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concentration of compounds involved in fruit quality, at the 
same time. However, few tomato Quantitative Trait Loci 
(QTLs) and genes involved in response to drought are iden-
tified or only in wild species. In this study, we phenotyped 
a population of 119 recombinant inbred lines derived from 
a cross between a cherry tomato and a large fruit tomato, 
grown in greenhouse under two watering regimes, in two 
locations. A large genetic variability was measured for 19 
plant and fruit traits, under the two watering treatments. 
Highly significant genotype by watering regime interac-
tions were detected and resulted from re-ranking more than 
scale changes. The population was genotyped for 679 SNP 
markers to develop a genetic map. In total, 56 QTLs were 
identified among which 11 were interactive between water-
ing regimes. These later mainly exhibited antagonist effects 
according to watering treatment. Variation in gene expres-
sion in leaves of parental accessions revealed 2259 differ-
entially expressed genes, among which candidate genes 
presenting sequence polymorphisms were identified under 
two main interactive QTLs. Our results provide knowledge 
about the genetic control of genotype by watering regime 
interactions in cultivated tomato and the possible use of 
deficit irrigation to improve tomato quality.

Introduction

Today, agriculture is one of the primary water users 
in many regions of the world, but global warming and 
drought risks are threatening plant growth and productiv-
ity. In particular, the Mediterranean region should experi-
ence more frequent drought episodes in the next decades 
(Gao and Giorgi 2008; Dai 2011). In this area, economic 
losses due to water limitation could be critical for the fruit 
and vegetable productions (Katerji et al. 2008). Thus, a 
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better management of water resource for crop production is 
needed. A commonly accepted solution is to improve plant 
adaptation to low water availability.

Many studies have assessed plant response to different 
watering regimes in several species and shown the nega-
tive impact of water shortage on plant growth and yield. 
Reviews of the different morphological, physiological and 
molecular changes induced by water limitation are available 
(Chaves et al. 2003; Hirayama and Shinozaki 2010; Blum 
2011; Farooq et al. 2012; Silva et al. 2013). In particular, 
these studies highlight the role of secondary metabolites 
and carbohydrates in plant protection against photo-oxida-
tive stress induced by stomata closure and cell dehydration 
(Gershenzon 1984; Chaves et al. 2009; Shaar-Moshe et al. 
2015). These drought induced secondary metabolites are 
also essential compounds for quality of plant food prod-
ucts. For instance, ascorbic acid (Vitamin C), an important 
antioxidant for human diet, is well known for its role in 
scavenging reactive oxygen species (ROS) in plant under 
water stress (Jiang and Zhang 2002; Stevens et al. 2008). 
Evidence of the crucial role of sugars in osmotic adjust-
ment induced by drought has been obtained in several spe-
cies such as tomato (Bertin et al. 2000), Arabidopsis thali-
ana (Anderson and Kohorn 2001) or white lupine (Chaves 
et al. 2002). Well-mastered water deficit can thus help to 
achieve a tradeoff between crop yield and quality, reducing 
non-beneficial water consumption in crop production at the 
same time. Such deficit irrigation strategies are particularly 
under consideration in fleshy fruits for which consumers 
are expecting healthier and tastier products (Chaves and 
Oliveira 2004; Nora et al. 2012; Ripoll et al. 2014). How-
ever, knowledge about the Quantitative Trait Loci (QTLs) 
and genes involved in plant response to water deficit and 
their interactions is still lacking (Shinozaki and Yamaguchi-
Shinozaki 2007; Ashraf 2010; Tardieu et al. 2011). Despite 
the identification of hundreds of genes involved in response 
to drought by gene expression analysis associated or not to 
linkage mapping, their roles and modes of action are still 
poorly understood (Lovell et al. 2015; Shaar-Moshe et al. 
2015). Besides, these genes were mainly identified in A. 
thaliana under laboratory conditions (Seki et al. 2002) or 
in cereals (Langridge 2006; Barnabas et al. 2007). Not all 
of them are involved in adaptation process (Chaves et al. 
2003).

Understanding the genetic determinism of genotype 
by watering regime interactions will constitute a basis for 
crop improvement, allowing the identification of favora-
ble alleles under drought conditions (Collins et al. 2008; 
Tardieu and Tuberosa 2010). The emergence of high-
throughput genomic tools and the availability of genome 
sequences for many crops facilitate the decomposition 
of genotype by environment interactions into underlying 
QTLs and/or genes (Des Marais et al. 2013; El-Soda et al. 

2014b). These approaches will provide a better under-
standing of the ability of an individual genotype to adapt 
its phenotype in response to environmental constraints, a 
phenomenon termed as ‘phenotypic plasticity’ (Via and 
Lande 1985; Schlichting 1986). In the context of multiple 
environments, two main approaches are applied to map 
QTL by environment (QTL × E) interactions. The first 
one, looking at the effects of a given QTL in each envi-
ronment, identifies different interactive QTL types (Malos-
etti et al. 2007; Yang et al. 2008; Van Eeuwijk et al. 2010; 
Korte et al. 2012; Li et al. 2015). In most cases, QTLs 
have a strong effect in one environment, but lower effect 
in another (differential sensitivity effect). More rarely and 
mainly in wild species, QTLs can show opposite effects for 
a same trait in different environments (antagonist effect). 
The second strategy consists in constructing composite 
variables measuring phenotypic plasticity to deal with uni-
variate QTL mapping models. These variables can be ratio 
or difference between the values of a trait measured in two 
environments or parameters from reaction norms (Tétard-
Jones et al. 2011; El-Soda et al. 2014a; Coupel-Ledru et al. 
2014). The two methods substantially overlap but the sec-
ond one gives additional statistical power with more QTLs 
exceeding the threshold (Tétard-Jones et al. 2011; El-Soda 
et al. 2014a).

In cultivated tomato (Solanum lycopersicum L.), a 
water demanding crop extensively grown in Mediterranean 
region, QTLs for chemical and physical fruit quality were 
previously mapped, but no attention was paid to the interac-
tion with abiotic factors (Causse et al. 2001; Saliba-Colom-
bani et al. 2001; Pascual et al. 2015). In this species, genes 
involved in response to abiotic stress were mainly charac-
terized by translational genetics and genetic engineering 
with genes identified in A. thaliana (Hsieh et al. 2002; Rai 
et al. 2013; Zhu et al. 2014). Studies of natural variabil-
ity of the interactions with environmental constraints have 
focused on salt stress (Foolad et al. 2003; Foolad 2004; 
Uozumi et al. 2012; Kissoudis et al. 2015; Asins et al. 
2015). In few accessions, authors have reported a positive 
effect of mild to moderate water deficit on tomato fruit 
quality, with an increased fruit soluble solids levels and an 
increased concentration of hexoses (Mitchell et al. 1991; 
Bertin et al. 2000; Patanè and Cosentino 2010; Zheng et al. 
2013). Besides, Foolad et al. (2003) and Semel et al. (2007) 
have shown some genetic variability in response to water 
deficit at the seed and plant levels. However, to date, no 
QTL by watering regime interaction mapping studies were 
conducted in the cultivated tomato. More precisely, intro-
gression line populations involving wild relative species 
(Solanum habrochaites and Solanum pennellii) were used 
to map QTLs and the large confidence intervals obtained 
made the transposition difficult into the cultivated tomato 
(Gur et al. 2011; Easlon et al. 2014).



397Theor Appl Genet (2016) 129:395–418 

1 3

In this context, the aims of the present study are to: 
(1) describe genotype by watering regime interactions for 
plant and fruit traits in cultivated tomato genotypes, (2) 
decipher the inheritance patterns of these interactions and 
(3) identify candidate genes as putative targets for breed-
ing. We addressed these aims by phenotyping a popula-
tion of recombinant inbreed lines (RILs), grown in green-
house under two watering regimes (drought and control), 
in two locations (Morocco and France). Linkage mapping 
was conducted to identify QTLs controlling genotype by 
watering regime interactions. Microarray analysis of gene 
expression in young leaves from the parental genotypes 
grown under the two watering regimes was performed to 
identify differentially expressed genes between the water-
ing conditions. Finally, gene expression data were used to 
identify candidate genes underlying two interactive QTLs. 
The genetic determinism of genotype by watering regime 
interactions in cultivated tomato and the possible use of 
water deficit to improve tomato fruit quality in future 
breeding programs are discussed.

Materials and methods

Plant material and experimental design

The RIL population consisted in 119 F7 recombinant 
inbred lines. This population was developed from an 
intraspecific cross between two inbred lines, Cervil and 
Levovil (described in Saliba-Colombani et al. 2000). Cervil 
is a cherry type tomato (S. lycopersicum cerasiforme) with 
small fruits (6–10 g), whereas Levovil (S. lycopersicum) is 
a large fruited accession (90–160 g). In 2013, the plants, 
including the 119 RILs and the two parents, were grown in 
a heated glasshouse in INRA Avignon (Avi, France) from 
Mars to July. Besides, from December 2013 to May 2014, 
plants were grown in an unheated plastic greenhouse in the 
experimental site of the company GAUTIER Semences in 
Agadir (Aga, Morocco). In the greenhouses, the mean air 
temperature was 23 and 26 °C during day, 16° and 18 °C 
during night, in France and Morocco, respectively. In each 
experiment, plants were grown in 4 litters (l) plastic pots 
filled with peat (Klasmann 165) and watered with nutritive 
solution (2, 4, 6 mmol l−1, N, P, and K, respectively).

