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Abstract Abiotic and biotic stress factors are the

major constrains for the realization of crop yield

potential. As climate change progresses, the spread

and intensity of abiotic as well as biotic stressors is

expected to increase, with increased probability of

crops being exposed to both types of stress. Shielding

crops from combinatorial stress requires a better

understanding of the plant’s response and its genetic

architecture. In this study, we evaluated resistance to

salt stress, powdery mildew and to both stresses

combined in tomato, using the Solanum habrochaites

LYC4 introgression line (IL) population. The IL

population segregated for both salt stress tolerance

and powdery mildew resistance. Using SNP array

marker data, QTLs were identified for salt tolerance as

well as Na? and Cl- accumulation. Salt stress

increased the susceptibility of the population to

powdery mildew in an additive manner. Phenotypic

variation for disease resistance was reduced under

combined stress as indicated by the coefficient of

variation. No correlation was found between disease

resistance and Na? and Cl- accumulation under

combined stress Most genetic loci were specific for

either salt stress tolerance or powdery mildew resis-

tance. These findings increase our understanding of

the genetic regulation of responses to abiotic and

biotic stress combinations and can provide leads to

more efficiently breeding tomatoes and other crops

with a high level of disease resistance while main-

taining their performance in combination with abiotic

stress.

Keywords Combined stress � Stress interactions �
Crosstalk � Phenotypic variation � Ion homeostasis

Introduction

Crops grown in open fields encounter multiple unfa-

vorable conditions for optimal plant growth and yield,

of both abiotic and biotic origin. The ongoing climate

change, accelerated by the increase in atmospheric

CO2 concentration (Peters et al. 2011), is resulting in

an average rise in temperature and decrease in

precipitation especially in regions with temperate
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climates (Dai 2013), which further intensifies agricul-

tural land deterioration due to extended periods of

drought and an increase in soil salinity (Munns and

Tester 2008; Zhao and Running 2010). Moreover, an

increase in temperature and ambient CO2 concentra-

tion could directly influence plant pathogens spread

and geographic distribution. While studies show that

on many occasions the effects on pathogenicity are

pathosystem-specific (Coakley et al. 1999), the con-

sensus is that elevated temperatures will result in

pathogen geographic expansion and enhanced fecun-

dity, increasing the chances for host range expansion

and rise of more virulent strains (Garrett et al. 2006;

Harvell et al. 2002). As predictions point to increased

possibilities of plants encountering abiotic and/or

biotic stress, exposure to combined stresses is

expected to become more frequent.

The limited data available for plant responses under

abiotic and biotic stress combinations point to pre-

dominantly negative interactions at the phenotypic

level (Mittler 2006; Kissoudis et al. 2014). Increased

soil salt concentration results in enhanced susceptibil-

ity to soil borne diseases in tomato (Triky-Dotan et al.

2005) and other crop species (Al-Sadi et al. 2010; You

et al. 2011), and similar trends are observed under

water deficit (Jordan et al. 1984). Observations of the

effects of abiotic stress on foliar pathogens are on the

other hand mixed, with studies reporting either

enhanced (Achuo et al. 2006; Wiese et al. 2004), or

decreased resistance (Roubtsova and Bostock 2009;

Sanogo 2004). Abiotic stress severity can affect

responses to abiotic and biotic stress combinations

(Soliman and Kostandi 1998), and therefore the

outcome of the interaction may be dependent on the

specific environmental conditions under which it

occurs.

Indications for stress regulatory crosstalk can be

found at the phenotypic level, and are evident as well

at the gene expression level (Kissoudis et al. 2014).

Recently, the transcriptome of Arabidopsis subjected

to combinations of various abiotic and biotic stressors

was analyzed (Atkinson et al. 2013; Prasch and

Sonnewald 2013; Rasmussen et al. 2013). The striking

commonality of all these studies is the unique

responses observed under stress combinations that

could not be predicted by the response to individual

stressors. Moreover it was observed that the response

of a significant number of transcripts was cancelled or

prioritized under stress combinations in comparison

with the individual stress, suggesting antagonistic

interactions with potential detrimental effects on plant

adaptation under combined stress.

Apart from the characterization of individual genes

involved in both abiotic and biotic stress (Asano et al.

2012; Ramı́rez et al. 2009) and the recent reports on

transcriptomic characterization of the response to

various stress combinations in Arabidopsis, the

genetic architecture of plant response to combinatorial

stress has not been investigated.

In this paper we study the interaction between

salinity stress and powdery mildew (PM) infection in

tomato. Tomato (Solanum lycopersicum L.) possesses

unique properties, as it is both an economically

important crop, the first vegetable in production in

the world (FAOSTAT 2011), and a model plant

species, due to its diploid, relatively compact, and

recently sequenced genome (Sato et al. 2012) and its

large genetic and genomic resources (Ranjan et al.

2012). Tomato productivity is affected by a high

incidence of increased soil salinity in the areas of

cultivation (Cuartero et al. 2006). Additionally, fungal

pathogens can significantly limit productivity by

colonizing the foliage or the fruits. The biotrophic

ascomycete Oidium neolycopersici (causing PM) is

one of the economically most important foliar patho-

gens of tomato, both in the greenhouse and in open

field conditions (Jones et al. 2001).

