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Abstract

Background

Host plant resistance has been proposed as ohe afidst promising approaches in whitefly
management. Already in 1995 two quantitative ti@t (Tv-1 andTv-2) originating fromS,
habrochaites CGN1.1561 were identified that reduced the ovippmsirate of the greenhouse
whitefly (Trialeurodes vaporariorum). After this first study, several others identifi@TLs
affecting whitefly biology as well. Generally, t@TLs affecting oviposition were highly




correlated with a reduction in whitefly survival carthe presence of high densities| of
glandular trichomes type IV. The aim of our studgswo further characteriZe-1 andTv-2,
and to determine their role in resistance agdesisia tabaci.

Results

We selected F plants homozygous for th&v-1 and Tv-2 QTL regions and did three
successive backcrosses without phenotypic selecflaventy-three FBC; plants were
phenotyped for whitefly resistance and differeneesse found in oviposition rate ds.
tabaci. The EBC; plants with the lowest oviposition rate had anragtession on
Chromosome 5 in common. FurtheBE,; F,BC;S; and BEBC,S, families were developed,
genotyped and phenotyped for adult survival, ovipwosrate and trichome type and densjty.
It was possible to confirm that an introgressiont@mof Chr. 5 OR-5), between the markers
rs-2009 and rs-7551, was responsible for reducinigefly oviposition rate.

Conclusion

We found a region of 3.06 Mbp at the top of Ch(OR-5) associated with a reduction in the
oviposition rate oB. tabaci. This reduction was independent of the presentleeo@QTLSTv-
1 andTv-2 as well as of the presence of trichomes type he OR-5 locus will provide nev
opportunities for resistance breeding against \llgge which is especially relevant |in
greenhouse cultivation.
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Background

Tomato is one of the most important vegetables dwide. It is host for a broad range of
pathogens and pests. Among the pests affectingtéopraduction whiteflies are the most
important in terms of costs and distribution. Thare more than 1500 species of whiteflies
[1], of which Bemisia tabaci Group Mediterranean-Middle East-Asia Minor | and
Trialeurodes vaporariorum (Westwood) are the biggest threats in commeraamhato
production. Bemisia tabaci affects tomato production directly (i.e. phloemnsomption,
irregular ripening of the fruits) and indirectlyifws transmission) causing yield losses that
can range from 50% to 100% of the potential pradadi2,3].

Among the possible control methods, host planistasce has been proposed as one of the
most promising for insect pest management [4,5kidt@nce to whiteflies was found in
several wild relatives of tomatddglanum pennellii, S. habrochaites, S. lycopersicum var.
cerasiforme, S pimpinellifolium, S galapagense) [6-14]. In these species, whitefly resistance
is associated with the presence of high densitiggamdular trichomes (type I, IV and VI)
and with the presence of specific secondary mettalsdla.o. 7-epizingiberene, 2-tridecanone,
and acyl sugars) [14-17]. The spectbkabrochaites contains accessions (formerly known as
Lycopersicon hirsutum fr. glabratum) that accumulate methyl ketones, of which the lsysit

is located in the glandular head of type VIc trictes [18-20].Solanum habrochaites also
contains accessions (formerly knownlaggopersicon hirsutum fr. typicum) that accumulate



sesquiterpenes which are synthesised in type Ighdmes [17]. InS penndlii, S
pimpinelifolium and S. galapagense the synthesis of acyl sugars is associated wiéh th
presence in high densities of trichomes type IV, 15216,21]. Although also some accessions
of S cheesmaniae accumulate high levels of acyl sugars, they lagetlV trichomes [14].
The Mil-2 gene, which confers resistance to several spemiesoot-knot nematodes
(Meloidogyne spp.) [22], plays a role in the resistance agadimstcts, e.g. some isolates of
potato aphid Macrosiphum euphorbiae Thomas) [23,24], the sweet potato whitefB. (
tabaci) [25] and the tomato psyllidBéctericerca cockerelli) [26]. This resistance is
independent of the presence of glandular trichoanelsacyl sugar concentration [27].