In both locations, two watering regimes were applied to 
the plants in each trial: drought (D) and control (C). Control 
treatment was applied according to ETp climatic data and 
the cultural coefficient for tomato crop under greenhouse 
with a maximal drainage of 25 % and a relative humid-
ity of the peat substrate of 65 %. The drought treatment 
was progressively applied after flowering of the second 
truss of Cervil (considered as a reference early genotype): 
water supply was reduced by 25 % compared to control for 

1 week, then decreased by 60 % until the end of the experi-
ment, aiming to exacerbate the contrast with the control 
irrigation. Throughout the experiment, relative humidity of 
the peat substrate was controlled with a GRODAN® mois-
ture probe and monitored in drought pots between 25 and 
30 %. Genotypes were randomized within rows and water-
ing regime was applied by row. For each experiment, two 
plants per watering regime per genotype were placed side 
by side. To insure relatively homogenous environment in 
the greenhouses, trials were surrounded with one row of 
border tomato plants.

Plant and fruit phenotyping

In the two trials, under the two watering regimes, RIL 
plants were phenotyped for traits describing plant perfor-
mance and fruit characteristics. Vegetative vigor and phe-
nology were measured daily on every plant. Flowering 
date of the first flower from the 5th truss in Avignon (Flw.
Avi) and 4th in Agadir (Flw.Aga) were assessed in num-
ber of days after sowing. The implantation height (Ht.Avi 
and Ht.Aga, in cm), stem diameter (Diam.Avi and Diam.
Aga, in mm) and leaf length (Leaf.Avi and Leaf.Aga, in 
cm) under truss were measured on the 4th truss in Avignon 
and the 5th truss in Agadir. The number of fruits per plant 
(Nbfruits.Avi) was assessed in Avignon only by counting 
all the fruits from the second truss to the sixth truss.

Fruit measurements were conducted on tomatoes har-
vested daily on the basis of their red color to ensure a 
homogeneous ripening stage. At least, ten fruits per geno-
type per watering regime were harvested in the two trials 
on 3rd to 6th truss. For each fruit, fresh weight (FW.Avi 
and FW.Aga, in g) and firmness (FIR.Avi and FIR.Aga, in 
Durofel index) were measured. Besides, in Avignon only, 
harvested fruits were pooled in three groups of three to 
four fruits per watering regime. These pools constituted the 
three replicates for chemical analysis. In each pool, a quar-
ter of fruit pericarp was sampled and dried in an oven at 
60 °C for 4 days to measure dry matter content (DMW.Avi, 
in %). Then, half of each fruit pool was mixed in juice to 
measure pH (pH.Avi) and soluble solid content (SSC.Avi, 
with a refractometer, in °Brix). Pericarps were sampled 
from the remaining fruit of each pool, frozen with liquid 
nitrogen and ground into fine powder with an IKA® mill 
for total Vitamin C (VitCFM.Avi, in mg per 100 g of fresh 
matter) assessment according to Stevens et al. (2006). Aver-
age total Vitamin C per genotype per watering regime was 
also expressed in mg per 100 g of dry matter (VitCDM.Avi) 
using DMW.Avi.

The average yield per genotype in Avignon (Yield.Avi, 
in g fresh weight per plant from truss 2–6) was estimated 
in each watering regime as the product of the average fruit 
fresh weight (FW.Avi) by the average number of fruits 
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(Nbfruits.Avi). Finally, a total of 19 traits were assessed, 
under two watering conditions each, considering as two 
separate traits a same phenotypic measurement carried out 
in the two locations. The phenotypic means in the RIL pop-
ulation are available in Supplemental Table 1.

Statistical analyses on phenotypic data

Statistical analyses were performed on RIL raw data of 
each trial separately (Avignon and Agadir) using R 3.2.0 
(R Development Core Team 2012). Prior to any analysis 
of variance (ANOVA), data were corrected for normality 
deviation using Box and Cox transformations (Box and 
Cox 1964). Effect of watering regime and interaction with 
genotype were tested by the ANOVA model: Yij = μ + Gi 
+ Wj + Gi * Wj + eij, where Yij was the phenotypic value of 
genotype i in watering regime j, μ the overall mean, Gi the 
fixed effect of genotype i, Wj the fixed effect of watering 
regime j, and eij the residual error effect. Residuals were 
spatially plotted to control for a potential microenviron-
ment effect due to side by side position of the two repli-
cates of a given genotype in each watering regime in the 
experiments. No significant pattern was identified and we 
chose to not include a spatial effect in the ANOVA model. 
To further describe the genotype by watering regime inter-
action, the G × W sum of squares was partitioned into part 
associated with heterogeneous variance (scale change) and 
part due to imperfect correlation between genotypes (rank 
change) using the method 1 of Muir et al. (1992). For FW, 
Nbfruits, VitCFM and VitCDM, ecovalences were calcu-
lated according to Wricke (1964) to measure participation 
of independent genotypes in interaction.

Then, genetic variability expressed at a given watering 
regime was assessed using the following ANOVA model: 
Yij = µ + Gi + eij. (Gi and eij as random). Restricted maxi-
mum likelihood estimates (REML) of variances of the ran-
dom factors (σ 2

G
 and σ 2

e
) were computed. Broad sense herit-

ability was calculated in each watering regime as: H2 = σ 2

G
 

/ σ
2

Total
, with σ 2

Total
 = σ 2

G
 + σ 2

e
. For the different traits in the 

two trials, correlations between H2 and σ 2

G
 measured under 

drought and under control conditions were estimated by 
Spearman coefficient and declared significant when P value 
were below 0.05.

For subsequent analyses, for each watering regime and 
each trial, the average genotypic values over replicates 
were computed. For each phenotypic trait k in each trial, 
plasticity (∆k) was calculated on the mean of the trait 
under each watering regime (drought Dk; control Ck) as: 
∆k = (Dk − Ck)/Ck. In the different watering regimes and 
in the different trials, Pearson correlations between means 
of traits and between means and plasticity data were cal-
culated. A Mantel test was performed to measure changes 
in correlation between traits, according to the watering 

regime, in the two trials. P value was calculated after 9999 
permutations and an alpha threshold of 0.05 was consid-
ered to declare significance.

Plant genotyping and genetic map building

Genotyping and map construction are described in Pascual 
et al. (2015). Briefly, a set of 754 polymorphic markers 
between the two parents were genotyped in the RIL popu-
lation: 679 are SNP markers derived from the re-sequenc-
ing of the parent genomes (see Causse et al. 2013), two are 
RAPD markers (random amplified polymorphic DNA) and 
73 are RFLP markers (restriction fragment length poly-
morphism) present in a previous genetic map from this 
progeny (Saliba-Colombani et al. 2000). The Chi-square 
test (α = 0.0001 %) revealed that 98 % of the markers 
(739/754) did not show any segregation distortions and 
were used in genetic mapping as described in Pascual et al. 
(2015). When several markers colocalized, only the one 
with the lowest percentage of missing data was conserved. 
The final genetic map obtained included 501 loci (501/754) 
and was covering 1090 cM corresponding to 98 % of the 
assembled tomato genome (Tomato Genome Consortium 
2012). Markers were named according to their positions on 
the tomato genome (assembly v2.5), as Y01_56000045 at 
position 56,000,045 pb on chromosome 1. The genotypic 
data of the RIL population are available in the Supplemen-
tal Table 2. The genetic map is available in Pascual et al. 
(2015).

QTL and QTL × watering regime mapping

In each watering regime and each trial, the plasticity data 
and average phenotypic values were used for QTL detec-
tion. When distributions were skewed, corrections for 
normality were applied: Log10(Ht.Avi); Log10(Nbfruits.
Avi); Log10(FW.Avi); √(Diam.Aga); Log10(Leaf.Aga); 
Log10(Ht.Aga); Log10(FW.Aga) and Log10(Nbfruits.Avi). 
The QTL detection was performed by simple interval map-
ping (Lander and Botstein 1989) using the EM algorithm 
method implemented in R/QTL package (Broman et al. 
2003). A 1000-permutation test was performed to estimate 
significant threshold. LOD threshold was 3.08, correspond-
ing to a genome wide significance level of α = 0.05. For 
each detected QTL, position, LOD score, marker at the 
LOD score peak, confidence interval (genetic CI, LOD 
decrease of one unit), average phenotypic values of the 
two parental alleles and percentage of phenotypic variation 
explained (PVE) were displayed. QTL effects were calcu-
lated as: (Cervil mean allele − Levovil mean allele)/2. The 
genetic CI was translated into physical intervals (Physi-
cal-CI in Mbp) onto the tomato genome (assembly v2.5). 
When a QTL was detected in one watering regime, the 
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effect and PVE were also calculated in the second watering 
regime. Then, to test for watering regime and interaction 
with marker, two different ANOVA tests were developed in 
R 3.2.0 (R Development Core Team 2012):

1. A “watering regime effect test” (W test) that compares 
a model with marker genotype and watering regime 
effect, to a model without watering regime effect;

2. An “interaction effect test” (G × W test) that compares 
the full model, including the effect of the marker geno-
type and its interaction with the watering regime, to the 
one that doesn’t include interaction.

