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The consumption of natural products with potential health benefits has been continuously growing,
and enhanced pigmentation is of major economic importance in fruits and vegetables. The tomato
hp-29¢ is an important mutant line that has been introgressed into commercial tomato cultivars
marketed as lycopene rich tomatoes (LRT) because of their enhanced fruit pigmentation, attributed
to higher levels of carotenoids, including lycopene. Strigolactones are signaling compounds that
mediate host finding in root parasitic plants and are biosynthetically derived from carotenoids.
Considering the high carotenoid content of the hp-2°9 mutant, we studied its susceptibility to the root
parasite Orobanche. In a field experiment, the average number of Orobanche aegyptiaca plants
growing on hp-2°9 was surprisingly significantly reduced compared with its isogenic wild-type
counterpart. In vitro assays and LC-MS/MS analysis showed that this reduction was associated with
a lower production of strigolactones, which apparently renders the high-carotenoid hp-29 mutant

less susceptible to Orobanche.
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INTRODUCTION

Fruits constitute a major component of our diet, providing
fiber, vitamins, minerals, pigments, and additional phytonutrients
thought to promote or at least maintain good health. The
consumption of natural products with potential health benefits
has been continuously growing, and enhanced pigmentation is
of major economic importance in fruits and vegetables (/, 2).
Fleshy fruits such as tomatoes (Solanum lycopersicum) contain
high levels of several of these compounds and hence are a good
source of vitamins, carotenoids, and antioxidants (2, 3). The
tomato high pigment (hp) lines include a number of tomato
mutants with single-point mutations with increased levels of
such phytonutrients (4). Because of their impact on fruit
lycopene content, #p mutations have been introgressed into
commercial tomato cultivars marketed as lycopene rich tomatoes
(LRT) (5, 6).

The tomato mutant iip-29¢ (high pigment-2¢), formerly named
dark green, is mutated in the DEETIOLATEDI (DETI) gene.
DETI encodes a regulatory protein that represses several
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signaling pathways controlled by light (5, 7). As a consequence,
hp-29% plants display higher fruit pigmentation due to an elevated
level of chlorophylls in immature fruits and of carotenoids,
including lycopene, throughout fruit ripening from very early
breaker to over-ripe stages (5, 7, 8). In addition to increased
carotenoids, fruits of /ip-29¢ mutants are also characterized by
increased levels of other functional metabolites such as vitamins
C and E, as well as several flavonoids (4, 7).

Tomato is an important fruit crop in Southern Europe, the
Anmericas, the Middle East, and India, with increasing production
in China, Japan, and Southeast Asia (9). However, the produc-
tion of tomatoes is highly susceptible to infection by Orobanche
ramosa and Orobanche aegyptiaca that cause severe yield losses
of up to 75% (10-13). The parasitic plant Orobanche spp.
(broomrapes; Orobanchaceae) is a holoparasite and parasitize
important agricultural crops around the globe, such as legumes,
crucifers, sunflower, hemp, tobacco, and tomato, causing large
crop losses (/14-16). These obligate root parasites attach to the
roots of many plant species and acquire nutrients and water from
their host through an organ called haustorium. The interaction
between host and parasite begins with the secretion of secondary
metabolites from the roots of the host that induce the germina-
tion of seeds of the parasite, which are called strigolactones
(Figure 1) (17, 18). Strigolactones have also been identified as
the compounds responsible for the induction of hyphal branching
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Figure 1. Structures of some strigolactone germination stimulants and
the synthetic strigolactone analogue GR24.

in arbuscular mycorrhizal (AM) fungi, which is a critical step
in host recognition (/9-21). Using both mutants and isoprenoid
pathway inhibitors, we have demonstrated that strigolactones
are carotenoid derived through the action of a carotenoid
cleavage enzyme (22, 23).

In the present article, the susceptibility of the commercially
important tomato line hp-29¢, with enhanced production of
carotenoids and other functional metabolites in fruits, to
Orobanche infection is studied. Moreover, the link between this
susceptibility and the production/exudation of strigolactones is
analyzed.

