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Abstract Solanum galapagense is closely related to the

cultivated tomato and can show a very good resistance

towards whitefly. A segregating population resulting from

a cross between the cultivated tomato and a whitefly

resistant S. galapagense was created and used for mapping

whitefly resistance and related traits, which made it pos-

sible to study the genetic basis of the resistance. Quanti-

tative trait loci (QTL) for adult survival co-localized with

type IV trichome characteristics (presence, density, gland

longevity and gland size). A major QTL (Wf-1) was found

for adult survival and trichome characters on Chromosome

2. This QTL explained 54.1 % of the variation in adult

survival and 81.5 % of the occurrence of type IV tric-

homes. A minor QTL (Wf-2) for adult survival and tri-

chome characters was identified on Chromosome 9.

The major QTL was confirmed in F3 populations.

Comprehensive metabolomics, based on GCMS profiling,

revealed that 16 metabolites segregating in the F2 mapping

population were associated with Wf-1 and/or Wf-2. Anal-

ysis of the 10 most resistant and susceptible F2 genotypes

by LCMS showed that several acyl sugars were present in

significantly higher concentration in the whitefly resistant

genotypes, suggesting a role for these components in the

resistance as well. Our results show that whitefly resistance

in S. galapagense seems to inherit relatively simple com-

pared to whitefly resistance from other sources and this

offers great prospects for resistance breeding as well as

elucidating the underlying molecular mechanism(s) of the

resistance.

Introduction

Whiteflies (Bemisia tabaci Genn.) can cause serious

problems in the cultivation of tomatoes and other vegetable
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crops mainly because they vector a large number of

harmful viruses (Morales and Jones 2004). In addition,

feeding of whiteflies inhibits plant growth (Schuster et al.

1990) and the honeydew produced by the whiteflies can

promote sooty mold growth, which may lead to physio-

logical disorders (McCollum et al. 2004). Natural enemies

and/or pesticides are not effective enough in open field

cultivation to prevent the unpredictable outbreaks of

whiteflies (Hirano et al. 1995). Moreover, pesticides are

known to be harmful for growers and can result in pesti-

cide-resistant whiteflies (Erdogan et al. 2008). A plant

variety that is naturally resistant to whiteflies may be a

good alternative to control B. tabaci and the viruses it

distributes (Broekgaarden et al. 2011).

Whitefly resistance has been found in wild relatives of

tomato such as S. pennellii, S. habrochaites, S. chilense,

S. pimpinellifolium and S. galapagense (Baldin et al. 2005;

Fancelli and Vendramim 2002; Firdaus et al. 2012; Muigai

et al. 2003; Toscano et al. 2002). The resistance parameters

used in these studies were density and/or survival of

whitefly adults, eggs and nymphs (Firdaus et al. 2012;

Maliepaard et al. 1995; Muigai et al. 2003). The resistance

mechanisms were based on antixenosis and/or antibiosis

(Baldin et al. 2005; Channarayappa et al. 1992; Toscano

et al. 2002). Mortality may be caused by physical barriers

preventing the whiteflies to feed on the phloem sap

(Toscano et al. 2002) or by toxic compounds (Kehr 2006).

Whitefly resistance in wild relatives of cultivated tomato

is suggested to be associated with glandular trichomes

(Erb et al. 1994; Oriani et al. 2011; Muigai et al. 2003;

Rodriguez-Lopez et al. 2011). Of the seven trichome types

found in tomato and its wild relatives, four types are glan-

dular (Luckwill 1943). The presence of type IV and VI

trichomes is highly correlated with whitefly resistance

(Channarayappa et al. 1992; Dimock and Kennedy 1983;

Firdaus et al. 2012; Muigai et al. 2003). Glandular trichomes

might play a role as physical barrier and/or source of com-

pounds deterrent and/or toxic to whiteflies (Dimock and

Kennedy 1983; Toscano et al. 2002). However, not all

tomato accessions with type IV trichomes are resistant

(Frelichowski and Juvik 2001; Muigai et al. 2003), suggest-

ing that the content of the trichomes also plays an important

role. Acyl sugars are the major exudates of type IV trichomes

in S. pennellii and S. pimpinellifolium (Blauth et al. 1998;

Fancelli et al. 2005; Mutschler et al. 1996; Rodriguez-Lopez

et al. 2011, 2012; Leckie et al. 2012; Schilmiller et al. 2012).

Methyl-ketones and derivates of sesquiterpenes carboxylic

acids are major exudates of type IV and VI trichomes in

S. habrochaites (Chatzivasileiadis and Sabelis 1997;

Eigenbrode et al. 1994; Farrar and Kennedy 1991;

Frelichowski and Juvik 2001; Kennedy et al. 1991).

Genetic factors underlying whitefly resistance were

identified by quantitative trait loci (QTLs) mapping studies

(Blauth et al. 1998; Maliepaard et al. 1995; Momotaz et al.

2010; Mutschler et al. 1996). In S. habrochaites LA1777,

the QTLs for oviposition rate on Chromosomes 9, 10

and 11 co-localized with QTLs for type IV trichomes

(Momotaz et al. 2010). However, in S. habrochaites

CGN1.1561, the QTLs for egg deposition and the QTLs for

presence of glandular trichomes did not co-localize, which

may point at a different mechanism (Maliepaard et al.

1995). In S. pennellii, 12 QTLs were detected for presence

and density of type IV trichome and production of acyl

sugar (Blauth et al. 1998; Mutschler et al. 1996; Leckie

et al. 2012). However, backcross plants containing the five

QTLs for acyl sugar production did not produce elevated

levels of acyl sugars, suggesting that additional QTLs are

needed (Lawson et al. 1997). These studies showed that

whitefly resistance can be based on several mechanisms

involving many genes. For successful introgression breed-

ing, a comprehensive knowledge of the genetic basis of the

different whitefly resistance factors is needed and prefera-

bly a closely related wild relative to be able to minimize

linkage drag as much as possible. In this study, we used a

S. galapagense accession with a very high level of resis-

tance to study the genetics of the resistance and to identify

components involved in the resistance.

