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Chapter I. GENERAL INTRODUCTION 

According to recent estimations, approximately 750 species are included in the genus 

Allium (STEARN 1992). This genus is widely distributed over the Holarctic region from 

the dry subtropics to the boreal zone (FRITSCH and FRJESEN 2002). Allium cepa L. (2n = 

2x = 16), which belongs to section Cepa in the genus, is one of the 1nost in1portant 

species of Allium. The species was subdivided into two groups: Comn1on onion and 

Aggregatun1 (FRITSCH and FRIESEN 2002; HANELT 1990). The bulb onion of the common 

onion group is one of the n1ost cultivated vegetables in the world, and its mmual 

production was esti1nated to be approxin1ately 70 n1illion tons in 2007, which ranked 

second in value after the to1nato on a list of cultivated vegetable crops worldwide 

("F AOST AT" 2007). The shallot (genomes AA) of the Aggregatum group is an in1po1iant 

genetic resource for the i1nprove1nent of the common onion because of their close 

relationship (HAVEY 2002; TASHIRO eta/. 1982). 

The consutnption of onions can be traced back to the time of ancient Egypt, as 

Herodotus reported that laborers in the pyrmnid era of the Egyptim1 dynasties were fed 

onions and gm·lic (A. sativum ), according to an inscription on the pyramid wall. From that 

era to present ti1nes, 1nost people have been fmniliar with the lachryn1atory smell arising 

when bulbs of onion are cut. This LF was identified as propm1ethial S-oxide aln1ost 40 

years ago by Brodnitz m1d Pascale (BRODNITZ and PASCALE 1971). Like other 

sulfur-containing flavor constituents of onion, such as thiosulfinates, thiols, and disulfides, 

LF has long been believed to forn1 spontaneously following the reaction of 

(E)-(+ )-S-(1-propenyl)-L-cysteine sulfoxide ((E)-PRENCSO) and alliinase. This scheme 

suggests that the formation of LF is inevitable without forfeiting the characteristic onion 

flavor. I-Iowever, Imai et al. (2002) repo1ied that, in contrast to the comn1only accepted 
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schetne of the non-enzyn1atic reaction, the fonnation of LF required a novel enzyme, 

which they nan1ed LFS. 

The discovery of LFS has proven that the fonnation of the LF is under the control of 

a specific single gene, which suggests the possibility of producing an onion that lacks the 

tearing property (tearless onion) via a genetic modification (GM) approach, tnutagenesis, 

and traditional breeding. This tearless propetiy would also lead to low pungency because 

LF induces n1outh burn and pungency (RANDLE 1997). The 1narket for low-pungency 

onions is expanding in the United States. The consutnption of low-pungency onions now 

accounts for 15%-25o/o of total onion consutnption in the United States. However, 

low-pungency onions that are currently on the market have poor storage characteristics. 

Therefore, there is an obvious need for a long-storage low-pungency onion. 

Onions have been used in folk medicine as well as for food. Modern tnedical science 

has confinned the health benefits of onions in both laboratory studies and large-scale 

epidetniological studies. The findings show that Allium vegetable consumption benefits 

the cardiovascular system and gut health as well as enhances cancer avoidance 

(GRIFFITHS et al. 2002). 

Considering onions from the perspective of health benefits, three groups of chen1ical 

cotnpounds fructo-oligosaccharides (fructan), flavonoids, mainly quercetin and its 

derivatives, and flavor precursors alk(en)yl cysteine sulfoxides (ACSOs) have received a 

lot of attention in recent years (GRIFFITHS et al. 2002). Fructans confer benefits as a 

prebiotic. A detailed analysis of their synthetic pathway and related genes in Allium was 

reported by McCallun1 et al. (2006) and Yaguchi et al. (2008). The variation in quercetin 

content an1ong cultivars was investigated by Okamoto et al. (2006) and Lotnbard et al. 

(2004 ), and Mogren et al. (2006, 2007) reported that environn1ental factors, such as 
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nitrogen fertility, lifting time, and global radiation, also seem to affect quercetin content. 

Attempts to develop onions with increased quercetin content have been progressing, 

according to Okan1oto et a!. (2006). Several onion varieties with high quercetin content 

have already been 1narketed in Japan. 

Another in1portant con1pound group ACSOs, which are abundant in the genus Allium 

(RosE et a!. 2005), are precursors of the characteristic flavor reported above and of 

substances valuable to human health. Studies focusing on synthetic pathways and 

accun1ulation in onion for controlling ACSO content have been reported to date by 

McCallum et a!. (2005) and Randle et a!. (1995). Masamura et al. (20 11) assigned six 

candidate genes (adenosine 5 '-phosphosulfate reductase (APSR), 0-acetylserine 

thiol-lyase (OASTL), serine acetyltransferase (SAT), glutamyl cysteine synthase (GCS), 

glutathione synthase (GS), and y-glutamyl transpeptidase (GGT)) for the biosynthesis of 

ACSOs to the chron1osomes of A. cepa, and revealed the accumulation level of ACSOs in 

A. jistulosum - shallot monoson1ic addition lines throughout the year. The ACSO 

concentration was con-elated with the anti-platelet aggregation activity of the onion 

extract (GALMARINI eta/. 2001). 

The formation of organosulfur co1npounds that impart flavor and human health 

benefits begins with the enzymatic decomposition of ACSOs following tissue disruption; 

in onion, LFS and alliinase catalyze the first two reactions in the pathway. Because of the 

difficulty in controlling the co1nplicated reactions following enzyn1atic deco1nposition, 

targeting the expression levels of the two enzy1nes and/or ACSO content would be a more 

effective and direct approach to regulate the content of the health-beneficial organosulfur 

co1npounds. Therefore, suppressing the LFS gene would also be effective for the 

production of an onion with health benefits arising from sulfur-containing compounds. 
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Namely, suppressing LFS turns off the conversion of 1-propenylsulfenic acid to LF 

(leading to tearlessness and low pungency); this, In turn, Increases the yield of 

thiosulfinates, to which the flavor and health benefits of the onion are attributed. Eady et 

al. (2008) demonstrated large shifts in organosulfur secondary co1npound profiles in 

onions in which LFS activity was suppressed by RNAi. In addition, Aoyagi et al. (20 11) 

reported that the substance specifically produced in an LFS-suppressed onion showed 

higher inhibitory activity of cyclooxygenase-I (COX-1) than aspirin. Therefore, LFS is an 

in1portant target for molecular breeding of onions. 

Breeders have focused primarily on in1proving pest and disease resistance of the bulb 

onion. In addition, genetic analysis of cytoplas1nic 1nale-sterility has been addressed as a 

n1atter of priority (McCALLUM 2007). Effo1is in these studies have generated direct 

benefits for onion producers. The breeding of LFS-suppressed onions will offer 

advantages to the consu1ner such as tearlessness, low pungency, and health benefits. 

Because onion is a biennial, out-crossing, and highly heterozygous species, genetic 

and genomic resources of onion have previously been limited. In addition to this 

specificity, the very large genome size of the Allium species (RICROCH et al. 2005) 

co1nplicates genomic cloning and sequencing strategies. Ho·wever, recently, an EST 

resouTce and PCR-based 1naps of onion (KUHL et al. 2004; MARTIN et al. 2005) were 

developed. Con1plete sets of A. fistulosum - shallot n1onoso1nic addition lines (2n = 2x+ 1 

= 17, FF+ 1 A- FF+8A; (SHIGYO et al. 1996), namely, A. fistula sum carrying each of the 

eight different chron1oson1es of shallot. In combination vvith the EST resource, the 

PCR-based 1naps and the chron1oson1e addition lines have revealed the chromoson1al 

location and genetic map position of genes responsible for important properties of the 

onion. 
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We studied LFS by using molecular biological, biochen1ical, and analytical 

approaches to contribute to the 1nutagenesis approaches and the traditional breeding of 

LFS-suppressed (tearless, low-pungency, health enhancing) onions. The objectives of the 

present study are as follows: (1) to detern1ine the genomic organization of the LFS gene, 

(2) to identify catalytic mnino acid residues and develop a three-din1ensional 1nodel 

structure of LFS with the ain1 of elucidating the unique catalytic reaction n1echanis1n of 

this enzyn1e, (3) to understand the reaction 1nechanis1n of LFS. 

This dissertation is co1nposed of five chapters, including this one. Chapter II deals 

with detennination of the genmnic organization of the LFS gene. Chapter III gives 

infonnation on catalytic mnino acid residues and a three-di1nensional model structure of 

LFS. Chapter IV is a discussion of the reaction 1nechanism of LFS, and Chapter V 

contains a general discussion. The results of studies conducted for the purposes of this 

dissertation, as described above, are compiled here. The studies were conducted at the 

Somatech Center, House Foods Corporation, Japan and the Laboratory of Vegetable and 

Crop Science, Division of Agrobiology, Departlnent of Biological and Enviro1m1ental 

Science, Faculty of Agriculture, Yamaguchi University, Japan fro1n 2006 to 2012 

(MASAMURA et al. 2012 a; b; c). 
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Chapter II. CHROMOSOMAL ORGANIZATION AND SEQUENCE DIVERSITY 

OF GENES ENCODING LACHRYMATORY FACTOR SYNTHASE IN ALLIUM 

CEPAL. 

INTRODUCTION 

The onion nuclear genomes is notable for its great size, 17 pg or 15 Gbp per 1 C 

(ARUMUGANATHAN and EARLE 1991; BENNETT and LEITCH 1995; RICROCH et al. 2005), 

one of the largest mnong cultivated plants. There are limited genon1ic resources available 

in onion caused by the huge genome size and genetic studies are ftniher co1nplicated 

because it is a biennial, out-crossing, and highly heterozygous species. However, an EST 

resource and PCR based map (KUHL et al. 2004; MARTIN et al. 2005) has been recently 

developed. Combination with these resources and chromosmne addition lines (SHIGYO et 

al. 1996) has revealed chro1noson1al location and genetic map position of genes 

responsible for in1portant properties such as carbohydrate accumulation (MCCALLUM et 

al. 2006; MASUZAKI et al. 2006a; Y AGUCHI 2008), flavonoid biosynthesis (MASUZAKI et 

al. 2006b), and ACSOs biosynthesis (MASAMURA et al. 2011). The physical distribution 

of AFLP markers along Allium chron1osomes has been studied via the integration of 

recon1bination and physical n1aps in a trihybrid population, A. cepa x (A. roylei x A. 

jistulosum) (KHRUSTALEV A et al. 2005). Direct physical 1napping of genes on onion 

chron1oson1es is limited due to the geno1ne abundance with repetitive elen1ents (STACK 

m1d COMINGS 1979; PEARCE et al. 1996). Fluorescence in situ hybridization (FISH) was 

successfully applied for the detection of specific loci using lm·ge genomic clones as 

probes mostly in plant species with sn1all gene-rich genomes, such as Arabidopsis 

thaliana (KOORNNEEF et al. 2003) or rice (JIANG et al. 1995). However, in some cases 
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using repetitive DNA that blocks probe hybridization of repetitive sequences allows for 

the detection of genes inserted in a Bacterial A1iificial Chromoson1e (BAC) (LAMB et al. 

2007; SZINA Y et al. 2008). 

The most distinctive attribute of onion IS the tearing property conferred by 

lachry1natory factor (LF; propanethial S-oxide ). LF is formed from 1-propenylsulphenic 

acid by lachrymatory factor synthase (LFS) (IMAJ et al. 2002). 1-propenyl sulphenic acid 

is a putative reaction product derived from 1-propenyl cysteine sulfoxides 

((E)-PRENCSO) by alliinase. Suppressing LFS gene turns off the conversion of 

1-propenylsulfenic acid to LF, which in turn increases the yield of thiosulfinates thought 

to be responsible for onion flavor, and health beneficial properties of onion. Eady et al. 

(2008) previously de1nonstrated large shifts in organosulfur secondary con1pound profiles 

in onions in which LFS activity was suppressed by RNAi. These studies suggest that LFS 

is an in1portant target for n1olecular breeding in onion. LFS cDNAs have been cloned 

from other five lachrymatory Allium species (A. ampeloprasum, A. cepa Aggregattnn 

group, A. chinese, A. fistulosum, and A. pon,·um) and all reco1nbinant proteins from the1n 

showed LFS enzyn1atic activity. In addition, strong hon1ologies were observed in these 

LFS eDNA and no homologous sequences were yielded in GenBank search (IMAI et al. 

2005; MASAivtURA et al. 2012c). These results suggested that the LFS gene is strongly 

conserved mnong lachrymatory Allium species and is only distantly related to proteins in 

other higher plant taxa. Because LF is such a bioactive and distinctive compound, it is 

likely that strong selective forces have acted on LFS genes during evolution and 

domestication of Allium. 

In this study, as a n1odel of functional gene in huge geno1ne, we determined the 

genon1e organization of LFS genes by sequence analysis, genetic mapping and physical 
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n1ethods in order to understand evolution of LFS in Allium and contribute to targeting 

molecular breeding and mutagenesis approaches for manipulating onion quality. 

MATERIALS AND METHODS 

Genetic analyses of LFS gene by using monosomic addition line and mapping 

population 

The plant materials were a co1nplete set of A. fistulosum-shallot 1nonoso1nic addition 

lines [2n = 2x + 1 = 17, FF+1A (plant number 130), FF+2A (141), FF+3A (5), FF+4A 

(1 0), FF+5A (26), FF+6A (308), FF+ 7 A (324), FF+8A (240)] and parental control plants, 

Japanese bunching onion (A. jistulosum cv. Kujyo-hoso, 2n = 2x = 16, FF) and shallot (A. 

cepa Aggregatun1 group 'Chiang Mai', 2n = 2x = 16, AA) (SHIGYO et a!. 1996). They 

were grown in an experin1ental field at Yamaguchi University (34°N, 131 °E). 

