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Identification of malodorous, a Wild Species Allele Affecting
Tomato Aroma That Was Selected against during
Domestication
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Vegetable cultivation favored the inclusion of pleasant aromas in the produce, whereas unpleasant
aromas were selected against. Introgression lines, generated by hybridization of a cultivated tomato
(Lycopersicon esculentum) to its wild relative L. pennellii, were used to map quantitative trait loci
(QTL) that influence tomato aroma. A marked undesirable flavor was detected by taste panelists in
L. pennellii fruits and was related to an introgressed segment from the short arm of chromosome 8.
Analysis of the ripe fruits’ volatiles of chromosome 8 introgressed lines revealed an up to 60-fold
increase in the levels of 2-phenylethanol and phenylacetaldehyde, as compared to the cultivated
tomato. This effect was associated with a 10 cM segment originating from the wild species. Although
2-phenylethanol and phenylacetaldehyde have favorable contribution to tomato aroma when present
at low levels, phenylacetaldehyde has a nauseating objectionable aroma when present in levels >0.005
ppm. The loss of the ability to produce high levels of phenylacetaldehyde contributed to the
development of desirable aroma of the cultivated tomato. The findings provide a genetic explanation
for one of the aroma changes that occurred during the domestication of the tomato.
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INTRODUCTION ketones, carboxylic acids and esters, lactones,and sulfur, as well
as nitrogen-containing compound3).( Nevertheless, several
studies have indicated that among the compounds that have a
great impact in tomato aroma are the small- and medium-chain
aldehydes and alcohols, such as 2-hexenalcs@-hexen-1-

ol, as well as the acyclic monoterpene linalool, the noriso-

Tomato domestication from its wild relatives involved the
exclusion of undesirable traits such as those affecting palatability
of the fruits. The early steps of selection eliminated unfavorable
alleles that adversely affect aroma and flavor because most of

the_ wild progenitors are inedible and some of them are even prenoids such aé-damascenone arfifionone, and the phenolic
poISonous (12)'. ] ] . _derivatives 2-phenylethanol, phenylacetaldehyde, methyl sali-
The characteristic taste of tomato and its products is mainly cylate, and eugenol (3, 6—8).
due to reducing sugars (fructose and glucose), free acids (mainly - one of the most abundant volatile compounds often present
C|tr|c), and hundreds of volatile compounds that constitute the j, tomato fruits is 2-phenylethanol, a compound with a pleasant
unique aroma of tomato (3}). Not only may the levels and  fiowery aroma, that can be found also in other fruits, such as
thresholds of individual volatile compounds and their synergistic apples, apricots, bananas, persimmons, grapes, guavas, and
properties be important in aroma perception, but there are alsoyelons (9). 2-Phenylethanol is particularly abundant in cin-
many cases in which the same volatile molecule can be namon and cassia barks and in the fragrance of roses and other
perceived as agreeable or d|sagre¢able accord_lng to its relativg|gwers (10). 2-Phenylethanol is also present in wines, liquors,
concentration (5). More than 400 different volatile compounds g other alcoholic beverages such as tequila, imparting floral
have been found in tomato and its industrial products. They potes (11). Phenylacetaldehyde has a more pungent aroma as
include hydrocarbons, alcohols, phenols, ethers, aldehydesompared to 2-phenylethanol, and in high concentrations, it has
a nauseating, unpleasant od@f). Low levels of phenylacet-
* Address correspondence to this author at the Department of Plant aldehyde are normally present in tomatoés7) and in other
Science, Cook College, Rutgers University, 59 Dudley Rd., New Brunswick, fruits, food products, and scents of flowel(14). Although
NJ 08901-8520. low concentrations of phenylacetaldehyde are associated with
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Figure 1. GC-MS analyses of the volatiles of introgression line IL8-2 (top) and parental line M-82 (bottom).

ppm, phenylacetaldehyde is considered to be detrimental to theL. pennelliifruits were obtained from plants grown in the Faculty of

quality of tomato juice, due to its harsh undesirable flag)r (
A set of nearly isogenic lines (NILs) was developed from a
cross between the wild green-fruited speclggopersicon
pennelliiand the cultivated tomatd_ycopersicon esculentum
CV-M82; 15). Each of the NILs contained a single RFLP
defined L. pennelliichromosome segment introgression, and

together the lines provide complete coverage of the genome.