Materials and methods

Plant and whitefly materials

An F2 population of 230 individual seeds was obtained

after self-pollination and seed collection of an F1 plant

originating from the cross between S. lycopersicum cv.

MoneymakertmvR PRI91117 and S. galapagense PRI95004

(Firdaus et al. 2012). The parents were obtained

from Wageningen UR Plant Breeding, Wageningen, The

Netherlands. Seeds were sown in peat-moss soil in a

sowing box and seedlings transplanted after the third leaf

stage into 1.5 L pots containing peat-moss soil and main-

tained in an insect-proof greenhouse with a 16 h light and

an 8 h dark photoperiod, 20 �C/16 �C (day/night) and

70 % relative humidity from October 2009 to March 2010

in Wageningen, The Netherlands. Plants were pruned to

maintain a manageable size. Cuttings were made from each

genotype for whitefly screenings in Wageningen, The

Netherlands and Purwakarta, Indonesia. Non-viruliferous

silverleaf whiteflies (B. tabaci, group Mediterranean-

Middle East-Asia Minor I), from the collection of the

Laboratory of Entomology, Wageningen University, The

Netherlands or the local haplotype of B. tabaci (group Asia

I) of Purwakarta-West Java, Indonesia, were used for

screening. Sequence analysis of the mtCOI gene was car-

ried out for whitefly identification (Firdaus et al. 2013).
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Whitefly resistance tests

No-choice resistance tests were carried out in Wageningen and

Purwakarta. In the Netherlands, three cuttings were made from

the two parents, four F1 plants and 120 F2 plants, and shipped

to Indonesia in October 2009 for phenotyping. In Indonesia, the

plantlets were grafted onto 3-week-old eggplant (Solanum

melongena cv. EG203) rootstocks to prevent nematode prob-

lems. Two cuttings per genotype were randomly arranged on

tables 1 m above the ground in an insect-proof screen house. In

a screen house, the plants are protected from unwanted insects,

heavy rainfall and intense sunshine. There were two rows on

each table with 35 cm between rows and 20 cm between

plants. Amaranthus plants were put in between genotypes as

border plants. Branches and flowers of the tomato plants were

pruned regularly to get one main stem and to avoid fruit setting.

Clip-on cages were used for the tests according to

Maliepaard et al. (1995). In Indonesia, the test was carried out

from November 2009 to February 2010, on 5-week-old plants.

Synchronized whiteflies (1–2 days old) were anesthetized by

putting them at 4 �C for about 10 min and females were

selected. Five whitefly females (n) were collected with an

aspirator and transferred to a clip-on cage (2 cm in diameter

and 1 cm in height); three cages were attached to the underside

of a leaflet of the third or fourth leaf from the top. Four days

after infestation (d), the clip-on cages were removed from the

leaves and the death and living whiteflies (m) were counted.

The number of eggs (e) was counted under a stereo micro-

scope. In Wageningen, one cutting was made from each of the

189 F2 individuals and four cuttings from each parent. Lateral

branches and flowers were regularly removed. One week

before infestation, the temperature was raised gradually until

it reached 27 �C/18 �C (day/night) 2 days before infestation.

Whitefly infestation was done 6 weeks after the cuttings were

made. Synchronized whiteflies (1–2 days old) were anesthe-

tized with CO2 for female selection. Female selection and

infestation were done in a similar way as in Indonesia. The

same parameters as in Indonesia were measured and addi-

tionally pupal cases (p) were counted 8 days after the first

adult appeared, which was around 17–21 days after infesta-

tion. Adult survival (AS), oviposition rate (OR) and pre-adult

survival (PS) were calculated using the following equations

(Maliepaard et al. 1995).

AS ¼ m

n

� �1=d
survival day�1 ð1Þ

OR ¼ 2e

dðmþ nÞ eggs female�1 day�1 ð2Þ

PS ¼ p=e whiteflies egg�1 ð3Þ

An ArcSin transformation was used to normalize adult

survival and pre-adult survival values, and a square-root

transformation was used for oviposition rate.

Trichome type identification and counting

Different types of trichomes were identified based on

Luckwill (1943). Trichomes were counted on the abaxial

side of the lateral leaflets which were used for the clip-on

cage test 1 or 2 days after the infestation started. The

leaflets were cut from the plant and three circles were made

using a perforator (each circle was approx. 1 mm2) on the

right and/or left sides of the main vein at the beginning of

the leaflet. The trichome types were identified and counted

using a stereo dissecting microscope (409 to 1009). R45,

which is the ratio type IV/(type IV ? type V) trichome

density, was calculated. Gland longevity and size of the

type IV trichomes were measured in the test done in the

Netherlands. Gland longevity is given by the fraction of

type IV trichomes still present 3 weeks after infestation

(old leaves) compared to the number at the start of the

infestation (6 weeks). The scores were: (0) value between 0

and 0.49, (1) value between 0.5 and 0.99, and (2) value of 1

(no type V trichomes, only type IV). For the gland size, the

scores were made based on the proportion, small

(15–25 lm) and big (45–55 lm) type IV trichomes. The

score for gland size was (0) when the minority of the

glands were big and (1) when the majority of the glands

were big.

Correlation between resistance parameters and trichomes

Correlations between resistance parameters and density of

type IV, V and VI trichomes were calculated with the

Pearson’s correlation method, whereas the correlation

between presence of type I and III trichomes and scores for

ratio, longevity and size of type IV trichomes were cal-

culated with the Spearman’s correlation method (Steel and

Torrie 1980). The effect of the presence and absence of

type IV or/and V on AS and OR was calculated using

Mann–Whitney and Kruskal–Wallis tests (Steel and Torrie

1980). The resistance parameters and traits of the tests in

Indonesia and the Netherlands were compared with paired

samples t test analyses. The analyses were done using

SPSS 19.0.0.1 package (SPSS� Inc. an IBM� Company).

Heritability of the resistance parameters and traits were

calculated based on Burton (1952): h2 = (VF2 -

(VP1 ? VP2 ? VF1)/3)/VF2, where h2 = broad sense

heritability, VF2 = variance of F2, VP1 = variance of

parent 1, VP2 variance of parent 2 and VF1 = variance of

F1.