Genomic DNA was extracted from the frozen base of leaf sheath tissues by DNeasy 

Plant Mini Kit (QIAGEN, Hilden, Germany). PCR were performed an 25 ~tl reaction 

n1ixture containing 2.5 ~d of template, 1:10 or 1:100 diluted eDNA or geno1nic DNA (20 

ng/~1), 0.125 ~1 of Taq polyn1erase [A1npliTaq GOLD (5 U/~1), Applied Biosysten1s, 

Foster City, CA, USA], 2.5 ~1 1 Ox PCR buffer, 1.5 ~tl of MgCh (25 mM), 0.5 ~tl of 

forward pri1ner (25 ~M) and 0.5 ~1 of reverse primer (25 ~M) of primer set (cepaLFS) 

and 2.5 ~1 of dNTP n1ixture (2 n1M). Nucleotide sequences of the primers were shown in 

Table 1. PCR was carried out in GeneAmp 2400 or GeneAlnp 9600 (Applied Biosystems, 

Foster City, CA, USA) with the following an1plification program, an initial heating to 

activate the Taq polyn1erase for 94 oc for 10 1nin, followed by 35 cycles of 94 oc for 1 

n1in, 65°C or 68°C for 1 n1in and 72°C for 1 min, and then a final elongation at 72°C for 

10 1nin. The PCR products were detected by electrophoresis in 2o/o agarose gels. 

8 



DNA templates and genetic n1ap data from the interspecific Allium cross A. cepa x A. 

roy lei were used as described by van Heusden et a!. (2000a; b). Primer sets used in this 

study are shown in Table 1. Design, PCR and analysis methods for SSCP and SSR 

markers were described previously (McCALLUM et a!. 2006, 2007, 2008). Linkage 

analysis was perfonned using Joinmap Ver. 4 (vAN OOJJEN). 

Screening of BA C clones containing LFS gene and its molecular characterization 

The partial BAC library of onion (SUZUKI et al. 2001) was used for the PCR screening 

with onion LFS specific primers mnplifying a 459 bp fragment comprising n1ost of the 

LFS ORF. Nucleotide sequence of the prin1er set (LFSorf) used were shown in Table 1. 

PCR was performed with An1pli-Taq GOLD (Applied Biosyste1ns, Foster City, CA, 

USA) for 40 cycles of denaturation for 1 min at 94°C annealing for 1 min at 58°C and 

extension for 1 min at 72°C followed by a final extension for 7 min at 72°C. 

BAC DNA purified by QIAGEN plasmid Midi kit (Qiagen, Hilden, Gennany) was 

digested with EcoRl or Hindlii and separated on 0. 7% agarose gel. After electrophoresis, 

DNA was transferred to HybondN+ n1embrane (GE Healthcare UK Ltd., 

Buckinghan1shire, UK). The digoxigenin (DIG)-labeled LFS specific DNA probe ( 452 

bps) was prepared by PCR reaction using PCR DIG Labeling Mix (Roche Diagnostics, 

Manheim, Gern1any). Hybridization was carried out in 5x SSC, 50o/o formmnide at 

38.5°C for overnight. The me1nbrane was washed in 0.5x SSC, 0.1% SDS at 65°C for 30 

min. After blotting and washing, we detected the positive signal with fluorescence 

according to the instruction of the DIG fluorescent detection Kit (Roche Diagnostics, 

Manheim, Gennany) with ECF (GE Healthcare UK Ltd., Buckinghamshire, UK) as the 

substrate. 
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Purified BAC clone 2E811 0 was nebulised and shotgun cloned into vector pSn1artHC 

and 752 clones were sequenced from both ends (n1ean sequence length ca. 700 bp) by 

GATC Biotech Ltd Gennany (Konstanz, Germany http://www.gatc-biotech.com). Trace 

files were assembled using the Staden package ver. 1.6 (STADEN 1996) and Sequencher® 

(Gene Codes Corporation, Ann Arbor, MI, USA). The shotgun sequencing of BAC clone 

4F1 0/155 was perforn1ed at Hokkaido Systen1 Science Co. Ltd (Sapporo, Japan) with the 

GS FLX Titaniun1 systen1 ( 454 Life Sciences, Roche Branford, CT, USA). The GS FLX 

Titaniun1 generated ca.8.5 1nillion bases (about 30 thousand reads) giving 85-fold 

coverage of the insert DNA of the clone. The reads were assembled into contigs vvith GS 

De Novo Assen1bler software ( 454 Life Sciences, Roche Branford, CT, USA). The 

contigs ( ~20 kb) containing LFS fron1 both BAC clones were mmotated using BLAST 

(ALTSCHUL et al. 1997) searches against Genbank plant protein and nucleotide databases. 

BLASTN co1nparison between contigs was visualized using genoPlotR (GUY et al. 2010). 

Tandem repeats were identified using EMBOSS quicktandem (RICE et al. 2000). 

Sequences were submitted to Genbank (Accessions JN798503 and JN798504 ). 

BA C FISI-I analysis 

Young root 1neristems of bulb onion (Allium cepa cv. Khalcedon) were collected in 

water saturated a-bron1naphthalene (1: 1 000). The root meriste1ns \vere kept In 

a-bromnaphthalene overnight at 4 °C. After this treat1nent the roots were fixed In 

n1ethanol/acetic acid fixative (3: 1) for at least 1 h at room ten1perature. The roots were 

rinsed three tin1es in distilled water and once in 10 mM sodiun1 citrate buffer (pH 4.5) 

before transferring to an enzyme mix containing 0.1% pectolyase Y23 (Sign1a-Aldrich, St. 

Louis, Missouri, USA), 0.1 o/o cellulase RS (Yakult Phm·n1aceutical, Tokyo, Japan) and 
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0.1 o/o cytohelicase (Bio Sepra, Idstein, Germany) in citrate buffer for 35-50 min at 3 7°C. 

The roots were carefully transferred to water and then left on ice until further use. 

Son1atic n1etaphase chromoson1e spreads were 1nade according to (PUNACKER and 

FER WERDA 1984) with slight 1nodification. In brief, dissected 111eristemic tissue were 

placed in very clean grease-free slides and cell suspension were n1ade with fine needles, 

then 60% acetic acid were dropped onto the cells for fu1iher maceration on a hot block at 

42°C with stirring for 2 min. 100 1-11 ethanol/acetic acid fixative (3: 1) were added around 

droplet of acetic acid. Finally slides \Vere rinsed briefly in 96o/o ethanol and were air 

dried. 

Onion Cot-1 00 DNA was prepared as described by Zwick et al. (1997) with son1e 

n1odification. Total geno1nic DNA was isolated using CTAB method (ROGERS and 

BENDICH 1988) and was sonicated to a fragment size of about 1 kb. Sheared DNA was 

denatured in 0.3 M NaCl at 95°C for 10 n1in, and then let it re-anneal at 65°C for 31 h 40 

1nin. The exact renaturation tin1e was calculated taking in account the initial DNA 

concentration and percent of G-C fraction in onion genome. The re1naining ssDNA was 

digested with S 1 endonuclease (Fermentas, Burlington, ON, Canada, 

http://www.fern1entas.co1n) with final concentration 1 U /j.lg for 90 min at 37°C. The 

reaction was stopped and DNA was extracted by adding 300 !J-l 

chloroform/iso-an1ylalcohol (24: 1 ). 

BAC DNA was isolated using GeneJETTM Plas1nid Miniprep Kit (Fern1entas, 

Burlington, ON, Canada, http://www.fern1entas.co1n). We labeled the BAC DNA with 

digoxigenin-11-dUTP by Nick-translation standard protocol (Roche Diagnostics, 

Manhei1n, Gern1any). Slide pre-treatment was performed according to common FISH 

procedure. Slides were dried overnight at 37°C, treated with RNAse (0.1 n1ghnl) in 2x 
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SSC for 1 h and then with pepsin (5 J1g/n1l) in 0.01 M HCl, after that treat1nent slides 

were incubate in 4o/o parafonnaldehyde for 10 min. Slides were washed in 2x SSC three 

tin1es for 5 min. between each steps of treatinent. Finally, slides were dehydrated in 70%, 

90% and 1 OOo/o ethanol for 3 n1in each and air dry. The hybridization mixture consisted of 

50% (v/v) deionized forn1amide, 10% (w/v) dextran sulphate, 2x sse, 0.25% sodiun1 

dodecyl sulphate, 12.5 ng/fll probe DNA and 0.3 Jlghd Cot-1 00. The mixture was boiled 

for 5 n1in and subsequently placed on ice for 5 1nin. 40 1nl of the 1nixture was 

administered to the chromoso1ne preparations, covered with a coverslip (22 x 22 n1n1), 

and denaturated for 5 n1in at 80°C. An 81% stringency washing was applied. The slides 

were washed in 2x sse for 5 n1in at 42°C, in 50% (v/v) fonnamide in 2x sse tvvice for 7 

n1in at 42°C, in 2x SSC for 3 1nin at 42°C. Stable sites of the probe hybridization were 

detected with anti-Digoxigenin FITC n1ade in sheep (Roche Diagnostics, Manheim, 

Gennany) and an1plified with anti-sheep FITC, made in rabbit and anti-rabbit FITC, 

1nade in goat (Vector Laboratories, Burlingame, CA, USA). Chromoson1es were 

counterstained with DAPI in Vectashield antifade (Vector Laboratories, Burlingame, CA, 

USA). Slides were examined under a Zeiss Axio llnager microscope (Carl Zeiss 

Microhnaging, Jena, Germany equipped with epifluorescerice illumination, and filter sets 

for DAPI, TexasRed and FITC. Selected in1ages were captured using a digital camera 

Axio Can1 MRm. hnage processing and thresholding were performed using 

Axio Vision-a n1odular i1nage-processing and analysis systen1 for modern 1nicroscopy. 

Final image opti1nization was perforn1ed using Photoshop™ (Adobe Inc., San Jose, CA, 

USA). 

Re-sequencing of LFS Amp/icons 
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DNA was isolated as described previously (McCALLUM et al. 2006) from Allium roylei 

and the following onion genotypes selected on the basis of previous genetic diversity 

(McCALLUM et al. 2008) and pungency phenotypes: 'W202A', 'Texas Grano 438', 

'BYG15-23', 'Alisa Craig 43', 'Colossal Grano', 'Early Longkeeper P12', 'W429A', 

'Houston Grano', 'Tearless F1', 'Faridpuri'. PCR reactions were perfonned in a 15 111 

vohune and contained 0.5 11M of primers LFS5L and R (Table 1) , 200 ~tM of dNTP's, 

1.5 n1M of Mg2
+, 10-30 ng of ten1plate DNA, 0.375 U of Thern1oPrin1eTaq poly1nerase 

(Thenno Scientific, Massachusetts, USA) and 1 x the manufacturers Reddy Mix TM PCR 

buffer. Reactions were perforn1ed in a Gene A1np® PCR Systen1 9700 thennocycler 

(Applied Biosysten1s, Foster City, CA, USA). Cycling conditions were 2 1nin at 95°C 

followed by a touchdown which included four cycles of 30 sec at 95°C, 30 sec of 62°C to 

59°C where this annealing ten1perature decreased by 1 oc each cycle and 30 sec at 72°C. 

This touchdown was followed by 36 cycles of 30 sec at 95°C, 30 sec at 58°C and 30 sec 

at 72°C and a final extension of 10 min at 72°C. PCR products were visualized by 

electrophoresis on a 1% LE agarose plus 1% NuSieve (FMC Bioproducts, Rockland, ME, 

USA) agarose gel stained with ethidium bro1nide. 

PCR products were then ligated into the pCR® 4 TOPO® Vector using a TOPO® TA 

Cloning® Kit (Invitrogen, Carlsbad, CA, USA) and transforn1ed into DH5a by heat 

shock. Twelve colonies for each of the 12 onion lines were selected after growth on LB 

containing An1plicilin 1 00 11g/n1L These were streaked on Amplicilin 100 11g/ml and 

tested by PCR (see above). Eight colonies containing LFs amplicons from each of the 

twelve lines were used to inoculate a 1 ml LB (An1picillin 100 11g/ml) overnight culture. 

Plasn1ids were then isolated using a Perfectprep® Plasmid Isolation Kit (Eppendorf, 

Han1buTg, Germany). LFS plasn1id inserts were then Sanger-sequenced with M13 
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forward primer using Big Dye® Tenninators v3.1 (Applied Biosystems, Foster City, CA, 

USA). Sequencing reactions were run on an ABI PRISM® 3100 Genetic Analyzer 

(Applied Biosystems, Foster City, CA, USA). Traces were trin11ned and aligned using 

Geneious software (DRUMMOND et al. 201 0) and sub1nitted into Genbank (Accession 

nun1bers HQ738844-HQ738918). Alig1u11ents were cropped to the region corresponding 

to bases 368-632 of Genbank Ace AB089203 and n1aximtun likelihood trees were 

constructed using PHYML (GUINDON and GASCUEL 2003) with 100 bootstraps. 

Nucleotide diversity calculations were perfonned using DnaSP (LIBRADO and ROZAS 

2009). 

Jdent~fication of LFS Transcripts by 454 Sequencing 

Raw 454 flowgrmn files were used from Genbank BioProject accession PRJNA60277 

for shoot transcripto1ne sequencing of doubled haploid onion line 'CUDH2150' (Cornell 

University; Genbank BioSample 138247) and 'Nasik Red' (USDA-ARS PI 271311; 

Genbank BioSan1ple 13 8248). Reads were aligned to the LFS reference sequence 

(AB089203) using Roche gsMapper software using n1inin1um overlap identity of 98% in 

the asse1nbly step a11d mini1num overlap length of 300 for 'DH2150' (Titanium reads) and 

150 for 'Nasik Red' (GS-FLX reads). 