The nearly isogenic nature of this genetic resource enables cle

Agriculture greenhouses in Rehovot.

Metabolite Analysis. For extraction of metabolites from tomato
fruits ~200 g of fresh fruits was homogenized with a blender and
filtered (Whatman No. 1). The serum was saturated with NaCl, and 50
mL of it was extracted with 4 volumes of dichloromethane. The lower
organic phase was dried with b&0s, concentrated with a stream of
Nz to 0.5 mL, and analyzed by GC-MS as follows.

Samples consisting of 1.0L of concentrated dichloromethane
aextracts were analyzed on a Hewlett-Packard EI-GC-MS (GCD system,

association of a wild species introgression with any phenotypic 70 eV) equipped with an HP5 (30 m 0.25 mm) fused-silica capillary

effects under study by comparing the phenotype of the intro-

gression line with the cultivated tomato M82. Using this
resource, it was possible to identify QTLs that affect yield-

associated traits and to study their epistatic and environmental

interactions 16,17). The utilization of introgression line analysis

combined with chemical, biochemical, and molecular analyses
has allowed resolution of some of the genetic factors that

influence the formation of sesquiterpenes in tomatoes (18).

Some L. pennellii-introgressed tomato lines displayed an
unpleasant aroma, reminiscent of the wild relativgpennellii,
notably absent from the cultivated tomato. This study describe
the utilization of thel. pennelliilLs for the identification of a

column. Helium (1 mL/min) was used as a carrier gas. Injector
temperature was 27TC. Conditions: 70°C for 2 min, 76-200°C at
4°C /min, hold for 10 min. Identification of the main components was
|done by co-injection of authentic standards and comparison of the MS
obtained with computerized libraries (20).

Untrained taste panelists evaluated the fresh fruits’ flavor for
sweetness, acidity, and unique aromas.

RESULTS AND DISCUSSION

Flavor and Chemical Characterization of L. pennellii
sIntrogression Lines. We have shown the utility df. pennellii
genes introgressed into the cultivated tomato both to enhance

wild species chromosomal region affecting the accumulation yield and to improve other agronomical and quality character-
of 2-phenylethanol and phenylacetaldehyde in ripening tomato istics of tomatoes (16). Such an approach has proven to be

fruits.

MATERIALS AND METHODS

Plant Material. The L. pennellii(LA716) introgression lines IL8-
1, IL8-2, and IL8-3 were previously described for their marker data
(15,19). IL8-2 was crossed to M82, and the resultingpkants of the
selfed hybrid were screened with the flanking RFLP markers for

recombination events within the introgression. The identified recom-

binants were selfed to obtain sub-ILs of IL8-2 with shorter introgres-
sions. One of these sub-ILs containing thepennelliiintrogression
(TG330-CT77; 31.4 cM) was designated IL8-2-1.

Experimental Design.M82, I1L8-1, IL8-2, IL8-2-1, and IL8-3 were
transplanted in the field at Akko (northern Israel) and Rehovot (centra
Israel) in a completely randomized design (six replicates each). Eacl
replicate consisted of 35 plants that were planted in a 4@lot. Ten

particularly suited for mapping and isolation of genes underlying
guantitative variation such as fruit size and sugar content (
21). Tomato aroma is a trait that is influenced by many genes
and backgrounds and therefore was considered to be a QTL in
our genetic characterization.