We evaluated a Solanum habrochaites introgres-

sion line (IL) population (accession LYC4 as the

donor) in the background of cultivated tomato (cv.

Moneymaker, Finkers et al. 2007b) for our study. S.

habrochaites is native to high altitude habitats in the

Andean mountains (Grandillo et al. 2011), and various

accessions were used as a source for cold tolerance

(Venema et al. 2008) and resistance to a wide range of

fungal pathogens (Grandillo et al. 2011) including PM

(Huang et al. 2000). The LYC4 population was

evaluated previously for Botrytis resistance (Finkers

et al. 2007b) and parthenocarpy (Gorguet et al. 2008).

The results presented in this paper show that the

LYC4 IL population segregated for both salt stress

tolerance and PM resistance. QTLs conferring

resistance to the individual stresses were identified

using a high density SNP array for accurate

localisation of introgressions. In addition the effect

of salt stress on the genetic factors involved in PM

resistance was evaluated. Various new genetic loci

contributing to tomato salt stress tolerance and PM
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resistance were discovered. Salt stress increased

susceptibility to PM, reducing phenotypic variation

for disease resistance. These results provide novel

genetic resources for enhancing salt stress tolerance

and PM resistance in tomato and enhance our

understanding for plant responses under abiotic and

biotic stress combinations.

Materials and methods

Plant material

The core collection of a S. habrochaites LYC4

introgression line (IL) population in the genetic

background of S. lycopersicum cv. Moneymaker

(MM), consisting of 31 ILs covering most of the

tomato genome, was used in this study (Finkers et al.

2007b). The population was originally generated

aiming at maximum coverage of the wild species

genome and parts of each chromosome being present

in at least three ILs as assessed with AFLP markers.

Twenty-nine of the ILs were genotyped using a

custom made single nucleotide polymorphism (SNP)

Infinium array containing 5,528 SNPs, as described by

(Vı́quez-Zamora et al. 2013). The introgressed regions

according to the SNP data were visualized using the

software Graphical GenoTypes 2 (Van Berloo 2008).

Experimental conditions and treatments

Experiments were carried out in the Unifarm green-

house facilities of Wageningen University & Research

Centre. The photoperiod regime was 16 h light and 8 h

dark. Greenhouse air humidity was 70 %. Additional

lighting (100 Wm-2) was used if the incoming

shortwave radiation was below 200 Wm-2.

Tomato seeds were sown in peat and transplanted to

3L pots filled with vermiculite. The plantlets were

irrigated with half strength Hoagland’s nutrient solu-

tion every 2 days initially, and every day in the final

week of the experiment. Due to spatial restrictions and

PM containment measures the simultaneous assess-

ment of all four treatments was not possible, therefore,

two subsequent and partially overlapping experiments

were carried out. In the first experiment, salt stress was

applied to the population by the addition of 100 mM

NaCl to the nutrient solution of 3 weeks-old plants (5

plants per line), for 21 days. The pots were watered

until leaching, to ensure uniformity of the treatment

and to prevent NaCl accumulation. The concentration

of NaCl in the pots was regularly monitored by

measuring the electrical conductivity (EC) of the

leachate after the completion of the irrigation.

In the second experiment, PM and combined salt

stress-PM resistance were assessed as follows: 3-week

old plants (4 plants per line) were watered with a

solution containing 100 mM NaCl for 1 week. Sub-

sequently, PM was applied to both (4-week old) salt

stressed and non-salt stressed plants according to (Bai

et al. 2003) by spraying a suspension of 5 9 104

conidia.ml-1 [prepared by washing conidial spores

from leaves of heavily infected (sporulation stage)

MM plants]. The plants were grown for another

2 weeks after inoculation.

Traits measured

Salt stress experiment

Chlorophyll content was measured using a SPAD-502

meter (Minolta, Osaka, Japan) at the third and fourth

leaf counting from the bottom, 1 day before harvest.

Plant height and shoot fresh weight (FW) were

recorded at the end of the experiment. Dry weight

was determined after drying the plant tissues in a

forced-air oven at 70 �C until the samples reached

stable weight. Salt tolerance index was calculated as

the ratio of (fresh or dry) shoot biomass under salt

stress and biomass under control conditions for each

genotype.

Powdery mildew and combined stress experiment

The disease severity was expressed as disease index

(DI), assessed at 12 dpi (days post inoculation). DI was

expressed on a scale from 0 to 5, slightly modified

from (Bai et al. 2003), to increase the resolution of

infection incidence in order to obtain a more quanti-

tative measure of disease resistance. The values

corresponded to macroscopic observations of PM

growth and sporulation where 0 = healthy plant, no

visible sporulation, 1 = \0.1–10 % of foliar area

affected, slight sporulation, 2 = 10–20 % area

affected, 3 = 20–30 % area affected, 4 = 30–50 %

area affected and 5 = [50 % area affected with

abundant sporulation.
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Ion chromatography

For the ion content determination the oven-dried

leaves of tomato plants were ground to fine powder

using a hammer mill with 1 mm sieve. The powder

was ashed at 575 �C for 6 h. Ashed samples were

dissolved by shaking for 15 min in 1 ml 3 M formic

acid at 99 �C and then diluted with 9 ml MilliQ water.