Amplification of LFS haplotypes in the FF + 5A 

PCR were perforn1ed an 30 ~~reaction 1nixture containing 3.0 ~1 of genon1ic DNA (20 

ng/~1) purified fron1 two different plants [FF+5A(26) and FF+5A(71)] of FF+5A or 

shallot parent, 0.15 ~~ of Taq poly1nerase [ExTaq(5 U/~1), TakaraBio, Ohtsu, Japan], 3.0 

~Ll 1 Ox Ex buffer, 0.15 ~1 of forward primer (25 ~M) and 0.15 ~1 of reverse primer (25 
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~LM) of primer set (LFShaplo) and 2.4 ~l of dNTP mixture (2.5 1nM). Nucleotide 

sequences of the primers were shown in Table 1. PCR was canied out in GeneA1np 2400 

or GeneA1np 9600 (Applied Biosysten1s, Foster City, CA, USA) with the following 

mnplification progrmn, an initial heating to activate the Taq poly1nerase for 94 oc for 3 

n1in, followed by 35 cycles of 94 oc for 1 1nin, 64. 9°C for 1 min and 72°C for 1 n1in. The 

5 ~1 of PCR reactions were subjected to restriction endonuclease digestion with Nsil and 

Sphl enzy1nes and the fragments were analyzed by electrophoresis in 2.0o/o agarose gels. 

Table 1 Previously unpublished primer sets used in thjs study. 

Genbank Accession Forward Primer 
Primer Set Marker type 

Nwnber Reverse Primer 

ACAAAGCCAGAGCAAGCATGGACA 
cepaLFS AB089203 

CTGCAAACCTCTTCGATTTTCTGACCTATC 

GCACTAGAACTTGCAAAAAGCA 
LFS5 Heterod up lex AB089203 

TGAGATAGGTCAGAAAATCGAAGA 

CF445004, TTCCCTCCTCACTCCCTACA 
A CP0 52 SSCP CF445805, CGACCACAAACACAAGCAAC 

CF445805 

AGATCCGTCCCATGAAACT 
ACM295 SSR CF445600 

GATCCGCTTCTGAAATCTCG 

AAAACCCTCAACATCTCACTCC 
ACM021 SSR CF448154 

TCTCTTCTTCCTCGTCCTGC 

ATTAGAAACATCCATCGCCG 
ACM076 SSR CF449018 

CGCGATCATCATTTTCCATA 

AAGCTCTTAAAGCTGCTGATGG 
ACP003 SSCP BE205590 

ATGCACGATAGCACAAGACATC 

ACAAAGCCAGAGCAAGCATGGACA 
LFS01f AB089203 

CTGCAAACCTC1TCGATTTTCTGACCTATC 

ATAGTGGAGGGTCCTGAGCA 
LFShaplo AB089203 

ACACAACACTCAGTCTTACTTATT 
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RESULTS 

Chromosomal mapping ofLFS gene in A. cepa 

Fron1 the genmnic DNA of alien 1nonoson1ic addition lines, the expected size amplicon 

was observed only in the alien 1nonosomic addition line FF+5A (Figure 1 ). 

M FF 1A 2A 3A 4A SA SA 7 A 8A AA 

Figure 1 Amplification of LFS from AMALs. 
M, n1olecular size marker (1 OObp ladder); FF, A. fistulosum; 1A-8A, eight 
different A. fistulosum - shallot n1onoson1ic additions; AA, shallot 

Therefore, we assigned LFS of A. cepa to chron1oso1ne SA. Genetic 1napp1ng of 

polymorphisn1s detected by heteroduplex analysis of LFS amplicons in the A. cepa x A. 

roylei interspecific cross revealed co-segregation with chron1oso1ne 5 1narkers (Figure 2). 

The LFS marker was linked to several other markers developed to onion ESTs, most 

notably the SNP n1arker ACP052. This was designed to partial ESTs showing homology 

to N ten11inal regions of group I sucrose transporters (BRAUN and SLEWINSKI 2009). The 

RFLP n1arker API66C-E5 n1apped in the 'BYG15-23 x AC43' intraspecific onion 

population (KING et al. 1998) was revealed by the eDNA probe API66 (GenBank 
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Accession BE205593.1) which is homologous to sucrose transporter group I and III 

proteins. It is not known yet whether ACP052 and API66 markers target the same gene or 

linked duplications. We previously showed close linkage of API66 markers to a 

well-supported QTL affecting bulb dry matter (GALMARINI eta!. 2001; MARTIN eta!. 

2005; MASUZAKI eta!. 2007; McCALLUM eta!. 2007), suggesting that the LFS loci are in 

close linkage with this QTL. 

Masamura et al. (2011) showed that anonymous regulatory genes related to the 

regulation of the expression of the ACSO biosynthesis pathway were located on 

chromosome 5. 

E tiS 
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55 
60 
65 

l~ 
Eso 
rss 

A. cepa x A. roylei 

SPGt-1 
ACI¥1071 

AC 112 

ACM171 
AJK213S 

ACP052, 
c 076 

I...FSS 
AC 295 ACM021 

AFSl41 

BYG15 x AC43 

AC 071 

A06200..ES.9-5_7dls 
ACM112 
ACM301 

"ACM133 
• . A06SO.ES.6-7dls 

'/ ACMG~ 
ACAFM9$ 
A08271-E1-1 9-Sl<!is 
AOS236-E1-1(1&1ls AP!66CES.6-7_9- Cfis 
ACM171 
AOB120-E l-10 

'API~O.E1·11_12dlS 
API470-EM5 10 
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AOS46-ES.20_9-5 
API59K·H3-15 9·5d!S 
ACM099 -
ACI'\E.T$1 
APt230.H$.1 _6-5 

Figure 2 Genetic mapping of LFS heteroduplex marker LFS5 to chromsome 5 in 
the A. cepa x A. roylei population and alignment with the onion linkage map 
(BYG 15 x AC43) of Martinet al. (2005). 
The scale denotes the recombination distance in Kosambi units. AFLP markers in 
the interspecific map have been deleted for clarity. 
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Selection and characterization of BAC clones containing LFS gene 

PCR screening of the BAC library revealed eight positive clones, from a total of 

48,000 clones conesponding to 0.32 genome equivalent (SuzUKI et al. 2002). Southem 

blot analysis of the positive clones was carried out by using a DIG-labeled LFS probe 

(Figure 3). In Hindiii digestion, all eight clones showed signal in similar size but EcoRI 

digestion, showed a larger size in 4F10/155 compared to the other seven clones. This 

observation suggested that there are at least two LFS loci in onion genome. 

7kb 

5kb 

3kb 

Figure 3 Southern blot analyses of eight LFS-containing BAC plasmid with LFS 
probe. Hindlll and EcoRI indicate digestion with Hindiii or EcoRI, respectively. 
M lane shows 1 kb ladder marker lane of the gel used to this southem blot. 

Sequence comparison between tvvo LFS containing BAC clones: 

Sanger and 454 shotgun sequencing of clones 2E8110 and 4F101155 provided contigs of 

19 and 7 which were longer than 500 bp respectively. From Sanger shotgun analysis of 

2E811 0, a LFS ORF sequence was detected in a contig containing 8,623 bp and sequence 

of 20,577 bp (from upper 13 kbp to lower 7 kbp of LFS ORF) was built by assembling 
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contigs with 5- 6x coverage (total of 138,394 bp) of4F10/155, an LFS ORF sequence 

was observed in the longest contig containing 71,391 bp. 

Nucleotide sequence co1nparison of the approxin1ately 20 kbp contigs from both BAC 

exhibited high si1nilarity over 10 kbp flanking the intronless LFS gene. Notable areas of 

lower si1nilarity within this region were the region inunediately upstream of the LFS gene, 

including its promoter, and a 1.5 kbp insertion in 2E8/1 0 showing BLASTX sin1ilarity to 

polyproteins (Figure 4). Both contigs shared a 445 bp direct repeat in 1 kbp upstrean1 and 

a region of h01nology to other onion BAC sequences in 8-14 kbp upstrean1 of LFS. 

Regions 3-6 kbp downstremn sho\ved BLASTX hon1ology to plant Ty 1-copia like 

ele1nents. This same general pattern of degenerated retroviral elements and transposons 

was repo1ied in earlier onion BAC sequencing by Jakse et al. (2008). Sequence 

co1nparison in the region corresponding to LFS transcripts revealed five differences at 

sites corresponding to the following locations in Genbank Accession AB094593: a 

non-synonyn1ous substitution 203A> T conditioning the mutation V SOD in the translation; 

two synony1nous variants ( 441 T>C and 4 7 4C> T) in the coding region and two variants in 

the 3 'UTR (596A>G and 654T>C). 
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2E810 
12 kb 14 kb 16 kb 1s kb 

4F10 
12 kb 14 kb 16 kb Is kb 

Figure 4 Sequence similarity and am1otation of LFS flanking regions of 2E811 0 and 
410/155. Gray-scale shading denotes sequence similarity over 80% detected by 
BLASTN aligmnent of sequences. Black arrow indicates intronless LFS ORF. Gray 
side-bar denotes a 454 bp direct tandem repeat. Gray bar denotes insertion in 2E81 0 
sequence with BLASTX homology to polyproteins and gray arrows denote regions 
with BLASTX similarity to Ty 1-copia like sequences. Black lines denote regions with 
BLASTN similarity to other onion BAC sequences. 

Chromosomal localizations of BAC clones 

The DIG-labeled BAC clones, 2E8110 and 4F10/155 were hybridized to the mitotic 

metaphase chromosome preparation of A. cepa. By using the Cot-1 00 fraction to block 

the repetitive sequence hybridization, both BAC clones generated distinct signals from a 

single pair of somatic metaphase chromosomes (Figure SA). The karyotype analysis 

revealed that signals were located on the proximal region of the long arm of chromosome 

5 (Figure 5B). The identity of this chromosome was established on the basis of its 

chromosome size and the position of its centromere (Relative chromosome length 

12.7±1.0, Centromere index 48.7±0.7; de Vries 1990). Each BAC's location from the 

centromere was measured (20 chromosomes from 10 metaphases per each BAC) and 

their relative positions were estimated. The position of 2E811 0 was 0.31±0.03 and the 

position of 4F10/155 was 0.32±0.03 (Figure 5C). No statistically significant difference 

was found between the position of hybridization signals in the two BAC clones (Student 

t-test, td = 0.195, tst = 2.04, n = 40, P = 0.05). 
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Figure 5 BAC-FISH using two LFS bearing 
clones (2E8/10 and 4Fl0/155) as a probe. A) 
h1apping of BAC clones on onion mitotic 
metaphase clu·omosomes: Bar indicated 
10).-lm, B) FISH karyotypes and C) 
clu·omosome 5 extracted from a number 
mitotic metaphases, which possess 
hybridization signal (green) in the proximal 
region of the long ann. ...... ......... ~ 



Sequence variation in LFS amp/icons and transcripts 

Mapping leaf transcript 454 reads from the doubled haploid line 'CUDH2150' to A. 

cepa LFS eDNA sequences (Genbank accessions AB094593, AB089203) with stringent 

criteria revealed 119 n1atching reads containing three variants at intern1ediate frequencies 

(Table 2). The san1e variants were also observed in 'Nasik Red' and forn1ed two 

haplotypes. In a previous study (McCALLUM et al. 2008) we surveyed allelic variation at 

n1ultiple SSR loci and failed to detect any heterozygosity in 'CUDH2150', suggesting that 

the observed variants are transcripts fron1 duplicated LFS genes. BLAST searches of 

Genbank EST division revealed that in addition to ESTs with the smne haplotype as 

AB094593 ('haplotype 1 '), three onion ESTs exhibited the alternate haplotype ('haplotype 

2') at these three sites (accession numbers CF451348, FK935151, FK936343). 

Table 2 Counts of 454 eDNA reads from 'CUDH2150' and 'Nasik Red' eDNA 454 
eDNA seouencin2: classified bv variants. 

Site a AB089203 Variant Total Depth Variant frequency o/o 

CUDH2150 Nasik Red CUDH2150 Nasik Red 

439 T c 106 37 41 49 

594 A G 75 39 48 23 

652 T c 62 31 50 26 

a Site positions are relative to Genbank Ace AB089203. 

Sanger sequencing of LFS an1plicons from a range of diverse onion germ plasm and A. 

roylei revealed these sequence variants as well as rarer ones (Figure 6). The most 

con1n1only observed haplotype was that 1natching AB094593 ('haplotype 1 '), and this 

was an1plified fro1n all onion populations surveyed. Trees based on alignn1ent of cDN A 

and geno1nic sequences (Figure 7) revealed clear clustering of onion sequences into two 

groups conesponding to haplotypes 1 and 2 observed in 454 sequencing and an outgroup 

containing other Allium species. The variant distinguishing AB089203 from other LFS 
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sequences (A570T) was not observed in any other reads suggesting this is a PCR or 

sequencing error. Four singleton reads with single base differences to the haplotype 1 

sequence were observed, one of which (HQ738863) conditioned a non synonymous M > 

I mutation. By contrast, several well-supported haplotypes were observed within the 

'haplotype 2' group corresponding to BAC 2E811 0. And a non-synonymous variant 

(HQ738883, V > Gat 166) was also found in the group. Average nucleotide diversity was 

higher in the haplotype 2 group (n = 0.0042) than in haplotype l(n = 0.0028). 
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Figme 6 Aligi:unent of eDNA sequences from onion and related Allium species with 
haplotypes observed in region corresponding to bases 370-658 of GB accession 
AB089203 in genomic PCR amplicons of LFS genes from diverse onion 
germplasm. Accession numbers marked by asterisk denotes haplotypes based on 
sequence variants only supported by a single read, which may represent PCR errors. 
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The out-group containing related Allium species also contained two sequences amplified 

fron1 A. cepa 'Faridpuri' and 'AC43' (HQ738857, HQ738882,). Notably, these sequences 

exhibit a deletion corresponding to bases 578-581 of AB089203 and other variants in the 

3' UTR that observed in LFS eDNA sequences from A. roylei, A. chinense and A. 

fistulosum. HQ738882 contains a pren1ature stop (G450A) within the putative coding 

region. These 1nay represent rare or ancestral alleles but could also be products runplified 

fron1 other LFS loci. 