Genomic DNA extraction and genotyping

Approximately 2 cm2 fresh young leaves were collected

and ground using the Retsch Mixer Mill MM301�

according to the manufacturer’s manual. Afterwards, the

Theor Appl Genet (2013) 126:1487–1501 1489
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genomic DNA was extracted according with the maxiprep

method as described in the KingFisher� 96 manual

(Thermo Labsystems). The DNA quantity and quality was

determined using the NanoDrop 1000 V.3.7 (Thermo

Fisher Scientific Inc) and agarose gel electrophoresis.

50 ng/ll DNA solution were prepared for genotyping. For

genotyping a single nucleotide polymorphism (SNP), Infi-

nium array (made for other purposes at Wageningen UR

Plant Breeding) was used. This array contained 5528 SNPs,

of which 1,654 were polymorphic between our S. lyco-

persicum and S. galapagense parents. Genotyping was

carried out by Service XS, Leiden, The Netherlands.

Genetic linkage analysis and QTL mapping

A genetic linkage map of SNP marker data was calculated

using JoinMap� 4.0 (Van Ooijen 2011). SNP markers that

were difficult to score were removed. Markers that showed

an identical segregating pattern were considered as one

marker. Finally, of the 1,654 SNP markers polymorphic

between the parents, 589 markers were used to construct a

genetic map. The genetic map was constructed based on

recombination frequency with a minimum LOD-score 2.0

and maximum likelihood was used as mapping algorithm.

In the regression mapping, linkages with recombination

frequency less than 0.4 and LOD score greater than 1.0

were used. MapQTL� 6 (Van Ooijen 2009) was used to

determine significant associations between markers and

phenotypic traits. The genetic linkage and QTL maps were

drawn using MapChart 2.2 (Voorrips 2002).

Gas chromatography–mass spectroscopy (GC–MS)

Two cuttings per F2 genotype were grown in a greenhouse

at Wageningen University and Research Centre and used to

analyze the chemical content by GC–MS. After 6 weeks,

the third and fourth leaf from the top (the same leaf stages

as used for clip-on cages test) were harvested and imme-

diately frozen in liquid nitrogen and kept at -80 �C until

they were prepared for metabolite analyses, which were

performed as described by Maharijaya et al. (2012) with

minor modifications. Frozen leaves were ground to a fine

powder and 400 mg of the powder was dissolved in 3 ml

anhydrous dichloromethane ([99.8 %, Sigma-Aldrich)

containing 0.75 lg ml-1 Heptadecanoic acid methyl ester

(methylheptadecanoate) as an internal standard. The solu-

tion was homogenized by vortexing and centrifuged at

1500 rpm for 10 min. Chromatography was performed on

an ZB-5MS column (Phenomenex, 30 meter, 0.25 mm

inner diameter, 0.25 lm film thickness) with a 5 meter

retention gap. The temperature of the injector was set to

250 �C for GC and 260 �C for MS. The temperature of the

column was programmed at 45 �C for 1 min, and raised

gradually by 10 �C min-1 up to 300 �C and kept at 300 �C

for 7 min. Helium was used as carrier gas and the column

flow was 1 ml min-1. The column effluent was ionized by

electron impact at 70 eV. Mass spectra were obtained from

35 to 400 m/z. An untargeted approach was applied to

process the raw GC–MS data and to identify metabolites as

described by Maharijaya et al. (2012).

To identify resistance related metabolites, the mass

abundances of metabolites obtained from GC–MS were

subjected to QTL mapping. Metabolites which had QTLs at

the same position as QTLs for AS were considered as

potentially related to whitefly resistance. The effect of

parent alleles of the QTLs on the abundance of related

metabolites in the F2 population was also compared by

using univariate analysis followed by least significant dif-

ference (LSD) test of the IBM� SPSS� 19 package (Steel

and Torrie 1980).

Liquid chromatography-mass spectroscopy (LC–MS)

The ten most resistant and ten most susceptible genotypes

were selected for LC–MS analysis. Extraction and analysis

by Liquid Chromatography-Quadrupole Time of Flight-

Mass Spectrometry (LC-QTOF-MS, in short LC–MS) was

performed as described by De Vos et al. (2007) with slight

modifications of the LC gradient to enable a good separation

of acyl sugars. In short, five hundred mg of frozen-leaves

powder were extracted with 1.5 ml Methanol containing

0.1 % of Formic acid (FA). The extracts were homoge-

nized by shaking for a few seconds and sonicated for

10 min, and then centrifuged at 2,500 rpm for 10 min. The

supernatant was filtered using a RC4� minisart 0.45 lm

filter. Afterwards, 5 ll per sample was injected in the

LC–MS system (Waters QTOF Ultima) and separated on a

Phenomenex Luna C18 (2) column (2.0 9 150 mm, 3 mm

particle size) using a 5–95 % acetonitrile gradient in H2O

with 0.1 % FA for acidification. Mass signals of m/

z 80–1,500 were detected with negative electrospray ioni-

zation. Leucine encephalin was used as lock mass for local

accurate mass corrections. For the annotation of LCMS

peaks corresponding to acyl sugars, the mono-isotopic

exact masses of negatively charged ions were calculated

for a series of possible acyl chain-sugar combinations, from

7 up to 30 carbons acylated to either glucose (G) or sucrose

(S) as the sugar backbone, i.e. starting from m/z 333.0827

for G4:7 up to m/z 803.5162 for S3:50), as well as their

formic acid adducts (additional mass of 46.0055 for

CH2O2). Under the LCMS conditions applied the acyl

sugars were mainly detectable as their formic acid adducts.

Metalign software (http://www.metalign.nl) was used for

peak picking and alignment and extracted LCMS signals

corresponding to the major acyl sugars were annotated

based on their unique mono-isotopic accurate mass, using a

1490 Theor Appl Genet (2013) 126:1487–1501
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threshold of 5 ppm deviation of detected masses from

calculated masses.

The abundance of each acyl sugar (signal intensities

based on peak heights) obtained from LC–MS was com-

pared between resistant and susceptible bulks, using the

student t test.