A final 5009 dilution was subsequently prepared by

mixing 0.2 ml sample solution with 9.8 ml MilliQ

water. The concentration of Na?, K?, Ca2?, Mg2? and

Cl-, PO3�
4 and SO2�

4 of each sample was measured

using ion chromatography (IC) system 850 Profes-

sional (Metrohm Switzerland). The anions were

determined using Metrosap A 150, 150/4.0 mm col-

umn equipped with a Metrosap C5/5 Supp 4/6 Guard

column and the cations with Metrosap C4 Supp 4,

250/4.0 mm column equipped with a Metrosap A

Supp 4/6 Guard column.

Statistical and bioinformatics analyses

Experiments were carried out in a Split plot design with

five replications for the salinity stress experiments and

four replications for the PM and combined stress

experiment. Statistical analyses were performed using

Genstat 15th edition. Introgression lines with trait

values significantly different from the recurrent parent

(MM) were identified using a two-sided Dunnett test

(Dunnett 1955) at a type I error rate of a = 0.05, and

the underlying introgression was assigned as a QTL.

Correlations between traits were calculated using the

Pearson correlation coefficient (p B 0.05). The Coef-

ficient of Variation CV ¼ s=x� 100ð Þ was used to

estimate trait phenotypic variation of the population.

The discovered QTLs were surveyed for underlying

candidate genes with Marker2Sequence software

(Chibon et al. 2012) using as input the position of

the distal-most SNP markers of the S. habrochaites

LYC4 introgressed region.

Results

Genotyping of ILs

The custom made, Illumina Infinium based array

described in (Vı́quez-Zamora et al. 2013) was used for

the genotyping of the S. habrochaites LYC4 ILs. 1,508

SNPs out of 5,528 (27.2 %) were polymorphic

between the S. lycopersicum and S. habrochaites

LYC4 parental lines after SNP filtering with the

quality control criteria (Vı́quez-Zamora et al. 2013,

Supp. Table 1). The markers were landmarked on the

genomic sequence of tomato (Vı́quez-Zamora et al.

2013), which facilitated precise localization of the

introgressions of interest and subsequent investigation

of underlying putative candidate genes located in the

introgressed regions. As expected the size of the

introgressions in many occasions deviated signifi-

cantly on what was predicted by the genetic distances

examined previously with AFLP markers (Finkers

et al. 2007b). On some occasions (such as in ILs 2–3

and 8–2) introgression were revealed in different

chromosomes compared to the ones originally

assigned (Supp. Table 1; Supp. Fig. 1). However as

these are only a handful of exceptions we maintained

the naming of the lines of the population as reported

previously (Finkers et al. 2007b).

Variation in phenotypic traits

Solanum habrochaites LYC4 (LYC4) was selected

from different tomato wild species and tomato breed-

ing lines that were evaluated for salt tolerance and

powdery mildew (PM) resistance. LYC4 exhibited

significantly higher salt Tolerance index (calculated as

the ratio of total above ground FW under salinity stress

and that under control conditions, expressed as

percentage, 74.2 % compared to 56.5 % of MM),

and was highly resistant to PM (DI score of 0.7

compared to 4 of MM). Therefore, the S. habrochaites

LYC4 IL population in the background of S. lycoper-

sicum cv. MM as described in (Finkers et al. 2007b)

was chosen for this study.

The frequency distribution of the population

growth (total above ground fresh biomass) under

non-stress conditions revealed a normal distribution

(Shapiro–Wilk test, p = 0.903) after excluding LYC4,

which had significantly lower biomass than the

population (Fig. 1a). Similarly, relative FW under salt

stress (salt tolerance index-see below) followed a

normal distribution (Shapiro–Wilk test, p = 0.267)

(Fig. 1b). Interestingly, the majority of the population

exhibited increased salt stress tolerance compared to

the recurrent parent (MM).
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On the other hand, the disease index (DI) frequency

distribution deviated from normality, exhibiting neg-

ative skewness. This was due to the majority of the

individuals of the population being susceptible to PM,

and none exhibiting the level of resistance of the donor

parent LYC4 (Fig. 1c). DI frequency distribution

under combined salt stress and PM was similarly

negatively skewed, but with an increased degree of

skewness indicating that salt stress further enhanced

disease susceptibility (Fig. 1d).

Identification of QTLs for salt tolerance and ion

accumulation

FW and DW under salt stress were highly correlated

(r = 0.9, p \ 0.0001), however variation between ILs

was more pronounced for FW. Therefore, salt toler-

ance index was determined as ratio of total above

ground FW under salinity and FW under control

conditions expressed as percentage, normalizing the

differences in growth of the different genotypes under

control conditions.

Ten ILs (IL1-2, IL1-4, IL2-3, IL3-2, IL4-2, IL8-2,

IL9-1, IL10-2, IL10-3, IL10-4) exhibited higher salt

tolerance index compared to the recurrent parent MM

(Dunnett test, p \ 0.05, Fig. 2a, Table 1). Salt toler-

ance of those lines ranged from 67 to 80 % mainte-

nance of growth under saline conditions compared to

56.5 % of MM, with IL8-2 exhibiting the highest

degree of tolerance. Among those lines, IL2-3 and

IL3-2 additionally exhibited significantly higher FW

compared to the recurrent parent under salt stress

(108.7 and 113.2 g, respectively, compared to 89 g for

MM).