L. pennelliihas a very disagreeable aroma. We evaluated all
introgression line populations (ILs) for flavor preferences (data
not shown). Two of the ILs, IL8-1 and IL8-2, had a very strong
disagreeable characteristic aroma. We further compared the
components of the volatile fractions of M82, IL8-1, IL8-2, and
IL8-3. GC-MS analysis of ripe mature fruits indicated the
presence of up to 60-fold higher levels of 2-phenylethanol in

| introgression line 1L8-2 as compared to the volatiles found in
h cultivated tomato M82Table 1; Figure 1). Moreover, phenyl-
acetaldehyde, practically absent from this cultivated tomato line,

fruits of mature-green, break, and red stages were collected from eachwas also very prominent in IL8-2. IL8-1 also displayed elevated
plot and transferred to the Newe Ya’ar Center for biochemical analysis. levels of 2-phenylethanol and phenylacetaldehyBable 1).
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Table 1. 2-Phenylethanol and Phenylacetaldehyde Levels in Parents N
and in Selected Introgression Lines of L. esculentum and L. pennellii2 — TG176, TG309
2-phenyl- phenyl-
ethanol acetaldehyde
line analyzed (uglg of FW) (uglg of FW) 127 —
parents L. esculentum M-82 0.033 + 0.007 0.000 = 0.000
L. pennellii 0.65 16
introgression IL8-1 0.990 + 0.593 0.240 + 0.095
lines IL8-2 2203+1317 02410117 16— CT87A
IL8-3 0.055 % 0.02 0.00 £ 0.00 ™ 16228 -
IL8-2-1 1.937+0547  0.261+058 27| &
13 f-—-\\ CTo2 =
@ Means and standard errors of at least three independent determinations (only 197 H CT228 -
one for L. pennellii) are shown. g 1.8 _._- - CT77 -
On the contrary, IL8-3, which proximally overlaps IL8-2, o T \TG41 u
displayed levels of 2-phenylethanol and phenylacetaldehyde .8 48— CAB2 u
similar to those of the cultivated line M82. IL8-1 is partially o u
overlapping with IL8-2 in the distal armF{gure 2). This © gg—]| TG349 [
indicated that the locus coding for elevated levels of 2-phenyl- & 0.9 —JT T6513 | | 5
ethanol and phenylacetaldehyde is located in the overlapping /s "~ TG481 u «
region of both introgression lines IL8-1 and IL8-Rigure 2). 0.8 /-::\ 3
We designated this locusalodorous. 0.8 GP130 =
L. pennelliifruits also contain elevated levels of 2-phenyl- o7l H\ TC%7
ethanol and phenylacetaldehydeable 1), but in contrast to 1.0 \TG624
what was found in the chromosome 8 ILs, the level of 37 *PPO3

phenylacetaldehyde s2-fold higher than the level of 2-phenyl- CT69

6.0

SN~5

ethanol inL. pennellii. The high levels of phenylacetaldehyde Q4
are probably partially responsible for the disagreeable taste of 14 \CT88176495 9
L. pennellii fruits. The lack of any report in the literature of 3.0 19T =
unpleasant flavor characteristics of 2-phenylethanol minimizes \ TG478A
the possibility that this compound also contributes to the —
undesirable flavor found in the introgression lines. The different > TG330
ratio between phenylacetaldehyde and 2-phenylethanol observed
in the introgression lines as compared.tgoennelliicould be +— TG510
due to a different genetic background in the cultivated tomato 40—
and might be caused by different levels of phenylethanol 4 o111
dehydrogenase, putatively presentirpennellii, as compared
to the cultivated tomato. Our results suggest that the levels of
this activity already present in the cultivated tomato suffice to 82—
convert phenylacetaldehyde to 2-phenylethanol.
Fine Mapping and Mode of Inheritance of malodorous. e cri4s
To fine map themalodoroudocus, we utilized sub-ILs of IL8- 46— ©
2. An F2 population, derived from selfing the hybrid IL8- ' <}
2xM82, was screened for recombination between the flanking 15— CT%6° =
markers CT77 and CT148. One of these sub-ILs, IL8-2-1 27— ™ craea
(Figure 2), also had a disagreeable odor and therefore was --\
examined for its levels of 2-phenylethanol and phenylacet- 58— TG434
aldehyde. GC-MS analysis of this line showed a volatile profile )
similar to that of IL8-2 Table 1; Figure 1). These results map 1.4 —]T CT252
malodorousto the 15cM overlapping chromosomal region of 17/::_\ TG346
IL8-2-1 and IL8-1, between CT77 and TG6Hidure 2). When e \
we compared the levels of phenylacetaldehyde and 2-phenyl- 26 m TG294
ethanol in the analyzed ILs, we noticed that the levels of cres
phenylacetaldehyde are similar in all three ILs, whereas the level U