MATERIALS AND METHODS

Plant Material and Chemicals. Seeds of tomato (Solanum lyco-
persicum) of the open-pollinated cultivar Manapal, homozygous for
the Ap-29¢ mutation (LA2451) and its fully isogenic wild-type
counterpart (wild-type) (LA3007), were originally provided by R.T.
Chetelat (Tomato Genetics Cooperative, UC Davis, USA). Seeds of
the open-pollinated tomato cv. Moneymaker were purchased at a local
market. Orobanche ramosa seeds (collected from a tomato field) were
kindly provided by Maurizio Vurro and Angela Boari (Instituto di
Scienze delle Produzioni Alimentari. Bari, Italy). The synthetic
germination stimulant strigolactone analogue GR24 was kindly provided
by Binne Zwanenburg (Department of Organic Chemistry, Radboud
University, Nijmegen, The Netherlands). The strigolactone standard
sorgolactone was obtained from Soizic Rochang (Laboratory for Cell
Surfaces and Signaling in Plants, University-CNRS, France), strigol
from Yukihiro Sugimoto (Faculty of Agriculture, Kobe University,
Japan), 5-deoxystrigol from Kohki Akiyama (Osaka Prefecture Uni-
versity, Japan), and orobanchol, solanacol, and orobanchyl acetate were
kindly provided by Koichi Yoneyama (Weed Science Center, Ut-
sunomiya University, Japan).

Field Experiment. Tomato seeds of the Ap-2?¢ mutant and corre-
sponding wild-type were sown in seedling trays on April 12, 2007 and
grown in a greenhouse until May 11, 2007 when they were transplanted
to the field. The field chosen was known to be highly infected with O.
aegyptiaca and is located in Mevo Hama, Southern Golan Heights,
Northern Israel.

Tomato plants were planted in a randomized block design (6 blocks),
each block containing 1 double row plot for each genotype. The final
experimental layout was slightly imbalanced, mainly due to plant
survival, with more mutant /hp-2? than wild-type plants in the
corresponding plots of each block. The final number of surviving Ap-
242 mutant plants was 37, 39, 40, 40, 43, and 40, while the final number
of the corresponding wild-type plants was 36, 37, 36, 35, 37, and 34
in blocks 1, 2, 3, 4, 5, and 6, respectively.

Greenhouse Experiment and Root Exudate Collection. Tomato
seeds of the /ip-2¢ mutant, the wild-type (cv. Manapal), and the cultivar
Moneymaker were sterilized in 4% sodium hypochlorite containing
0.02% (v/v) Tween 20, rinsed thoroughly with sterile water, and then
germinated for 48 h on moistened filter paper at 25 °C in darkness.
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Subsequently, tomato seedlings were grown in 0.5 L pots with sand/
vermiculate (1:1) for 4 weeks in a greenhouse at 21/18 °C with 16/8 h
photoperiod and 70% humidity. For each tomato genotype, 6 pots
containing 3—4 plants per pot were used. Plants were watered twice a
week with a modified, half-strength Hoaglands nutrient solution (23).
Root exudates were collected from each pot individually (see below)
and used for the bioassay and analysis by LC-MS/MS.

Phosphate (Pi) starvation promotes the production of the germination
stimulant strigolactones (23, 24). Therefore, one week before root
exudate collection, plants were watered (twice a week) with modified
half-strength Hoaglands nutrient solution without Pi. For root exudate
collection, the substrate in the pots was rinsed with 1.5 L (3 times the
pot volume) of modified half-strength Hoaglands solution without Pi
to remove the strigolactones accumulated. After another 5 h, 0.3 L of
modified half-strength Hoaglands solution was applied to the pots and
the root exudates collected. Roots from each pot were then collected
separately and frozen in liquid nitrogen and stored at —80 °C until
use.

Root Exudate Purification and Germination Bioassay. The crude
exudates were concentrated and purified by solid phase extraction on
a Ci3 SEPAK cartridge (Octadecyl 500 mg, J.T. Baker, Deventer, The
Netherlands). Hereto, 0.3 L of the exudate solution was loaded onto
the pre-equilibrated column. Subsequently, the column was washed with
5 mL of 30% acetone/water, and the active fraction was eluted with 5
mL of 60% acetone/water (23). Within each experiment, the exudates
were diluted to the same ratio of root fresh weight per mL of root
exudate before analysis.