A test of the hypothesis of selective neutrality in this sequence region in the two 

paralog groups was tested using Taji1nas' D. This revealed a significant deviation frmn 

neutral expectations for the haplotype 1 group (D=-1.91; N=55 sequences; P< 0.05) but 

not the haplotype 2 group (D=-0.23; N=21 sequences; P > 0.10) 

,.-------AB089203* 
AB094593; CUDH2150 haplotype1 (39 seqs) 
HQ738851* 
HQ738896* 
HQ738848* 

..._ __ HQ738863"' 

CF451348; CUDH2150 haplotype 2 & 2 others 
HQ738883* 
LFS_hap_19 (7 seqs) 
LFS_hap_20 (8 seqs) 

..._ __ HQ738895 

HQ738858;HQ73891 0 
HQ738864;HQ738893;HQ738902;HQ738886 
HQ738881* 
HQ738856; HQ738911 
HQ738909 

......__ ______ HQ738872* 

HQ738857 
HQ738882 

.....__ _______ A. roylei 

f----------A. fistulosum 
"----------A chinense 

Figure 7 Cladogrrun of LFS sequences based on consensus n1axi1nun1 likelihood 
tree of LFS sequence align1nents \Vith 100 bootstraps 
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Existence ofdistinctive LFS haplotypes in the FF+ 5A 

The A594G and T652C variants distinguishing the two haplotype groups condition 

Nsil and Sphl restriction sites respectively and we used this to test for existence of 

distinctive haplotypes in the FF+5A. This revealed both Nsil and Sphl digestion of the 

LFS product amplified from this line but no evidence for double digestion (Figure 8). 

This confirms that the two putative paralogous loci are both located on onion 

chromosome 5. 

M 
FF+5A(26) FF+5A(71) AA 

. -.­.... 
~ ·­-----

(-) N 

-

S N+S (-) N S N+S (-) N S N+S 

---- ~ ------ --- -

M 

.... 
II ---

Figure 8 Restriction analysis of LFS PCR products from chromosome 5 AMALs. 
Lanes 1-4 FF+5A (plant number 26); Lanes 5-8 FF+5A (71); Lanes 9-12 AA ('Chiang 
Mai'). (-), N, S, and N+S indicate uncut PCR product, Nsil digested, Sphl digest and 
double digest by Nsil + Sphl. M shows 100 bp ladder marker. The two AMALs were 
the sibs obtained from a single cross. 

DISCUSSION 

By the use of multiple approaches this study has determined that LFS in onion is 

transcribed from at least two loci and that they are localized on clu·omosome 5. Southern 

blotting of eight LFS bearing clones revealed two distinct EcoRl RFLP patterns but 

assignments using alien addition lines and mapping analysis in an inter-specific cross 
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placed the gene only on chron1oson1e 5. Furthennore, BAC-FISH study showed 

co-localization of these BACs. Under the optical lin1it of a 1.4 nun1erical apetiure for a 

conventional n1icroscope objective, a tnaxin1lnn distance of only 0.2 J.tn1 can be resolved. 

De Jong et al. (1999) reported that 1nitotic n1etaphase FISH can resolve 4-5 Mbp in a 

ton1ato. The level of 1netaphase chro1noson1e condensation in Allium is about five ti1nes 

higher than in ton1ato 1netaphase chron1oso1nes (KHRUSTALEV A and KIK 2001 ). Thus, 

2E8/1 0 and 4Fl 0/155 clones can be distant from each other up to 25 Mbp and still be 

located in the san1e position on the n1itotic 1netaphase chromoson1e. Because onion is 

highly heterozygous, a possible interpretation of these results is heterozygosity at the LFS 

locus. This possibility \Vas elitninated through transcriptmne sequencing in a doubled 

haploid genotype, which also revealed t\vo distinct sequence variants. This confirn1s that 

LFS is transcribed fro1n two distinct loci. 

The observation of LFS-like sequences in onion closely rese1nbling those from related 

Allium species may provide so1ne further scope to study the evolution of LFS in Allium. 

These sequences n1ay be rare or ancestral alleles at either of the n1ajor loci but could also 

be cross-mnplified fron1 other LFS loci. It is possible that such sequences could represent 

ancestral copies of the gene fmnily, and indicate that gene duplication is still ongoing in 

onion genome. The LFS gene is small and intronless. In plants, sn1all and intronless 

genes are frequently plant- or lineage-specific (JAIN et al. 2008). It is therefore plausible 

that LFS is such an exmnple of a novel, genus-specific gene family that has arisen 

recently and provided a strong selective advantage. A survey by PCR across diverse 

gern1plasn1 suggested lower nucleotide diversity in haplotype group 1 in the region 

surveyed con1pared to the haplotype group 2 corresponding to BAC 2E811 0 locus. This is 

suggestive of possible differences in selective constraints but wider smnpling of 
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nucleotide diversity is required to test the role of purifying selection and gene conversion 

on these loci. 

Gene duplication is known to be an in1p01iant source of evolutionary innovation and 

adaptation (DEs MARAIS and RAUSHER 2008). Mapping studies have suggested extensive 

duplication in onion. (KING et al. 1998) reported that 21 o/o of 91 eDNA probes of RFLP 

detected n1ore than one segregating RFLP, of which 53o/o were unlinked, 4 7o/o were 

linked. These findings indicated gene duplication has occurred with high frequency in 

onion genon1e, the ratio of the linked duplicated RFLP were higher than other plants. Our 

results den1onstrate that LFS genes exist as functional linked duplicated genes, in1plying 

a low possibility for obtaining null 1nutants through n1utant screening. However, BAC 

sequence analysis and PCR experi1nent to distinguish two haplotypes indicated that 

2E8/10 was 'haplotype 2' and 4F10/155 was 'haplotype 1 ',and showed a large difference 

in upper flanking 1.2 kbp region of LFS between the BACs. These observations of 

variation in the promoter regions suggest that there may be differential expression 

bet\veen the paralogs. Kim et al. (2005) speculated similarly in pink onion. More detailed 

surveys of paralog-specific expression might reveal mutants with lower LFS activity. The 

identification of the con1plete genomic sequence surrounding the two paralogs \vill now 

enable wider surveys for natural mutants by deep sequencing, like the variant 

(HQ738882) possessing pre1nature stop we identified in 'Faridpuri'. Using such 

genotypes as a n1aterial for further n1utant induction or breeding, we may achieve 

production of LFS null onion. A non-synonymous variant found in this miicle, HQ738883 

(V > G) 1nay have enzymatic activity equivalent to wild-type LFS as we have shown a 

deletion of nine C-terminal amino acids (160-169) had no effect on the enzymatic 

activity (MASAMURA et al. 2012c). It re1nmns unclear whether the non-synonyn1ous 
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variant HQ738863 (M > I) has enzymatic activity. However, because LFS catalyzes an 

intra-1nolecular H+ substitution reaction, this variant which changes between non-polar 

amino acids n1ight retain the enzyn1atic activity of wild type onion LFS. For the smne 

reason, we speculate that the variant (V50D) found in 4Fl0/155 has a low potential for 

loss of enzy1natic activity. 

It has been reported that a well-supported QTL affecting bulb dry 1natter and a putative 

sucrose transporter gene are located on chro1noson1e 5 (GALMARINI et al. 2001; MARTIN 

et al. 2005; MASUZAKI et al. 2007; McCALLUM et al. 2007). Dry 1natter is an i1npo1iant 

trait affecting finnness and storability of onion bulb, and therefore survival under htunan 

or natural selection. It is notable that LFS is located also in this region, sufficiently close 

that we would expect son1e effects on LFS through linkage drag. Consequently this 

region of chromoso1ne 5 could be an important don1estication region in the onion genon1e 

and it would be fruitful for further functional and crop evolutionary studies. 

These findings provide a highly relevant case study of a duplication leading to 

n1tlltiple functional loci encoding a gene with important adaptive trait in onion. 

Chapter III. IDENTIFICATION OF AMINO ACID RESIDUES ESSENTIAL FOR 

ONION LACHRYMATORY FACTOR SYNTHASE ACTIVITY 

INTRODUCTION 

While n1any people appreciate the nutritional and organoleptic values of onions, few 

enjoy the tear-inducing sensation produced while cutting the bulbs. The substance 

causing this irritation, a lachry1natory factor (LF) was identified as propanethial S-oxide 
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by Brodnitz and Pascale tnore than 40 years ago (BRODNITZ and PASCALE 1971 ). 

LF belongs to the group of thioaldehyde S-oxides, and to date, only three other 

naturally occurnng thioaldehyde S-oxides have been reported: 

(Z,Z)-d, l-2,3-diinethyl-1 ,4-butanedithial S,S'-dioxide fr01n onion (BLOCK and BAYER 

1990); (Z)-phenyln1ethanethial S-oxide fro1n Petiveria alliacea (KUBEC et al. 2003); and 

(E)-/(Z)-butanethial S-oxide fron1 Allium siculum (KUBEC et al. 201 0) (Figure 9). 

H3C~+/O 

propanethial S-oxide 

(onion lachrymatory factor) 

(Z)-phenylmethanethial S-oxide 

HC~S+ 
3 ,_ 

0 

(E)-/(Z)-butanethial S-oxide 

(Z,Z)-d,/-2,3-dimethyl-1 ,4-buthanedithial S,S'-oxide 

Figure 9 Naturally occurring thioaldehyde S-oxides 

Onion LF has been widely believed to be non-enzyn1atically produced from 

1-propenylsulfenic acid, a putative reaction product of alliinase and 

trans-(+ )-S-(1-propenyl)-L-cysteine sulfoxide (trans-PRENCSO) that is n1ost abundant in 

onion (BLOCK et al. 1979; BLOCK 1992; SHEN and PARKIN 2000; YAMANE et a!. 1994 ). 

Contrary to this belief, we have discovered a novel enzyme, lachrymatory factor synthase 

(LFS), that catalyses LF formation after the action of alliinase on trans-PRENCSO 

[(E)-PRENCSO], and vve have cloned its eDNA (IMAI et al. 2002) (Figure 1 0). Three 

isozyn1es, LFS-1, LFS-2, and LFS-3, have been isolated from the onion bulb. Analyses of 
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their N-tenninal an1ino acid sequences indicated these thTee proteins to be respectively 

lacking 16, 14 and 12 an1ino acids when c01npared to predicted , to the predicted open 

reading fran1e (169 an1ino acids) of onion LFS eDNA (AB089203) (IMAJ et al. 2008). 

0-
1 H2N 
s+ -1 

H3C~~COOH 
trans-(+)-S-(1-propenyi)-L-cycteine sufoxide (trans-PRENCSO) 

l alliinase 

OH 

I 
H3C~S 

+ pyruvate 

1-propenylsulfenic acid 

[

lachrymatory factor 
synthase 

0 

I+ 
~s 

H3C 

propanethial S-oxide 

+ anmonia 

Figure 10 The pathway of onion laclu·ymatory factor synthesis 

LF, the catalytic product of LFS, is a rare co1npound in nature, and at present, 

no other enzyme that catalyzes reactions similar to the reaction leading to LF 

fonnation have been reported. Musah et al. have reported an enzyn1e that 

catalyzes the forn1ation of a sulfine LF, (Z)-phenyln1ethanethial S-oxide, fron1 the 

roots of Petiveria alliacea (MUSAH et al. 2009), but the reaction catalyzed by this 

enzyn1e differs considerably fro1n that catalyzed by onion LFS. While onion LF is 
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produced through an intra-molecular proton (H+) substitution reaction (BLOCK et 

al. 1996), Petiveria LF is produced by a dehydrogenation reaction. Additionally, 

a database survey failed to identify any known functional do1nains exhibiting 

high sequence hon1ology with onion LFS (IMAI et al. 2008). 

We therefore atten1pted to identify the catalytic mnino acid residues and 

developed a three-din1ensional (3D) n1odel structure of LFS by using 

SWISS-MODEL as the first step to elucidate the unique catalytic reaction 

1nechanisn1 of this enzyme. 

MATERIALS AND METHODS 

Materials 

Shallot (Allium ascalonicum), Japanese bunching onion (Allium fistulosum), rakkyo 

(Allium chinense), leek (Allium porrum), and elephant garlic (Allium ampeloprasum) 

were purchased fron1 a local 1narket. Garlic alliinase was purified according to the 

1nethod described by Nock and Mazelis (1989). We prepared trans-PRENCSO from 

onion bulbs according to the procedure described by Shen and Parkin (2000). All the 

reagents used were of analytical grade. 

Obtaining the LFS genes from Allimn species 

Total RNA was extracted and purified from I 00 mg of frozen po,vder of the fresh 

edible parts of A. ascalonicum, A. fistulosum, A. chinense, A. porrum, and A. 

ampeloprasum by using an RNeasy plant mini kit (QIAGEN, Hilden, Germany) 

according to the n1anufacturer's protocol. We used the total RNA as the template and 

synthesized eDNA by using a Ready-To-Go T-prin1ed First-Strand Kit (GE Healthcare 
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UK Ltd., Buckinghmnshire, UK). To detern1ine the nucleotide sequence of the full-length 

LFS eDNA, we perfonned a rapid mnplification of eDNA ends (RACE) m1alysis at both 

the 3 1 and 51 ends by using the LFS-specific pri1ners and either a 3 1 -end adaptor primer 

included in the eDNA synthesis kit or a 5 1-anchor pri1ner supplied \Vith a 51-RACE kit 

(5 1-RACE Syste1n for A1nplification of eDNA Ends, Version 2.0 (Invitrogen Corp., 

Carlsbad, CA, USA)). All the RACE products were sequenced using an ABI Prisn1 310 

Genetic Analyzer (Applied Biosysten1s, Foster City, CA, USA), and their nucleotide 

sequence data \Vere assen1bled to build the full-length LFS eDNA. 