This testing method is inspired from the multi-trait 
mixed model (MTMM) developed by Korte et al. (2012) 
for association analysis, considering only fixed effects. 
To correct for multiple testing, significance thresholds P 
value corresponding to a genome wide significance level 
of α = 0.05 were computed by a 1000-permutation test (P 
valueWtest = 2.21 × 10−4; P valueG × Wtest = 1.93 × 10−4). 
This procedure allowed displaying P value for watering 
regime and interaction effect for marker at the QTL LOD 
score peak and to identify interactive markers not identified 
in the QTL mapping step.

Microarray experiment on parental accessions

Microarray analyses were performed on an Agilent four-
plex arrays at IPS2 Transcriptomic Platform (INRA, 
France). For each of the 34,727 tomato genes (assem-
bly v2.4, Tomato Genome Consortium 2012), a set of ten 
60-mer probes were designed using the eArray Agilent 
software. Considering melting temperature and specific-
ity criteria, the best probe for each gene was chosen and 
synthesized in forward and reverse sense. The array con-
tained 33,913 forward and 33,913 reverse probes repre-
senting 98 % of the known tomato genes, each printed in 
technical duplicate and 18 controls in triplicate. The array 
design is available through the GEO at NCBI (GPL20224) 
and on the CATdb database (Gagnot et al. 2008): array 
‘4PLEX_TOMATO’.

Samples of young leaves of Cervil and Levovil, grown 
under the two watering regimes in Avignon, were har-
vested, immediately frozen and ground in liquid nitrogen 
with an IKA® mill. RNA was extracted using the RNeasy 
Plant Mini Kit (Qiagen) following the manufacturer’s pro-
tocol, with DNase I treatment. RNA quality was assessed 
on Agilent 2100 Bioanalyser using Nano 6000 kit. Two 
independent biological replicates per genotype were pro-
duced. The labeling of cRNAs with Cy3-dUTP or Cy5-
dUTP was randomly performed as described in Two-Color 
Microarray-Based Gene Expression Analysis Low Input 
Quick Amp Labeling manual (© Agilent Technologies, 

Inc.). Hybridization and washing were performed accord-
ing to Agilent Microarray Hybridization Chamber User 
Guide instructions (© Agilent Technologies, Inc.). A two 
microns resolution scanning was performed using InnoS-
can900 scanner (InnopsysR, Carbonne, France) and raw 
data were extracted using the MapixR software (Innop-
sysR, Carbonne, France). In total, eight hybridizations were 
carried out comparing Cervil Control vs Cervil Drought 
and Levovil Control vs Levovil Drought. For each compari-
son, one technical replicate with dye swap was performed 
for each biological replicate (i.e., four hybridizations per 
comparison).

Microarray statistical analyses

Analysis was conducted with the R 3.2.0 software (R 
Development Core Team 2012). For each array, the raw 
data comprised the logarithm of the median feature pixel 
intensity at wavelengths 635 nm (red) and 532 nm (green). 
A global intensity-dependent normalization using the 
loess procedure (Yang et al. 2002) was performed to cor-
rect the dye bias. The differential analysis was based on 
the log10 of the fold changes between watering regimes 
averaging over the duplicate probes and over the technical 
replicates. Hence, the numbers of available data for each 
gene equals the number of biological replicates. Empirical 
Bayes posterior means were computed to smooth the spe-
cific variances and used to calculate the moderated t test 
(function SqueezeVar of the library limma, Smyth 2005). 
Under the null hypothesis, no evidence that the specific 
variances changed between probes was highlighted and 
consequently the moderated t-statistic was assumed to fol-
low a standard normal distribution. To control the false 
discovery rate, P values were adjusted with the Bonfer-
roni approach (Storey 2007) using the R library kerfdr 
(Guedj et al. 2009). We considered as being differentially 
expressed the probes with a Bonferroni-adjusted P val-
ues below 0.05. A Venn diagram was drawn to indicate 
genes differentially expressed in Cervil and/or in Levovil. 
Gene Ontology (GO) terms were associated with the dif-
ferentially expressed genes using genome annotation v2.4 
(Tomato Genome Consortium 2012). A maximum of seven 
GO terms were associated to each gene. A total of 33 % of 
the differentially expressed genes (DEG) were not asso-
ciated to any GO term due to a lack in the genome anno-
tation. Identification of GO terms related to biological 
process that were significantly enriched within the differ-
entially expressed genes compared to the tomato genome 
was achieved using the ‘GO term enrichment analysis’ 
tool (http://bioinfo.bti.cornell.edu/tool/GO/GO_enrich.
html) based on the ‘GO::TermFinder’ program described in 
Boyle et al. (2004). GO terms were declared significantly 
enriched when Bonferroni-corrected P value was below 

http://bioinfo.bti.cornell.edu/tool/GO/GO_enrich.html
http://bioinfo.bti.cornell.edu/tool/GO/GO_enrich.html
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0.05. Separate analyses for up and down regulated genes 
in Cervil only, in Levovil only and common to the two 
accessions were conducted. All raw and normalized data 
are available through the GEO at NCBI (GSE69898) and 
through the CATdb database (Gagnot et al. 2008): project 
‘4PLEX_TOMATO_2013_03′. The list of genes differen-
tially expressed and the GO data are available in the Sup-
plemental Table 3.

Candidate gene selection under interactive QTLs

Microarray data on young leaves were used to identify can-
didate genes under interactive QTLs for plant traits poten-
tially controlled at leaf level. We focused on two QTLs 
with short physical intervals: a QTL for flowering time 
on chromosome 2 (3.23 Mbp) and a QTL for stem diam-
eter on chromosome 4 (2.55 Mbp). Within the QTL con-
fidence intervals, differentially expressed genes between 
watering regimes in Cervil and/or in Levovil were selected 
(adjusted P values below 0.05). Among these genes, pol-
ymorphism data obtained through the re-sequencing of 
parental accessions (Causse et al. 2013) was screened to 
identify nucleotide variants between Cervil and Levovil 
(SNPs and Indels). Re-sequencing depth was 19.6× for 
Cervil (covering 88.8 % of the genome with a minimum 
depth of 4×) and 9.2× for Levovil (72.7 % of the genome 
with a minimal depth of 4×). Variants were classified in 
four categories as specified in Causse et al. (2013): ‘High’ 
for polymorphisms which modified splice sites or start/stop 
codons (loss or gain); ‘Moderate’ for non-synonymous pol-
ymorphisms in coding regions, ‘Low’ for variants in cod-
ing regions which do not change the amino acid sequence 
and ‘Modifier’ for polymorphisms located in upstream and 
downstream regions or in UTR or intergenic regions.

Results

To study the genetic variability of tomato plant and fruit 
response to water deficit, we mapped QTLs in a popula-
tion derived from a cross between a cherry tomato and a 
large fruit accession, grown under two watering regimes 
(control and drought), in two locations (Agadir and Avi-
gnon). Phenotypic data from the two locations were ana-
lyzed separately because fewer and/or different phenotypic 
traits were measured in Morocco. Thus, a total of 19 traits 
were assessed in each watering condition, considering as 
two separate traits a same phenotypic measurement car-
ried out in the two locations. However, for the six com-
mon traits, correlations between the two experiments under 
the two watering regimes were highly significant (P value 
<0.001), suggesting a good repeatability of the measure-
ments through the experiments (Supplemental Table 4). 

Significant watering regime by location interactions were 
detected for these six traits (data not shown), which may 
reflect the consequences of differences in temperature and 
day length between locations.

Phenotypic variability and genotype by watering 
regime interactions

Both parental accessions were impacted by the drought 
treatment. From 1.1 to 33.1 times significantly higher 
percentages of phenotypic changes due to drought were 
observed in Levovil than in Cervil for 15 of the 19 meas-
ured traits (excepted for Diam.Aga, Leaf.Aga, FW.Aga and 
pH.Avi) (Fig. 1 and Supplemental Fig. 1). It suggested a 
higher susceptibility to water deficit in the large fruit acces-
sion. In particular, under drought, SSC was increased 
by 114.6 % and FW.Avi decreased by 71.8 % in Levovil, 
whereas the SSC gain was only 11.7 % and the FW loss 
33.3 % in Cervil.

In the RILs, we surveyed ample phenotypic variation for 
the plant and fruit traits, under the two watering regimes, 
in the two locations (coefficient of variation ranking from 
2.48 to 46.27 %; average CV = 17.68 %) (Fig. 1 and Sup-
plemental Fig. 1). Transgressions beyond parental values in 
the two directions were observed for all traits in the two 
watering regimes, except for Flw.Aga, FW.Aga, FW.Avi 
and Nbfruits.Avi for which RIL phenotypic means were 
comprised between Cervil and Levovil means. At plant 
level, in average in the RILs and in the two locations, the 
drought treatment tended to reduce stem diameter (Avi: 
−20.7 %; Aga: −30.3 %), leaf length (Avi: −13.4 %; 
Aga: −25.8 %) and fruit number (Avi: −21.7 %). At fruit 
level, drought treatment reduced FW (Avi: −37.7 %; 
Aga: −25.4 %) and yield (Avi: −50.3 %), but increased 
SSC (Avi: +26.3 %) and DMW (Avi: +30.7 %). The 
average plant height, flowering time, fruit firmness and 
pH were poorly affected by watering deficit whatever 
the location (Ht.Avi = −5.6 %; Ht.Aga = 2.4 %; Flw.
Avi = −0.2 %; Flw.Aga = +0.6 %; FIR.Avi = +3.4 %; 
FIR.Aga = +0.8 %; pH.Avi = −3.2 %). Vitamin C was 
differently impacted by drought depending on the unit 
in which it was expressed: in average increased when 
expressed relatively to fresh matter (+26.3 %) and reduced 
when expressed relatively to dry matter (−8.9 %).