Before germination bioassays were performed, the acetone was
removed from the samples by first adding a corresponding volume of
demineralized water and then evaporating the solvent in vacuo in a
SpeedVacuum SC100 (Savant Instruments, Holbrook, NY, USA).
Germination bioassays with O. ramosa seeds were conducted as
reported before (23). To avoid saturation of the germination response,
we used a series of dilutions of the purified exudate in each germination
bioassay.

Carotenoid Analysis. Carotenoid extraction and analysis on tomato
roots were performed as described before (7) with minor modifications
using high performance liquid chromatography (HPLC) with photo
diode array (PDA) detection. Frozen powdered roots (2 g) were
extracted with 4.5 mL of methanol/chloroform (5:4, v/v) containing
0.1% butylated hydroxytoluene (2,6-di-#-butyl-4-methylphenol, BHT).
Samples were shaken and incubated on ice for 10 min. Then, 2.5 mL
of 1 M NaCl in Tris-HCI buffer at pH 7.4 was added, and extracts
were incubated for another 10 min on ice and then centrifuged for 10
min at 1500 rpm at room temperature. The samples were re-extracted
with 1 mL of chloroform containing 0.1% BHT. The chloroform
fractions were combined and dried under N,. The residue was taken
up in 200 uL of ethyl acetate containing 0.1% BHT. HPLC analysis
was performed as described by Bino et al. (7).

Strigolactone Analysis Using Liquid Chromatography-Tandem
Mass Spectrometry. Analysis of strigolactones in tomato root exudates
was performed by comparing retention times and mass transitions with
those of available strigolactone standards (sorgolactone, strigol, orob-
anchol, 5-deoxystrigol, solanacol, and orobanchyl acetate), using ultra
performance liquid chromatography coupled to tandem mass spectrom-
etry (UPLC-MS/MS), essentially as described by Lépez-Réez et al.
with a number of modifications (23). Analyses were performed using
a Waters Micromass Quattro Premier XE tandem mass spectrometer
(Waters, Milford, MA, USA) equipped with an ESI source and coupled
to an Acquity UPLC system (Waters, USA). Chromatographic separa-
tion was achieved using an Acquity UPLC BEH C,g column (150 —
2.1 mm, 1.7 um) (Waters, USA), applying a water/acetonitrile gradient,
starting at 0% acetonitrile for 0.5 min, raised to 25% acetonitrile in
0.5 min, followed by a 6.5 min gradient to 45% acetonitrile, followed
by a 4.5 min gradient to 70% acetonitrile which was then maintained
for 0.1 min and followed by a 0.1 min gradient back to 0% acetonitrile
before the next run. The column was then equilibrated at this solvent
composition for 2.8 min. Total run time was 15 min. The column was
operated at 50 °C with a flow-rate of 0.4 mL min~', and the sample
injection volume was 20 uL. The mass spectrometer was operated in
positive electrospray ionization (ESI) mode. The nebulizer and desol-
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Table 1. Carotenoid Content of the Roots of the tomato hp-2%9 Mutant
and corresponding Wild-Type (WT) (cv. Manapal), and the Cultivar
Moneymaker (MM)?

ug g~ fresh weight root

neoxanthin violaxanthin lutein [-carotene

hp-2 374 +041a 086 +£013a 030+004a 014+001a
WT 259 £024b 057 +005b 023+002b 0.08 4 0.01b
MM 217 £064b 048 +£0.13b 015+ 006c 0.08 &+ 0.02 b

@ Carotenoids were analyzed using HPLC (see Materials and Methods). Numbers
represent the average of 6 independent replicates 4 SD. Different letters indicate
statistically significant differences between the means (P < 0.01) for each compound.