After the ORFs of the LFS cDNAs had been mnplified by using prin1ers designed at 

the initiation codon of the ORF and the adaptor prin1er of the eDNA synthesis kit, cDNAs 

were cloned in the pGEM-T Easy TA-cloning vector (Pr01nega Corporation, Madison, WI, 

USA). All insertions were confirn1ed by sequencing the n1ulti-cloning site (MCS) region 

of theTA-cloning vector. The prin1ers used to search for LFS eDNA in Allium species are 

listed in Table 3a. 

Preparation (~f truncated onion LFS eDNA 

Six truncated onion LFS genes lacking the 5 1 or 3 1 sequence were generated by 

PCR fro1n onion LFS eDNA cloned in theTA-cloning vector, using pri1ners listed 

in Table 3b. The PCR products were cloned into the pGEM-T Easy T A-cloning 

vector and sequenced to confirn1 that the insertions were of the correct length and 

were in the correct location. 

Preparation of onion LFS eDNA mutants 

Site-directed 1nutagenesis of the onion LFS eDNA cloned in pGEX4T-3 GST fusion 
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expression vector (GE Healthcare UK Ltd., Buckinghmnshire, UK) was achieved by 

using the Gene-TailorTM site-directed 1nutagenesis system (Invitrogen Corp., Carlsbad, 

CA, USA), according to the 1nanufacturer's protocol. All n1utant cDNAs were verified by 

sequencing. The Pri1ner sets used in the site-directed n1utagenesis are listed in Table 3c. 
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Table 3a list of the primers for searching for LFS eDNA in allium species 
We used the primers listed in this table to obtain LFS eDNA from various allium plant in this study. 

primer allium plants 

3'RACE 

adaptor primer 

lfs sequence specific primers 

S'RACE 

anchor primer 

5'-TGG AAG AAT TCG CGG CCG CAG-3' (Not! primer) 

5'-TGG AGG GTC CTG AGC ACA AG-3' 

5'-GGI GCI MGI AAR TGG-3' (E2-1N primer) 

5'-GAA lTT TGG GCC AAG GAG AAG CTG G-3' 

A.fistu/oswn A.chinense 

A.asca/onicum n 

A. ampe/opras A. porrum 

5'- GGC CAC GCG TCG ACT AGT ACG GGIIGG Gil GGG IlG -3' 

lfs sequence specific primers 

5'- CTC TTC GAT TIT CTG ACC TATCTC AGT AGC -3' 

5'- TCC TCG TAC CCTGTA AAA CAC TCA G -3' 

5'- CAC ACA GCA TCA CAA ATf GAC-3' 

LFS ORF region amplified f•·om eDNA?> 

lfs sequence specific primers 

5'-ATG GAG CTA AAT CCT GGT GCG C-3' 

5'-ATG GAG CAA AAT TCT GGT ACG C-3' 

5'-ATG GAG CTA AATCCTGGT GCA C-3' 

5'-ATG GCG CAA AAT CCT GGT GTG C-3' 

5'-ATG ATG ACA TAT CCT GGA AAT CG-3' 

A. fistulosum A.chinense 

A. ampe/oprasum 

A. porrum 

A. fistulosum 

A.chinense 

A.asca/onicwn 

A. porrum 

A. ampe/oprasum 

Table 3b The primers for preparation of truncated onion LFS eDNA 
We used the primers listed in this table to prepare tenninal truncated LFS eDNA from onion LFS eDNA. 

truncated onion LFS.t) 

N-tenninal deletion mutant 

C-tenninal deletion mutant 

primer 

5 '-GGCAAAGTCCA TGCTITGCTTCC-3' 

5 '-AA T ACAAAGCCAGAGCAAGCA TGG-3' 

5 '-A TGCCITCGTTGTCAGTCTGTG-3' 

5 '-'1TCAAGA TCAAGCACTGCAAACCTC-3' 

5 '-GAT AGTGCT AACGGAGCTCGAAAA TGG-3' 

5'-TCAACCTATCTCAGTAGCCC-3' 

5'-TCAGATATACTI'GCACTGAAAAGACC-3' 

5'-TCAITGCATGGTAGCCGTG-3' 

I) Nested PCR was applied to A. asca/onicwn Its eDNA. E2-1 N primer was used in 1st step per. 
2
) Not I primer was used as a reverse primer in all amplification. 

mutants 

LFS/23-169 mwant 

LFSI31-169mutant 

LFS/51-169 mutant 

antisense primer 

sense primer 

LFS/13-160 mutant 

LFS/13-140 mutant 

LFS/13-1 19 mutant 

A.ascalonicum n 

A.asca/onicum 

4
) For subcloning of amplified DNA fragments into the expression vector from theTA-cloning vector, EcoR I recognition sequences were added to all of 

primers used. 
4

) In addition, the reverse primers that were amplified in the C-tenninal deletion mutants were designed to contain the terminal codon at their 5'-end. 
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Table 3c The primers fm· p1·eparation of site-directed mutant onion LFS eDNA 
We used the primers listed in this table to prepare amino acid substituted LFS eDNA from onion LFS eDNA. 

position of 
substituted native 

forward primer rc\'crsc primer 
amino acids in onion amino acids 

5'-TGCTTTGCTTCCAAATACACfGCCACAGCAAGCATGGAC-3' 

5'-CAAGCATGGACACT ACT ACTGGAC1TT ATfAACC-3' 

5'-GCATGGACACTACT AAAGAAC!TlAfT AACC-3' 

5'-CTITATfAACCITCACCTGGTCATGCCTGCriTGTCAGTCTGTG-3' 

5'-GGTCATGCCTTCGTTGGCTGTCAGCGAACTGGTAGAAG-3' 

5'-GCCTrCGTTGTCAGTCTGTCAACTGGTAGAAG-3' 

5'-TCGTfGTCAGTCTGTGAACTGGTACAAGGTGAGGCCA-3' 

5'-GCCAATGTTGTTGGTAGTG1TCTGT ACG1TCTGGGTATAA TGC-3' 

5'-GCCAATGTTGTTGGTAGTGTTCGCTACG-3' 

5'-GCCAATGTTGTTGGTTGTGTTCfGTACGTfAAAGG-3' 

5'-GGTrGTGTTCGCTACGTfCTGGGTAT AATGC-3' 

5'-GTTAAAGGTA TAATGCTCCAAAT ACAACAGCAKnTrGGGCCA-3' 

5'-TGTA ITfGGAAGCAAAGCATGGAcm·GC-3' 

5'-TAGT AGTGTCCATGCTTGCTCTGGCTrTGT-3' 

5'-TITAGTAGTGTCCA TGCTTGCTCTGGC-3' 

5'-GTGAAGGTf AATAAAGTC!TIT AGT AGTG-3' 

5'-CAACGAAGGCATGACCTTGTGAAGGT-3' 

5'-ACAGACTGACAACGAAGGCATGACCTTGTG-3' 

5'-ACAGACTGACAACGAAGGCATGACCfTGTG-3' 

5'-ACCAACAACATTGGCCTCACCTTCTAC-3' 

5 '-ACCAACAACA TfGGCCTCACCTTCTAC-3' 

5'-ACCAACAACATrGGCCTCACCTTCT AC-3' 

5'-AACGT AGCGAACACAACCAACAACATfGGC-3' 

5'-CATf ATACCT1T AACGTAGCGAACAC-3' 

5'-GAATTTTGGGCCAAGCAGAAGCTGGTGGCGCTGAACAAT AAGAACA TG-3' 5'-CTTGGCCCAAAA TTCCTCTTCT A TTG-3' 

5'-GAA.lTTrGGGCCAAGCAGAAGCTGGTGG-3' 

5'-GAAGCTGGTGGCGCTGAACAAT AAGAACATG-3' 

5'-Tn ACTGAGTG1TfTGCTGGGT ACCAGGA lTfCACGGCT ACCATG-3' 

5'-ACCA TGCAAATAGTGCAGGGTCCTCAGCTCCTGGGAAGTAGA T-3' 

5'-GAGCACAAGGGAAGTCTGTITGACTGGGCTTTTCAGTGCAAG-3' 

5'-CACAAGGGAAGT A GATTI AACTGGTCTTTTC-3' 

5'-GACTGGTCT1TfCAGAGCTTGT AT ATCCAGGGTATGACTG-3' 

5'-CTGCAGCATTGGGCT ACfCAAAT AGGTCAGA-3' 

Protein production and pur?fication 

5 '-CTTGGCCCAAAA TTCCTCTTCTATTG-3' 

5'-CAGCGCCACCAGCTTCTCCTrGGCCC-3' 

5'-AAAACACTCAGT AAAAAT ATAACTGTAGC-3' 

5'-CACTATTTGCATGGT AGCCGTGTAATC-3' 

5'-ACTfCCCTTGTGCTCAGGACCCfCCAC-3' 

5'-AAATCTACTTCCCTTGTGCTCAGGACCC-3' 

5'-CTGAAAAGACCAGTCAA.A. TCT ACTTCC-3' 

5'-AGT AGCCCAA TGCTGCAGAATCTCGGTGAA-3' 

LFS 
33,35 

42 

43 

49, 53 

55, 57 

58 

61 

69,71,74 

69 

71 

74 

78, 81, 82,83 

88,94 

88 

94 

109, 112, I 14 

122, 125, 126, 127 

130, I 34 

132 

137, 138, 141 

158 

KPE 

K 

D 

KVMPS 

svc 
E 

E 

CVRYVK 

c 
R 

K 

HPIEEE 

EKLVALD 

E 

D 

TGYEDY 

EGPEI-IK 

RFDWS 

D 

CKYIE 

E 

mutaint 
amino acids 

LPQ 

L 

N 

LVMPA 

AVS 

Q 

Q 

SVLYVL 

s 
L 

L 

LPIQQQ 

QKLVALN 

Q 

N 

AGYQDF 

QGPQLL 

LFDWA 

N 

SLYIQ 

Q 

For each Allium species, the full-length LFS eDNA fron1 each Allium species, 

the eDNA corresponding to the truncated onion LFS n1utants and site-directed 

n1utants were inserted into the pGEX-4 T -3 GST fusion expression vector (GE 

Healthcare UK Ltd, Buckinghan1shire, UK) and transforn1ed into Escherichia coli 

strain BL-21-Gold for protein expression. Centrifuged supernatants of the cell 

lysates prepared fro1n IPTG-induced E. coli cells were used to assay the LFS 

enzyn1e activity and detennine vvhether the recombinant protein possessed 

LF-forn1ing activity. The specific activities of R71L, E88Q, and a 1nutant with 

concurrent substitutions at three positions (T109A, E112Q, and Y114F) were 

con1pared with those of LFS-3, a wild-type onion LFS. These LFS-GST fusion 

proteins were purified fron1 the supernatant by using a GST -tag and subsequent 
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thrombin cleavage to ren1ove the GST sequence. The Protein content was 

n1easured by the Bradford n1ethod, using BSA as a standard (BRADFORD 1976). 

Assay ofLFS enzyme activity 

Purified garlic alliinase ( 40 ~1, 50 U/n1l) was mixed with 10 ~l of an assay san1ple 

diluted with a 50 111M potassiu1n phosphate buffer (pH 6.5) in a 1.5-nll Eppendorf tube. 

The trans-PRENCSO substrate (20 ~1, 20 Inghnl), \Vhich had been purified fron1 onion 

bulbs, was added to this n1ixture, and the 1nixture was allowed to stand for three n1in at 

roo1n ten1perature. The LFS enzyn1e activity was quantified in arbitrary units based on 

the peak area of LF in HPLC analysis (KAMOI et al. 2008; EADY et al. 2008). One micro 

liter of this reaction n1ixture was applied to a C 18 reversed-phase HPLC colmnn (Pegasil 

ODS 4.6 n1m <D x 250 n1n1 Sensyu Kagaku, Tokyo, Japan) that had been pre-equilibrated 

with 30% (v/v) acidic 1nethanol (pH 3.3). The column was developed at 35°C at a ±1ow 

rate of 0.6 1nl/min, the eluate being n1onitored by its absorbance at 254 nn1. The retention 

tin1e of LF, at around 9 1nin, was detennined by a direct injecting a standard solution of 

authentic LF which had been prepared by fractionation with reversed phase HPLC after 

diethyl ether extraction fron1 onion juice. The purity of the LF had been confirmed by 

1 H-NMR spectroscopy. A linear correlation between the an1ount of LFS and the peak area 

was confirn1ed at 20-100 111 V ·sec (r2 = 0. 99) by using diluted san1ples of recon1binant 

onion LFS protein. The assay san1ple was diluted with the smne buffer before HPLC 

analysis so that the peak area was n1aintained at 20-100 111 V ·sec. 

Prediction of the secondary structure qfAllium LFS 

The secondary structures of the deduced an1ino acid sequences were predicted using 
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PSipred ( cn1s.cs. ucl.ac.uk/typo3/ .. ./PSIPRED/psipred _ help.ht1nl) (JoNES 1999; BRYSON 

et al. 2005). 