For all the traits measured with replicates, in the two 
locations, genotype by watering regime interaction was 
significant (P value <0.01), except for pH, which was also 
poorly variable in the population (CVdrought = 2.80 %; 
CVcontrol = 3.34 %) (Table 1). These interactions repre-
sented between 5.70 (FW.Avi) and 16.86 % (Diam.Avi) 
of the total sum of square, a proportion lower than the one 
due to the genotype (between 23.96 and 85.87 %) for all 
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traits and lower than the one due to the watering regime 
(between 14.66 and 49.62 %) for ten of the seventeen traits. 
Interaction partitioning according to method 1 from Muir 
et al. (1992) showed that the observed interactions were 
mainly due to genotype re-ranking across watering regimes 
(84.94–100 %) and poorly to scale changes (0–15.6 %, 
Table 1).

The broad sense heritabilities were comprised 
between 0.30 (FIR.Avi under drought) and 0.90 (DMW.
Avi under drought), with consistence between experi-
ments for the six common traits in the two watering 
regimes (P valuedrought = 0.03 and rdrought = 0.85; P 
valuecontrol = 0.03 and rcontrol = 0.86) (Table 1, Supple-
mental Fig. 2). Correlations between heritability and 
genetic variance were significant in both conditions 

(for H2: P value <2.2 × 10−16 and r = 0.92; for varG: P 
value = 8.56 × 10−11 and r = 0.97). Thus, genetic varia-
bility was conserved across watering treatments, interac-
tions being associated with re-ranking among genotypes 
more than heterogeneous variance between watering 
regimes (Table 1).

Changes in correlations according to fruit weight 
and watering regime

We observed a negative linear relationships between FW 
in control condition and FW plasticity (∆FW) in the two 
experiments (rAvi = −0.51 and P valueAvi = 2.08 × 10−09; 
rAga = −0.44 and P valueAga = 9.69 × 10−07) (Fig. 2a and 

Fig. 1  Distribution of the average plant and fruit traits in the recom-
binant inbred lines (RILs) grown under two watering regimes in Avi-
gnon. Opaque color indicates trait values under control treatment and 
transparent color trait values under drought treatment (green plant 
traits, red fruit traits). The parental mean values are indicated: full 

red line for Cervil in control treatment, dashed red line for Cervil in 
drought treatment, full black line for Levovil in control treatment and 
dashed black line for Levovil in drought treatment. The black arrows 
represent the RIL population means: dashed arrow for drought and 
full arrow for control treatment (color figure online)
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Table 1  Effect of genotype (G), watering regime (W) and the interaction (G × W) on the plant and fruit traits

G, W and G × W indicate the significance of the ANOVA test for genotype, watering regime and interaction effects, respectively. SS G, SS 
W and SS G × W display the proportion of each effect in the total sum of squares, respectively. Scale and Rank are the proportion of interac-
tion associated with heterogeneous variance and imperfect correlation between genotypes, respectively, using method 1 according to Muir et al. 
(1992). ‘H2 control’ and ‘H2 drought’ indicate the broad sense heritabilities in control and drought treatment, respectively

ns Non-significant P value

*** P value below 0.001, ** between 0.001 and 0.01; and * between 0.01 and 0.05
a Data transformed for skewed distribution

Trait G SS G (%) W SS W (%) G × W SS G × W (%) Scale (%) Rank (%) H2 control H2 drought

Plant traits

 Flw.Avi *** 75.90 ns 0.14 ** 10.67 1.44 98.56 0.74 0.65

 Flw.Aga *** 85.87 ns 0.37 *** 6.47 15.06 84.94 0.88 0.83

 Diam.Avi *** 28.72 *** 39.72 *** 16.86 3.84 96.16 0.52 0.47

 Diam.Agaa *** 27.07 *** 49.62 *** 14.15 1.69 98.31 0.64 0.62

 Leaf.Avi *** 50.71 *** 21.87 *** 13.63 6.54 93.46 0.63 0.65

 Leaf.Agaa *** 34.19 *** 41.57 *** 14.93 3.02 96.98 0.72 0.60

 Ht.Avia *** 80.92 *** 1.92 *** 9.76 0.62 99.38 0.87 0.82

 Ht.Agaa *** 79.45 *** 0.68 *** 11.35 1.32 98.68 0.81 0.83

 Nbfruits.Avia *** 68.82 *** 7.57 *** 12.51 0.30 99.70 0.76 0.74

Fruit traits

 FW.Avia *** 55.65 *** 21.13 *** 5.70 5.83 94.17 0.83 0.69

 FW.Agaa *** 59.88 ns 9.80 *** 6.95 3.98 96.02 0.71 0.71

 FIR.Avi *** 26.74 *** 0.26 *** 7.97 3.01 96.99 0.32 0.30

 FIR.Aga *** 37.89 * 0.03 *** 11.00 0.19 99.81 0.41 0.46

 DMW.Avi *** 23.96 *** 29.82 *** 14.87 0.00 100.00 0.32 0.43

 pH.Avi *** 38.06 *** 14.66 ns 10.65 4.75 95.25 0.89 0.90

 SSC.Avi *** 30.10 *** 39.88 *** 12.14 0.15 99.85 0.66 0.44

 VitCFM.Avi *** 48.73 *** 16.33 *** 10.75 0.00 100.00 0.59 0.53

Fig. 2  Linear relationships 
between FW in control condi-
tion and plasticity for (a) fresh 
weight, (b) fruit number, (c) 
vitamin C content relatively to 
fresh weight and (d) vitamin C 
content relatively to dry weight 
in Avignon. Equation and R2 
of the linear regression lines 
are displayed. Color indicates 
relative ecovalence classes: 
blue <0.1, 0.1 < cyan < 0.5; 0 
.5 < black < 1; green >1. The 
gray areas indicate small fruit 
accessions (FW < 25 g) (color 
figure online)
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Supplemental Fig. 3). As ∆FW measures the percentage of 
FW gain or loss due to the drought treatment, these nega-
tive relationships indicated higher fresh weight loss for 
lines with large fruits. On another side, correlation between 
FW in control condition and vitamin C plasticity when 
expressed relatively to fresh matter (VitCFM) was not sig-
nificant (P value = 0.29 and r = 0.09), whereas this cor-
relation was significantly negative (P value = 1.05 × 10−03 
and r = −0.35) when vitamin C plasticity was expressed 
relatively to dry matter (VitCDM) (Fig. 2c, d). Together, 
these results suggest important water losses in large fruits 
under drought, responsible for a FW decrease and concen-
tration of vitamin C in fruit, without clear increase of vita-
min C synthesis or accumulation in fruit.

Among small fruit accessions (FW below 25 g), ∆FW 
was comprised between −0.6 and 0.1 in Avignon and 
between −0.6 and 0.5 in Agadir (Fig. 2a and Supplemental 
Fig. 3). Plasticity for fruit number was comprised between 
−0.6 and 0.4 (Fig. 2b). Thus, part of the small fruit acces-
sions had positive delta value for FW.Avi (1), FW.Aga (8) 
and Nbfruits.Avi (12), indicating improved yield compo-
nents under drought. Besides, in Agadir, two accessions 
showed, at the same time, a positive delta value for FW 
and fruit number (SSD168 and SSD172) (Supplemen-
tal Table 1). Ecovalence measurement is a method devel-
oped by Wricke (1964) to partition the sum of square of 
the interaction term and measure participation to individual 
genotype or environment to the genotype by environment 
interaction. In the small fruit accessions, the median values 
of the ecovalence distributions were 0.30, 0.18 and 0.25 for 
FW.Avi, FW.Aga and Nbfruits.Avi, respectively (blue and 
cyan colors in the gray area on Fig. 2a, b; Supplemental 

Fig. 3). These low values observed for 50 % of the small 
fruit accessions indicated a relatively stable FW and fruit 
number for these genotypes, whatever the watering regime.

For all phenotypic traits, correlations between mean 
values under control and drought were highly significant 
(P value <0.01), correlation coefficients ranking from 0.26 
(Yield.Avi) to 0.88 (Flw.Aga) (Supplemental Table 5). 
Nonetheless, we exhibited a significant change in cor-
relation network between phenotypic traits according to 
the watering treatment, in the two experiments (P val-
ueAvi = 4.0 × 10−4 and P valueAga = 9.7 × 10−3) (Fig. 3, 
Supplemental Fig. 4). Part of the correlations observed 
under control treatment was reinforced under water defi-
cit, as for the positive correlation between yield and fruit 
number (rcontrol = 0.31 and rdrought = 0.49) (Fig. 3). Oth-
ers correlations were reduced under drought treatment. 
FW was slightly less positively correlated with yield under 
drought (0.28) than under control watering (0.47) (Fig. 3). 
Together, these changes in correlation between FW and 
yield and between fruit number and yield suggested that 
fruit number was a major yield component under drought. 
Only one situation of correlation reversal between water-
ing regimes was observed, between flowering date and 
DMW (Fig. 3).