Putative QTLs for salt tolerance reside in the

introgressed regions of the salt tolerant lines. Several

lines carried large introgressions, covering almost

complete chromosomes (e.g. ILs 2-3, 3-2 and 8-2), and

therefore pinpointing underlying candidate genes from

the numerous genes in these introgressions is not

possible. Shared introgressions between different ILs

conferring salt tolerance provides a strong and more

precise indication for a QTL. Both ILs 1-4 and 9-1

carried a *4 Mbp introgression at the top of Chr. 9,

Fig. 1 Frequency

distribution of: a shoot FW

under control conditions,

b relative shoot FW under

salt stress 100 mM NaCl

(salt tolerance index), c PM

resistance under control

conditions, d PM resistance

under salt stress (100 mM

NaCl) of the 31ILs and the

two parental lines of the S.

habrochaites LYC4

population. The mean

values of the two parental

lines are indicated by arrows
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while a common overlapping region of *2.7 Mbp at

the bottom of Chr. 10 was shared between ILs 10-2,

10-3 and 10-4.

As ion toxicity in the shoot is an important aspect of

salt stress, the population was profiled for ion

concentrations in shoots under both control and salt

stress conditions. The genetic effects of introgressions

on variation in concentrations of the macronutrients

Na?, Cl-, K?, Ca2?, Mg2?, PO3�
4 and SO2�

4 and the

consequences for salt tolerance and DI were investi-

gated (Table 2). No significant differences in ion

concentrations were identified between the ILs and

MM under control conditions. Under salt stress,

introgression lines IL12-1 and IL12-3 accumulated

significantly less Na? compared to MM (18.2 and 18.6

compared to 25.5 mg/g dry biomass respectively,

Table 1). IL12-3 was not genotyped with the SNP

array, however using the AFLP data from Finkers et al.

(2007b), the introgressed region was shown to overlap

with that of IL12-1. Therefore a common genetic

factor potentially underlies the reduced Na? accumu-

lation in those lines. IL8-2 and IL12-3 accumulated

significantly less Cl- compared to MM (30.1 and 28.2

compared to 41.6 mg/g dry biomass respectively). K?

concentration was significantly higher in IL9-1 (33.0

compared to 25.2 mg/g dry biomass in MM). K?/Na?

ratio, considered to be an indicator for salt tolerance

(Shabala and Cuin 2008), was significantly increased

in the lines IL2-3, IL6-3, IL9-1, IL12-3 and IL12-1

compared to MM. Finally, except for SO2�
4 in IL3-1

which exhibited a significantly higher content-, Ca2?,

Mg2? and PO3�
4 concentrations were not significantly

different in any of the ILs under salt stress.

Correlation analyses

Correlation analysis (Pearson r, p \ 0.05) under

control conditions revealed a positive correlation

between FW and SO2�
4 concentration (r = 0.61) and

a negative correlation with PO3�
4 concentration

(r = -0.43). Under salt stress only a few significant

correlations were observed (Supp. Table 2). Growth

under salt stress was correlated with growth under

Fig. 2 Graphical genotypes

and the respective

performance of ILs

significantly different to the

recurrent parent (MM) for:

a salt stress tolerance, b PM

resistance under control

conditions, c PM resistance

under salt stress. The S.

habrochaites LYC4

introgressed segments are

depicted as dark

(homozygous) and light

(heterozygous) blue squares

in MM genetic background

(orange). (Color figure

online)
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Table 1 Summary of the LYC4 ILs that exhibited significant

differences for the different traits measured compared to the

recurrent parent MM. The precise location of the introgressed

segments carried is provided, as well as previous studies that

have identified QTLs for the same trait in the vicinity of those

regions and the putative candidate genes present

Introgression

lines

Genomic region (s) References Candidate genes

Salt tolerance index

IL1-2 N/A, AFLP data only

IL1-4 Chr2: 36411532.. 41371688, Chr9: 48774.. 4715716,

Chr11: 64251736.. 51936800 (het)

Li et al.

(2011)

IL2-3 Chr1: 25476.. 84030880 Li et al.

(2011)

NHX3, NHX4,SOS1, Cu/ZnSOD1

IL3-2 Chr3: 1410013.. 57499392 Foolad

(1999)

IL4-2 Chr4: 3071610.. 44938712 (het), Chr4: 46110324..

61886216

IL8-2 Chr7: 428378.. 58142204, Chr7: 58189028.. 60992576

(het)

Asins et al.

(2013)

HKT1;1, HKT1;2,

IL9-1 Chr9: 48774.. 3988469, Chr9: 62248928.. 67116024 (het) APX, MDHAR, GRX, ACCox,

EIN2, HSFa3, HSP70

IL10-2 Chr:10: 53339848.. 63662428

IL10-3 Chr:10: 53339848.. 63662428

IL10-4 Chr:10: 60924880.. 63662428 Aquaporin, ERF1,10, Peroxidase,

GST

Na? content (salt stress)

IL12-1 Chr12: 161288.. 52930616 Huertas et al.

