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Interspecific hybridization between wild and cultivated species of the genus Allium has been performed
to generate plant material possessing biochemical properties of both parental plants. These cross-
breeding experiments should lead to Allium plants with higher amounts of valuable constituents. The
chemical characterization of interspecific hybrids between A. cepa and A. kermesinum is described
on the basis of their sulfur-containing constituents and secondary metabolites. In addition, the hybrid
character has been proven by random amplified polymorphic DNA (RAPD) analysis of the progenies
obtained from the crosses. It has been shown that the distribution of the cysteine sulfoxides as well
as the volatile secondary metabolites in the hybrids is not uniform. The profiles are mainly determined
by the paternal wild species A. kermesinum. It has been ascertained that the gas chromatography
profiles of the hybrids show increasing amounts of unsymmetrical substituted oligosulfides, which
are known to be physiologically active substances. On the basis of statistical calculations, three
different types of hybrids can be separated. The chemical analysis of cysteine sulfoxides and volatile
sulfur-containing substances is shown to be a useful tool for breeding purposes as it allows an effective
selection with regard to optimal distribution and amount of valuable constituents.
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INTRODUCTION possibility of application, as there are antibiotic and antitumor
In all times mankind has used several species of the genusProPerties, especially for stomach cancer protection4(2,
Allium as food, spice, or herbal remedy. Some of these species!Vestigations on various wild species of the geaAliim have
have been cultivated, such as garlic (Allium satizum) or onion ShOWn that some of these species contain higher amounts of
(Allium cepa). Today, their value for human health care is one the aroma precursors (cysteine sulfoxides) thar_1 the cqu_vated
of the most important aims of research, and up to now many SPECIES. Therefore,_ it was ass_umed thgt breeding experiments
applications of Allium species are known for the use of |nvoly|ng wild species and onion may increase thg yields of
phytopharmaceutical preparations. Sulfur-containing constitu- Volatile sulfur compounds of the hybrids in comparison to the
ents, which are mainly responsible for the pharmacological Maternal planillium cepa. As a side effect, there exists the
properties, due to some enzymatic reactions also cause thdPossibility to obtain hybrlds.wnh new aroma prof!les possessing
characteristic smell and taste of these plants. Starting with 20th potent pharmacological and new flavoring properties.
odorless, nonvolatile cysteine sulfoxide derivatives, suchs ( PUring recent years several of these experiments have been
S(2-propenyl):-cysteine sulfoxide (alliin) or+)-S-(1-propen- carried out §), and also the subject _of this work is to o!evelop
yl)-L-cysteine sulfoxide (isoalliin), which in the presence of the & NeW hybrid generated from crossingsAdfium kermesinum
enzyme allinase undergo reaction to alk(en)yl thiosulfinates, @1d A. cepa. In this study we present the results of this
Allium plants generate the corresponding alk(en)y! (poly)sulfides hyPridization demonstrated by the total amounts of cysteine
as the main aroma compounds, released on injLiB). These sulfoxides and the aroma profiles in comparison to the parent

substances are physiologically active and exhibit a widespreadP'ants-
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spectrometry (MS) were obtained from Oxford Chemicals, Harlepool, Tapje 1. Relative Retention Time Indices of Volatile Sulfur

U.K. (allyl mercaptan, methyl propyl sulfide, diallyl sulfide, dipropyl  components Detected in Alium Species and Hybrids
sulfide, allyl methyl sulfide, allyl propyl sulfide, allyl propyl disulfide,