vation gas flows were 50 and 800 L h™', respectively. The capillary
voltage was set at 2.7 kV, the cone voltage at 20 V, the source
temperature at 120 °C, and the desolvation gas temperature at 450 °C.
Fragmentation was performed by collision induced dissociation with
argon at 3.6 x 1072 mbar. Multiple reaction monitoring (MRM) was
used to search for strigolactones. The MRM transitions were set
according to the MS/MS spectra obtained for the standards. Protonated
molecular ions [M + H]" were more abundant in the full-scan mass
spectra obtained from the standard strigolactones than the sodium ion
adducts [M + Na]™; therefore, they were selected as parent ion for the
transitions. Two or 3 parent-daughter transitions were selected for each
strigolactone, according to the most abundant and/or specific fragment
ions for which the collision energy (CE) was optimized. For solanacol,
the MRM transitions m/z 343 > 183 at a CE of 14 eV, and 343 > 97
at 18 eV were selected; for orobanchol, the transitions m/z 347 > 233
at 10 eV, 347 > 205 at 15 eV and 347 > 97 at 18 eV; and for the
didehydro-orobanchol isomers the transitions m/z 345 > 203 at 16 eV,
345 > 175 at 18 eV and 345 > 97 at 18 eV were selected.

Data acquisition and analysis were performed using MassLynx 4.1
software (Waters, USA). For each compound, the summed area of all
the corresponding MRM transitions was used for statistical analysis.

Statistical Analysis. Data for the carotenoid content of tomato roots
and for the strigolactone content in tomato root exudates were subjected
to one-way analysis of variance (ANOVA) using GenStat for Windows
(ninth edition). For the analysis of the germination bioassays, ANOVA
after arcsine[squareroot(x)] transformation was performed. For the field
experiment, statistical analyses were carried out with the JMP Statistical
Discovery software (SAS Institute, Cary, NC, USA).

RESULTS

Carotenoid Content in Roots. The tomato mutant high
pigment-2¢ (hp-29%) is characterized by its higher carotenoid
content in fruits (7). The carotenoid content in the roots of this
mutant has not been reported before. In the present work, we
have analyzed the levels of carotenoids in the roots of this
mutant and corresponding wild-type, and this shows that the
carotenoids neoxanthin (hp-ng/wt ratio 1.44), violaxanthin (ip-
29/wt ratio 1.51), lutein (fip-2?¢/wt ratio 1.30), and B-carotene
(hp-2¢/wt ratio 1.75) are also significantly (P < 0.01) higher
in the roots of the /p-29 mutant than in the wild-type (Table
1). As expected, the concentrations of most carotenoids observed
in the roots were much lower than the values reported for fruits
(7), but there were differences for the different compounds
analyzed. Violaxanthin (1.5-fold), lutein (13-fold), and [-car-
otene (80-fold) were lower in roots compared to red fruit, but
neoxanthin was about 20-fold higher in the roots (7). For the
first time, we have now shown that the elevated levels of
carotenoids in the Ap-29¢ mutant extent also to the roots.

In addition to ip-2?¢ and wild-type Manapal, the carotenoid
content in the roots of Moneymaker was measured. In this
cultivar, the carotenoid levels were comparable to those observed
for the wild-type Manapal (Table 1).

Orobanche aegyptiaca Infection in the Field. To check the
susceptibility of the tomato mutant hp-2% to Orobanche
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Figure 2. Time course for O. aegyptiaca plants growing in a tomato crop.
Number of O. aegyptiaca plants growing on individual tomato plants for
the hp-2°¢ mutant and corresponding wild-type (WT). Numbers represent
the average of 6 independent replicates + SE.

aegyptiaca, a field experiment was performed as described in
Materials and Methods. After sowing, the field was visited 5
times throughout the season. The first O. aegyptiaca appeared
between June 6, 2007 and June 24, 2007, i.e., 26—44 days after
planting. O. aegyptiaca plants were counted for 4 consecutive
weeks at 1- to 2-wk intervals until July 15, 2007 (65 days after
planting) when O. aegyptiaca plants started to senesce.