(2012)

SOS2

IL12-3 N/A, AFLP data only

Cl- content (salt stress)

IL8-2 Chr7: 428378.. 58142204, Chr7: 58189028.. 60992576

(het)

IL12-3 N/A, AFLP data only

K? content (salt stress)

IL9-1 Chr9: 48774.. 3988469, Chr9: 62248928.. 67116024 (het) K? channel, Cyclic nucleotide gated

channel

K ?/Na ? ratio (salt stress)

IL2-3 Chr1: 25476.. 84030880 NHX3, NHX4,SOS1

IL6-3 Chr6: 40011792.. 43431840 H?-ATPase

IL9-1 Chr9: 48774.. 3988469, Chr9: 62248928.. 67116024 (het) K ? channel, Cyclic nucleotide

gated channel

IL12-1 Chr12: 74699.. 47436216, Chr12: 48239308.. 52930616 Huertas et al.

(2012)

SOS2

IL12-3 N/A, AFLP data only

Powdery mildew resistance

IL3-2 Chr3: 1410013.. 57499392

IL4-2 Chr4: 3071610.. 44938712 (het), Chr4: 46110324..

61886216

RLK, Ser/Threonine kinase

IL4-3 Chr4: 58808024.. 63693464, Chr9: 48774.. 3988469 RLK, Ser/Threonine kinase, PAL,

PR1a, ACCox, EIN2

IL6-2 Chr6: 37310260.. 40010168, Chr7: 56595944.. 61110872 RLK, Ser/Threonine kinase,

Peroxidase, ACCox,
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non-stress conditions, however the degree of correla-

tion (r = 0.7, p \ 0.001) suggests a considerable

differential effect of salt stress on growth, supported

by the statistically significant interaction observed

between FW and stress levels in an ANOVA analysis

(p \ 0.001). Relative growth under salt stress was

strongly negatively correlated with growth under non-

stressed conditions (r = -0.54, p = 0.0015), indicat-

ing that large plants on average are less tolerant to salt

stress than smaller plants. Relative growth under salt

stress was not correlated with any of the ions

measured, except for Na? for which a weak positive

correlation was observed (r = 0.37, p = 0.039).

QTLs for powdery mildew resistance

Solanum habrochaites LYC4 exhibited a high level of

resistance against PM, with limited disease symptoms

(no HR observed). Several introgression lines (IL3-2,

IL4-2, IL4-3, IL6-2, IL9-1 and IL12-3) had increased

resistance compared to MM, however they were

considerably more susceptible than LYC4 (mean DI

range 2.2–3.0 compared to 4.0 for MM and 0.7 for

LYC4, Figs. 2b, 3, Table 1). Partial resistance in IL3-

2, which carries an introgression covering a large part

of Chromosome 3, was characterized by the develop-

ment of necrotic (HR-like) lesions at the site of fungal

Table 1 continued

Introgression lines Genomic region (s) References Candidate genes

IL9-1 Chr9: 48774.. 3988469, Chr9: 62248928.. 67116024 (het) NBS-LRR, RLK, PAL,PR1a,

ACCox, EIN2

IL12-3 N/A, AFLP data only

Powdery mildew resistance (salt stress)

IL4-2 Chr4: 3071610.. 44938712 (het), Chr4: 46110324.. 61886216

IL4-3 Chr4: 58808024.. 63693464, Chr9: 48774.. 3988469

IL9-1 Chr9: 48774.. 3988469, Chr9: 62248928.. 67116024 (het)

IL10-1 Chr9: 48774.. 5464892, Chr10: 242877.. 49064720

Table 2 Means (n = 4)

and range of measured ions

in the parental and

introgression lines under

control (C) and salt stress

treatment (S)

MM LYC4 ILs

Mean ± S.D.

(mg/g)

Mean

(mg/g)

Range

Na? c 8.3 ± 0.6 11.6 ± 2.8 8.1 5.6–12.8

s 25.6 ± 3 30.3 ± 3.8 22.7 18.2–29.2

K? c 34.3 ± 4.7 41.9 ± 3 34.4 26.9–41.2

s 25.2 ± 1.5 25.6 ± 2.7 27.4 19.9–33

K/Na c 4.1 ± 0.4 3.8 ± 1.1 4.4 2.4–5.8

s 1 ± 0.05 0.9 ± 0.03 1.2 0.74–1.67

Cl- c 12.1 ± 2.1 11.6 ± 0.2 11.8 7.9–19.2

s 41.6 ± 5.9 44.3 ± 7.1 35.3 28.3–42.9

Ca2? c 11.1 ± 0.7 10.71 ± 0.7 10.9 8.6–14.8

s 10.9 ± 1.6 11.8 ± 2 10.5 7.7–12.4

Mg2? c 12.7 ± 0.4 10.7 ± 0.5 11.9 8.9–15.5

s 13.4 ± 1.8 14.3 ± 2.1 13.4 10.7–15

PO3�
4

c 17.7 ± 1.3 22.7 ± 1.8 17.5 12.7–23.9

s 14.5 ± 1.5 16.9 ± 3.4 15.8 11.2–19.5

SO2�
4

c 20.6 ± 1.4 9.4 ± 0.7 17.7 12.5–24.4

s 14.8 ± 1.1 11.4 ± 1.9 15.8 11.9–19.9
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spore development. All other lines exhibited quanti-

tative resistance with no visible cell death. IL4-3 and

IL9-1 both carry a *4 Mbp introgression at the top of

Chr. 9. However, IL4-3 has an additional introgression

at Chr. 4 that overlaps for *3 Mbp with the

introgressed segment of IL4-2, a line that was also

more resistant. IL6-2 carries two introgressions of

*2.7 and 4.8 Mbp on chromosomes 6 and 7, respec-

tively. The AFLP marker data point to a large

introgression in IL12-3 at the bottom arm of Chr. 12.