allyl methyl disulfide, diallyl disulfide, diallyl trisulfide, dimethyl retention retention
trisulfide, allyl propyl trisulfide, allyl methyl trisulfide), Symrise GmbH compound time index
&_ Cq. KG, HoIzminden,_ Germany (d_ipropyl disulfide, dipropyl propyl mercaptan 551 845
trisulfide), and Merck (dimethyl disulfide)Taq polymerase was 2-propenyl mercaptan 6.14 891
obtained from Eppendorf (Hamburg, Germany), decamer primers were  methyl 2-propenyl sulfide 7.16 976
purchased from Operon (Alameda, CA), and the 100 bp DNA ladder dipropy! sulfide 8.87 1093
was purchased from Invitrogen (Carlsbad, CA). Synthefig-)-alliin dimethyl disulfide 9.04 1105
and homologous sulfoxides were prepared following procedures already ~ 2-propenyl propyl sulfide 9.52 1137
described (6,7). Briefly, I-cysteine was S-alkylated followed by di-2-propeny! sulfide 10.13 1177
oxidation of the sulfur atom.-(z)-alliin was separated into the two methyl propy! disulfide 11.49 1211
diastereomers by fractional recrystallization. ?;)Tj;tg%’r:tr'f_p?gn:n | disufide gg% ggg
Elant Material. Thg investigatedxllium'speciesA. cepal. (culture methyl Z_me;’engl diﬁulfide 1299 1322
variety Stuttgarter Riese) andl. kermesinunRchb. as well as the (E)-methyl 1-propenyl disulfide 12.35 1332
resulting hybrids were cultivated under comparable conditions at the  dipropyl disulfide 13.61 1421
Institute of Plant Genetics and Crop Plant Research (IPK) (Gatersleben,  dimethyl trisulfide 13.88 1442
Germany). Hybrids were generated by hand pollination and in vitro (2)-1-propeny! propyl disulfide 1412 1460
cultures (embryo rescue), The successful hybridization was proven 2-propenyl propyl disulfide 1431 1474
by randomly amplified polymorphic DNAs (RAPDs). All plants were (E)-1-propenyl propy disulfide 1442 1482
harvested in late summer and autumn. di-2-propenyl disuffide 14.99 1526
. . . . (E)-1-propenyl 2-propenyl disulfide 15.07 1533
Sample Preparation.Headspace Solid-Phase Microextraction Gas methyl propy! trisulfide 15.86 1595
Chromatography (HS-SPME-GC) Analysgeveral bulbs of the same methyl 2-propenyl trisulfide 16.62 1658
sample were cut into small piecesi—2 mm). One gram of the freshly dipropy! trisulfide 17.56 1738
minced sample was transferred into a 20 mL headspace vial and  2-propenyl propyl trisulfide 18.24 1797

combined with 5 mL of water. Then the sample suspension was
tempered at 32C for 30 min until most of the enzymatic processes
were finished. Then, further enzymatic activities were inhibited by were distinguished relating to the published data of Brodnitz e1@). (
adding 10.QuL of sulfuric acid (0.1 M). Volatile substances, built under  as well as Kallio and Salorinne (11).
these conditions, were adsorbed on a SPME syringe [poly(dimethyl-  RAPD Analysis. After DNA extraction using a modified Doyle and
siloxane)-coated fiber, film thickness 100 um] for 10 min at 32°C Doyle protocol (2,13), RAPD PCRs were carried out in 4k assays
and immediately inserted to the injection port of the gas chromatograph. containing 50 ng of template DNA, 0.4 unit 8&aq polymerase, 0.4
HPLC and Biosensort-or analyses, 0.2—0.8 g (depending on the ;M decamer primer (OP-A19, OP-D03, OP-D11, OP-F05, OP-G11),
cysteine sulfoxides content) of an exactly weighed sample was heated0.1 mM of each dNTP, 2.0 mM magnesium chloride, and 10 ng of
for 10 min in 20 mL of methanol under reflux. The obtained residue BSA per assay in a buffer supplied by the manufacturer. Amplifications
was transferred to a mortar. After crushing, the material was resus- were performed after an initial denaturing step (5 min,°@J in 40
pended in the same methanol for further extraction with the addition cycles under standard RAPD conditiodst): 1 min at 94°C, 1 min
of 20 mL of water 7). The resultant extract was filtered, and the residue at 36°C, and 2 min at 72C, followed by a final 5 min polymerization
was washed three times with 3 mL of methanol. The combined filtrates step at 72C. Reaction products were separated by electrophoresis on
were evaporated to dryness under reduced pressure and ster@@ at  1.5% agarose gels, with a 100 bp DNA ladder being used as a molecular
°C before further use. For biosensoric analyses, the obtained residueweight marker.
was redissolved in phosphate buffer (pH 7.0, 0.06 M, plus 0.17 M Cysteine Sulfoxide AnalysisQuantitative analyses was performed
sodium chloride) to give a final volume of 25 mL. This solution was on a Shimadzu LC-4A liquid chromatograph equipped with a Chro-
diluted 20 times (phosphate buffer) for the analysis of the genuine matopac C-R3A integrator and a Spherimarge 80-ODS2 RP column
ammonium content and was diluted 40 times for the analysis of cysteine (5 ym particle size; 250x 4 mm with integrated guard column)

sulfoxides (final volumes= 25 mL). operating at a constant flow rate of 1.0 mL/min. Detection was carried
For HPLC analyses, the residue was redissolved in phthaldialdehydeout using a UV detector set at 335 nm.