On average, the number of O. aegyptiaca plants counted in
plots of the 4p-29¢ mutant was lower than in plots of the wild-
type plants in the corresponding blocks. On June 24, the average
number of O. aegyptiaca plants counted in the mutant plots
was 19% lower than in the wild-type plots, but statistically not
significant [P(x?) > 0.05, P(F) > 0.05)]. The average number
of O. aegyptiaca plants continued to increase for both genotypes,
but the difference between them also increased and became
statistically significant from July 1 onward. The average number
of O. aegyptiaca plants counted in the mutant plots was 30%,
34%, and 30% lower than in plots containing the wild-type on
July 1, 8, and 15, respectively [P(x*) < 0.05, P(F) < 0.05)].

The final experimental layout was slightly imbalanced with
more mutant sip-29% than wild-type plants in the corresponding
plots of each block. Therefore, the results better distinguish
between the genotypes when analyzed as the average number
of O. aegyptiaca plants per tomato plant, showing again lower
average numbers for the mutant (Figure 2). The average number
of O. aegyptiaca plants per tomato plant in the mutant plots
was about 28%, 36%, 41%, and 37% lower than in plots
containing wild-type plants on June 24 and July 1, 8, and 15,
respectively (Figure 2). These differences were statistically
significant on the latter 3 dates [P(Xz) < 0.05, P(F) < 0.05)].

0. ramosa Germination Assay. To assess whether the results
observed in the field are due to differences in the induction of
germination, tomato /p-2“¢ mutant and corresponding wild-type
plants were grown in the greenhouse, and their root exudates
were collected for a germination bioassay with O. ramosa seeds.
The synthetic germination stimulant GR24 (10~° M) (Figure
1), used as a positive control, always induced the germination
of preconditioned O. ramosa seeds (up to about 80%). Water
alone, used as a negative control, did not induce any germina-
tion. The hp-29¢ mutant displayed the shorter and darker
phenotype characteristic for this mutant (25) (data not shown).
No differences in germination of O. ramosa seeds induced by
the purified exudates were observed after 100-fold dilution.
However, when diluted 500- and 1000-fold, the germination
activity of the hp-29¢ mutant was about 40 and 38%, respec-
tively, lower than that for the corresponding wild-type (Figure
3). In addition to the activity of the root exudates of the two
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Figure 3. Germination of O. ramosa seeds induced by the root exudates
of the tomato hp-2°¢ mutant compared with the corresponding wild-type
(WT) (cv. Manapal) and the cultivar Moneymaker (MM). Serial dilutions
of the root exudates (1:100, 1:500 and 1:1000) were used. GR24 (10~°
M) and demineralized water were used as positive and negative controls,
respectively. Within each experiment, the concentrations of the root
exudates were equalized by dilution to the same ratio of the volume of
exudate to root fresh weight. Numbers represent the average of 6
independent replicates + SE.
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genotypes of Manapal, the exudate of Moneymaker was also
tested for its capacity to induce germination of O. ramosa seeds.
To our surprise, the germination stimulatory activity of Mon-
eymaker was similar to that of the ip-2¢ mutant, being 39 and
53%, respectively, lower than wild-type Manapal (Figure 3).