Correlation analysis of DI with growth and ion content

revealed a positive correlation with FW (r = 0.47,

p = 0.006) and a negative with PO3�
4 content (r =

-0.31, p = 0.047), while no significant correlation

was observed between DI and chlorophyll content.

Combined salt and PM stresses

Salt stress imposition significantly increased the

susceptibility to PM of the population (mean DI of

4.45 compared to 3.65 without salt stress, p \ 0.001).

The effect was more pronounced when only the lines

with significantly greater resistance than MM under

either stress condition were included (ILs 3-2, 4-2, 4-3,

6-2, 9-1, 10-1 and 12-3, mean DI of 3.93 compared to

2.78 without salt stress, p \ 0.001).

Three out of four ILs identified with significantly

reduced DI under combined stress conditions (ILs 4-2,

4-3 and 9-1) had also significantly reduced DI under

non-salt stress conditions (Figs. 2c, 3; Table 1). Only

IL10-1 exhibited increased resistance to PM uniquely

under salt stress; it was only marginally (non-signif-

icantly) more resistant than MM under non-salt stress

conditions.

To evaluate the effect of combinatorial stress on the

phenotypic variation of the population for PM resis-

tance, the coefficient of variation (CV) values for DI

were compared under PM and combined PM and salt

stress. The CV under the combination of stresses was

considerably lower than under PM infection (12.63 %

compared to 18.92 %), which might indicate that the

phenotypic variation for PM was reduced under salt

stress (Fig. 4a). This could also be a result of the

population susceptibility shifting towards the maxi-

mum of the disease score scale. However, when CV

was calculated for the lines that were more resistant

under either conditions a similar trend was observed

(14.53 %, mean = 3.93 (combined stress) compared

to 18.56 %, mean = 2.78 (PM only), Fig. 4b).

No significant differences were observed between

the ILs and MM for ion content under combined salt

stress and therefore no QTLs could be assigned.

Fig. 3 PM resistance under control conditions (black bars) and

under salt stress conditions (light grey bars) of the 31 S.

habrochaites LYC4 ILs and the two parental lines. The lines are

in ascending order of susceptibility under non-salt stress

conditions. Asterisks indicate significant differences between

the introgression lines and the recurrent parent MM (Dunnett

test, p \ 0.05)
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DI in non-salt stressed plants was significantly

correlated with DI under combined stress (r = 0.77,

p \ 0.0001, Fig. 5), suggesting minor interaction of salt

stress with the genotypic differences in plant suscepti-

bility, supported by the (marginally) non-significant

(p = 0.092) interaction observed, after ANOVA ana-

lysis. No further significant correlations were identified

under combined stress, except a weak positive correla-

tion of DI with chlorophyll content (r = 0.32).

Discussion

Salt stress and powdery mildew individually pose a

significant threat to tomato production, and the

probability of these occurring at the same time may

result in non-additive effects on plant fitness. There-

fore we examined the responses of the S. habrochaites

LYC4 IL population to both separately applied salt

stress and PM and the combination of these stresses.

Even though the experiments were done in the

greenhouse in a controlled environment, small differ-

ences in the environmental conditions between both

experiments that influence the plants’ performance

and the measurements could not be avoided. There-

fore, direct comparisons of the trait values measured in

the two different experiments need to be done with

caution. Nevertheless, QTL co-localization will be

discussed, as most of the QTLs identified were

reproducible in subsequent experiments with the

selected ILs.

S. habrochaites LYC4 carries significant variation

for tolerance and ion homeostasis under salt stress

Several S. habrochaites introgressions contributed

significantly to salt tolerance, and our results indicate

that under the stress conditions applied the IL lines that

were larger in size were more affected by salt stress.

The more vigorous (or high yielding) genotypes under

non-stress conditions are often also the best-perform-

ing plants under mild stress in particular, with usually

no crossover interactions (Blum 2005). The salt

concentration applied in our experiments (100 mM

NaCl) is considered to exceed this crossover point for

tomato (Maggio et al. 2007). This is supported by the

significant interactions between plant biomass and

salinity level and the moderate correlation between

plant biomass under control and salt stress conditions.

Interestingly, two ILs with higher FW than the

Fig. 4 Phenotypic variation of PM resistance under non-salt

stress and salt stress conditions expressed as the coefficient of

variation (CV) estimated in a the whole IL population (31 lines)

b ILs more resistant compared to MM under either control or salt

stress conditions (7 lines)

Fig. 5 Pearson correlation (r) between PM resistance (DI)

under non-stress control conditions and under salt stress
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recurrent parent MM under both control and salt stress

(IL3-2 and 2-3) also exhibited a higher salt tolerance

index. These properties make them valuable starting

material for salt tolerance breeding, especially IL2-3

which was previously shown to out-yield, under

control conditions, the parental line MM while IL3-2

had substantially lower fruit yields (Finkers 2007).