Homology modeling of LFS 

BLASTP searches were made for LFS/23-169 by SWISS-MODEL. The abscisic acid 

receptor, PYL2, fr01n Arabidopsis thaliana showed the closest h01nology with 

LFS/23-169 an1ong the proteins vvith a 3D structure present in the Protein Database. A 

structural 1nodel of LFS was generated with the SWISS-MODEL server by using the 

X-ray crystallographic structure of PYL2 (PDB code: 3KDH) as the te1nplate, and then 

visualized with MOLMOL (SCHWEDE et al. 2003; ARNOLD et al. 2006; GUEX and 

PEITSCH 1997) 

RESULTS 

LF/) cDNAs in lachrymatory Allium species 

We isolated in this study LFS cDNAs fron1 five Allium species: A. ascalonicum, A. 

fistulosum, A. chinense, A. porrum, and A. ampeloprasum. Two slightly different 

sequences were obtained fron1 A. jistulosum and A. porrum, so we prepared eight LFS 

cDNAs fron1 lachryn1atory alliaceous plants, including one fr01n A. cepa (IMAI et al. 

2002). The sequences obtained \Vere deposited in the DDBJ database under the accession 

nun1bers listed in Table 4. Alignn1ent of the deduced an1ino acid sequences of the eight 

LFS 
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Table 4 LFS eDNA sequence accecssion numbers from 
allium species 

Allium species 
DDBJ 

comon1 nan1e 
Accession 

A. fistulosum Japanese bunching onior 
AB094590 

AB094591 
A. chinense rakkyo AB094592 

A. ascalonicum a) shallot AB094593 

A. porrum b) leek 
AB094594 

AB094595 
A. ampeloprasum elephant garlic AB094596 

A. cepa c) onion AB089203 

a) A. cepa is used as a synony1n 

b) A. ampeloprasum is used as a synony1n 

c) onion lfs eDNA sequence published previously (linai eta!. 20 

cDNAs showed high sequence hon1ology, with the lovvest (65.9o/o) homology found 

between A. porrum and A. ampeloprasum (Figure 11 ), although these have been 

comn1only classified as the san1e or related species on the basis of their morphological 

characteristics (vAN DER MEER and HANELT 1990). It is notable that 96 of the 169 mnino 

acid residues in the full-length onion LFS were conserved in all determined LFS 

sequences. 
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10 20 30 40 50 

A. cepa AB089203 'ELNP AP 
A. ascalonicum AB094593 E L NP, AP 
A. fistulosum AB094591 ELNP AP VTDGANGA 
A. fistulosum AB094590 ELNP ~AP 

A. chinense AB094592 EONS ~TL VTDGAKGAA VH 
A. ampe/oprasum AB094596 ,:MTYP NR ATDGAKEAP 
A. porrum AB094594 AQNP ~vp 

A. porrum AB094595 AQNP~ VP 

61 70 80 90 110 

A. cepa AB089203 
A. ascalonicum AB094593 

A. fistulosum AB094591 

A. fistulosum AB094590 
A. chinense AB094592 

A. ampeloprasum AB094596 
A. porrum AB094594 

A. porrum AB094595 

121 130 140 150 160 169 

A. cepa AB089203 VEGPE 
A. asca/onicum AB094593 VEGPE 
A. fistulosum AB094591 VEGPE 
A. fistulosum AB094590 VEGPE 
A. chinense AB094592 VEGSE 
A. ampe/oprasum AB094596 MDGCE 
A. porrum AB094594 VEESDQ AAV 
A. porrum AB094595 

Figure 11 Con1parison of the deduced mnino acid sequences of LFS fron1 several 
Allium plants 
The nu1nbering is frmn theN te1n1inus n1ethionine of the onion LFS. an1ino acid 
residues conserved across all the LFSs investigated are shown in gray. 

All LFSs deduced fro1n mnino acid sequences of cDNAs fron1 lachrymatory alliaceous 

plants were predicted to have a sin1ilar secondary structure (Figure 12). However we 

\Vere unable to allocate a specific region that could be the catalytic domain for the LFS 

activity by sequence con1parison alone, since the conserved amino acids were evenly 

distributed over the entire length of the LFS sequences. 
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A.cepaA N S SVC LV 
A. ascalonicum AB094593 M E L P N T K P E Q A W T L L K D F N P S S V C L V 

Coni: 9 5 4 7 7 7 4 0 5 7 5 2 1 0 0 1 3 2 3 6 6 4 4 8 8 5 5 2 2 0 6 9 9 8 8 8 9 9 8 5 3 4 0 1 3 2 0 0 3 3 0 0 0 3 6 7 8 8 6 2 
Pred C C C C C C C C ~ C C C C C C l§lijl'll::¢1!!31§il§jijj31313! C C C C C d#l#l#l#l!!!#llll#!!ll#l#ll!;;l C C C C d#ll!#l#ll!#l§jijj§jijj313131313131#JI§I 

A. fislu/osum A8094591 M E L N P G A P A V V T D G A N G A R K W S G K V H A L L P N S K P E Q A W R L L K D F I N L H K I M P S L S V C E L V 
Coni: 9 4 3 7 7 7 2 2 5 6 5 0 3 6 5 5 5 3 1 4 5 4 5 8 8 5 4 2 2 1 7 9 9 8 8 8 9 9 8 5 3 3 1 1 2 1 0 0 5 5 1 1 1 3 7 8 7 8 6 3 
Pred C C C C C C C 131313131§1 C C C C C C 131§jijj§jijj3131313131§jijj§l C C C C C d#ll!#ll!#l!!!;ll!#l!!!#ll!#l#lm C C C C g;ll!#l!!!#l#ll!#l C C 131'1!'1131'1!§!'4!§'1 

A. fistu/osum AB094590 M E L N P G A P A V V T D G A N G A R K W S G K V H A L L P N S K P E Q A W R L L K D F I N L H K I M P S L S V C E L V 
Coni: 9 4 3 7 7 7 1 3 6 7 5 0 4 5 4 5 5 3 1 4 5 3 5 8 8 5 4 2 2 2 8 9 9 8 8 8 9 9 8 5 3 3 2 1 3 2 0 0 5 5 1 0 0 4 7 8 7 8 6 3 
Pred c c c c c c c M¥1313131§1 c c c c c c M31'1l§jijj31'1l§jijj31§jijj'll§l c c c c c g:ea:l!!!=l=ll!=l=llll=llll=ll!=• c c c c mn:u:u:u:a c c 131'11313131313 

A. chinense AB094592 M E Q N S G T L A V V T D G A K G A A K W R G K V H A L L P N T K P E Q A W T L L K D F I N L H K I M P S L S V C E L V 
Coni: 9 4 2 5 5 6 1 3 1 2 0 2 1 0 0 1 2 4 1 5 6 4 3 7 8 5 5 3 2 2 7 9 9 8 8 8 9 9 8 5 3 4 0 2 4 3 1 0 5 6 2 1 2 2 7 8 8 8 7 4 
Pred c c c c c c c B#ll!#l§il#ll!#I#I:IU c c c ll31'11313131§jijj313131§i c c c c c l#ll!#!lll#ll!#ll!#l#l!!!#ll!#ll!#I!!!:B c c c U#ll!#!lll#!lll#ll!#l c c 1'1131313131'11#! 

A. ampe/oprasum AB094596 M M T Y P G N R A V A T D G A K E A P K W K G K A Y A L L P N T K P E H A W K L L K D F I N L H K T M P S L S V C E L V 
Coni: 9 4 2 3 5 7 2 0 0 2 1 0 3 3 2 2 2 6 4 0 3 2 4 8 9 5 5 3 4 3 7 9 9 8 8 7 9 8 8 5 3 3 1 1 2 2 0 1 0 1 1 0 0 3 6 7 8 7 5 4 
Pred c c c c c c c ~ c c c c c c c c 131§jijj31§jijj31313131§1 c c c c c Q#ll!#!lll#!lll#!lll#l#ll!:!lll;l;g c c c c c c l#ll!#ll!!'ll31'1l'll313131'1l#JI§I 

A. porrum AB094594 MAQNPGVPAVATE PKWTGKVSASLPNTKAEQAWTLLKDFVNLDKVMPSLSVCELV 
Conf: 9 6 6 7 7 8 6 4 0 2 0 1 6 4 2 6 7 5 7 8 5 4 1 2 0 7 9 9 9 9 8 9 8 8 5 3 2 3 1 3 3 0 0 3 5 2 0 3 2 7 8 7 8 7 4 
Pred C C C C C C C C 13131§1 C C C 1131'1l§jijj31313131'1l#J C C C C C ll#ll!!;ll!;ll!;l!ll;ll!;l!!!;l;l!!!;l C C C C C C rmcgm C C lll3131'11313131§1 

A. porrum AB094595 MAQNPGVPAVATE PKWTGKVSASLPNTKPEQAWTLLKDFVNLDKVMPSLSVCELV 
Conf: 9 6 6 7 7 8 6 5 1 0 0 1 6 5 3 7 7 5 7 8 5 4 2 2 1 7 9 9 8 8 8 9 8 8 5 3 4 0 1 3 3 0 0 3 4 1 2 4 1 7 7 8 8 6 3 
Pred: c c c c c c c c c c c c c c E31JII§jil!IJIIJIIJIIJI31## c c c c c o;g:ll!a!l:llilammmm c c c c c c !CJmC1 c c W313131=131=13l 

A. cepa V E G P E H K G S R Q C K Y I E G M S A 
A. ascalonicum AB094593 V E G P E H K G S R F Q C K Y I E G M T E S T E I L Q H W A T E I G Q K I E E V C S A 

Conf: 5 3 0 5 8 8 8 2 4 7 8 7 5 3 5 5 3 3 0 4 8 7 4 6 8 8 8 9 9 8 7 8 8 8 8 8 8 8 8 7 7 7 8 8 8 6 5 0 9 
Pred 13131§1 C C C C C C M§i1313131§il31'1!3131§1 C C C C C l#l!ll#l!!!#l#l#l!ll#l#l#l!ll#ll!:l!!!;l;gg;l:l!!!;l!!!;l;l!!!;ll!;l!!!;l;l!!!;l;l C C 

A. fislulosum AB094591 V E G P E H K G C R F D W S F Q C K Y I E G M T E S A F A E I L Q H W A T E I G Q K I E E I C N A 
Conf: 5 2 3 7 9 8 5 5 2 7 8 5 4 5 5 4 1 2 0 6 8 7 5 5 9 9 9 9 9 8 7 8 8 8 8 8 8 8 8 8 7 7 8 8 8 6 5 0 9 
Pred ~ c c c c c N313131313131'1131'1131#JI#l c c c c c g:u:gg:gg:l!!!:u:u:l!!!:u:u:u:u:u:l!!!:u:u:gg:gg:gg:gg:gg:gg:gg:g c c 

A. fislulosum AB094590 V E G P E H K G C R F D W S F Q C K Y I E G M T E S A F A E I L Q H W A T E I G Q K I E E I C N A 
Conf: 5 2 3 7 9 8 5 5 2 7 8 5 4 5 5 4 1 2 0 6 8 7 4 5 8 9 9 9 9 8 7 8 8 8 8 8 8 8 8 8 7 7 8 8 8 6 5 0 9 
Pred ~ c c c c c l!l§jijj313131313131313131#l c c c c c c u:u:u:l!!!:gg:u:u:•:u:gg:gg:gg:gg:e:gg:gg:gg:l!!!:l:u:l!!!:l:u:• c c 

A. chinense AB094592 V E G S E H K G C R F D W S F Q C K Y I E G M T E S A F T D V L Q H W A T E I G Q K I E E I C N A 
Coni: 6 4 3 6 8 8 6 1 1 7 8 6 5 4 5 5 3 3 0 4 7 7 4 4 3 5 8 9 9 9 8 8 8 8 8 8 8 8 8 8 7 7 9 8 8 6 5 0 9 
Pred:~ C C C C C C C M#4§1§ii:J4:tj#jj3M:ji#J C c, C C C C 1#1#1#1:1#1#1#1#1#1:1#1#1#1#1#1#1#1#1#1#1#1#1#1 C C 

A. ampeloprasum AB094596 M D G C E H K G S R F E W S F Q C N Y I E G M T E S A F T D I L Q H W T T E I G 0 K I E E I C S A 
Conf: 5 3 2 6 8 8 7 0 0 8 8 6 5 4 5 5 3 2 1 6 8 8 6 7 8 8 8 9 9 8 7 8 8 8 8 8 8 8 8 8 7 7 9 8 8 6 5 0 9 

-,----=-=:-:-,-::-:-:---'-P_,_,re"'d'"":~~;!!' c c c c c m31'1!31'1l§jijj31'1!3131313l c c c c c c a:gg;gg;gg:gg:gg:gg:gg:l!!!:u:u:mmg;gg;gg:gg:e:l!ll:u:l!ll:u:u:gg:u c c 
A. porrum A8094594 V E E S D Q K G T R F D W S F Q C K Y I E G V T A T S F A A V L Q I W A D E I A Q K I E E I C K A 

Coni: 5 4 0 5 8 8 8 1 3 7 8 6 5 3 5 5 4 2 0 4 7 6 2 1 7 8 8 9 9 9 7 8 8 8 8 8 8 8 8 8 8 8 9 8 8 6 4 0 9 
Pred 13131§1 c c c c c c $3131§jijj31313131§jijj#J c c c c c c a:gg:gg:gg:l!ll:u:gg:gg:gg:l!ll;l:u:gg:gg:l!!!:l:ll!;l;l;l!ll;l:l;l:a c c 

A. porrum AB094595 V E E S D Q K G T R F D W S F Q C K Y I E G V T A T S F A A V L Q I W A D E I A Q K I E E I C K A 
Conf: 5 4 1 3 7 8 8 1 2 7 8 6 5 2 5 5 4 3 0 5 8 7 4 4 8 8 8 9 9 8 7 8 8 8 8 8 8 8 8 8 8 8 9 8 8 6 5 0 9 
Pred: ~ c c c c c c M#I#IQ::Wi:fi#I:W¥1¥1=1§1 c c c c c a:w;a:t;a:e:e:a:e:e;e;a;e;M;a:t:e;a;e;a;a;a;w;e c c 

Figure 12 Predicted secondary structure of Allium LFS proteins 
The nmnbering is the same as shown in Fig. 3 and * indicates an1ino acid residues 
conserved across all the LFSs investigated. "Pred" indicates the predicted secondary 
structure; H = helix, E = sheet, C = coil. Helix regions and sheet regions are shown in 
black and gray, respectively. "Conf' indicates confidence of prediction where 0 = low 
and 9 =high. 