LC-MS/MS Analysis of Strigolactones in Tomato Root
Exudates. To further investigate whether the lower germination
stimulatory activity of the tomato Ap-29¢ mutant was due to a
decrease in the strigolactone production, LC-MS/MS analysis
was performed to compare the levels of strigolactones in the
root exudates of the mutant and corresponding wild-type. The
SPE purified exudates were analyzed by LC-MS/MS in positive
ESI mode. An acetonitrile/water gradient was applied to improve
separation of the two major didehydro-orobanchol isomers,
which are not well resolved using methanol/water (23). Interest-
ingly, acetonitrile as organic modifier, affected the ratio between
protonated molecular ions and the corresponding sodium
adducts, the former being much more prominent with acetoni-
trile. Protonated molecular ions of strigolactones fragment
differently than sodium adducts. Loss of the lactone ring (M-
97) is by far the most prominent fragmentation route for sodium
adducts of strigolactones, while other fragments are formed with
rather low abundance. In contrast, protonated molecular ions
produce a larger number of abundant fragment ions (Figure
4). These fragments are quite specific for individual strigolac-
tones, a feature which can be used for identification. For each
compound, the collision energy was optimized for two or three
major parent to daughter transitions, which were incorporated
into a MRM method. Using the LC-MS/MS in MRM mode,
the tomato exudates were then screened for the presence of
strigolactones. In the LC-MS/MS chromatograms, three single
intense peaks were detected at R; 6.50, 7.27, and 7.40 min in
the different channels (Figure 5A). Comparison of the R; and
corresponding mass transitions with those of standards suggested
that the three peaks are solanacol (Figure 1) (transtitions m/z
343 > 183, 343 > 97) and two didehydro-orobanchol isomers
(transitions m/z 345 > 203, 345 > 185 and 345 > 97),
respectively (Figure 5A). In addition, a small peak eluting at
R 8.13 corresponding to the strigolactone orobanchol (Figure
1) was detected (transitions m/z 347 > 233, 347 > 205 and
347 > 97). However, its concentration was too low for
quantification. The presence of solanacol and orobanchol in root
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exudates of tomato plants was further confirmed by standard
addition experiments.

All the three major strigolactones detected were significantly
(P < 0.01) reduced in the 2p-2“¢ mutant root exudates compared
to the wild-type (Figures SB and 6). The amount of solanacol
and the two didehydro-orobanchol isomers (according to the
peak area) were 63, 58, and 57%, respectively, lower in the
mutant (P < 0.01) than that in the wild-type. The levels of
strigolactones in the exudates from the cultivar Moneymaker
were comparable to those of the hp-2% mutant (Figures 5B
and 6). The levels of solanacol and the two didehydro-
orobanchol isomers were 57, 52, and 54%, respectively, lower
than those in the wild-type Manapal. Standard addition of
solanacol and orobanchol to the samples confirmed that the
observed reduction in peak areas in the /p-2* mutant and
Moneymaker exudates is real and not caused by ion suppression
during ionization in the ion source of the mass spectrometer.

DISCUSSION

Among the different Orobanche species, O. ramosa and the
very similar O. aegyptiaca have the widest host range and cause
enormous damage to numerous important agricultural crops such
as tomato, potato, tobacco, and sunflower in different parts of
the world, especially in Mediterranean countries (74, 15, 26).
We have previously demonstrated that the germination stimu-
lants (viz. strigolactones) of maize, cowpea, and sorghum are
derived from carotenoids probably through the action of a
carotenoid cleavage enzyme (22). Recently, we have shown that
this is also true for the germination stimulants of tomato,
indicating that the carotenoid origin of the strigolactones is a
general phenomenon in the plant kingdom (23).

The tomato ip-2% is an important mutation that has been
introgressed into commercial tomato cultivars marketed as
lycopene rich tomatoes (LRT) because it imparts significantly
higher levels of carotenoids, including lycopene, and other
functional metabolites such as vitamins C and E, and several
flavonoids in fruits (5-7). Because germination stimulants
(strigolactones) are derived from carotenoids (22, 23), and
considering the increasing problems with Orobanche in tomato
cultivation, we assumed that Ap-2 mutant plants could
potentially display higher root carotenoid levels, leading to
higher levels of strigolactones and hence to higher susceptibility
to Orobanche. In accordance with this expectation, we showed
for the first time that the carotenoid content in the roots of
tomato plants carrying the /ip-29% mutation is also higher than
that in the corresponding wild-type (Table 1). The carotenoid
levels in roots of the mutant were about 1.5-fold higher than
that in the roots of the wild-type. In fruits, this difference was
larger at about 4-fold (7). In addition, we also showed that the
concentrations of the carotenoids violaxanthin, lutein, and
p-carotene are lower in roots than in fruits, whereas neoxanthin
is higher in roots.