QTL mapping studies have been carried out to ilegenomic regions involved in whitefly
resistance. Maliepaare al. [28] focused on resistance against the greenhotrgefly T.
vaporariorum (Westwood) fromS habrochaites (CGN1.1561) and identified two QTLs
reducing whitefly oviposition ratelTy-1 on Chr. 1 andlv-2 on Chr. 12) together with two
QTLs related to trichome type IV densitir(IV-1 on Chr. 5 andrilV-2 on Chr. 9) and one
QTL for trichome type VI densityT¢iVI-1 on Chr. 1). After this first study, others have
explored different resistance sources and more Q¥ése identified. A summary of the
QTLs related to whitefly resistance in tomato isegi in Table 1. The use of backcross
introgression lines (ILs) was also proposed as dhaode to identify genomic regions
important for whitefly resistance. These ILs helpeddentify regions and genes involved in
traits related to insect resistance, like the petidn of monoterpenes, sesquiterpenes and
acyl sugars [29-32]. However, they failed to idBntegions associated to whitefly resistance
in terms of adult survival or oviposition rate [38lpporting the observations from the QTL
mapping studies that whitefly resistance is polygemherited and possibly epistatic
interactions play a role as well. Except the QTlesatibed by Maliepaaret al. [28], all
other QTLs affecting whitefly oviposition were higtcorrelated with a reduction in whitefly
survival and/or to high densities of trichomes tyje suggesting that the low oviposition
rate is the consequence of a low survival rate3[3,84]. To study resistance mechanisms
affecting whitefly oviposition rate exclusively, viecused on the further characterization of
the QTLs identified by Maliepaaret al. [28], and determined their role in resistance rgjai
Bemisia tabaci.



Table 1Overview of the QTLs found associated to whitefly esistance in tomato

Trait QTL Chr. Resistance donor %Explained  References
Adult survival B. tabaci) WF-1 2 S. galapagense (PRI195004) 54.1 [16]
W-2 9 14.8
W 1 S pennellii (LA3791) 12.1 [34]
W11 3 15.6
W1V 4 12.3-30.7
WE-VI 6 10.1
Oviposition rate B. tabaci) WE-1 2 S. galapagense (PRI95004) 41.7 [16]
WF-2 9 111
R2/9 9 S. habrochaites (LA1777) 55.2 [33]
R1/10 10 15
R3/11la 11 52.9
R4/11b 11 43.3
W1V 4 S pennellii (LA3791) 10.3-29.6 [34]
WE-VI 6 13.9
WE-X 10 10
Oviposition rate T. vaporariorum) Tv-1 1 S habrochaites (CGN1.1561) 6.4 [28]
Tv-2 12 8
Pre-adult survivalg. tabaci) WE-1 2 S. galapagense (PRI95004) 13.3 [16]
Density of trichome type IV WE-1 2 S. galapagense (PRI195004) 66.3 [16]
W-2 9 8.7
Trilv-1 5 S habrochaites (CGN1.1561) n.d. [28]
Trilv-2 9 n.d.
R2/9 9 S. habrochaites (LA1777) 69.7 [33]
R1/10 10 225
R3/11la 11 69
R4/11b 11 n.d.
TA2A 2 S pennellii (LAO716) 2.6 [35]
3A 3 5.1
TA4 4 5.2
6A 6 4.7
7B 7 2.8
10A 10 4.6
11A 11 8.1
Density of trichome type VI Trivi-1 1 S habrochaites (CGN1.1561) n.d. [28]
% Explained = percentage of variance explainechbyQTL.
Methods

Plant materials and growing conditions

The study was based on the d¢ffspring population that was created by Maliepagiral.
[28], it was obtained by self-pollination of a sied~ plant that was derived from a cross
betweenS. lycopersicum (cv. Moneymaker) and. habrochaites (CGN1.1561). We have
sown again individuals of this;Fpopulation and selected plants that were homozydou
either one or both QTLs associated to a reductiaviposition rate using Cleaved Amplified
Polymorphisms (CAPs) markers (Table 2). The setedte BC, and BG plants were
backcrossed withs. lycopersicum (cv. Moneymaker) for three generations. Plantsewer
chosen containing at least one of the markers itgnthe QTLs. The obtained,BC; and
F.,BC, families were genotyped and phenotyped for aduftvigal and oviposition rate.
Selected FBC, plants were selfed to obtainBC,S; plants and BCsS,, which were also
genotyped and phenotyped. An overview of the matdavelopment is shown in Figure 1.