LFS enzyme activity of the truncated onion LFS proteins 

A senes of s1x deletion mutants of the onion LFS eDNA lacking N-terminal or 

C-tern1inal regions (Figure 13) were expressed In E. coli, and their activities \vere 

n1easured. Only the LFS/13-160 mutant protein lacking nine amino acids (residues 

161-169) at the C-tenninus, and the LFS/23-169 Inutant protein lacking residues 1-22 at 
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the N-tenninus were found to retain enzy1natic activity (their specific activity were 30.6 

n1V·sec/ng ofprotein (LFS/13-160) and 310.8 mV·sec/ng ofprotein (LFS/23-169)). Four 

other deletion n1utant proteins, LFS/13-140, LFS/13-119, LFS/31-169, and LFS/51-169, 

were obtained as insoluble inclusion bodies and did not show LFS activity. Dissolving the 

inclusion bodies with 8 M urea and a subsequent refolding treatlnent by gradual 

removing the urea failed to restore the enzy1natic activity. These results suggest that 

residues 23-160 of onion LFS were required for enzyn1atic activity. 

proteins protein constructs solubility 
LFSenz,me 

acti\ity 

full length onion LFS N sol + 

13 169 

wild type onion LFS sol + 

23 169 

LFS/23-169 sol + 

31 169 

LFS/31-169 in sol 

51 169 

LFS/51-169 in sol 

13 160 

LFS/13-160 sol + 

13 140 

LFS/13-140 in sol 

13 119 

LFS/13-119 in sol 

Figure 13 Schen1atic representation of onion LFS tern1inal deletion n1utants, their 
solubility, and LFS enzy1ne activity 
The first bar shows the full-length onion LFS (169 a.a.), the sequence of which was 
deduced fron1 onion LFS eDNA (AB089203). The second bar shows LFS-3, a 
wild-type onion LFS isolated fron1 the onion bulb lacking 12 amino acids in the 
N-tenninus of the full-length onion LFS. N and C beside the first bar indicate 
N-tern1inus and C-terminus of the full-length LFS, respectively. The third to the fifth 
bar represent N-tern1inal deletion n1utants, and the sixth to the eighth bar represent 
C-tenninal deletion 1nutants. LFS/n1-n represents the amino acids in each mutant 
protein. The nun1bers at both the ends of each bar indicate the mnino acids positions 
fron1 the N-tern1inus of full-length LFS. Solubility and LFS enzyn1e activity of each 
deletion n1utant are shown on the right. 
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Effects ofsite-directed mutagenesis on the LFS enzymatic activity qfonion LFS protein 

We substituted an1ino acid residues selected from residues 23-160 of the onion LFS by 

site-directed n1utagenesis to detennine which amino acid residues were in1portant for 

enzyn1atic activity. Since LFS was considered to catalyze an intra-n1olecular proton (I-t) 

substitution reaction in the substrate, 1-propenylsulfenic acid (MUSAH et al. 2009), we 

speculated that an1ino acids with an acidic side chain (i.e., glutmnic acid and aspartic 

acid) would be pri1nary candidates for the catalytic residues of LFS. We also selected 

those an1ino acids identified as catalytic residues in other enzy1nes (i.e., arginine, cysteine, 

lysine, histidine, threonine, serine, and tyrosine) as secondary candidates (GUTTERIDGE 

and THORNTON 2005). Each of these target mnino acids was replaced by an an1ino acid 

with a side chain of similar size and properties; i.e., glutan1ic acid with glutmnine, 

aspartic acid with asparagine, cysteine vvith serine, arginine with leucine, lysine with 

leucine, histidine with leucine, threonine with alanine, serine with alanine, and tyrosine 

with phenylalanine. 

Tvventy-one 1nutagenesis experi1nents were conducted with amino acid substitutions at 

33 positions (Table 5). The 1nutagenesis produced si1nultaneous 1nutations at 1nultiple 

sites in ten cases. The results of experin1ents for determining the enzy1natic activity of the 

1nutant proteins are sun1n1arized in Table 5. Two mutants, one with three sin1ultaneous 

substitutions (C69S, R71L, and K74L) and the other with two simultaneous substitutions 

(E88Q and D94N) showed no LFS enzyn1atic activity. We then tried to detern1ine which 

of the five substitutions (C69S, R71L, K74L, E88Q and D94N) were responsible for the 

loss of the enzyn1atic activity. Only the two n1utations, R71 to L71 and E88 to Q88, 

resulted in complete loss (1nore than a 500-fold reduction) of enzyn1atic activity, enabling 
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R71 and E88 to be identified as the potential catalytic residues. Simultaneous 

substitutions ofT109A, E112Q, and Y114F also showed very low activity (2.8 mV·sec 

/ng of protein), equivalent to approximately 1/300 of wild-type LFS (880 n1 V ·sec /ng 

protein), suggesting an i1nportant role of these three mnino acids in the enzyn1atic 

activity. 

Table 5 Amino acids substitution in onion LFS 
and LFS enzyme activity 

position of subustituted 
native 

1nutant LFS 
mnino acids in onion 

an1ino acidsb) 
alTilnO enzyn1e 

LFSa) acids c) activity 

33-35 KPE LPQ + 
42 K L + 
43 D N + 

4953 KVMPS LVMPA + 
5557 svc AVS + 

58 E Q + 
61 E Q + 

69-74 CVRYVK SVLYVL 
69 c s + 
71 R L 
74 K L + 

78-83 HPIEEE LPIQQQ + 
88-94 EKLVALD QKLVALN 

88 E Q 
94 D N + 

109-114 TGYEDY AGYQDF +I-
122-127 EGPEHK QGPQLL + 
130-134 RFDWS LFDWA + 

132 D N + 
137-142 CKYIE SLYIQ + 

number indicates the substituted amino acids position from N-terminus of 

full length onion LFS. 

b) Red character indicates tar.get amino acids. 

c) deduced amino acids of site-directed mutant protein are shown. 
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Homolo6rY modeling of LFS/23-169 

The BLASTP searches with SWISS-MODEL for LFS/23-169 enabled nine of the top 

ten proteins in the search results to be classified as plant pathogenesis-related proteins of 

class 10 (PR-1 0), and the top three n1atched proteins \Vere regulatory con1ponents of the 

abscisic acid receptor protein that functions in early abscisic acid signaling. These top 

three proteins, identified as pyrabactin resistance 1 (PYR1) and PYR1-like proteins 

(PYLs ), belong to PR-1 0, indicating that LFS could be classified in the structural fan1ily 

ofPR-10. 

Homology 1nodeling was perforn1ed for LFS/23-169; its enzy1natic activity was 

equivalent to that of LFS-3. A 3D 1nodel of LFS/23-169 was built on the basis of a 

ten1plate structure of PYL2 (PDB code: 3KDH) (YIN et al. 2009; KLINGLER et al. 2010). 

Since LFS shares low identity ( 18.8 o/o) with that of PYL2, we compared the secondary 

elen1ents of LFS in model structures with those determined by NMR experin1ents. 

Despite the relatively low sequence conservation ( ca.20% similarity), the secondary 

structure elen1ents of the modeled structure showed good agreement with those 

deten11ined by the NMR secondary shifts (Ohashi, W. et al., in preparation), indicating 

that the 1nodel \Vas acceptable and reliable. 

The 1nodeled structure of LFS/23-169 contained six anti-parallel ~-strands and two 

a-helices. Although a short a-helix was present between a 1 and ~ 1 in the te1nplate 

structw·e, the corresponding region was somewhat disordered and could not form the 

typical helical structure in the LFS 1nodel. The PR-1 0 family uses a topologically 

conserved cavity for ligand recognition (KLINGLER et al. 201 0) which is formed by 

concave ~-sheet and a-helices. This cavity was also found in the LFS n1odel structure. 

R 71 and E88 were respectively located in ~2 and ~3 strand, and close to each other in the 
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cavity (Figure 14). Three important residues for the enzymatic activity (T109, E112, and 

Yll4) were also located in the cavity, E112 and Y114 being located on ~6 strand, and 

T 109 being positioned between the ~5 and ~6 strands. 

Figure 14 Three-dimensional model ofLFS/23- 169 ofAllium cepa 
Arg 71 and Glu 88 are shown in gray and Thr 109, Glu 112 and Tyr 114 are shown in 
pink. 

DISCUSSION 

Despite our initial expectation that some domains relevant to the enzymatic activity 

would be commonly conserved among LFSs from Allium plants, a comparison of their 

eDNA and amino acid sequences showed that all the LFSs studied were very similar to 

each another over their entire length; we were therefore unable to identify any consensus 

regions for the LFS enzymatic activity. The most conspicuous difference found among 

the sequences was that LFS ofleek (A . porrum) lacked five amino acids (13- 18) in the 
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N-terminus of the full-length LFS of onion (Figure 11 ). This suggests that this region was 

not critical for enzyn1atic activity and was consistent with those of deletion 1nutant 

experiments. 

The results of deletion n1utant experin1ents in this study suggest that both sequences 

from residues 23 to 30 relative to theN-terminus end and from residues 10 to 29 relative 

to the C-tern1inus end of onion LFS were essential for the structural stability of LFS, and 

as a result, were involved in the expression of LFS enzytnatic activity., A si1nilar but 

1nore striking observation has been reported in- C-tern1inal deletion for bacterial 

chloratnphenicol acetyltransferase (CAT), where deletion of only two C-terminal helix 

atnino acid residues that were not involved in substrate binding, catalysis, or inter-subunit 

interaction provoked aggregation or destabilization of the native state, resulting in 

aggregation and/or nearly complete loss of enzymatic activity (ROBBEN et al. 1993 ). 

Added to this, a detailed analysis of the structure of ABA receptors showed that the level 

of helix-grip, which was impotiant for binding to ABA on the ABA receptor, was formed 

by interactions an1ong all motifs in the protein, particularly the N-tenninal ~-strand being 

close to the C-tern1inal helix in 3D structure (MELCHER et al. 2009; MIY AZONO et al. 

2009; NISHIMURA et al. 2009). The N-tenninal ~-strand might therefore play an in1po1iant 

role for stabilizing the level of helix-grip in LFS, deleting the 1notif inducing instability 

of the helix grip and resulting in inactivation of the enzyme. 

An1ino acid substitutions at R71 and E88 tmatnbiguously showed these two an1ino 

acids to be essential for LFS activity. Consistent with our initial speculation, there is a 

possibility that glutmnic acid (E88) interacted with the proton of the substrate. However, 

we cmmot speculate on the role played by arginine (R71) in the catalytic reaction ofLFS. 

Arginine and an mnino acid bearing a carboxyl side chain, such as aspartic acid or 
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glutan1ic acid, when placed close to each other in an enzyn1e, can interact with each other 

and stabilize the charged forn1 of each residue (GUTTERIDGE and THORNTON 2005). It is 

therefore possible that charge-dependent stability will result fron1 coordination between 

R 71 and E88 in onion LFS. Moreover, the charge(s) could be involved in the polarizing 

of 1-propenylsulfenic acid, a putative substrate of LFS. Negatively charged E88 1night act 

as a neutrophile and catalyze the conversion of sulfenic acid to LF. 

Although the functions of the residues for LFS activity ren1ain unclear, the results 

fro1n hotnology n1odeling indicate that these residues were located in a cavity functioning 

as a ligand-binding site in other PR -1 0 ·~uper fan1ily proteins, the structures of which have 

already been elucidated (LIU and EKRAMODDOULLAH 2006). 

A survey of Allium LFSs in the GenBank shov.;ed that these sequences did not 

have high si1nilarity with other sequences with defined functions, suggesting that 

they would constitute a novel group of proteins with a novel function. However, 

the BLASTP search and subsequent homology n1odeling showed LFS belonging 

to PR-1 0 superfan1ily, despite the low sequence sin1ilarity of LFS to PYL2. This 

protein superfamily consists of n1any proteins that have been purified fro1n 

vanous flowering plants, the proteins In this superfatnily ex hi bit a con1n1on 

structure but low sequence similarity (LI u and EKRAMODDOULLAH 2006; 

RADAUER et al. 2008). PR-1 0 proteins seen1 to be involved in plant defense 

against both pathogen attack and environmental stress. The speculation that 

Allium LFSs also play roles in the plant defense response to predators through LF 

fonnation implies that they perforn1 functions similar to those of other PR -10 

proteins in a broad sense. 
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Chapter IV. DETAILED ANALYSIS OF REACTION MECHANISM OF ONION 

LACHRYMATORY FACTOR SYNTHASE 

INTRODUCTION 

Although onions have significant nutritional and organoleptic values, it is not 

uncon1mon to experience a "crying" sensation when cutting and chopping onion bulbs. 

The substance that causes this irritation is called the lachry1natory factor (LF) and was 

identified as propanthial S-oxide by Brodnitz and Pascale n1ore than 40 years 

ago(BRODNITZ and PASCALE 1971 ). The LF is a rare con1pound belonging to the group of 

thioaldehyde S-oxides. To date, only three other naturally occurring thioaldehyde 

S-oxides have been reported (BLOCK and BAYER 1990; KUBEC eta!. 2003, 201 0). 

Onion LF has been widely believed to be non-enzymatically produced fron1 

(E)-1-propenylsulfenic acid, a putative reaction product of alliinase and 

(E)-(+ )-S-(1-propenyl)- L-cysteine sulfoxide [(E)-PRENCSO)] that is n1ost abundant in 

onion (BLOCK et al. 1979; BLOCK 1992; SHEN and PARKIN 2000; YAMANE et al. 1994). 