Surprisingly, in a field experiment the hp-29¢ mutant showed
to be significantly less susceptible to O. aegyptiaca infection
than the corresponding wild-type (36%, 41% and 37% lower
on July 1, 8, and 15, respectively) (Figure 2). An in vitro
germination bioassay with O. ramosa seeds showed a reduction
in the germination stimulatory activity of the Ap-29¢ mutant root
exudates that was very similar to the decrease in susceptibility
to O. aegyptiaca observed in the field (about 40%) (Figures 2
and 3). In addition, these results were further confirmed by LC-
MS/MS. We have previously shown by LC-MS/MS analysis
that in the root exudates of tomato cultivar Moneymaker the
major strigolactones are solanacol, orobanchol, and at least two
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Figure 4. MS/MS fragmentation spectra of the protonated molecular ions of orobanchol, solanacol, and the two didehydro-orobanchol isomers. The
MS/MS spectra of the didehydro-orobanchol isomers and solanacol were recorded during online separation of a tomato hp-2% exudate, and that of
orobanchol was recorded by direct infusion of a standard solution.

m/z

A hp-299 B
MRM of 23 Channels ES+
100- 797 34595503 100+ hp-299 MRM of 23 Chann_lglla ES+
Didehydro-orobanchol 1 Didehydro-orobanchol 2 2-0085 P . 5.50e5
=] 7.40 Didehydro-orobanchol 1
7.10
0 B Didehydro-orobanchol 2
5.00 6.00 7.00 8.00 9.00 10.00 Solanacol
MRM of 23 Channels ES+ 6.40
100 5.2> 2.60
7.27 452 Soes” A
o 7.40 [ A AR i e s e RS A e L L K A s R ]
& 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00
o T T T T T T T T T 100+ 7.10 MRM of 23 Chann_FIEES+
5.00 6.00 7.00 8.00 9.00 10.00 WT
MRM of 23 Channels ES+ 7.24 5.5065
100 3452 > 96.8
729 41 2.00e5
=] B! 6.40
o~
5.00 6.00 7.00 8.00 9.00 10.00 588 10.72
MRM of 23 Channels ES+ [ A i e e e ]
100 343255183 2.00 3.00 400 500 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00
=] Solanacol . MRM of 23 Channels ES+
3 6.51 1009 w1 Tic
o N\ 5.5005
5.00 6.00 7.00 8.00 9.00 10.00 700
MRM of 23 Channels ES+ ol I
100+ 343.2>96.8 & 7.24
6.50 2.00e5
< 6.40
10,0610-73
%% 600 | 700 | 800 | 900 | 10007 %50 300 400 500 600 700 5.00 5,00 1600 11,00 12,00 1545

Figure 5. LC-MS/MS analysis using multiple reaction monitoring (MRM) of the SEPAK C;g purified tomato root exudates. The MRM transitions for
didehydro-orobanchol isomers (3 transitions) and solanacol (2 transitions) obtained for the hp-2%9 mutant exudate are shown as example A. (B) Comparison
of the root exudates of the hp-2% mutant plants and corresponding wild-type (WT) (cv. Manapal) and the cultivar Moneymaker (MM); peak areas
represent the total of all transitions. Six independent samples for each plant genotype were pooled before analysis.

didehydro-orobanchol isomers (23). In the root exudates of the 58, and 57%, respectively, lower in the mutant than those in

hp-2“¢ mutant, the amounts (according to the peak area) of the wild-type (Figures 5B and 6). This suggests a direct
solanacol and the two didehydro-orobanchol isomers were 63, relationship between the amount of strigolactones produced by
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Figure 6. Strigolactone content in tomato root exudates. The amount
(according to the peak area) of the strigolactone solanacol and the
didehydro-orobanchol isomers 1 and 2 (didehydro-1 and didehydro-2) in
the root exudates of the hp-2%¢ mutant plants and corresponding wild-
type (WT) (cv. Manapal), and the cultivar Moneymaker (MM) was
quantified. The SEPAK Cyg purified exudates were analyzed using LC-
MS/MS (see Materials and Methods). Numbers represent the average of
6 independent replicates + SE.

the host plant, the germination stimulatory activity for
Orobanche spp. seeds, and the infection of Orobanche spp. in
the field. As far as we know, this is the first time that a parasitic
plant infection experiment in the field is correlated with in vitro
germination analysis and confirmed by LC-MS/MS character-
ization and quantification of the responsible compounds for such
activity.