Table 2Primers for CAPs analysis

Marker name Chr. Primer sequence Restriction enzyme

TG59 1 AACTCTACGCTGCACTGCTG Hpa Il
CTGAAGCTCCACCTTGAGGTG

TG17 1 GGTCTTCCCTTCGTCATTCAT HpyCH4 IV
GTTATTCGGTTCTTGTTCTTCACG

CD2 12 CAGCTGCAACTCCACTACCA Mwo |
GGGCTTGAAGAACTGCACTC

TG68 12 TTTGATTACACCTGCCTTTACATA Ddel
CATGTCAAGGGGATTGAACA

Figure 1 Overview of the pedigree scheme and plant materialevelopment.

The tomato plants were grown in a greenhouse inéMagen, The Netherlands (20 ? 2?C,
70% RH, 16/8 h day/night) in 14 cm diameter pdtediwith soil compost. The plants were
fertilized twice a week with standard fertilizer immato and watered once a day. When the
plants were five weeks old, they were transferredah insect proof greenhouse. The
greenhouse temperature was increased slowly froto 2@7?C to allow plants to adapt to the
higher temperature (27 ? 2?C, 70% RH, 16/8 h dgkthiused during the infestation that
took place one week after transfer.

Insect rearing

A non-viruliferous whitefly rearingBemisia tabaci Group Mediterranean-Middle East-Asia
Minor I) was maintained on the susceptible tomatiivar Moneymaker at Wageningen UR
Plant Breeding, Wageningen, The Netherlands. Th&linnoculum was obtained from a
rearing at the Laboratory of Entomology, Wageningéh Wageningen, The Netherlands.

No-choice experiment

Whiteflies (four days old) were anesthetized ust@. Five females were selected under a
binocular and put in a clip-on cage (2.5 cm diamatel 1.0 cm high). Three cages per plant
were attached to the first to third fully expandedf counting from the top. Five days after
inoculation, the number of living and dead whiteglwas recorded and living whiteflies were
removed. The number of eggs was counted, and tipo€ition rate (OR) and Adult survival
(AS) were calculated according to Batsal. [36]. In these calculations mortality is assumed
constant over time [37]. For the analysis of AShe F,BC; population, a Kruskal-Wallis
analysis of variance was used [38]. A square nawtsformation was applied to oviposition
rate (OR) prior to the data analysis and analysedre-way ANOVA followed by a least
significant difference (LSD) test.

DNA isolation and genotyping

Genomic DNA was extracted from young leaflets usihg micro-prep DNA extraction
protocol [39]. The DNA concentration was adjusted50 ng/ul. For molecular marker
analysis, three types of marker assays were us&BsCa custom made Infinium bead array
and KASPar (KBiosciences Competitive Alelle-SpecRICR).

For CAPs the PCR reactions were carried out imal frolume of 2Qul, containing 50 ng of
genomic DNA, 0.04ul of DreamTaq polymerase (Fermentas2l0X DreamTaq buffer



(Fermentas), 0.4l of dNTP (5 mM) and 1uM of each primer (20 pmol). The cycling profile
was: 94?C for 3 min, followed by 30 cycles at 94&C30 s, 55?C for 30 s, and 72?C for 1
min, and a final extension step at 72?C for 10 rAliquots (5ul) of the amplified products
were digested for at least one hour at 37?C ima frolume of 15ul with 0.5 ul of the
appropriate restriction enzyme, using the buffeonemended by the supplier. Amplification
and digestion products were analysed by agaroselgeirophoresis (1.5% TBE, agarose)
and visualized by GelRed? staining. In Table 2 frémer sequences and the restriction
enzymes used are shown.

For genome wide SNP marker analysis, an Infiniuawdb&rray was used [40]. On this array,
5528 tomato SNPs were present. Marker analysiscasaiged out by Service XS Leiden, The
Netherlands, according to the Illlumina? Infinium HDUltra Assay protocol
(www.illumina.com). After removing missing data amtbnomorphic markers, 1166 SNP
markers were used in the analysis. For fine mappinthe target regions, we developed
KASPar assays based on SNP markers that were @nrthe The chromosomal positions are
according to International Tomato Annotation GrqUpAG) Release 2, official annotations
on the SL2.31 version of the tomato genome [41] ms@lgenomics.net). The sequences
flanking the SNPs can be found on
http://www.plantbreeding.wur.nl/Publications/SNP728NP-Sequences.xlsx ~ [39]. The
KASPar assays were run by the van Haeringen lal_J\VWageningen, the Netherlands.

