circle) seedlings after the interruption of the water supply. Water supply 
was interrupted when seedlings were 10 days old (n = 4 seedlings). The seedlings were collected 
from 3 pots with 30 seedlings of each genotype on the same pot. C and D. Well presents a 
significant reduction in leaf (C) and stem (D) hydraulic conductance, which may affect water 
transport via xylem (n = 8 leaves and 5 stem segments). Data are mean±s.e.m.. Statistical 
significance was tested by Student t test (*p<0.05, **p<0.01). 
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Figure S3 – Well plants exhibit an increase in vein density compared to MT. A and B. 
Representative image of MT (A) and Well (B) clarified leaves used to vein density measurement. 
All veins were measured in each leaflet. Scale bar = 250 µm. C. Vein density of MT and Well 
leaves (n = 12 images from six terminal leaflet). Data are mean±s.e.m.. ** indicates significant 
differences by Student t test (p<0.01). 
 

The hydraulic conductance of xylem vessels is strongly dependent on anatomical 

parameters (Zimmermann, 1983; Ewers et al., 1990; Hacke et al., 2006; Sperry et al. 2006). 

Positive correlations have been found between xylem hydraulic conductivity and vessel lumen 

area, vessel number, length and diameter, indicating that hydraulic conductivity was strongly 

associated with vessel size (Legge, 1985; Hacke et al., 2006; Sperry et al. 2006; Zach et al., 2010; 

Lens et al., 2011; Hajek et al., 2014; Scoffoni et al., 2017b). Based on this, an anatomical analysis 

of cross-sections of MT and Well stems was performed. No difference in xylem cross-sectional 

areas were verified (Figure 5A). Analysis focusing in the primary xylem revealed that the 

development protoxylem and metaxylem were similar between genotypes (data not shown). On 

the other hand, differences were observed in the secondary xylem. Well plants present a higher 

vessel density than MT, approximately 570 vessels per mm2, which corresponds to an increase of 

22% (Figure 5B). However, this genotype shown a significant reduction in the mean vessel size 
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(14% compared to MT) (Figure 5C).  According to Poiseuille´s law, an increase in conduit 

diameter leads to an increase of fourth power in the hydraulic conductivity, which is confirmed 

by several works that highlight a great gain in conducting capacity from a slight increase in vessel 

diameter (Zimmermann, 1983; Ewers, 1985; Tyree and Ewers, 1991; Sperry et al. 2006, Zach et 

al., 2010). Therefore, the reduction in leaf and stem hydraulic conductance observed in Well is 

probably associated to xylem vessel size. 

Moreover, vessel size distributions were analyzed and a reduction in the incidence of 

larger vessels (more than 2000 mm2) in Well plants compared to MT (Figure 5D) was verified. 

Larger conduits provide greater xylem water flow and Kleaf but are more vulnerable to embolism 

(Sack and Scoffoni, 2013). Ahmad et al. (2018) found a strong negative correlation between 

vessel density and the xylem pressure inducing loss of hydraulic conductance, indicating that 

higher vessel density promotes a greater embolism resistance and reduces a substantial loss of 

conductance in adverse conditions, such as drought. This resistant to air entrance into the xylem 

and loss of conductance may play a crucial role delaying wilting and promoting a faster recovery 

of Well plants after exposed to drought stress. 

Together, the results suggest that in Well plants the water lost in conditions of higher 

transpiration rate on the leaf is probably not fully refilled by xylem water. In turn, this may 

promote a disturbance of the soil/plant/atmosphere continuum, leading to stomatal closure. We 

demonstrated that the stomatal closure and subsequent recovery of leaf turgor occur at the 

hottest hours of the day, i.e., in the period where transpiration rate is higher (Figure 3D) and 

when normally there is a high vapor pressure deficit. Therefore, stomatal closure may affect 

wilting (Figure 1 and S2), and probably the WUE determined by Vicente et al. (2015), since it 

limits water loss and carbon isotope discrimination. Linked with this, we observed that most 

developed stem of Well plants may act as water storage and could maintain a basal metabolism 

allowing these plants to survive to severe drought stress.  
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Figure 5 - Anatomic characterization of cross-sections of MT and Well xylem. A. Xylem cross-
sectional area of MT and Well stem (n=10 cross-sections). B and C. Vessel density (B) and mean 
vessel size (C) in MT and Well xylem. Data are mean±s.e.m.. Statistical significance was 
determined by Student t test (p<0.001). D. Vessel size distribution in the xylem of MT and Well. 
The x axis shows the upper values of cross-sectional area for each vessel size category. Blue (MT) 
and orange (Well) bars within each category represent a single individual plant (n = 5 per 
genotype). E and F. Representative cross-sections of the fifth internode of MT (E) and Well (F) 
taken at 45 dag. Scale bar = 100 µm. The black arrow heads indicate the largest vessels in each 
genotype. Note that MT genotype presents a greater occurrence of large vessels compared to 
Well. 
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2.4. CONCLUSION 

In this work, we characterized the water relations in an introgression line with delayed 

wilting, greater recovery after a severe drought stress, and that had already been reported as more 

efficient in water use (Vicente et al., 2015). The lower hydraulic conductance found in Well plants 

may be a possible mechanism for such effects. We also presented evidences indicating that the 

greater stomatal sensitivity observed in Well plants occurs in response to lower hydraulic 

conductance, which correlates to the reduction in the size of the xylem vessels. The further 

molecular identification of the Well locus may favor its incorporation in breeding programs, 

aiming to improve water use efficiency and minimize plant losses due to drought stress in 

seedling transplant.  
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