of 2-phenylethanol in IL8-1 is half of the levels observed in  Figure 2. Genetic map of tomato chromosome 8. The L. pennelli

IL8-2 and IL8-2-1 Table 1). IL8-1 was reported previously as  introgressions are presented as lines on the right side of the chromosome.
being heterozygote in the overlapping region with IL8-2, due A solid line indicates homzygosity for the introgression, whereas a dotted
to a gametophytic factor (19). This heterozygosity shows that |ine indicates heterozygosity for the introgression. The interval on which

the 2-phenylethanol level is inherited in a partially dominant malodorous resides (CT77-TG624) is presented on the left side of the
mode, whereas the phenylacetaldehyde level is governedchromosome.

dominantly. However, this also might suggest that this locus is

composed of two linked loci: one that resides on IL8-1 and conclude whether the accumulation of these compounds is
regulates 2-phenylethanol, and another locus that determinesegulated by a single pleiotropic locus or by two tightly linked
phenylacetaldehyde content. Our data are not sufficient to loci.



2008 J. Agric. Food Chem., Vol. 50, No. 7, 2002 Tadmor et al.
4 during tomato domestication. Similar introgressions utilizing
2-phenylethanol Lycopersicon hirsuturmresulted in comparable undesirable taste
3t (Tadmor et al., unpublished results). Using a similar approach,
we are undertaking a study to map other genes that control the
2t formation of key aroma compounds in tomato fruits. This
research highlights the power of the approach of using exotic
= 11 genetic variation and specifically designed population structures
TR to explore the genetics and biochemistry of natural plant
> 0 metabolites.
g’_ phenylacetaldehyde
037
0.2 } ABBREVIATIONS USED
01 EI-GC-MS, electron impact gas chromatograjphass spec-
0 trometer; IL, introgession lines; QTL, quantitative trait loci;
M82 81 82 821 83 NILs, nearly isogenic lines.
Line tested

Figure 3. Accumulation of 2-phenylethanol (top) and phenylacetaldehyde
(bottom) during tomato fruit maturation in tomato introgressed lines. White
bars represent values of fruits at the breaker stage; black bars represent
matured red fruits.

Saliba-Colombani et al2@) have recently performed a whole
genome analysis of 18 volatiles governing tomato aroma in a
recombinant inbred population derived from a cross between a
cherry tomato, characterized by desired aroma and flavor, and
a regular tomato. A single QTL that modulates 2-phenylethanol
was mapped to the same genomic region as the overlapping
region of IL8-1 and IL8-2. It seems that the major locus
controlling 2-phenylethanol accumulation in the tomato fruit
resides in this region.

Volatile Accumulation in Developing Tomato Fruits. The
accumulation of high levels of 2-phenylethanol and phenyl-
acetaldehyde takes place during fruit maturation of the intro-
gressed lines. At the green stage, the major volatiles found in
M-82 and in all introgression lines analyzed are the phenolic
compounds guaiacol and methyl salicylate, typical of unripe
tomato fruits (not shown). No 2-phenylethanol or phenylacet-
aldehyde is detected at this stadeglre 3). Interestingly,
neither guaiacol nor methyl salicylate was found in green but
ripe L. pennellii. In the breaker stage, 2-phenylethanol and
phenylacetaldehyde are already very prominent in IL8-1, IL8-
2, and IL8-2-1, but absent in the control line M-82 and in IL8-
3. The levels continue to increase upon full maturatieigre
3). This is in accordance with previous observations in which
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