Trichome description

Trichomes present on the abaxial side of the leakvelassified according to type [42]. For
an estimation of trichome density, the abaxial mdrthree leaflets was observed under a
binocular microscope and a visual scale was uselgdoribe it. The scale used was adapted
from Simmons and Gurr [43] and consisted of fouegaries: 3, Abundant (>5 per mm2); 2,
sparse (5?71 per mm2); 1, very sparse (<1 per mam2)0, absent.

GC-MS analysis

The RBC4S; plant were analysed for the presence and contemtraf methylketones. From
each plant one complete leaf (second fully expandaidfrom the top of the plant) was cut,
placed immediately into an aluminium envelope amadn in liquid nitrogen. Each sample
was ground to a freeze-dried powder and storedB&PC until processing. Tree biological
replicas were used for the analysis. Each replmasisted on the mix of 5 plants per
recombinant class. Per replica, 400 mg of leaf powehs put into a reaction tube with 3 ml
of anhydrous dichloromethane (>99.8%, Sigma-Aldriels solvent and 0.7hg per mi
heptadecanoic acid methyl ester was added as ahtestandard. The samples were
homogenized using a vortex and centrifuged at 1p@® for 10 min. The supernatant was
filtered through a soft glass column (Pasteur &apilpipette), which contained 1 cm of
silanized glass wool fibres and 2 cm sodium subpl{iiaSO,) powder as filter. Samples
were injected using a 7683 series B injector (Adil@echnologies) into a 7890 A GC
(Agilent Technologies) coupled to a 5975 C MSD (&gt Technologies). Chromatography
was performed using a Zb-5MS column (Phenomenexn30.25 mm inner diameter, and
0.25 um film thickness) with 5 m retention gap. Injectit@mperature was 250?C, and
temperature of column was programmed at 45?C forirl, increased by 10?C minto
300?C, and kept at 300?C for 7 min. Column flow seisat 1 ml mif', using Helium as
carrier. The column effluent was ionised and maestsa was obtained from 35?400 m/z.
MetAlign metabolomics software package (www.metald) was used to perform peak



alignment and noise reduction, and MSClust softyaekage (www.biotools.wurnet.nl) was
used for data reduction by clustering several peaks putative metabolites. Putative
metabolites were identified corresponding the olgdi mass spectra to the NIST library
(National Institute of Standards and Technologyiti&asburgh, MD, USA), the Wiley
online library, and the Wageningen Natural compausgectral library. Prior to statistical
analysis, the metabolites were Log transformed amih scaled to the mean. To select
metabolite compounds putatively related to whitefheference a t-test, followed by False
Discovery Rate correction [44].

Statistical analysis

All statistical procedures were performed usingdtagistical software package GenStat 16th
edition. A T-test followed by a False discovery &pt4] was done per marker to define the
region associated to the reduced oviposition rate.

Results

Plant material development started frompffants containingiv-1, Tv-2 or both using the
markers shown in Table 2. Three successive maisstad backcrosses were carried out
with selection for the presence of at least onéhefmarkers linked to the QTL (Figure 1).
Twenty-three FBC; plants were randomly selected for phenotyping gedotyping to
confirm the presence ofv-1 and Tv-2. As reference lines, we includesl habrochaites
(CGN1.1561) andS. lycopersicum cv. Moneymaker. Accession CGN1.1561 showed low
values for adult survival (AS, 0.1 ? 0.21 femalegjdand oviposition rate (OR, 0.2 ? 0.30
eggs/female/day), and cv. Moneymaker showed higlesdor adult survival (AS, 1.0 ? 0.01
females/day) and oviposition rate (OR, 5.5 ? 0.ggsé&female/day). Among the twenty-three
F.,BC;, variation was found for both parameters. For AS8ly three EBC; plants were
significantly different from cv. Moneymaker (Figu®. Whereas, for OR a gradient was
observed, with fourteen,BC; plants showing statistically significant lower was than cv.
Moneymaker (Figure 2). To determine the positiod size of the introgressions, the twenty-
three KEBC; plants were genotyped using an Infinium bead a48y. Several plants had an
introgression offv-1, Tv-2 or parts thereof. None of the plants had the cetapl-1 andTv-