QTLs and QTL by watering regime interactions

A total of 56 QTLs were mapped and 44 of them colocal-
ized within five clusters on chromosomes 2, 3, 4, 6 and 11 
(Table 2; Fig. 4). The 56 QTLs explained more than 5 % of 
the total phenotypic variance (PVE), with a median value 

Fig. 3  Changes in phenotypic correlation network between the two 
watering regimes. The figure displays Pearson correlation coefficients 
between average phenotypic values measured in control and drought 
treatment, in Avignon. Only coefficients higher than 0.2 are shown 
(P value <0.05). The line width is proportional to correlation coeffi-
cient value. The line color indicates direction of the correlation: green 

for positive correlations and red for negative correlations. ‘Flw’ for 
Flw.Avi; ‘Hgh’ for Ht.Avi; ‘Dmt’ for Diam.Avi; ‘Lef’ for Leaf.Avi; 
‘Nbf’ for Nbfruits.Avi; ‘FW’ for FW.Avi; ‘FIR’ for FIR.Avi; ‘pH’ 
for pH.Avi; ‘DMW’ for DMW.Avi; ‘SSC’ for SSC.Avi; ‘VCF’ for 
VitCFM.Avi; ‘VCD’ for VitCDM.Avi and ‘Yld’ for Yield.Avi (color 
figure online)
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of 14 % and a maximum of 41 % for FW.Avi in control 
treatment (Supplemental Table 6, Supplemental Table 7). 
Eight QTLs were detected both in Avignon and Agadir 
experiments (33 % of the QTLs detected on the six com-
mon traits between the two locations). The confidence 
intervals were smaller than 11 Mbp for 88 % of the QTLs. 

Seven QTLs mapped around the centromeres encompass-
ing more than 30 Mbp. Besides, the size of the confidence 
intervals in cM and in Mbp were poorly correlated (P 
value = 0.01 and r = 0.38), due to differences in recom-
bination rates along the genome. Pascual et al. (2015) and 
Sim et al. (2012) reported similar results in tomato and 

Fig. 4  Overview of plant and fruit QTL identified on the tomato 
genome by QTL analysis in RILs. At the top of the panels, lines are 
representing tomato chromosomes where the lengths are proportional 
to chromosome physical sizes in million base pairs (Mbp). Centro-
meric regions with low recombination frequency are indicated in grey 
and peripheral parts in black (according to Sim et al. 2012). QTL are 
represented by square. Color codes correspond to the QTL types: 
constitutive (commons to control and drought treatment) in orange; 

detected only in control treatment in blue; detected only in drought 
treatment in red; interactive between the two watering regimes in pur-
ple. When an interactive QTL is colocalized with a non-interactive 
one, the interactive QTL is represented in the first plan in purple, 
surrounded by square with the color of the colocalized QTL. Posi-
tions of five major FW QTLs (: fw2.1, fw2.3, fw2.2, fw3.2, fw11.2 and 
fw11.3) are indicated (color figure online)
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explained these findings by large genomic regions around 
the centromeres with roughly no recombination.

Twenty QTLs were detected only under the control 
conditions and 12 QTLs only under drought. Thirteen 
QTLs were constitutive as they were detected under both 
watering regimes. Distinguishing between specific and 
constitutive QTLs is not straightforward as it depends 
on the magnitude of the effect and the chosen detection 
threshold. Thus, we calculated the effects and PVE for all 
QTLs in the two watering regimes (Supplemental Table 6, 
Supplemental Table 7). On chromosomes 2 and 11, con-
stitutive QTLs for FW colocalized with FW QTLs previ-
ously fine-mapped or cloned (Frary 2000; Lecomte et al. 
2004; Huang and van der Knaap 2011; Illa-Berenguer 
et al. 2015; Fig. 4).

Eleven QTLs were significantly interactive between 
watering treatments, with two of them mapped both with 
the ANOVA testing procedure and with the plasticity 
data. The plasticity data gave more power to detect QTL 
by watering regime interaction, mapping ten interactive 
QTLs against three for the ANOVA testing procedure. 
One more interactive QTL, for yield on chromosome 8, 
was just below the threshold according to the ANOVA 
procedure (P value = 0.005) and was not detected with 
the plasticity data. Among interactive QTLs detected, 
four were associated with plant traits and seven to fruit 
quality traits. Seven antagonist QTLs had opposite 
allelic effects when comparing both watering treatments 
and four differential QTLs had effect intensity changed 
according to treatment (Table 2; Fig. 4). In average, the 
interactive QTLs explained 14 % of the phenotypic var-
iance (SD = 5 %). One of them, controlling variation 
in FW, was in the centromeric region of chromosome 
11 and covered 46 Mbp. The ten others encompassed 
in average 4 Mpb (SD = 3 Mbp) and genomic regions 
carrying between 221 and 1009 genes (Supplemental 
Table 8).

Among the interactive QTLs, the differential QTL 
for SSC on chromosome 2 mapped in the same genomic 
region as ssc2.2, a SSC QTL fine-mapped between two 
FW QTLs by Lecomte et al. (2004). The differential QTL 
for FW on chromosome 3 overlapped with fw3.2 which was 
recently cloned (Chakrabarti et al. 2013; Fig. 4). This QTL 
was shown to control the increase in cell layers, the delay 
of fruit ripening and the decrease in fruit number as well. 
Besides, this QTL was reported to have a minor effect on 
fruit shape and to be sensitive to the growing environment 
(Zhang et al. 2012). In this same region at the extreme end 
of chromosome 3, we mapped also three antagonist QTLs 
for SSC, DMW and VitCDM. An antagonist QTL for pH 
mapped at 38 Mbp on chromosome 6 could be related to 
detected associations for organic acid content in an unre-
lated tomato population. These QTLs/associations are close 
from two putative malate transporters (Solyc06g072910 and 
Solyc06g072920) identified in a previous study (Sauvage 
et al. 2014). The differential QTL for FW on chromosome 
11 mapped 2 Mbp ahead of the fine-mapped QTLs fw11.2 
and fw11.3 (Huang and van der Knaap 2011; Illa-Berenguer 
et al. 2015). No interaction with the environmental condi-
tion was demonstrated for these two QTLs until now.

Three examples of interactive QTLs are displayed in 
Fig. 5. On chromosome 3, an interactive QTL had antag-
onist effect on DMW.Avi: in control treatment Cervil 
allele increased the trait value of 0.4 units whereas under 
drought Cervil allele reduced DMW of 0.3 units (Fig. 5a). 
On chromosome 4, an interactive QTL with antagonist 
effect on stem diameter was mapped: in control treat-
ment Cervil allele decreased stem diameter of 0.7 units 
whereas under drought Cervil allele increased Diam.Avi of 
0.1 units (Fig. 5b). On chromosome 2, an interactive QTL 
was detected with changes in effect intensity according to 
watering regime for flowering time (Fig. 5c). Cervil allele 
effect was increased (+1.2 units) under drought (meaning 
an earlier flowering).

Fig. 5  Examples of interactive 
QTL effects (a) ‘Antagonist’ 
interactive QTL on chromo-
some 3 for fruit DMW meas-
ured in Avignon (marker at the 
LOD peak: Y03_64701243). b 
‘Antagonist’ interactive QTL 
on chromosome 4 for stem 
diameter measured in Avignon 
(marker at the LOD peak: 
Y04_63370382). c ‘Differential’ 
interactive QTL on chromosome 
2 for flowering time measured 
in Avignon (marker at the LOD 
peak: Y02_38601550)
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Genes differentially expressed and candidate gene 
identification under interactive QTLs

To go further in the understanding of the genetic control 
of tomato response to water deficit, gene expression was 
measured in young leaves of Cervil and Levovil, grown 
under the two watering regimes. Among the 33,913 tomato 
genes carried on the microarrays, 2259 were differentially 
expressed between watering treatments in young leaves of 
Cervil and/or Levovil (Fig. 6; Supplemental Table 3). More 
genes were differentially expressed in Levovil (1911), than 
in Cervil (786). Roughly identical counts of up (Cer: 43 % 
and Lev: 44 %) and down (Cer: 57 % and Lev: 57 %) reg-
ulated genes were observed in the two accessions. A total 
of 438 genes were differentially expressed in both parental 
accessions and 405 of them showed regulation in the same 
direction in Levovil and Cervil.