Confirmation of the QTLs in F3 populations

Nine F2 plants were selected that were heterozygous for

one or both QTL regions in order to have segregation after

selfing. Forty F3 seeds of each selected F2 plant were sown

in peat-moss soil in sowing boxes. Genomic DNA was

extracted and a number of markers (Table 1) were deter-

mined using the KASPar assay (KBiosciences, UK).

Markers were chosen in the identified QTL regions. Based

on the marker data, 96 F3 plants were selected and phe-

notyped for whitefly resistance level in a no-choice

experiment. The effects of the QTLs on Chromosomes 2

and 9 were calculated.

Results

Whitefly resistance and trichome properties

The average values for adult survival (AS), oviposition rate

(OR), pre-adult survival (PS) and trichomes of the parents,

F1 and F2 populations are shown in Table 2. Solanum

lycopersicum, the susceptible parent, did not have type IV

trichomes, whereas, S. galapagense, the resistant parent,

did not have type V trichomes. The presence of type IV

trichomes was dominant in the Netherlands, but under

Indonesian conditions both trichome types were present on

the F1 leaves (Table 2). Also in the F2 population there

were differences in trichome distribution between

the Netherlands and Indonesia. Of the F2 population

100 genotypes were analyzed in both countries. In the

Netherlands both types of trichomes were simultaneously

present on 15 % of the population and in Indonesia this

was on 49 %. In the Netherlands more genotypes (63 %)

had only type IV trichomes compared to Indonesia (32 %).

The proportion of genotypes without type IV trichomes did

not differ much between the two countries (22 % in the

Netherlands and 19 % in Indonesia). The average AS and

OR of the F2 population in Indonesia were significantly

lower than in the Netherlands and the trichome type IV and

VI densities in the Netherlands were significantly higher

than in Indonesia. The AS screening in the Netherlands

showed 75 resistant and 92 susceptible genotypes. Fur-

thermore, all 75 resistant genotypes had type IV and no

type V trichomes (R45 = 1), 30 other genotypes that also

had type IV trichomes and no type V trichomes were

susceptible. All together 124 genotypes had type IV tri-

chome and 43 genotypes did not have it.

In the Netherlands there was a high correlation between

AS and OR and a lower correlation between AS and PS

(Table 3). The AS of the tests in Indonesia and the

Netherlands were significantly correlated. Presence of type

I trichomes and properties of type IV trichomes such as

density, ratio, gland longevity and size, were negatively

correlated with AS and OR and to a lesser extent also with

PS (Table 3). Type IV and type V trichomes can both be

present but there was a high positive correlation of 0.85

between the presence of type IV and the absence of type V

trichomes. High correlations were also found among tri-

chome type I, III, IV and V; no correlation was found

between type VI and the other trichome types (Table 4).

The presence of trichome type IV and/or type V had a

significant effect on AS and OR. The presence of type IV

resulted in low AS and OR, whereas the presence of type V

alone or the combined presence of type IV and V resulted

in high AS and OR (Table 5).

Linkage map of the SNP markers

Fourteen genetic linkage groups were constructed based on

589 segregating markers (loci) using a population of 182

Table 1 SNP markers used in confirmation of QTLs in the F3 population

No. Marker positiona Chromosome Sequence Allele

S. galapagense S. lycopersicum

1 47987080 02 ATCATTTTTTAGGAC[G/A]GATTTATATTCTTGT G A

2 48838393 02 AAACTTGCAGGTACT[G/A]CGACCTCCTATGATC G A

3 49271930 02 GATTCTTCCACGCCT[A/C]GCTCTTCTTCTGCAG A C

4 49456289 02 GGAAAATAGTTTGTG[T/C]ATTAAAAGAGCAGAA T C

5 49486944 02 GTTGCCTAGTTCAAC[G/A]TTTGTTTACGCAACA A G

6 14931856 09 TCAGATGGTGATTCC[T/C]CACCTTACAGAAAAT T C

7 23385770 09 GCAGCCGTTGCAGTC[T/C]CAATTTCGCCCACAA T C

a Marker position was according to version 2.30 of the tomato sequence

Theor Appl Genet (2013) 126:1487–1501 1491
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F2 plants (Fig. 1). Two chromosomes (Chromosomes 1

and 3) were represented by two linkage groups probably

due to recombination hot spots (Segal et al. 1992). In total,

the genetic map spans 1,259 cM and the order of the SNP

markers in genetic linkage map was in accordance with

what was expected based on the known tomato sequence

(The tomato Genome Consortium 2012) (results not

shown). Figure 1 also shows the distribution of the markers

on the physical map.

QTL mapping

QTLs were identified for resistance parameters that were

measured in the no-choice evaluations carried out in the

Netherlands and Indonesia (Table 6). QTLs for AS in the

Netherlands were identified on Chromosomes 2 and 9

(Fig. 2). A major QTL (LOD = 28.1) was found on

Chromosome 2 and named Wf-1. Wf-1 explained 54.1 % of

genetic variation (Table 6). Another QTL (LOD = 5.8)

was located on Chromosome 9 and named Wf-2. The Wf-2

QTL explained 14.8 % of the genetic variation. The pres-

ence of the Wf-1 allele of the resistant parent (Wf-1gal) in

homozygous state reduces adult survival in the F2 lines to

that of the resistant parent (Table 7). In the F2 population

Table 3 Correlation between whitefly resistance parameters and trichome properties of experiments carried out in the Netherlands and Indo-

nesia. Adult survival in the Netherlands (ASNL) was used as a reference point; number of plants in the analysis is in parenthesis

Test location Parameters ASNL Presence of trichome

type

Density of trichome type Type IV trichome properties

I III IV V VI R45a Longevity Size

The

Netherlands

Adult

survival

-0.55b

(169)

0.56b

(168)

-.63b

(168)

0.62b

(169)

-0.15

(169)

-0.74b

(168)

-0.61b

(125)

-0.58b

(132)

Oviposition

rate

0.80b

(169)

-0.45b

(168)

0.49b

(167)

-0.57b

(167)