2 region as defined by Maliepaaatl al. [28] (Figure 2). The four JBC; plants with the
lowest OR (PV101092-2, PV101088-2, PV101087-3 andl1(R088-5) shared an
introgression on Chr. 5, but had differences inghesence of the regiofis-1 and/orTv-2.
One plant (PV101088-8) had the same introgressionCar. 5, but the OR was not
significantly different from cv. Moneymaker (Figu2g.

Figure 2 Whitefly resistance of selected BC3 plants and composition of the
chromosomes 1, 5 and 1Different letters indicate statistical differen@ecording LSD ¢

< 0.05). Areas filled in black represent homozygouskers & habrochaites CGN 1.1561
allele). Areas filled in grey represent heterozygmarkers. Non-filled areas represent
homozygous markers (cv. Moneymaker allele). On @lmsome 1 and 12 are indicated the
physical region (tomato genome assemble versiorGd.8) of Tv-1 (76.7 to 90.0 Mbp) and
Tv-2 (4.6 to 63.5 Mbp).

To further investigate the effect of the introgreason Chr. 5, five FBC; plants (PV101092-
2, PV101088-2, PV101087-3, PV101093-1, PV10108¥&)e selected based on OR, the
presence/absence o¥-1, Tv-2 and the presence of the introgression on Chr.h&. glants



PV101092-2, PV101088-2, PV101087-3, contained the 6 (61.27 Mbp) introgression,
whereas it was smaller in PV101087-2 and not pteseRV101093-1. The five plants have
varying parts offv-1 andTv-2 or lack these completely (PV101088-2, Figure 2je plants
were backcrossed with cv. Moneymaker to generate BBC, families. All RRBC, plants
plus parental plants, CGN1.1561 and cv. Moneymalae genotyped fofv-1, Tv-2 and the
introgression on Chr. 5, and phenotyped for adudigal, oviposition rate, trichome type
and trichome density. Figure 3 shows the distrioutior AS and OR and the link to the
respective fBC; line. Clear differences were seen between cv. Morger and CGN1.1561
for AS (P < 0.01) and OR (P < 0.01). In the studie®C, plants, there was mainly
segregation for OR with the parents on the extrenfid¢be distribution. Genotyping showed
that from the offspring of PV101088-2 (renamed Y1 81392) four of the five sibling plants
were heterozygous for the region on Chr. 5. Thdaetp had an OR level comparable to
CGN1.1561, the remaining plant of the five (PV102-3), lacked the CGN1.1561 allele and
had a high OR (Figure 4). To investigate a poss#ligtion between the reduction in OR and
the presence of glandular trichomes, the preseeaesity was determined on the parental
lines and the BC, plants. Accession CGN1.1561 was the only one mithomes type IV
and Vic, whereas the,BC, plants and the cv. Moneymaker had mainly trichotype V
and Vla. No differences were seen in the densityriohome type Vla among the;BC,
plants and cv. Moneymaker.

Figure 3 Phenotyping results of the EBC, plants. The upper panel shows adult survival,
the lower panel oviposition rate. Plants are grougecording to family. The first sample of
each block is the parent of that family (blackptg).Solanum habrochaites (CGN1.1561) is
black and cv. Moneymaker is white.