The enrichment analysis of GO terms related to biologi-
cal process was achieved on the differentially expressed 
genes. The 405 genes differentially expressed in the same 
direction in Cervil and Levovil contained more genes asso-
ciated with microtubule process, to lipid metabolism and 
response to wound stress than the proportions observed 
in the whole tomato genome. Among the genes differen-
tially expressed only in Cervil, processes associated with 
the defense against biotic stress and cell-wall process 
were significantly overrepresented compared to the tomato 
genome (Supplemental Fig. 5a). On the other hand, the list 
of genes differentially expressed only in Levovil was sig-
nificantly enriched in genes related to cellular homeostasis, 
oxidation–reduction and metabolic process (Supplemental 
Fig. 5b). The differences between Levovil and Cervil in 
the enriched functions of the differentially expressed genes 
supported the differences observed between small and large 

fruit accessions at the phenotypic level. Finally, among the 
33 genes regulated in different direction between Cervil 
and Levovil, three genes were associated with response to 
stress stimulus (Supplemental Fig. 5d): Solyc11g028060 
(‘defensin-like protein’), Solyc06g009140 (‘Late embryo-
genesis abundant protein 3′) and Solyc07g006380 (‘defen-
sin-like protein’). Interestingly, two of these genes were 
located in close vicinity of interactive QTLs (Fig. 4): 
Solyc06g009140 was located 2 Mbp above a differen-
tial QTL for fruit number on chromosome 6, whereas 
Solyc11g028060 was located in the interval of the differen-
tial QTL for FW on chromosome 11. They could be related 
to the phenotypic difference observed between Levovil and 
Cervil under drought and represent candidate genes for 
future studies, although these results should be taken cau-
tiously as their expression was studied in leaves and related 
to fruit traits.

Then, we focused on two short genomic regions where 
interactive QTLs for stem diameter (chromosome 4, antag-
onist QTL, detected in Agadir and Avignon) (Fig. 5b) 
and for flowering time (chromosome 2, differential QTL, 
Agadir) (Fig. 5c) were mapped to look deeper at the dif-
ferentially expressed genes (Supplemental Table 6, Sup-
plemental Table 7). The interactive QTL for Flw.Aga 
corresponded to a genomic region carrying 357 genes, 
whereas the QTL for stem diameter encompassed 289 
genes (Tomato Genome Consortium’ 2012) (Supplemen-
tal Table 8). Selecting the differentially expressed genes in 
Cervil and/or Levovil in these intervals reduced the candi-
date gene list to 24 and 29 genes, for Flw QTL and Diam 
QTL, respectively (Table 3).

The re-sequencing of Cervil and Levovil genomes 
identified polymorphisms between these accessions and 
constituted a powerful tool to further reduce the differen-
tially expressed gene lists (Causse et al. 2013). Under the 
interactive QTL for stem diameter, 24 genes differentially 
expressed were polymorphic between Cervil and Levovil. 
Among them, seventeen genes exhibited moderate effect 
polymorphism and two genes had a polymorphism with a 
high impact on the protein sequence: Solyc04g077640 cod-
ing for a ‘serine carboxypeptidase 1’ (splice site donor) and 
Solyc04g079080 coding for a ‘calmodulin’ (frame shift) 
(Table 3). Among the 24 differentially expressed genes 
under the interactive QTL for Flw, eleven were polymor-
phic between Cervil and Levovil. Five genes presented 
moderate effect polymorphisms (non-synonymous variants 
in coding region) and only one had a polymorphism with a 
high impact on the protein sequence: Solyc02g069060 cod-
ing for a ‘phloem lectin’ (loss of a stop codon) (Table 3). 
These moderate to high effect polymorphisms and dif-
ferentially expressed genes constitute putative candidates 
for the genetic control of tomato response to water deficit 
and have to be further investigated. Nevertheless, others 

Fig. 6  Venn diagram of differentially expressed genes between 
watering regimes in Cervil and/or Levovil. Genes were considered 
as being differentially expressed when the Bonferroni-adjusted P 
value was below 0.05. Blue and red colors indicate gene differentially 
expressed in Levovil and Cervil, respectively. Up and down arrows 
show genes up and down regulated under water deficit, respectively 
(color figure online)
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polymorphic genes in these QTL intervals represent oth-
ers putative candidates. Apart from the polymorphisms 
described above and in Table 3, we identified 17 genes with 
high effect variants under the Diam QTL (Solyc04g076410, 
Solyc04g076840, Solyc04g076940, Solyc04g077050, 
Solyc04g077330, Solyc04g077630, Solyc04g077700, 
Solyc04g077710, Solyc04g077920, Solyc04g078080, 
Solyc04g078180, Solyc04g078230, Solyc04g078260, 
Solyc04g078350, Solyc04g078360, Solyc04g078660 
and Solyc04g078910) and 4 genes (Solyc02g065250, 
Solyc02g068970, Solyc02g069140 and Solyc02g069270) 
under the Flw QTL (polymorphism details in Causse et al. 
2013).

Discussion

The aims of the study were (1) to outline genotype by 
watering regime interactions for 19 plant and fruit traits in 
119 RILs from a cross between a small fruit accession and 
a large fruit accession, grown under two watering regimes, 
(2) to elucidate the inheritance patterns of these interac-
tions and (3) to identify candidate genes as putative targets 
for tomato breeding under deficit irrigation. The results 
provided a basis for improving the use of deficit irrigation 
strategies for tomato production.

Genotype by watering regime interaction at the 
phenotypic level

At the phenotypic level, we identified significant geno-
type by watering regime interactions for most of the traits 
evaluated (except pH). The importance of the interaction 
with respect to watering and genotype factors may depend 
on the phenotypic traits and the genotypes studied, as well 
as the plant developmental stage and the intensity/duration 
of the water deficit suffered by the plants. In our study, the 
interactions, although marginal in regard to the magnitude 
of the effect of the genotype factor (24–86 %), represented 
up to 17 % of the total sum of squared deviations. They 
were essentially due to genotype re-ranking (85–100 %), 
and poorly to heterogeneous variance between watering 
conditions. In a previous publication on leaf water content 
in six cultivated tomato accessions grown under two water-
ing regimes, the authors reported a significant genotype by 
watering treatment interaction representing 16 % of the 
total sum of square, against 5 and 72 % for the genotype 
and watering factor, respectively (Jureková et al. 2011). On 
the other hand, in thirty wheat lines phenotyped for traits 
measuring vigor of seeds and seedlings under two watering 
conditions, genotype by watering interactions represented 
between 8 and 39 % of the total sum of square and their 

weight was always equal or lower than the weight of the 
genotype factor (Dhanda et al. 2004).

Heritabilities and genetic variance were highly corre-
lated between the two watering treatments, in the two loca-
tions. These results are contrasting with the only detailed 
study of genotype by watering regime interaction in tomato 
reported by Gur et al. (2011) in a set of introgression 
lines (ILs) derived from a cross between S. pennellii and 
S. lycopersicum. The authors described decreased genetic 
variances and heritabilities under drought. The discrepancy 
with our results could be caused by the different genetic 
basis of the populations, a lower number of tested lines 
and/or a more drastic drought treatment (no water supply) 
in Gur et al. (2011). In rice, intermediate results on 151 
lines were reported, with a conserved heritability under 
arid conditions for some traits (grain and biomass yield), 
decreased (plant height, 1000-grain-weight) or increased 
(harvest index) for others, with differences according to 
water deficit intensity (Babu et al. 2003).

The pattern of genotype by environment interaction and 
the level of heritability under stress conditions are impor-
tant features to consider when choosing a breeding strategy. 
When correlations are imperfect between environmental 
conditions (revealed through re-ranking of genotypes) and 
if there is genetic variability under stress, selecting one 
genotype for a specific environmental condition seems to 
be the best strategy. However, such breeding strategy is 
limited by the variability across years in the intensity and 
frequency of the drought episodes. Alternative approaches 
could be to improve drought adaptation in elite varieties 
by incorporating morphological and physiological mecha-
nisms maintaining genotype performances under drought 
or to improve yield potential in already drought adapted 
accessions (Mitra 2001).

Interaction between genotype and the watering 
regime at the genotypic level

For the first time, in a cross between two cultivated tomato 
accessions, we identified QTL by watering regime inter-
action, deciphering the genetic architecture of tomato 
response to water deficit. Such an approach for dissecting 
G × E interaction into underlying genetic loci is not new 
and was already performed in numerous plant species. In 
the first QTL by environment studies, authors performed 
independent QTL mapping in each environment and com-
pared the QTLs obtained through the experiments (Pater-
son et al. 1991 in tomato; Jansen et al. 1995 in A. thali-
ana; Lu et al. 1997 in rice). Today, more complex mapping 
strategies are undertaken and allow a more refined under-
standing of QTL × E interactions. Models can test for the 
presence of QTL whose effect vary between environments 



411Theor Appl Genet (2016) 129:395–418 

1 3

or plasticity QTLs can be mapped using composite traits 
measuring genotypic response to environmental constraints 
(Van Eeuwijk et al. 2010; Des Marais et al. 2013; Li et al. 
2015).