0.54b

(168)

-0.14

(168)

-0.68b

(167)

-0.64b

(124)

-0.52b

(131)

Pre-adult

survival

0.39b

(111)

-0.41b

(110)

0.42b

(109)

-0.35b

(109)

0.30b

(110)

-0.09

(110)

-0.44b

(109)

-0.17 (67) -0.09 (73)

Indonesia Adult

survival

0.57b (61) -0.26c (74) 0.36b (73) -0.69b

(74)

0.54b (74) 0.04 (74) -0.65b

(74)

nd nd

Oviposition

rate

0.45b (61) -0.18 (74) 0.31b (73) -0.49b

(74)

0.59b (74) -

0.01(74)

-0.59b

(74)

nd nd

nd not determined
a Ratio between type IV and V densities
b Correlation is significant at the 0.01 level (2-tailed)
c Correlation is significant at the 0.05 level (2-tailed)

Table 4 Correlation between trichome types based on test in the

Netherlands

Trichome

type

Type III Type IV Type V Type VI

Type I -0.86a

(175)

1a (176) -0.71a

(176)

0.11 (176)

Type III -0.86a

(175)

0.75a (176) -0.07

(175)

Type IV -0.85a

(176)

0.11

(176)

Type V -0.02

(176)

Number of plants is in parenthesis
a Correlation is significant at the 0.01 level (2-tailed)

Table 5 Mean of adult survival (AS) and oviposition rate (OR) of F2

population grouped based on the presence of type IV and/or V

trichomes

Trichomes AS OR Number of

genotypes

Type IV

Present 0.39a 2.05a 125

Absent 0.92b 5.19b 43

Type V

Present 0.90b 5.21b 64

Absent 0.30a 1.40a 104

Type IV and Type V

Type IV present–type V

absent

0.30a 1.40a 104

Type IV absent–type V

present

0.92b 5.19b 43

Both types present 0.85b 5.24b 21

Different letters after the mean between presence and absence of type

IV or type V trichomes or among combination of type IV and type V

trichomes for AS or OR show significant differences based on the

Mann–Whitney tests for type IV or type V and Kruskal–Wallis for the

combined presence of type IV and V trichomes at the 0.05 signifi-

cance level
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Wf-2 does not have an effect on AS and ratio of type IV/V

trichome (R45) when Wf-1gal is present in homozygous

state (Table 7). With the data obtained in Indonesia, only

the major QTL on Chromosome 2 could be detected. The

QTLs for trichome type I, III, IV and V co-localized with

the QTLs for AS and OR (Table 6). The QTLs for type IV

trichome density and R45 are also shown in Fig. 2. The

major QTL on Chromosome 2 was also associated with

gland longevity and size of type IV trichomes. Additional

QTLs for gland longevity and for gland size were found on

Chromosome 5 and Chromosome 7 (Table 6). Trichome

QTLs were also detected with the data collected in Indo-

nesia, but with lower LOD scores.

GC–MS and LC–MS analysis

In the GC–MS analysis a total of 96 metabolites were

detected in the F2 population. The segregation of the

abundance of these 96 metabolites was analyzed. A total of

16 out of the 96 metabolites were associated with Wf-1 and/

or Wf-2 (Table 8). Eleven out of the 16 could be putatively

identified. Nine metabolites had a QTL at Wf-1 or Wf-2,

three metabolites had QTLs at Wf-1 and Wf-2 of which one

had a third QTL at Chromosome 3. The remaining four

metabolites had a QTL at Wf-1 or Wf-2 in combination with

another one on Chromosome 6 or 7. Table 8 also shows the

effect of the alleles of S. galapagense or S. lycopersicum on

the relative abundance of the metabolites. Seven metabo-

lites were more abundant when the S. galapagense allele

was homozygously present, and seven metabolites were

more abundant when the S. lycopersicum allele was

homozygously present; two metabolites had the highest

abundance in the heterozygous state. Metabolites that were

more abundant in S. galapagense were associated with

Wf-1, while those being more abundant in S. lycopersicum

were not associated with Wf-1 (Table 8).

Using LC–MS profiling of aqueous-methanol extracts,

we subsequently compared the 10 most resistant with the

10 most susceptible genotypes for the relative abundance

of acyl sugars, as these compounds are known to be related

to whitefly resistance (Fancelli et al. 2005; Leckie et al.

2012; Rodriguez-Lopez et al. 2011, 2012). A total of 28

acyl sugars (all present as acyl sucroses) could be anno-

tated, based on the matching of their exact masses with

calculated masses and in-source fragmentation revealing

their sucrose unit. Nine out of these 28 acyl sugars were

present at higher relative abundance (p \ 0.001) in the 10

most resistant F2-plants than in the 10 most susceptible

F2-plants (Fig. 3).

Confirmation and reduction of QTLs in F3 population

The confirmation experiment in the F3 populations gave

somewhat different results. The effect of Wf-1 on AS and

R45 was confirmed (Table 7). As in the F2 population,

Wf-1gal had a strong effect on adult survival and R45. The

Wf-2 allele in this analysis did not affect adult survival

(Table 7).

Fig. 1 Genetic linkage map

based on a F2 population of a

S. lycopersicum 9

S. galapagense cross and

calculated by JoinMap 4.1

package (van Ooijen, 2011)

(left). In total, 589 SNP markers

were used, the marker positions

are also given on the physical

map of S. lycopersicum version

2.30 (right)
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Discussion

A major QTL confers high levels of whitefly resistance

Solanum galapagense PRI95004 is very resistant to

whiteflies (Firdaus et al. 2012). The QTL mapping revealed

two QTLs for adult survival, one major QTL on Chromo-

some 2 (Wf-1) and one minor QTL on Chromosome 9

(Wf-2). The F2 plants with Wf-1 allele of S. galapagense

(Wf-1gal) in homozygous state had an equally low adult

survival as the resistant S. galapagense parent. During the

screening in Indonesia, only the Wf-1 locus was detected.