(OPA) derivatization reagent to give a final volume of 5 mL (7). Best results for the analysis of cysteine sulfoxides were obtained

Volumes of 15uL each were analyzed after 30 min of incubation in  using a procedure described by Krest et @). @ solvent gradient

the dark. starting at 19% acetonitrile in phosphate buffer (pH 6.5, 0.05 M) for

GC Analysis. GC analyses were performed on a Hewlett-Packard between 10 and 20 min, up to 27% at 50 min and 30% after 55 min
chromatograph model HP 5890 series Il equipped with an FID and a was most suitable for the analysis of cysteine sulfoxides. Peaks were
60 m x 0.25 mm i.d. HP-Innowax fused silica capillary column with  identified by cochromatography with standards as well as by comparison
a 0.5um bonded PEG phase. Volatiles were thermally desorbed from with samples after alliinase digestion (selective degradation of cysteine
the SPME fiber for 2 min at 250C in the injection port and analyzed  sulfoxides). Isoalliin was isolated from an authentic sampla.afepa

at the following conditions: injector temperature, 2%0; detector Standards of cysteine sulfoxides were synthesized following the
temperature, 280C; H. flow rate, 1 mL/min; linear oven temperature  procedures formerly described (8). The quantitative HPLC deter-
program, from 35 to 220C at a rate of 10C/min; split ratio, 1:40. mination was calibrated over the range of G-@4 mg/mL cysteine

Mass spectrometry analyses were carried out on a Hewlett-Packard gasulfoxides (injection volume= 15 uL). Standards were derivatized in
chromatograph (HP 5890 series Il) using the same GC column asthe same manner as described above.

mentioned above, coupled with a mass spectrometer HP MSD model Determination of free ammonia and enzymatically formed ammonia
5972. Operating conditions were as follows: carrier gas (He) velocity, was determined by a flow-through apparatus (15). Ammonia in
1 mL/min; ionization voltage, 70 eV; ion source temperature, X0 equimolar amounts was obtained from cysteine sulfoxides by im-
scan range, 27—300 amui; libraries used for identification, Wiley 138 mobilized alliinase. Allinase was isolated, stabilized, and purified
and NBS 75 K. The identification of the detected GC signals was according to the methods already described (18, Garlic powder
confirmed by cochromatography and mass spectra of authentic stan-was homogenized, and a crude allinase preparation was obtained by
dards. Linear retention indices of the volatile sulfur components were precipitation with ammonium sulfate or by ultrafiltration. Ultrafiltered
calculated against £ Cy n-paraffins as references according to the alliinase was used for standard experiments. Alliinase was stabilized
method of van den Dool and Krat@)( the obtained results are presented  with 10% sucrose, 0.17 M sodium chloride, and 25 mM pyridoxal-5

in Table 1. The (E) and (2) isomers of propyl 1-propenyl disulfide phosphate (P-5'-P) dissolved in phosphate buffer (pH 7, 60 mM).
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Promer OP-G 11
Figure 2. Random amplified polymorphic DNA (RAPD) analysis using
OP-G11 as a primer.

Primer OP-D 11
Figure 1. Random amplified polymorphic DNA (RAPD) analysis using
OP-D11 as a primer.

Further purification was done by gel filtration followed by affinity 0 NHp NH,
chromatography. Immobilization of allinase on a ConA/agarose carrier 5. . OH = _S8. ~_ OH
(Sigma, ord. no. C 7555). Briefly, the carrier was filled into a cartridge HaC™" > HaC™
(60 uL) and rinsed with buffer. A solution containing allinase was 0o 0
then pumped through this cartridge. Immobilized alliinase may be also S-methyl-L-cysteine-S-oxide S-2-propenyl-L-cysteine-S-oxide
renewed. Elution of the enzyme was performed with buffer containing (methiin) (isoalliin)
mannose followed by rinsing with a glucose solution and buffer. The
carrier may be newly loaded with allinase as described above. For O NH, O NH,
analysis of cysteine sulfoxides, the cartridge was operated with A8~ OH S A OH
' e X . HsC

phosphate buffer (pH 7.0, 0.02 M containing 0.17 M sodium chloride). 3 V\fol/ HoC V\C[)]/
Analysis of cysteine sulfoxides by HPLC and the biosensor was repeated . ) . .

R S-propyl-L-cysteine-S-oxide S-1-propenyl-L-cysteine-S-oxide
at least three times.