Figure 4 Genotype and Phenotype of IBC3; PV101088-2 siblingsOviposition rate (mean

? standard error) and marker data for,BE, siblings from the JBC3; PV101088-2 line are
given. Asterisks indicate statistical significarameording LSD (P = 0.05). Marker score
nomenclature: a = homozygous cv. Moneymaker alketle homozygousS. habrochaites

(CGN 1.1561) allele; h = heterozygous; n.d. = nimd@hromosomal positions are according
to International Tomato Annotation Group (ITAG) Base 2, official annotations on the
SL2.31 can be found in [41], marker sequencesOh [4

As the offspring of PV101392 showed a low OR aro#éa theTv-1 andTv-2 region (Figure
4), we focussed on the introgression on Chr. 5.fimd offspring plants with a smaller
introgression on Chr. 5, PV101392-1, PV101392-31®\892-4 and PV101392-5 were
selfed. Of the 275 BC,;S; offspring plants, 33 plants out of 61 recombinamése selected
based on length differences of the introgressemme@s judged from marker analysis. The
genotyping results (grouped by introgression lenhgtid phenotyping results (OR) are shown
in Figure 5. With the BC;S; we could narrow down this introgression to a 3vlfp region
between the markers rs2009 (4.76 Mbp) and rs20.8B (Vibp).

Figure 5 Fine mapping of OR-5. Oviposition rate (mean ? standard error) and nralk¢a

of F,BC,4S; plants grouped by introgressed fragment, basedamker scores. Different

letters in oviposition rate graph indicate stataitisignificance according LSD (P = 0.05).
The number of plants per specific introgressiogrimant is shown in brackets. Q-value: FDR
corrected P-value per marker after t-test. Markeresnomenclature: a = homozygous cv.
Moneymaker allele; b = homozygo8shabrochaites (CGN1.1561) allele; h = heterozygous.
Chromosomal positions are according to Internatidoanato Annotation Group (ITAG)
Release 2, official annotations on the SL2.31 eafohnd in [41], marker sequences in [40].




To further fine map and confirm the effect of tmragression on Chr. 5, eightBCsS;
plants (PV121430-4, PV121430-11, PV121433-30, PM3PR189, PV121432-26,
PV121433-29, PV121433-53 and PV121434-57) withva @R and heterozygous for parts
of this region in Chr. 5 were selfed. Of the 29BE,S,, 77 plants out of 154 recombinants
were phenotyped based on length differences ofirttiegressed region, as judged from
marker analysis. The results grouped by introgoes&ngth are shown in Figure 6. The
F.BC4S, plants with aS habrochaites (CGN 1.1561) introgression on Chr. 5, between the
markers rs2009 (4.76 Mbp) and rs2093 (11.8 Mbpd, ér@ OR similar to the low levels of
CGN1.1561 and in the case of plants with the cvn®&mnaker allele homozygous present,
the OR was higher (Figure 6). Some of thBE&;S, had a reduced adult survival; however,
AS and OR were not strongly correlatdtl£ 0.43) having plants with the introgression on
Chr. 5 and with AS levels comparable to those fowmdcv. Moneymaker and with a
significant lower OR. In the BC;S, no plants were found with a further smaller
introgression.

Figure 6 Corroboration of role of OR-5. Oviposition rate (mean ? standard error) and
marker data of BC,S; plants grouped by introgressed fragment, basedarker scores.
Different letters in oviposition rate graph indieatatistical significance according LSD (P =
0.05). The number of plants per specific introg@ssragment is shown in brackets. Marker
score nhomenclature: a = homozygous cv. Moneymdlade;ab = homozygous.

habrochaites (CGN 1.1561) allele; h = heterozygous. Chromosqgmoaltions are according
to International Tomato Annotation Group (ITAG) Base 2, official annotations on the
SL2.31 can be found in [41], marker sequencesOh [4

Because CGN1.1561 is member of the grouf®. dfabrochaites accessions that accumulate
methyl ketones, the,BC,S, families were analysed for the presence of thosepounds (2-
Tridecanone, 2-Undecanone, 2-Pentadecanone and d@cBwone). The accession
CGN1.1561 had all these methyl ketones in highé&ative abundance compared to cv.
Moneymaker and to the,BC,S, families (Additional file 1: Table S1). In additip there
were no differences on the relative abundance edehmethyl ketones among théBE;S,
families and cv. Moneymaker.