The different climatical conditions in the Netherlands and

Indonesia may have caused this, as also in the number and

ratio of the different trichomes, differences were seen

between both locations. Alternatively, it might be due to

the different whitefly populations that were used in the

Netherlands and Indonesia. In the F2 population, the locus

Wf-2 played only a role in plants heterozygous for Wf-1,

and plants with the Wf-2gal allele homozygous were

clearly more resistant. In the F3 populations, Wf-1 was

confirmed but, although it is not significantly different, it

seems that Wf-2 is also needed to get complete resistance

(Table 7). Maybe this was due to the small sample of the

F3 populations but this will be further investigated. The

results show that a homozygous introgression with Wf-1gal

will lead to resistant plants.

So far, there was no QTL detected for whitefly adult

survival in tomato. However, QTLs for oviposition rate

were found in S. habrochaites CGN1.1561 (Maliepaard

et al. 1995) and S. habrochaites LA1777 (Momotaz et al.

2010). In S. habrochaites CGN1.1561, two QTLs for ovi-

position rate of the greenhouse whitefly (Trialeurodes

vaporariorum) were detected on Chromosomes 1 (tv-1) and

12 (tv-2). Besides the different locations of the QTLs, the

effect of the QTLs was also less obvious and probably

more loci are required to get low levels of oviposition of

the greenhouse whitefly in S. habrochaites CGN1.1561. In

S. habrochaites LA1777, QTLs for oviposition rate were

detected on Chromosomes 9, 10 and 11 (Momotaz et al.

2010). The QTL on Chromosome 9 was not located in the

same region as our Wf-2.

Whitefly resistance and trichomes

The QTL for the absence/presence of type I, III, IV and V

trichomes and type IV properties such as gland longevity

and size co-localized with the resistance QTLs, suggesting

an important role of the trichomes in whitefly resistance.

This is in agreement with our previous study where

whitefly resistance was shown to be dependent on the

presence of type I and IV glandular trichomes in several

tomato wild relatives (Firdaus et al. 2012). QTLs for tric-

homes were identified in S. habrochaites (Maliepaard et al.

Fig. 2 The whitefly resistance loci on Chromosomes 2 and 9. Adult

survival (Wf-1, Wf-2), type IV trichome density (TriIV) and type IV

divided by the sum of types IV and V (R45) are associated with both

loci. The numbers in left of the schematic chromosomes show the

physical position of the SNP markers (ITAG version 2.30) and the

right numbers show the genetic distance in centiMorgan (cM). The

LOD values are at the top of the graph
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1995; Momotaz et al. 2010) and S. pennellii (Blauth et al.

1998). In the Maliepaard study, the QTLs for presence of

type IV and VI trichomes were not on the same chromo-

somes as the QTLs for OR, showing that the lower OR of

the greenhouse whitefly in S. habrochaites was not related

to the presence of these trichomes. In the Momotaz et al.

(2010) study, the QTLs for oviposition rate of B. tabaci and

the type IV trichome density did co-localize. Although the

resistance was correlated with the density of type IV tric-

homes, the differences in number, position and effect of the

QTLs described in Momotaz et al. (2010) show that the

resistance of S. habrochaites is quite different from that

found in S. galapagense.

The presence of glands distinguishes type I/III and type

IV/V. The relationship among these trichome types has

also been reported by others based on their inheritance and

metabolomic profiles (Blauth et al. 1998; McDowell et al.

2011).

In earlier studies (Maliepaard et al. 1995; Momotaz

et al. 2010), QTLs were described for type IV density on

Chromosome 9, but these QTL were positioned

56.5–59.0 Mb apart from the Wf-2 QTL. This shows that

we found a previously not identified QTL.

The high negative correlation between the presence of

type I or IV trichomes and AS shows that these trichomes

play an important role in adult survival probably by the

production of sticky and/or toxic exudates. Trapped

whiteflies were often seen on this kind of trichomes, which

was also observed by Toscano et al. (2002). This supports

the hypothesis that this resistance mechanism acts before

feeding, which may also prevent virus transmission

(Rodriguez-Lopez et al. 2012). Negative correlations

between type IV trichomes and insect survival were also

reported in S. pennellii, S. habrochaites and S. pimpinel-

lifolium (Channarayappa et al. 1992; Dimock and Kennedy

1983; Muigai et al. 2003; Firdaus et al. 2012; Rodriguez-

Lopez et al. 2012; Leckie et al. 2012).

No resistant genotype was found without type IV tric-

homes and the resistance was highly correlated with the

presence of type IV trichome density and R45 (Table 3).

However, also a number of susceptible genotypes had type

IV trichomes and no type V trichomes, showing that the

resistance was not only determined by merely the presence

of type IV trichomes but also by additional characters such

as size, longevity and specific exudates. Similar results

were also reported for accessions of S. habrochaites

(Frelichowski and Juvik 2001; Momotaz et al. 2010).

The very low correlation between type VI trichomes and

resistance showed that type VI trichomes do not play a role

in the resistance mechanism in our mapping population.

This was different in S. habrochaites where the resistance

was associated with type VI trichomes (Chatzivasileiadis

and Sabelis 1997; Lin et al. 1987).

The gene involved in formation of type IV trichomes

was dominant in the Netherlands and intermediate in

Indonesia. An interdependent presence of type IV and V

trichomes was also found in mapping populations of

S. lycopersicum 9 S. habrochaites (Maliepaard et al. 1995;

Momotaz et al. 2010; Snyder and Carter 1984) and an

intraspecific cross of S. pennellii (Blauth et al. 1998). The

Table 7 Mean of adult survival of parents and F2 and F3 populations grouped based on alleles of Wf-1 (in Chromosome 2) and Wf-2
(Chromosome 9)

Adult survival F2 population F3 population

Chromosome 9 Chromosome 9

Wf-2lyc\Wf-2lyc Wf-2lyc\Wf-2gal Wf-2lyc2gal\Wf-2gal Wf-2lyc\Wf-2lyc Wf-2lyc \Wf-2gal Wf-2gal\Wf-2gal

Chromosome 2

Wf-1lyc\Wf-1lyc 0.91e (22) 0.87de (16) 0.89e (13) 0.99c (5) 0.97c (5) 0.98c (18)