{propiin} (alliin)

Statistical Calculations. The statistical calculations were performed
with Statistica 6.1 by StatSoft Inc. 1984—2002 (Tulsa, OK). Figure 3. Structures of the four cysteine sulfoxides occurring in species
of the genus Allium.

RESULTS AND DISCUSSION

RAPD Analysis. To prove the hybrid character of the kermesinumis determined by allin and methiin along with
progenies obtained from the crosses (performed using a well-smaller amounts of propiin and isoalliiFigure 4).

defined mother plant oA. cepaand a population of pollinators There have been produced six hybrids from dneepaline

derived from one accession Af kermesinunof the collection), and a population of\. kermesinum, and these plants have been

RAPD patterns of the parents and their putative hybrid offsprings jnyestigated by HPLC analysis to determine their cysteine

were compared. sulfoxide pattern. The distribution of the four cysteine sulfoxides
Besides by bands from the maternal parentepa(*), several in Allium species is clearly based on their genetic®)( Due to

of the offspring are characterized Bhybrid bands also present  the heterocygousity in the geniédlium in general and due to

in the examined individual plant of th&. kermesinurpollinator the population character of the paternal pankermesinum

population All 1246 (°). Additional nonmaternal bands in the in this special case, the distribution of the cysteine sulfoxides
offspring (+), which most likely originate from other genotypes in the hybrids is not uniform. There is a more or less strong
within the All 1246 population, also prove the hybrid status of influence from the wild species, shown by the presence of alliin,

the progeny (Figures Bnd?2). the main cysteine sulfoxide iA. kermesinumin every hybrid
Cysteine SulfoxidesFour cysteine sulfoxides are known to  cysteine sulfoxide pattern. This influence varies from very low
be genuine iMAllium species; they ar8-methylt-cysteine-S- amounts of alliin in hybrid 3 to hybrid 6, in which alliin is the
oxide (methiin), S-2-propenyl--cysteine-S-oxide (alliin),S- leading cysteine sulfoxide compound (Figure 4).
propyl+-cysteineSoxide (propiin), ands-1-propenyl-cysteine- The total amount of cysteine sulfoxides has been determined
S-oxide (isoalliin) (Figure 3). in the fresh material of the investigated plants using a cysteine

In the maternal plant of the hybrid&, cepathe main cysteine  sulfoxide biosensor 15, 16). In comparison to the HPLC
sulfoxide is isoalliin, accompanied by methiin and propiin; allin  analysis, this method is much faster (high-throughput method)
is present only in traces (18). Contrary to that, the distribution and leads to the same results of total cysteine sulfoxides.
of cysteine sulfoxides in the wild species and paternal pfant,  Contrary to distribution of the cysteine sulfoxides, here the
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Figure 4. Distribution of cysteine sulfoxides in A. kermesinum and different A. cepa x A. kermesinum hybrids.
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Figure 5. Total cysteine sulfoxide content found in different hybrids (A. cepa x A. kermesinum) and in the related parental species.

genetic influence of the paternal specfeskermesinum, which Aroma Profiles. Due to an enzymatic reaction with alliinase,
shows a high total amount of cysteine sulfoxides, seems to bethe cysteine sulfoxides were metabolized, finally resulting in
not determining. Only one of the six analyzed hybrids presents volatile sulfurous compounds such as mercaptans, sulfides, and
a higher content of total cysteine sulfoxides than the maternal disulfides Figure 6). The pattern and distribution of these
speciesA. cepa(Figure 5). compounds is found to be specific for the individual species
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Figure 6. Structures of some representative volatile sulfur compounds occurring in the aroma profiles in species of the genus Allium. Me = methyl; Pr

= n-propyl; Pe = 1-propenyl; Al = 2-propenyl or allyl.
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Figure 7. Comparison of the headspace solid-phase microextraction (SPME) gas chromatograms obtained from a hybrid plant and the related parental
species. 1 = PrSH; 2 = AISH; 3 = AIMeS, 4 = Me,Sy; 5 = AIPrS; 6 = Al,S; 7 = MePrS,; 8 = dimethyl thiophene (DMT); 9 = AlMeS,; 10 = Pr,S;;
11 = (2)-PePrSy; 12 = AIPrSy; 13 = (E)-PePrSy; 14 = Al,Sy; 15 = (E)-AlPeS,; 16 = AlMeSs; 17 = Pr,S;; 18 = AIPrSs.