The fact that the root exudates of Ap-29€, which has a higher
carotenoid content, contain significantly less strigolactones than
the corresponding wild-type genotype seems to be contradictory.
However, there are other examples for this mutant where the
increase in carotenoids is not related with an increase in
carotenoid derived compounds. The carotenoid breakdown
products f-ionone and -damascenone were not increased in
fruits harvested from the mutant despite their significantly higher
carotenoid levels (7). Moreover, in a number of plant species
an increase in carotenoid content in the roots upon mycorrhizal
colonization is not accompanied by an increase in strigolactone
production. The strigolactones also act as hyphal branching
factors for AM fungi (/9-21), and it has been demonstrated
that after AM colonisation carotenoid biosynthesis is activated
in mycorrhizal roots (27, 28). Nevertheless, a clear reduction
in the parasitic plant Striga hermonthica infection after AM
fungal inoculation in maize and sorghum has been described
(29) and evidence given that this is caused by a reduction in
the production of strigolactones (30). Considering the reported
role of strigolactones in mycorrhizal colonization (19, 20), it
would be interesting to investigate whether hp-29¢ plants also
exhibit less AM colonization and, if this is the case, whether
this has consequences for crop performance of LRT-type
tomatoes under low soil fertility conditions. Whatever the effects
of the hp-2¢ mutation on mycorrhizal colonization, this
phenomenon could have important implications for Orobanche
management.

In addition to increased carotenoids, in fruits harvested from
hp-2¢ (a tomato det] mutant) other targeted and nontargeted
compounds have been demonstrated to be enhanced, showing
that this mutant is more active metabolically (7). These results
are in agreement with recent transcriptional profiling experi-
ments, carried out in Arabidopsis seedlings and in tomato fruits,
showing that det] mutants are in general more transcriptionally
active (8, 37). This is not unexpected since DET1 is considered
a negative regulator of gene expression. In contrast, many other
genes displayed reduced constitutive and/or developmental
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expression in det! mutant Arabidopsis seedlings and tomato
fruits (8, 31). Therefore, DET1 may also act as a positive
regulator of genes. Possibly this also holds for genes directly
involved in strigolactone biosynthesis or exudation.

In addition, we also report here that the germination stimu-
latory capacity for O. ramosa seeds of Moneymaker root
exudates was comparable to that observed for the 4p-27¢ mutant
and hence lower than the activity for the wild-type Manapal
(Figure 3). LC-MS/MS analysis showed that this reduced
activity also correlated with a decrease in the level of strigo-
lactones present in the root exudates of Moneymaker (Figures
5B and 6). The results indicate genetic variation for the
production of strigolactones among different tomato cultivars.
Strigolactone production will most likely not be the only factor
determining Orobanche resistance in tomato as other resistance
mechanisms could play a role such as haustorium formation
and compatibility (32, 33). Genetic variation for the induction
of O. aegyptiaca germination has already been described for
tomatoes (34), but a correlation with strigolactone concentration
was not investigated by these authors. Genetic variation in the
induction of germination of parasitic plants has also been shown
for other crops such as sorghum, where several cultivars with
low Striga germination stimulant (LGS) production have been
described (but also without investigating strigolactone produc-
tion) (35). For sorghum, this genetic variation was used to breed
Striga resistant varieties (35), and our results indicate that it
may be possible to use similar approaches in tomato in order
to reduce Orobanche susceptibility.

Our study shows that an agronomically important tomato
mutant as Ap-27€, introgressed into commercial tomato cultivars
marketed as lycopene rich tomatoes (LRT), is less susceptible
to Orobanche infection. Moreover, we demonstrate that this
reduced susceptibility is a consequence of a reduction in the
production and/or exudation of the strigolactones despite the
fact that carotenoid levels in the roots of the Aip-29¢ mutant are
higher. This suggests that the conversion of carotenoids to
strigolactones or their exudation is tightly regulated. Further
research is required to understand how this occurs.
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