Wf-1lyc\Wf-1gal 0.66cd (16) 0.55c (40) 0.30b (21) 0.59b (15) 0.68b (10) 0.61b (9)

Wf-1gal\ Wf-1gal 0.0a (3) 0.07ab (19) 0.08ab (16) 0.17a (15) 0.49b (8) 0.02a (9)

S. lycopersicum 0.99e (3) 0.99c (6)

S. galapagense 0.0a (3) 0.0a (6)

Ratio of type IV trichomes (R45) Chromosome 9 Chromosome 9

Wf-2lyc\Wf-2lyc Wf-2lyc\Wf-2gal Wf-2gal\Wf-2gal Wf-2lyc\Wf-2lyc Wf-2lyc\Wf-2gal Wf-2gal\Wf-2gal

Chromosome 2

Wf-1lyc\Wf-1lyc 0.04a (22) 0.06 a (17) 0.14a (13) 0.0a (5) 0.0a (5) 0.0a (18)

Wf-1lyc\Wf-1gal 0.86b (16) 0.92 b (43) 1.0b (22) 0.69c (15) 0.36b (10) 0.42b (9)

Wf-1gal\Wf-1gal 1.0b (3) 1.0 b (19) 1.0b (18) 1.0d (15) 0.99d (8) 1.0d (9)

S. lycopersicum 0.0a (3) 0.0a (6)

S. galapagense 1.0b (3) 1.0d (6)

Wf-1lyc and Wf-2lyc are alleles of S. lycopersicum; Wf-1gal and Wf-2gal are alleles of S. galapagense. Different letters after the mean within the F2 or F3 population show

significant differences based on Duncan’s multiple range test in level significance of 0.05. Number of plants is indicated in parentheses
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presence and density of type IV trichomes are known to be

influenced by light intensity and leaf age (Wilkens et al.

1996), but other factors like humidity and/or temperature

may also play a role in the formation of the different tric-

homes. Our results show that the presence of type IV tric-

homes was controlled dominantly by one gene, but there

might be interaction of genes for the ratio of type IV/V

trichomes (R45). Lenke and Mutschler (1984) found that the

inheritance of type IV trichomes in an interspecific cross of

S. lycopersicum 9 S. pennellii was not complex and seg-

regation patterns indicated that only two unlinked genes

were involved. A similar trichome inheritance was also

observed in a study with S. habrochaites (Freitas et al. 2002).

Metabolites involved in whitefly resistance

Both mono- and sesquiterpenes, methyl ketones and acyl

sugars are secondary metabolites that have been associated

Fig. 3 Abundance of acyl sugars that were significantly different

(p \ 0.01) between resistant and susceptible bulks. The S shows

sucrose, number after S shows number of acyl groups and number
after hyphen shows total carbon atoms of all the acyl moieties

Table 8 Metabolites detected by GC–MS analysis and co-localizing with QTLs for adult survival on Chromosome 2 and/or 9

No. Putative metabolites Identity QTL description Alleles

Chromosome Position LOD % Explained Additive Dominance ll gl gg

1 Unknown (Met 1202) 2 99.5 7.18 18.5 0.4 -0.3 2.1a 2.2a 2.9b

2 Unknown (Met1376) 2 99.5 7.98 20.3 3.0 -2.7 15.1a 15.4a 21.0b

3 Phytol (Met2279) 2 96.1 4.61 12.3 0.3 -0.3 1.9a 1.9a 2.6b

4 Isovaleric anhydride (only
spectrum, no RI, Met1319)

2 99.5 17.39 39 8.8 -6.3 13.1a 15.7a 30.8b

9 54.4 3.46 9.4 4.4 -0.5 14.1a 18.0b 22.0c

5 Unknown (Met2620) 2 92.8 4.47 11.9 -0.1 0.1 1.30b 1.32b 1.18a

9 45.1 3.12 8.5 0.0 0.1 1.29ab 1.33b 1.22a

6 Heptacosane (Met3988) 2 96.9 6.79 17.5 27.5 -19.1 109.47a 115.46a 157.04b

9 73.8 4.65 12.4 23.6 -7.9 109.78a 115.17a 144.20b

3 0.3 5.08 13.4 29.4 -10.1

7 Dodecanoic acid (Met1160) 2 99.5 11.87 28.6 15.7 -11.7 11.5a 15.5a 43.0b

6 49.1 3.79 10.2 7.1 -10.9

8 Dodecanoic acid chloride
(Met1332)

2 99.5 17.54 39.3 4.3 -3.2 5.2a 6.2a 13.7b

6 49.1 3.8 10.2 1.6 -2.6

9 Tetramethyl-2-hexadecene isomer
(Met1411)

9 73.5 3.36 9.1 -2.1 -0.3 16.4b 14.2a 13.2a

10 Neophytadiene isomer I
(Met1487)a

9 73.5 4.02 10.8 -1967.9 -231.7 17051.4b 15043.9a 13756.2a

11 Tetramethyl-2-hexadecene isomer
(Met1593)

9 73.5 4.16 11.2 -26.6 -6.1 202.6b 173.4a 160.5a

12 Neophytadiene isomer II
(Met1637)a

9 73.5 3.89 10.5 -102.0 -14.6 882.1b 774.6a 711.4a

13 Neophytadiene isomer III
(Met1825)a

9 73.5 4.19 11.2 -74.4 -7.1 633.5b 555.2a 507.5a

14 Alkane (Met4051) 9 50.6 3.19 8.7 1.5 10.1 26.8a 36.2b 28.9a

15 Unknown (Met1741) 9 73.5 4.28 11.5 -28.5 -12.5 199.3b 167.5a 156.9a

7 21.2 3.2 8.7 10.2 -33.8

16 Unknown (Met1953) 9 73.5 3.27 8.9 -10.9 -7.3 93.24b 81.04a 77.38a

7 16.1 3.33 9.0 4.7 -17.6

The average of metabolite abundance is followed by letters of least significance difference (LSD) test between group based on alelles of resistant parent
(g) and susceptible parent (l). Different letters indicated significantly different of mean at p value less than 0.05
a Likely chlorophyll breakdown product
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with whitefly resistance in tomato (Chatzivasileiadis and

Sabelis 1997; Eigenbrode et al. 1994; Fancelli et al. 2005;

Farrar and Kennedy 1991; Frelichowski and Juvik 2001;

Lin et al. 1987; Mutschler et al. 1996; Oriani and

Vendramim 2010; Rodriguez-Lopez et al. 2011). Mono-

terpenes such as p-cymene are abundantly present in

S. pennellii LA716 and play a role as repellent of B. tabaci

(Bleeker et al. 2009) and western flower thrips (Franklin-

iella occidentalis) (Janmaat et al. 2002). In our study, we

did not find QTLs for monoterpenes on Chromosome 2

and/or Chromosome 9. All eight metabolites with a QTL

on Chromosome 2 in our study were present at a higher

concentration when the S. galapagense allele was present.