Applying these complementary strategies, we identified 
56 QTLs with moderate (10 %) to high (40 %) percentage 
of phenotypic variance explained. Among them, 13 were 
constitutive, 20 were control specific, 12 were drought-
specific and 11 were interactive between watering regimes. 
Excepted the seven QTLs encompassing centromeric 
regions with low recombination frequency (Sim et al. 2012; 
Pascual et al. 2015), we mapped QTLs with relatively small 
confidence intervals covering 0.33 to 11 Mbp. The others 
reported QTL × watering regime studies in tomato used 
introgression lines and reported QTLs with large confi-
dence intervals covering up to an entire arm of chromo-
some (Gur et al. 2011; Easlon et al. 2014). The plasticity 
data gave more power to detect QTL by watering regime 
interaction, mapping ten interactive QTLs against three for 
the ANOVA testing procedure (with two common between 
methods). Tétard-Jones et al. (2011) and El-Soda et al. 
(2014a) obtained such proportion when comparing both 
mapping methods and proposed that mapping QTL using 
directly phenotypic difference or ratio could give additional 
statistical power by exacerbating contrasts between two 
environmental conditions. Alternatively, when more than 
two environments are compared, parameters from reaction 
norms can be used as plasticity variable.

Although it is difficult to make a precise comparison 
because the authors did not exactly test QTL × E interac-
tion, the relative proportion of different QTL types was rel-
atively similar in the study of Gur et al. (2011) on tomato 
introgression lines. In this latter study on tomato yield 
and quality traits, a majority of the QTLs was constitutive 
(45 %) and control-specific (39 %) and few drought-spe-
cific QTLs (16 %) were mapped. Part of our constitutive 
QTLs confirmed the constitutive loci identified by these 
authors, in particular for the FW QTLs located on chromo-
somes 2 and 11 (Fig. 4). These QTLs were colocalized with 
cloned or fine-mapped genes controlling tomato FW: fw2.1 
and fw2.3 (fine-mapped in Lecomte et al. 2004), fw2.2 
(cloned in Frary 2000), fw11.2 and fw11.3 (fine-mapped 
in Huang and van der Knaap 2011; Illa-Berenguer et al. 
2015). Their constitutive feature is promising in regard to 
tomato yield improvement for diverse environments. From 
these results, Gur et al. (2011) proposed that tomato yield 
under drought conditions would be mostly controlled by 
QTLs determining the productivity of the plant, rather than 
QTLs providing a physiological improvement for drought 
tolerance. However, we moderate this hypothesis arguing 
that distinguishing between specific and constitutive QTLs 
is not straightforward as it depends on the magnitude of the 
effect and the chosen detection threshold. We agree with 

Des Marais et al. (2013) who encourage authors to display 
effects and PVE for all QTLs in the different environmen-
tal conditions to make fair comparison between studies. 
Besides, quantification of QTL × E interactions appears 
necessary to be able to detect QTLs with varying effects 
depending on the environmental conditions and to identify 
QTLs/genes potentially involved in tolerance mechanisms 
against abiotic stress.

On average, the eleven interactive QTLs detected in 
our study explained 14 % of the phenotypic variance for 
the respective traits. Among them, a majority had antago-
nistic effects according to watering regime (seven QTLs) 
and four QTLs showed a decreased effect under drought. 
To date, only four studies have reported QTLs with chang-
ing direction of allelic effects according to the environmen-
tal constraints (Des Marais et al. 2012). Such antagonist 
QTLs were described in rice in response to planting density 
(Liu et al. 2012) and between different water regimes in A. 
thaliana (Hausmann et al. 2005; El-Soda et al. 2014a) and 
sorghum (Sabadin et al. 2012). In our study, the detection 
of loci with antagonist effect could result from a drastic 
drought treatment and testing different levels of watering 
in a next QTL study may give different results. Negative 
correlation between water deficit intensity and fruit fresh 
weight decrease was already observed in tomato (Durán 
Zuazo et al. 2011), but the effect of different water reduc-
tion intensity on the genetic determinants of tomato plant 
response to drought has been poorly investigated. In A. 
thaliana, the expression patterns of 6180 genes that were 
differentially expressed under severe drought was not sig-
nificantly changed under moderate water deficit (Harb et al. 
2010). Besides, 18 A. thaliana mutants that behaved bet-
ter under severe water stress did not present any superior-
ity under moderate stress (Skirycz et al. 2011). Such results 
are in line with a different genetic determinism depending 
on the level of water deficit suffered by the plant. Skirycz 
et al. (2011) proposed that severe drought may be favorable 
for detecting QTLs relative to limitation of water depletion 
in plant tissues (referred as avoidance strategy) whereas 
mild stress would allow to identify loci responsible for 
maintening growth, photosynthesis and metabolism during 
water deficit (tolerance strategy).

Knowledge of the interactive QTLs is crucial in breed-
ing programs because the presence of such QTLs can limit 
breeding efficiency if the favorable alleles do not have the 
same effect under different environmental conditions. We 
identified antagonist QTLs for DMW, SSC, stem diameter, 
fruit number and pH on chromosomes 3, 4 and 6. Luck-
ily, tomato and others horticultural crops are widely grown 
under irrigation and the level of water deficit imposed to the 
plants can be controlled and used to manage fruit quality, 
yield and water consumption. Furthermore, the antagonist 
QTLs identified could be used in marker-assisted selection 
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(MAS) to build either genotypes for growth specifically 
under deficit irrigation or genotypes to cultivate under well-
watered conditions. However, specific consideration should 
be given to the overlap of interactive QTLs at the terminal 
end of chromosome 3. In this region, we mapped one dif-
ferential QTL for FW and three antagonist QTLs for DMW, 
SSC and VitCDM. Under control, Levovil alleles increased 
FW and VitCDM, whereas it decreased SSC and DMW. In 
drought conditions, the Levovil alleles increased FW in a 
lower extend, but decreased VitCDM and increased SSC 
and DMW. This cluster of QTL colocalized with the cloned 
QTL fw3.2 which was shown to be environmentally sensi-
tive and to have pleiotropic effects on fruit cell numbers, 
fruit shape, ripening date and fruit number (Zhang et al. 
2012; Chakrabarti et al. 2013). Besides, previous map-
ping studies in tomato grown under well watered condition 
identified QTLs for sugar content and titrable acidity in the 
same genomic region (Saliba-Colombani et al. 2001; Pas-
cual et al. 2015). It is difficult to determine if the interactive 
QTLs correspond to a unique QTL with pleiotropic effect 
on the different traits whatever the watering regime or to 
different QTLs controlling the different traits under the two 
watering treatments. If there are several QTLs, recombina-
tion events could help to gather the most favorable alleles 
(or less unfavorable) to build a genotype suitable for grow-
ing under deficit irrigation.

Could we stand on water management to improve 
tomato fruit quality?

Deficit irrigation and partial root drying are watering strat-
egies under consideration in fruit crops, aiming to reduce 
non-beneficial water consumption in horticultural produc-
tion while maintaining the economic feasibility of the crop-
ping systems (Kirda et al. 2004; Cui et al. 2008; Zheng 
et al. 2013). Major fruit species are highly water demand-
ing crops often cultivated with abundant irrigation, which 
can lead to overuse of groundwater and environmental deg-
radations. Beyond the concerns of gaining in water produc-
tivity and controlling yield losses, these practices may also 
contribute to improve fruit flavour and nutritional quality. 
In tomato, flavour perception is an important criteria for 
genetic improvement since consumers started complain-
ing about lack of taste and aroma in the new long shelf life 
varieties (Kader et al. 1977; Bruhn et al. 1991; Ratanachi-
nakorn et al. 1997). Tomato flavour results from complex 
interactions between sugars, organic acids and tens of vola-
tile aromas (Stevens 1972; Yilmaz 2001). Besides, an abun-
dant scientific literature have reported the favorable effects 
of tomato consumption on human health (Giovannucci 
1999; Khachik et al. 2002; Giovannucci 2002), in particu-
lar through its content in ascorbic acid (vitamin C) and 

carotenoids which are among the most effective antioxidant 
in plants (Smirnoff 1996). Sugars, acids and antioxidants 
are also involved in plant response against stressing factors 
and their contents in fruits may be improved by the appli-
cation of abiotic stress (in particular drought; Lester 2006; 
Dorais et al. 2008).

Due to the application of a 60 % water deficit, we 
observed reduced plant vigor (stem diameter, leaf length 
and plant height) and productivity (fruit number and FW). 
On average, in the RIL population, the yield decrease 
reached the substantial value of 50 %, hardly compatible 
with a sustainable production system. However, at the same 
time, tomato fruit-soluble solid and dry matter content were 
increased by 26 and 31 % on average, respectively. These 
results confirmed decreased yield and improved fruit qual-
ity previously reported in many fruit crop species cultivated 
under water limitation, among which peach tree (Mirás-
Avalos et al. 2013), grape wine (Santesteban and Royo 
2006) and tomato (Guichard et al. 2005; Zheng et al. 2013; 
Ripoll et al. 2014). In accordance with others studies (Zairi 
et al. 2003; Kirda et al. 2004), we support that a limited 
water deficit could be the best compromise between crop 
yield and fruit quality. Response of large genotypic sets to 
low and mild water stress should be studied to assess the 
optimal stress level.

Concerning vitamin C content in fruit, results were dif-
ferent depending if concentration were reported on the basis 
of fresh weight or dry weight. When expressed relatively 
to fresh weight, vitamin C content was increased by 26 % 
in average in the RIL population, whereas when expressed 
relatively to dry weight it was decreased by 9 %. In their 
review, Ripoll et al. (2014) pointed out such discrepancy 
for acid and sugar content in many fruits. Regarding how 
metabolite contents are measured, it is thus difficult to 
define if an increase in concentration results from a dilu-
tion/concentration effect, solute accumulation or synthe-
sis in the fruit. Recent studies in tomato showed increased 
concentration of vitamin C with various extend depending 
on genotypes and water stress level, but the contents were 
expressed relatively to fruit fresh weight only (Favati et al. 
2009; Murshed et al. 2013). More refined study of various 
metabolite contents in tomato fruits grown under drought 
should be achieved to clearly state on the effect of water 
limitation on the nutritional value of tomato.