Discussion

An introgression on Chromosome F0OR-5) reduces whitefly oviposition rate

Using RBC; plants, we identified & habrochaites (CGN1.1561) introgression on the short
arm of Chr. 5 (hereafter call€R-5), which confers a reduction B tabaci oviposition rate.
By analysing EBC,; F,BCsS; and RBC,S, populations, we could confirm that this
introgression of 3.06 Mbp is causing the reducedetflis oviposition rate. The reduction in
oviposition caused by the presenceéddt-5 is independent of adult survival and the presence
of trichome type IV. Plants were found on whichwaHiteflies were alive but a reduction in
oviposition was observed (Figure 3) and none ofpllaats had the sticky trichomes type IV.
The plants homozygous for tt& habrochaites (CGN1.1561) allele in the,BC;S, had a
higher OR compared to plants heterozygous for @liede. This effect of over dominance
might indicate an interaction between tl& habrochaites (CGN1.1561) and theS
lycopersicum allele. 1t would also implicate that the high leweé resistance in terms of low
AS and OR found in CGN1.1561 is the result of gpistinteraction between different genes.
In the RBC3 population only one plant had tRdR-5 region but with OR levels similar to cv.



Moneymaker. This result may be explained in seveays. First, there is the chance of a
double recombination in th®R-5 region. However, no double recombination event was
detected in this plant with the Infinium bead arr&gcondly, there is the possibility of an
epistatic effect betwee@R-5 and a locus different froffiv-1 or Tv-2. Finally, there is always
the possibility of a phenotyping artefact.

Selection of the chromosome 5 region

For the selection of the;BC; plants, we used markers that are linked to theTed andTv-

2 loci, which are located on Chr. 1 and 12 respedbtivit is therefore remarkable that we
ended up with an introgression on Chr. 5, which hader actively been selected for. This
may be explained by starting with, plants containing the introgression on Chr. 5egith
homozygous or heterozygous (3 out of 4 plants hheeintrogression). The chance that
plants in the FBC; still possess the introgression is 1 out of 4,owviich is more or less the
number of Chromosome 5 containingBE; plants that we found. The fact that Maliepagtrd
al. [28] did not detect the QTL for OR could be caubgdhe different whitefly species used
(T. vaporariorum vs. B. tabaci). Different insect species or biotypes may reditemntly to
the same host plant or odour blend, resulting iffedint behaviour. For example,
glucosinolates can confer resistance to some imsettereas they can be used as host and
strong oviposition cues for others [45]. In theeca$ whiteflies, differences were seen when
compared the feeding behaviour of the Q and théoBxte on the same host plant [46]. Also,
tomato plants carrying thidil-2 gene were in general more resistance to the Qgeahan

to the B-biotype [47].

Nature of the resistance provided by OR-5

Several QTLs related to whitefly resistance havenbeentified on Chr. 5 (Table 1).
Maliepaardet al. [28] found in the region 0DR-5 a QTL (TrilV-1) that increases the density
of trichomes type IV. However, we did not detecy &pe IV trichomes on the,BC, plants
containing theOR-5 introgression. In a backcross population of po(&® tuberosum x S
berthaultii) x S berthaultii) a region on Chr. 5 was associated with a reductio the
oviposition rate and leaf consumption by the Calorapotato beetle Leptinotarsa
decemlineata) [48]. This region also had a large effect on tensity of the glandular
secretory type B trichome (LOD: 19.17, explaining.&86 of the variance), furthermore
differences in the sucrose ester levels and irpteeence of droplet (exudate) on the tip of
the trichomes were associated with this region dn 6 [48]. ForS penndlii, two QTLsS
were described on Chr. 5 that are involved in aagar metabolism, on@A5) related to the
total accumulation of acyl sugars and anothBy f(elated to the proportion of 7-
methyloctanonate and 9-methyldecanoncate fattysabiakt are incorporated into acyl sugars
[49,50]. To check if acyl sugars were related t® téduction in oviposition rate an LC-MS
chromatography analysis was done on thB(zS, plants [14]. No differences were found
among the BC,S; plants on the levels of acyls sugars, pointing thfferent mechanism of
resistance in this plant material specifically effieg whitefly oviposition rate (data not
shown). As the parental accession CGN1.1561 acatesumethyl ketones, we also analysed
the offspring for the presence of 2-Tridecanoné/n2lecanone, 2-Pentadecanone and 2-
Dodecanone. None of these compounds was detecteteaited levels in the offspring,
excluding the option that these methyl ketones raaglain the observed reduction in
oviposition rate. On the 3.06 Mbp introgressionai-5 are 258 annotated genes including
R-genes, transcription factors, genes involvedcyl augar and terpenoid metabolism which
can be considered as candidate genes for redugeasstion. To reduce the list of candidate



genes and find the gene(s) responsible for therl@¥ further fine mapping and functional
analysis, including more detailed metabolomicseeded. However, considering the lack of
recombinants found in the;BC;S; and KEBC,S, populations between the markers rs-7543
(5.79 Mbp) and rs-7551 (6.15 Mbp), it might be idiitt to reduce the size of the
introgression.