Phytol, a diterpenoid compound, is one of the putative

whitefly resistance-related metabolites. Its role may be

related to the fact that it is a precursor of tocopherols

(Valentin et al. 2006) that were shown to play a role as

anti-herbivory agent (Neupane and Norris 1991). QTLs for

the neophytadiene isomers I, II and III, and tetramethyl-

2-hexadecene isomers were found on Chromosome 9.

These compounds are metabolites resulting from the deg-

radation of phytol (Didyk et al. 1978). Heptacosane is a

metabolite that can be produced at high levels in tomato

(Srinivasan et al. 2006) and is the main constituent of the

leaf cuticle (Reina-Pinto and Yephremov 2009). So far, this

compound was reported in studies on the oviposition rate in

Helicoverpa armigera (Srinivasan et al. 2006) and as

attractant of parasitoids (Paul et al. 2008). The neophyt-

adiene isomers I, II and III, and tetramethyl-2-hexadecene

isomers had lower relative concentrations in the presence

of the S. galapagense allele and seem to enhance whitefly

susceptibility in the cultivated tomato, but further investi-

gations are needed to elucidate their exact role.

One of the other identified GC–MS metabolites was

dodecanoic acid, a free fatty acid that is one of the inter-

mediate metabolites in methyl ketone synthesis. In

S. habrochaites, a fatty acid can be hydrolysed and

decarboxylated into a methyl ketone (Fridman et al. 2005).

However, in our population, we did not find any difference

in the concentration of methyl ketones between susceptible

and resistant genotypes. Therefore, it is not likely that

methyl ketones play a role in the whitefly resistance

coming from S. galapagenese.

Fatty acid compounds are very abundant in glandular

trichomes of S. pennellii LA716 and are the main constit-

uent in acyl sugar biosynthesis (Blauth et al. 1999; Burke

et al. 1987; Mutschler et al. 1996; Schilmiller et al. 2012;

Walters and Steffens 1990).

Whitefly resistance was shown to be associated with

acyl sugar production in S. pennellii (Leckie et al. 2012)

and S. pimpinellifolium (Rodriguez-Lopez et al. 2011,

2012). Isovaleric acid and dodecanoic acid both have a

QTL on Chromosome 2 and might be involved in acyl

sugar biosynthesis (Blauth et al. 1999; Walters and Steffens

1990). In an interspecific cross of S. pennellii and

S. lycopersicum, five QTLs related to acyl sugars have been

mapped on Chromosomes 2, 3, 4 and 11 (Mutschler et al.

1996) and on Chromosomes 4, 5, 6, 10 and 11 (Leckie et al.

2012). Two of them were located on Chromosome 2 but 5

and 67 cM away from Wf-1. Although the position of one

of the QTLs was close to Wf-1, the effect was different;

Wf-1 has a strong effect on whitefly resistance, whereas the

acyl sugar QTL had only a small additive effect on acyl

sugar accumulation in S. pennellii (Lawson et al. 1997;

Mutschler et al. 1996; Leckie et al. 2012). These studies

showed that acyl sugar production is controlled by many

genes in S. pennellii. Unfortunately, we did not map loci

for acyl sugar accumulation in our population, but we

showed that some acyl sugars were present at much higher

abundance in resistant F2 plants than in the susceptible

plants (Fig. 3) indicating that the production of acyl sugars

may be an important resistance component in S. galapa-

gense. It may be expected that also the acyl sugars that are

higher expressed in the resistant plants will map to the Wf-1

and/or Wf-2 locus.

Prospects for resistance breeding in cultivated tomato

based on the Wf-1 locus

The resistant parent (S. galapagense) and susceptible culti-

vated tomato (S. lycopersicum) are close relatives that are

grouped within the same clade of the phylogenetic tree

(Rodriguez et al. 2009; Peralta et al. 2008). The use of a more

closely related species in introgression breeding makes

breeding more straight forward because the differences

between the parents are smaller, resulting in more easy

crosses (Hogenboom 1972). The difference between almost

complete resistant plants and almost complete susceptible

plants could be traced back to two loci: Wf-1 and Wf-2. Since

whitefly resistance, trichome properties and the abundance

of specific metabolites all map within these loci, it is possible

that a single gene that affects all traits is involved.

The Wf-1 locus is located at the bottom of Chromosome

2. This region is on the genetic linkage map 7.8 cM and

2.5 Mb on the physical map. In tomato, the gene density in

euchromatin region is about 6.7 kb/gene (Wang et al.

2006). Therefore, this region would cover approximately

370 genes and this was confirmed with the known anno-

tated tomato sequence where approximately 360 genes are

predicted in this region (http://solgenomics.net). In future

studies, we will carry out recombinant screens to further

delineate the chromosomal fragment harboring Wf-1gal.

Better characterisation of the resistance will make a very

focussed breeding possible, which may result in new

varieties with higher levels of whitefly resistance based on

the S. galapagense source.
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As we have shown in this paper, the resistance mecha-

nism identified in S. galapagense is active against white-

flies and likely based on chemicals that are toxic to the

insect or prevent it from normal feeding. It is very con-

ceivable that such a mechanism is also functional against

other insects, such as aphids, pinworm and thrips. This

would make the genetic source even more valuable.
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