The highlight of our study is that the response to water 
stress depends on fruit size leading to different water man-
agement strategies. Large fruits suffered from a greater 
loss of FW due to the water deficit, but they were also 
those whose dry matter and soluble solid contents most 
increased. Growing large fruit tomatoes under a slight 
water deficit could improve tomato flavour and limit water 
consumption. To compensate the yield loss for growers, the 
fruits of plants grown with a slight water deficit could be 
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marketed as ‘tasty and environment friendly food’ (Dorais 
et al. 2008). On the other hand, in small fruit accessions, 
we observed a large genotypic variability for fresh weight 
and fruit number plasticity under drought. In particular, 
a dozen lines showed stable or increased FW and/or fruit 
number under drought. They represent good candidates for 
tomato yield improvement under drought. Genotypic vari-
ability in small fruit lines could be further explored to limit 
water consumption in cherry tomato greenhouses. In the 
long term, interesting ‘plasticity alleles’ identified in small 
fruit genotypes could be introgressed in large fruit plants 
provided they have no pleiotropic effect on fruit size.

Studying G × E interactions in the omic era

Genetic and genomic methods are now available to accel-
erate the identification of candidate genes and polymor-
phisms, through fine-mapping and functional genomic 
studies. It gives opportunity to further decipher the genetic 
basis of phenotypic plasticity. Here, we combined QTLs 
and genomic approaches to gain knowledge on the genetic 
architecture of tomato response to water deficit. The re-
sequencing of the RIL parents identified thousands of 
SNPs to build a new genetic map covering fully the tomato 
genome (Causse et al. 2013; Pascual et al. 2015). The avail-
ability of the reference genome sequence and its functional 
annotation allowed the projection of the QTL confidence 
intervals onto the tomato physical map, identifying hun-
dreds of genes located in these intervals (Tomato Genome 
Consortium 2012). Then, we focused on two interactive 
QTLs potentially controlled at leaf level and with short 
confidence intervals: an antagonist QTL for stem diameter 
on chromosome 4 and a differential QTL for flowering time 
on chromosome 2. Combining the results of QTL mapping 
to the analysis of gene expression of the RIL parents drasti-
cally reduced the list of candidate genes under these two 
interactive QTLs by targeting differentially expressed genes 
between watering regimes. The catalog of polymorphisms 
between the parental accessions gained from their re-
sequencing reduced further the putative gene list. Under the 
two QTLs, three promising candidate genes with differen-
tial expression and high impact polymorphisms were iden-
tified: Solyc02g069060 was coding for a ‘phloem lectin’ 
(loss of a stop codon), Solyc04g077640 for a ‘serine car-
boxypeptidase 1′ (splice site donor) and Solyc04g079080 
for a ‘calmodulin’ (frame shift) (Table 3). The involve-
ment of genes of these three protein families in plant pro-
tection and/or signaling in response to biotic and abiotic 
stress was reported in many studies and strengthened the 
interest paid to these three loci. Lectins constitute a class of 
carbohydrate-binding proteins with a known role in plant 
protection against cold, drought, salinity and biotic stress. 

They seem to be involved in cellular regulation and sign-
aling in many plants (Van Damme et al. 2004; Jiang et al. 
2010). Calmodulin is involved in plant response to abiotic 
stress through the involvement in osmotic adjustment and 
stress signaling in interaction with cellular calcium (Gong 
et al. 1997; Perruc et al. 2004; Reddy et al. 2011). A ser-
ine carboxypetidase type 1 was identified for its role in 
response to wound stress in tomato (Moura et al. 2001) 
and a rice serine carboxypeptidase-like gene was shown to 
be involved in response to biotic and oxidative stress (Liu 
et al. 2008). However, numerous serine carboxypeptidases 
genes are present in tomato genome and more precise study 
of these specific genes should be done.

On the other hand, others polymorphic genes in the 
QTL intervals remain equally good candidates as differen-
tial expression is not always a requisite and differences in 
stability and activity of proteins may not be related to dif-
ferences in mRNA production. Besides, polymorphisms in 
non-coding regions may also affect gene expression or pro-
tein stability. Furthermore, we identified 17 and 4 genes not 
differentially expressed but with high effect variants under 
the stem diameter and the flowering time QTL, respec-
tively. In particular, one of the polymorphic genes under 
the interactive QTL for flowering time (Solyc02g069270 
coding for ‘SlAGO2b’—frame shift) belonged to the argo-
naute (AGO) gene family known to be involved in RNA 
silencing pathways and interaction with microRNAs in 
plants (Vaucheret 2008). This gene is located in a region of 
chromosome 2 including two others AGO genes (SIAGO2a 
and SIAGO3), the first (Solyc02g069260 in Table 3) pre-
senting moderate effect polymorphisms and being differ-
entially expressed depending on the watering regime in 
our experiments. In a previous study on tomato, this set of 
genes was shown to be up-regulated under tomato yellow 
leaf curl virus (TYLCV) infection and under several abi-
otic stress, including drought stress (Bai et al. 2012). The 
argonaute genes may play an important role in reproductive 
development of tomato plant subjected to biotic and abiotic 
stressors by involving miRNA, in line with several results 
obtained in A. thaliana (Vaucheret 2004; Lee et al. 2010; 
Westwood et al. 2013).

A pioneer publication on A. thaliana provided another 
more advanced strategy to use gene expression data as 
clues for the identification of candidate genes involved 
in plant response to drought (Lovell et al. 2015). The 
authors proposed to use gene expression as covariate in 
a QTL model to link markers, RNA expression and phe-
notypes. They selected genes with significant cis-eQTLs 
and tested the effect of their transcript abundance on the 
effect of QTLs for phenotypic plasticity traits. Efficiency 
of the method was proved by recovering the causal locus 
FRIGIDA (previously cloned by Lovell et al. 2013) among 
92 cis-regulated genes in the confidence interval of a QTL 
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for water use efficiency (WUE). However, a limited num-
ber of studies have explored the genetic variation in tran-
scriptome response to environmental constraints in large 
populations (Des Marais et al. 2013). The development of 
new sequencing technologies at a reduced cost may help to 
improve the quality of genome sequences, produce marker 
and gene expression datasets and allow the automatic func-
tional annotation in many crops, which is an essential con-
dition to implement strategies combining gene expression 
and QTL analysis in future research.

Genome wide association studies (GWAs) are another 
possible framework for the dissection of the genetic basis 
of phenotypic plasticity in diverse plant populations. GWA 
approaches benefit from the many recombination events 
experienced in natural populations to achieve QTL map-
ping leading to a few candidate genes or even to the iden-
tification of the causal polymorphisms. Besides, GWAs 
access to a larger genetic diversity, with more alleles than 
in a bi-parental cross. GWA models testing G × E interac-
tions have been developed by plant biologists (Korte et al. 
2012; Saïdou et al. 2014), but the combination of GWAs 
and gene expression was essentially reported in human 
genetics until now (Cheung et al. 2005; Cookson et al. 
2009) and in few studies on A. thaliana (Nicolae et al. 
2010; Chan et al. 2011). It is probably because GWA mod-
els may be less powerful than bi-parental population to 
identify QTLs when they have small effects, which is the 
case for most of the QTLs involved in phenotypic plasticity 
(Des Marais et al. 2012). This limitation can be bypassed 
using large populations designed to balance the allele fre-
quencies. Combining QTL mapping, GWAs in large pop-
ulation and gene expression will constitute a complete 
framework to obtain a fine picture of the genetic control 
of genotype by watering regime interactions in plant. The 
advantage of a dual mapping strategy would be to reduce 
the rate of false positives and detect false negatives suffered 
by GWA due to structuration of the mapping panel, while 
taking advantage of the great allelic diversity in diverse 
populations (Brachi et al. 2010; Sterken et al. 2012).

Conclusion

This work is the first QTL study of response to water 
deficit in cultivated tomato (S. lycopersicum). At the phe-
notypic levels, significant genotype by watering regime 
interactions were reported. Large fruit tomatoes were more 
sensitive to drought and will require specific breeding con-
siderations for growing under deficit irrigation, to achieve a 
trade-off between fruit quality improvement and yield. At 
the genotypic level, we identified interactive QTLs, many 
exhibiting effects changing direction depending on the 
watering regime. In the scope of plant breeding program, 

these QTLs could be used in marker-assisted selection 
(MAS) to develop tomato genotypes adapted to water limi-
tation with intent to limit overuse of groundwater. In regard 
to genetic developments, we demonstrated a convenient 
way of combining QTL data, gene expression analysis and 
polymorphism data to identify candidate genes for plant 
adaptation to drought in the high-throughput area. Further 
studies need to confirm their roles. Besides, organ-specific 
transcriptome analysis will be of main interest to reveal the 
regulation network of tomato response to water deficit in a 
more refined scale.
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