Several genomic regions of LYC4 contributed to an

increased salt tolerance index. Many of the QTLs

identified in this study co-localized with previously

discovered stress tolerance-contributing loci in segre-

gating populations derived from crosses with wild

tomato species (Table 1). The introgressed region in

Chr. 1 of IL2-3 coincides with QTLs identified in

previous studies for enhanced germination, vegetative

growth and fruit yield under salt stress (Foolad 1999;

Villalta et al. 2007). In this region, many candidate

genes reside that are involved in the regulation of ion

homeostasis, such as NHX3, NHX4 and SOS1 (Gálvez

et al. 2012; OlÍas et al. 2009), and for redox

homeostasis such as Cu/ZnSOD1 (Chen et al. 2009).

Notably, IL2-3 exhibited lower Na? accumulation

(19.9 mg/g compared to 25.5 mg/g dry biomass of

MM), but it was marginally below the significance cut-

off level and therefore no QTL was assigned. An

introgressed segment from Chr. 7 present in IL8-2 had

the strongest association with salt tolerance index.

Two HKT genes were recently found to reside on Chr.

7, potentially being causal for a QTL controlling Na?

and K? concentration (Asins et al. 2013). However the

introgression of IL8-2 covers almost the whole Chr.7,

so linking it with the HKT function should be done

with caution. IL8-2 also exhibited significantly lower

Cl- accumulation, which was shown to contribute to

salt tolerance in barley (Tavakkoli et al. 2011).

The introgressed segments on chromosomes 9, 10

and 12 found in the IL set used for this study are

relatively small. IL9-1 exhibited higher levels of K?,

as well as higher K/Na ratio compared to MM under

salt stress. A putative potassium channel, and cyclic

nucleotide gated channels involved in K? transport

(Shabala and Cuin 2008) reside in the introgressed

region of this line as well as other genes involved in

plant stress responses. (Table 1). The introgressed

region on Chr. 10 contains ethylene response factors

(ERFs) involved in stress tolerance and growth

regulation under abiotic stress (Cheng et al. 2013;

Dubois et al. 2013) as well as aquaporins, GSTs and

RLKs.

No correlation was found between salt tolerance

index and ion content, except for Na? accumulation,

which was weakly positively correlated. The lack of

correlation is evidenced by the limited co-localization

of QTLs for salt tolerance index and ion content

(Supp. Table 4), as well as the insignificant contribu-

tion to salt tolerance of a shared introgression in Chr.

12, resulting in lower Na? accumulation, carried by

ILs 12-1 and 12-3. The type and the size of the

population may have limited the discovery of corre-

lations, as usually unique introgressions are present in

the different ILs, which despite the possibility of co-

regulating different traits, is present in only a few

individuals of the population, resulting in non-statis-

tically significant associations. However previous

studies have as well identified a non-significant

correlation of Na? accumulation with salt stress

tolerance in tomato (Rao et al. 2013; Villalta et al.

2008). In fact, Na? can be used as an osmoticum

facilitating water status maintenance, as it was

observed in S. pimpinellifolium (Bolarin et al. 2001).

and this is reflected as well in our results where LYC4

is more tolerant compared to MM despite having

higher Na? accumulation, suggesting that Na? tissue

tolerance (by storing Na? in the vacuole or older

leaves) contributes to LYC4 salt tolerance. On the

other hand the lack of co-localization between many

salt tolerance and ion content QTLs, offers the

opportunity to combine them through pyramiding

and examine epistatic interactions that additionally

affect salt tolerance.

S. habrochaites LYC4 introgression contribute

to partial resistance to powdery mildew

Solanum habrochaites LYC4 exhibited a high level of

resistance to PM. None of the introgression lines

exhibited the same level of resistance. This phenom-

enon was also observed in a previous study of this IL

population on resistance to Botrytis cinerea (Finkers

et al. 2007b). It can be either a result of incomplete

representation of the wild species genome in the IL

population, or the breakdown of epistatic interactions

between loci, which are common in plant defense

signaling (Alcázar et al. 2009). Resistance to PM in

LYC4 is not the result of HR. In addition LYC4 was

previously found to be resistant to various pathogens

and insects (Finkers et al. 2007a; Yu et al. 2010).

Therefore increased basal resistance, or secretion of
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secondary metabolites (antibiosis) and leaf surface

structure such as the trichomes (antixenosis), may

contribute to resistance (Nonomura et al. 2009), which

should be further examined in this population.

Introgressions conferring PM resistance do not

coincide with previously identified regions with PM

resistance genes (Li et al. 2007, 2012). All previously

identified genes confer strong resistance to PM, in

contrast to the QTLs reported here. Because of the size

of the introgressions, no specific genes can be

pinpointed for increased resistance, though several

candidate genes are present (Table 1), on many

occasions (such as the RLKs) in multiple copies.