Perspectives of OR-5 for breeding whitefly resistantarieties

Since the late nineties of the 20th century, thieref to get whitefly resistant tomatoes have
increased considerably, but so far they have besnagessful [4]. The screening of genetic
resources for novel whitefly resistance mechanibas increased, going from distant wild
relatives of tomato (i.€S. pennellii, S. habrochaites) to in depth studies of several accessions
of closely related species (i.8. galapagense, S. pimpindlifolium) [7-9,11,13,14]. These
efforts have led to the identification of spec#igcondary metabolites conferring resistance to
whiteflies (methyl ketones, sesquiterpenes, and siayars) [12,15,51], the identification of
QTLs related to resistance [16,28,33], and in sarases to the genes involved in the
synthesis of resistance related metabolites [1Z0180,31]. The identification 0OR-5,
affecting specifically whitefly oviposition rate drindependent of the presence of trichome
type IV, opens new opportunities for breeding. TBR-5 region is expected to reduce
population development &. tabaci strongly. As the reduction in oviposition is nmikied to

the sticky trichomes type | and IV, and the knovegative effect of this type of resistance on
parasitoids and predators [43,52-54], it can beeetqu that this resistance will be very
suitable in combination with biological control. @arieties containing th®R-5 region the

B. tabaci population development will be slowed down givitigg natural enemies ample
opportunity to keep the population below threshigidels or even to remove developing
whiteflies. Therefore, the gene will in particulae useful in protected tomato production
conditions (greenhouse cultivation). For open fipldbduction, the resistances based on
trichomes type | and IV will be more suitable [16].

Conclusions

We identified a region at the top of Chr. 5 (ORMhjch is associated with a reduction in the
oviposition rate oB. tabaci. This reduction was independent of the presentleeo@QTLSTv-

1 andTv-2 that were identified previously [28], as well dstlve presence of trichomes type
IV. The OR-5 locus will provide new opportunities fresistance breeding against whiteflies,
which is especially relevant in greenhouse culibrat
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Adult survival

Oviposition rate

Genotype

n mean mean
CGNL1.1561 4) 0.10 a 0.15 a
cv. Moneymaker (3) 0.99 cd 5.53 f
PV101092-2 3) 0.14 a 0.58 ab
PV101088-2 3) 075 ab 1.32 be
PV101087-3 3) 092 abc 1.65 bc
PV101088-5 3) 0.6l ab 1.81 be
PV101089-3 3) 099 cd 2.04 cd
PV101092-7 2) 073 abed 2.06 cde
PV101093-5 2) 074 abed 2.06 cde
PV101090-1 2) 1.00 d 2.12 cde
PV101092-4 4 098 bed 2.26 cde
PV101087-1 3) 092 abed 2.36 cde
PV101087-4 (3) 1.00 d 2.54 cde
PV101090-2 (3) 081 abced 2.93 cde
PV101092-6 @4 096 bed 2.95 cde
PV101089-5 4 1.00 d 2.98 cde
PV101089-7 () 098 abed 3.15 cdef
PV101093-1 3) 098 bed 3.40 def
PV101087-2 4 1.00 d 3.45 def
PV101093-6 3) 099 bed 3.52 def
PV101088-8 3) 097 abed 3.63 def
PV101089-8 4) 098 bed 3.93 ef
PV101089-9 2) 096 abced 3.99 def
PV101088-6 3) 096 abced 4.10 ef
PV101093-3 (3) 1.00 d 5.57 f
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Addtional files provided with this submission:

Additional file 1: Table S1. GC-MS analysis of the relative abundance (average + standard error) of methyl ketone per
F2BC4S2 family (15k)

http://www.biomedcentral.com/content/supplementary/s 12863-014-0142-3-s1.docx
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