(19). The leading sulfur-containing aroma compounds are the disulfide and diallyl disulfide. Every compound detected in the

disulfides with respect to the corresponding cysteine sulfoxides.

Therefore, the aroma profile éfllium species belonging to the
alliin type, such as garlic, is determined by diallyl disulfide,

whereas for species of the propiin/isoalliin type, such as onion,

the main volatile compound is dipropyl disulfide.
Figure 7 presents the HS-SPME chromatograms of the

GC profile of the parent plants is also present in the chromato-
gram of A. cepa x A. kermesinum. It is remarkable that
especially the not symmetrically substituted sulfides and dis-
ulfides, such as allyl propyl sulfide and allyl propyl disulfide,
occur at higher amounts in the hybrids compared to the profiles
of the parental species. Although these substances have not been

parental species and a representative hybrid for a synopticdetected in human cells after consumptiorAtiflum plants up

comparison. The main compounds in the chromatogram. of
cepa are propyl mercaptan, dimethyl thiophene, dipropyl
disulfide, and the two isomeric forms of propyl 1-propenyl
disulfide. Due to the occurrence of all four cysteine sulfoxides,
the chromatogram ofA. kermesinumshows 3 times more
different volatile sulfur-containing metabolites. Here the leading
compounds are allyl mercaptan, allyl methyl sulfide, allyl methyl
disulfide, and diallyl disulfide, thus reflecting the proportions
of the corresponding precursors.

As expected, with regard to the cysteine sulfoxide pattern,

to now (21), their pharmacological and toxicological properties
are partially, depending on the compound, well-known. As an
example, allyl methyl disulfide is proven to cause a cholinest-
erase inhibition 21) and allyl propyl disulfide possesses
hemolytic properties.

As shown inFigure 8, the significant differences in the
cysteine sulfoxide pattern also cause significantly different
profiles of the volatile sulfur compounds within the six
investigated hybrids.

These profiles were calculated on the basis of the obtained

the chromatogram of the hybrid plant shows the highest numbergas chromatography results. Only the identified sulfur com-

of sulfurous volatiles, with the leading compounds allyl propyl

pounds, which usually amount to 90% of the total GC response,
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Figure 8. High-resolution gas chromatograms of six Allium hybrids in comparison to their parental species.

constituents can partially be transferred in cross-breeding
experiments. With the aim to generate plants with higher
amounts of valuable constituents, we have carried out cross-
breeding experiments usiig kermesinunas the paternal plant
and the cultivated specieA. cepa The wild speciesA.
kermesinunis known to show usually high amounts of cysteine
sulfoxides with a garlic-like pattern determined by alliin. The
experiments performed in this study show clearly that the
hybridization does not lead to uniform profiles of sulfur
compounds, probably due to the heterocygousity within the
genusAllium. Using HS-SPME-GC analysis for the volatile
compounds and HPLC analysis for the cysteine sulfoxides in
combination with statistic algorithms, it is possible to very
rapidly characterize single plants resulting from breeding
experiments with respect to their valuable substances. Besides
the opportunity of a moderate increase in the total amount of
cysteine sulfoxides in comparison to the maternal spegies
cepa, it has been also found that the aroma profiles of the
obtained hybrids show unusually high amounts of unsymmetri-
Figure 9. Principal component analysis (PCA) plot of A. cepa x A. cally substituted oligosulfides, which are known to possess
kermesinum calculated on the basis of their volatile sulfurous compounds. special physiological activity.

were considered. From a statistical calculation based on these Therefore, the combination of fast chemical and statistical

GC profiles, there can be distinguished three groups within the gn51yses is shown to be a useful tool for the support of breeding

analyzedA. cepax A. kermesinurplants. The applied principal experiments.

component analysis (PCA) shows that there is one hybrid very

close to the aroma profile of the maternal spediescepa,

another group of four hybrl(_js ina cl_us_ter between both parents,  cxNOWLEDGMENT

and at last one outstanding hybri€igure 9). As already

mentioned in the discussion of the distributions of the cysteine

sulfoxides, also the profiles of the volatile sulfur compounds We thank Oxford Chemicals (Harlepool, U.K.) and Symrise

are influenced by the heterocygousity within the geAlisim. GmbH & Co. KG (Holzminden, Germany) for providing several
Conclusion. It is known that the distribution of cysteine reference samples. We also thank Thea Allner and Sylvia

sulfoxides inAllium species is predominantly determined by Zimmerman for the maintenance and multiplication of the plant

the genetics. The properties of pattern and amount of thesematerial in vitro and in the field.
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