Salinity stress has a negative impact on powdery

mildew resistance

Salt stress (100 mM) increased PM susceptibility in all

genotypes of the population. This is in agreement with

the majority of studies in literature reporting a

suppressive effect of abiotic stress on defense

responses and increase in susceptibility. In Arabi-

dopsis thaliana abiotic stressors were shown to

suppress various aspects of the defense response. Salt

stress inhibited salicylic acid (SA) biosynthesis and

the induction of systemic acquired resistance (Yasuda

et al. 2008), while drought and heat stress suppressed

basal and R-gene mediated resistance against a virus

(Prasch and Sonnewald 2013). Contrarily, a previous

study in tomato reported a weak positive effect of salt

stress (100 mM) on PM resistance (Achuo et al. 2006).

These observations can be a result of the longer period

the plants experienced salt stress (14 days vs 7 in our

study), which may have allowed a buildup of Na? and

Cl- concentration to toxic for the fungus levels We

have observed a significant positive impact of Na? and

Cl- accumulation on powdery mildew resistance in

experiments with varied salt stress levels, with mild

salt stress increasing susceptibility while stronger salt

stress is reversing the effect (unpublished results).

Powdery mildew resistance QTLs were fewer under

combined salt stress than under only PM stress alone

but they were mostly shared between the two

treatments. This result, in conjunction with the high

correlation of DI between both conditions, indicates

that salinity stress had a general suppressive effect on

the defense response rather than a specific interaction.

Observations from molecular studies further support

this conclusion, as several components of the defense

signaling network appear to be down-regulated under

abiotic stress (Mang et al. 2012; Prasch and Sonne-

wald 2013). Both the fewer QTLs identified as well the

reduced phenotypic variability of PM resistance under

combined stress point to a negative impact of salt

stress on the expression of genotypic variation under

these conditions, potentially altering the adaptive

potential/fitness. Phenotypic plasticity is considered

pivotal in the plant’s ability to adapt to changing

environments (Ghalambor et al. 2007; Nicotra et al.

2010), and a reduction of this phenotypic plasticity

when exposed to multiple stresses can have additional

detrimental effects on plants and crop productivity.

Moreover, it highlights an additional aspect that may

pose a challenge for breeding for resistance to

combined stresses: reduction in phenotypic variation

can negatively affect selection efficiency when resis-

tance is partial or quantitatively controlled. On the

other hand selection for increased resistance under

combined stress can be more robust when resistance is

controlled by a single (or few) R-genes as it can

quickly eliminate R-genes that become non functional

under these conditions.

Na? and Cl- accumulation under salt stress can have

a harmful effect on both the host and the pathogen

(Blomberg and Adler 1993). However, no significant

correlation between disease severity and Na? and Cl-

accumulation was found in our study. It is possible that

the concentration of NaCl applied did not result in the

accumulation of Na? and Cl- up to levels that were

toxic for the fungus (evidenced by the increased fungal

growth under salt stress). The severity of the stress can

influence the magnitude of impact of another stress

(Soliman and Kostandi 1998). Preliminary results in our

laboratory indicated that the impact of salt stress on PM

growth may depend on the severity of the applied stress

(unpublished results). The lack of correlation of internal

salt accumulation with PM growth may therefore be

explained by relatively low (subtoxic) levels of Na?

and Cl Alternatively, the genetic variability in the

population for Na? and Cl- accumulation and/or

disease resistance may be too limited, as evidenced

by the small number of QTLs identified under salt stress

alone and none under stress combination. In addition,

the weak positive correlation between DI and chloro-

phyll content may point to the significance of nutrient

availability for fungal growth, and could be indicative

of the negative interaction between salt tolerance and

disease under combined stress. Salt tolerance is often
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characterized by delayed senescence and the mainte-

nance of chlorophyll, a nitrogenous compound, under

stress can positively interact with pathogen growth by

facilitating (biotrophic) pathogen nutrition (Walters

and Bingham 2007).

Our data point to distinct genetic architectures for

salt stress tolerance and PM resistance in the LYC4 IL

population, with few QTLs shared (Supp. Table 3) and

no significant correlations observed. The shared QTLs

are relatively large, with possibly different genes being

responsible for resistance to either stress. The intro-

gression of IL9-1 (resistant under all stress conditions),

may contribute to multiple stress tolerance. Although

there are genes present in the introgressed region that

have a clear function in pathogen response and

resistance (RLKs, PRs, PAL), there are also multiple

genes encoding TFs, redox and ethylene signaling

components that have broad functions in stress

responses. Therefore, further dissection of multiple

and combined stress tolerance in IL9-1 is needed, using

different approaches such as fine mapping, transcri-

ptomics analyses and reverse genetics.

In conclusion, several genomic regions were iden-

tified in the S. habrochaites LYC4 IL population that

can contribute to salt stress tolerance and PM resis-

tance in tomato. Salt stress predisposed plants towards

increased susceptibility to PM. The reduction in

phenotypic variation under stress combination may

have additional implications on plant and crop

performance and breeding efforts. As no correlation

was observed between salt stress tolerance and PM

resistance, the different components appear to not

interact with each other. Therefore a strategy of

combining resistance and tolerance traits may be

successful. With the availability of the tomato genome

sequence and high throughput phenotypic analyses,

phenotypic responses and tolerance to stress combi-

nation can be precisely associated with the genotype

and breeding of combinatorial stress resilient crops

may be feasible.
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OlÍas R, Eljakaoui Z, Li J, De Morales PA, MarÍn-Manzano
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