Contrary to this belief, we have discovered lachryn1atory factor synthase (LFS), that is an 

essential enzy1ne for the forn1ation of the LF after alliinase acts on (E)-PRENCSO and 

cloned fro111 an onion bulb (Allium cepa) (IMAI et al. 2002). 

Based on che1nical analysis of freshly prepared onions crushed in D20 it has been 

speculated that the LFS catalyzes the intra-n1olecular H+ substitution reaction between 

ato111 1 (oxygen) and aton1 4 (carbon) in (E)-1-propenylsulfenic acid (Figure 15) (BLOCK 

et al. 1996). However, this crude work does not exclude the possibility that other 

unknown reactions n1ay be involved in LF formation. Moreover, a detailed mechanis111 of 

this enzyn1e has not yet been published~ which likely results frmn (E)-1-propenylsulfenic 
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acid instability. 

LFS 

1-propenylsulfenic acid 1-propenylsulfenic acid-d propanthial S-oxide-d 

Figure 15 Speculated reaction pathway from (E)-1-propenyl sulfenic acid to LF. 

In this study, we directly exmnined whether the LFS catalyzes the intra-n1olecular H+ 

substitution reaction. We reacted purified garlic alliinase, onion LFS, and (E)-PRENCSO 

in D20. Substrate selectivity of the LFS for (E)- and (Z)-PRENCSO was also examined 

to provide corroborative evidence about the reaction n1echanism. 

MATERIALS AND METHODS 

Materials 

Garlic alliinase was purified according to the 1nethod described by Nock and 

Mazelis (1989). Recombinant onion LFS protein was prepared following 

published protocols (I\1ASAMURA et al. 2012c). (E)-PRENCSO was purified fron1 

onion bulb by using the protocol described by Shen and Parkin (2000). After 

PRENCSO was synthesized according to the method of Lancaster and Kelly 

(1983 ), the (E)- and (Z)-forms were separated by reversed-phase HPLC (Pegasil 

ODS [20 n11n i. d. x 250 1nn1], pH 3.3 H20 (TFA), 5 ml/min, 230 nm). 
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LF formation in D20 and GC-MS analysis 

A small amount (2.5 1ng) of (E)-PRENCSO was resolved with 1 ml 0 20 

(Sign1a-Aldrich, 151882, 99.9 aton1 °/o deuteritu11) or deionized H20. Paper pads 

were blotted with garlic alliinase (7.59 units) and excess onion LFS and 

lyophilized. The resulting lyophilized paper pads were placed on the botton1 of a 

20 1111 gas chro111atography (GC) headspace vial and 90 111 of the PRENCSO 

solution was added. The vial was closed with a lid in1n1ediately and n1aintained at 

room ten1perature for approxi1nately 5 111in. The head space of the vial was applied 

to the 5975 MSD MS syste111 (Agilent Technologies) equipped with a 7890A GC 

syste111 (Agilent Technologies). GC separation was achieved using a 60 111 x 250 

11n1 x 0.25 11n1 colu111n (J&W 122-7062). The carrier gas was heliun1 at a flow of 

1.2 n1lil11in, and the cohu11n te1nperature progran1 included an increase of 

1 0°Ci111in from 40°C to 21 0°C. The detector ten1perature was held constant at 

230°C and total ion chromatograms and mass spectra were analyzed with the 

electron-in1pact mode. Selected ion n1onitoring (SIM) was used to identify the 

incorporation of deuteriun1. 

Substrate selectivity of onion LFS 

(Z)-PRENCSO, which does not exist in onion, was used as a substrate instead 

of (E)-PRENCSO (a naturally existing fon11) in the in vitro model reaction system 

of LF forn1ation described in Masm11ura et a!. (20 12c ). The resulting reaction 

n1ixture was applied to HPLC to detern1ine whether LF was produced from 

(E)-PRENCSO. 
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RESULTS 

One hydrogen was exchanged to one deuterium in LF which was fanned in 

As shown in Figure 16, when LF formation proceeded in D2 0, an 1n/z peak of 

91 was detected. This result strongly suggested that the exchangeable proton in 

(E)-1-propenylsulfenic acid was replaced with deuteriun1, resulting in the 

production of one deuterated LF (m/z = 91 ). Thus, LFS catalyzes the 

intra-1nolecular H+ substitution reaction. In the ·D20 reaction, deuteriu1n-labeled 

propanal was also detected. Although the pathway of desulfuration is unclear, 

prop anal is a known decon1position product of the LF (BLOCK 201 0). 

Onion LF was not produced from (Z)-P RENCSO 

The amount of LF produced by each substrate [(E)-PRENCSO and 

(Z)-PRENCSO] was directly con1pared. Although alliinase has been reported to 

hydrolyze both PRENCSOs equally (FREEMAN and WHENHAM 1975), the 

degraded products of (Z)-PRENCSO by alliinase did not lead to LF fonnation 

(Figure 17). This result indicates that the LFS has a high selectivity to the 

substance with which it can react, and supports the findings of our deuterium 

incorporation experin1ent. 
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Figure 16 GS-MS analysis of head space of the reaction mix 
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Analysis of the reaction 1nix in D20 by total ion chrmnatography (a) and selected 
ion tnonitoring (SIM) of m/z of 90 (b) and 91 (c). Mass spectra of the peak detected 
in the SIM of m/z of 91 (d). 
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Figure 17 Substrate selectivity of onion LFS 
LF-forn1ing ac6vity \vas indicated as LF peak area with according to 
Masan1ura et al. 2012 

DISCUSSION 

In this study, we showed that the reaction occulTed following onion tissue disruption 

was reproduced by the 1nodel consisting only alliinase, LFS, and (E)-PRENCSO in 

physiological condition. Moreover, in (Z)-propenylsulfenic acid, the hydrogen connecting 

with aton1 4 (carbon) is too far fron1 the exchangeable proton connecting with aton1 1 

(oxygen) to facilitate the 1-4 rearrangen1ent reaction. Fro1n these results, we propose that 

onion LFS should be classified as an (E)-1-propenylsulfenic acid is01nerase. 

In addition, a high degree of deuteriun1 enrichn1ent (87o/o) was observed. The 

deuteritun-labeled LF n1ay help further understand the mechanisn1 of thiosulfinate 

forn1ation following LF forn1ation. 

LFS cDNAs have also been cloned fron1 five other lachxyn1atory Allium species (A. 
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ampeloprasum, A. cepa Aggregatum group, A. chinese, A. fistulosum, and A. porrum ), 

and all resulting recon1binant proteins showed LFS enzyn1atic activity (MASAMURA et al. 

2012c). Strong sequence homology was observed in these LFS cDNAs (lMAl et al. 2008; 

MASAMURA et al. 20 12c ), suggesting that the reaction 1nechanis111 shown in this study is 

widely used mnong lachryn1atory Allium species. 

Chapter V. GENERAL DISCUSSION 

Allium cepa L., which includes the bulb on1on and shallot, is one of the n1ost 

important crops cultivated worldwide. Although onions are appreciated for their 

nutritional and organoleptic values, they do cause tearing when they are cut or chopped. 

The tearing property conferred by LF is the most distinctive attribute of onion. LF 

forn1ation from 1-propenylsulfenic acid is 1nediated by LFS (IMAI et al. 2002). The 

discovery of LFS has proven that the formation of the LF is under the control of a 

specif1c single gene and has led to the possibility of producing a tearless onion through 

approaches that involve GM, n1utagenesis, and traditional breeding. Onion with low LFS 

activity n1ight be low in pungency, tearless, and health enhancing. 

In the present studies, to contribute to genetic 1nutagenesis and 111olecular breeding of 

LFS-suppressed onions, the genon1ic organization of the onion LFS gene and enzymatic 

properties of its protein product were thoroughly analyzed. LFS in A. cepa is transcribed 

fro1n at least two loci, vvhich are localized on chro1nosome 5. The onion LFS gene was 

classified broadly into t\vo haplotypes according to three SNPs. Arg71 and Glu88 of the 

LFS protein were identified as amino acid residues that are indispensable to LFS 

enzyn1atic activity. We assigned the three-dimensional structure of LFS by homology 
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modeling. The model showed LFS belonging to the PR -10 superfan1ily. The reaction 

n1echanisn1 of LFS was ismnerization fron1 (E)-1-propenylsulfenic acid to LF. Onion LFS 

can react with the degraded products of (E)-PRENCSO by alliinase, but not vvith those of 

(Z)-PRENCSO. 

This general discussion encon1passes an advanced study of the production of 

LFS-null onions and a detailed explanation of LFS. It is based on the findings in this 

study regarding the possibility of the production of LFS-null onion fron1 the perspective 

of the copy nmnber of the LFS gene, gene duplication in the onion genon1e, the 

in1portance of chron1oson1e 5 according to the results of onion breeding, the conservation 

of LFS in Allium, and the catalytic 1nechanisn1 of LFS. 

(1) Possibility of mutagenesis and breeding approaches for generating an LFS-null 

plant 

Esti1nation of the copy nu1nber and distribution of target gene loci in the genome is 

in1portant to assess the possibility of success of mutagenesis screening for obtaining a 

plant possessing n1utation(s) in the gene. As reported in Chapter II, the onion LFS gene is 

transcribed fron1 at least two loci, and they are localized narrowly on chromoson1e 5. This 

finding suggests that there is a lovv possibility for obtaining null mutants via mutant 

screening. However, two haplotypes showed a large difference in the upper flanking 1.2 

kbp (corresponding to the prmnoter region) of LFS. These observations of variation in the 

pro1noter regions suggest that differential expression n1ay exist between the paralogs. 

Therefore, first, we should compare the expression level between the paralogs. In parallel 

with the analysis of differential expression levels, a high-density linkage map around the 

region where LFS loci were assigned will be required to select the LFS-null plant. 
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Another strategy for obtaining low-LFS onion IS deep sequencing of the key 

functional region of the LFS-coding region corresponding to Arg71-Glu88 in diverse 

onion germplas1n and n1utation-induced population. 

Moreover, as reported in Chapter IV, because LF does not forn1 fron1 (Z)-PRENCSO, 

the screening of the onion variety producing and storing (Z)-PRENCSO could be an 

alternative approach to produce a low-pungency, tearless, and health-enhancing onion. 

(2) Gene duplication in the onion genome 

The nuclear gen01ne of the onion is characterized by its great size, 17 pg or 15 Gbp 

per 1 C (ARUMUGANATHAN and EARLE 1991; BENNETT and LEITCH 1995; RICROCH et al. 

2005), one of the largest an1ong cultivated plants. Along \Vith a n1odest chroinosoine 

nmnber (2n = 2x = 16), onion is frequently used for cytological research and education. 

The enonnous DNA content and low chromoso1ne nun1ber of onion suggests that 

genon1ic evolution in onion has occurred as a result of intrachr01noson1al duplication. 

Mapping studies have suggested extensive duplication in onion. King et al. (1998) 

reported that 21 o/o of the 91 eDNA probes of RFLP detected more than one segregating 

RFLP, of which 53% were unlinked and 47% were linked. These findings indicate that 

gene duplication has occurred with high frequency in the onion genon1e, and the ratio of 

linked duplicated RFLP was higher than that in other plants. As reported in Chapter II, 

LFS was 1napped on a n1arker linkage map. At least two LFS loci were located narrowly 

on the chron1oson1e. This result will open the possibility for 1narker-assisted selection of 

a tearless onion. In addition, The findings in Chapter II suggests that as the onion linkage 

n1ap becon1es 1nore precise, it will show that n1any genes exist as duplicated genes within 

a narrow region of a single chr01nos01ne. 
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(3) The importance of chromosome 5 in the context of onion breeding 

Bulbing in leaf sheaths is observed only in a 1nonoson1ic addition-carrying 

chron1oson1e SA of the shallot (FF+5A), but not in other n1onoso1nic addition lines. 

(SHIGYO et al. 1996; MASUZAKI et al. 2007). 

A QTL affecting bulb dry n1atter and a putative sucrose transporter gene are located 

on chron10S0111e 5 (GALMARINI et al. 2001; MARTIN eta/. 2005; MASUZAKJ et al. 2007). 

These findings suggested that carbohydrate con1position and transportation would affect 

bulb forn1ation and that the key gene(s) would be located in onion chron1oson1e 5. As 

described in Chapter II, this study revealed that an essential gene for another in1portant 

property of onion, production of LF, was also located on chron1oson1e 5. These 

observations suggest that linkage drag causes son1e effects on LFS. Consequently, this 

region of chron1osome 5 could be an important don1estication region in the onion genon1e, 

and it could be valuable to pursue fu1iher functional and crop evolutionary studies. 

Addition to this, a distinct characteristic of ACSO biosynthesis in FF+5A was 

observed. In FF+SA, ACSOs and an1ino acid (Ser and Cys) acctnnulation levels ren1ained 

high throughout the year, but no candidate genes involved in sulfur assin1ilation and 

ACSO synthesis were detected. Microarray analysis revealed that APSR gene expression 

\Vas inhibited by SA chron1oson1e additions (MASAMURA et al. 2011 ). These results 

suggested that anonyn1ous regulatory genes related to the up-regulation of the expression 

of A. jzstulosum candidate genes in the ACSO biosynthesis pathway were located on 

chrOIDOSOn1e 5. 
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( 4) LFS as a ne'\v protein family 

As reported in chapter III, the seven LFS eDNA sequences of five alliaceous 

species-shallot (A. ascalonicum: AB094593), Japanese bunching onion (A. fistulosum: 

AB094590, AB094591), rakkyo (A. chinense: AB094592), leek (A. porrum: AB094594, 

AB04595), and elephant garlic (A. ampeloprasum: AB09496)-were cloned, and their 

recmnbinant proteins were expressed in Escherichia coli. All the recon1binant products 

showed LF-fon11ing activity. In addition, strong hon1ologies were observed in the LFS 

eDNA ORF sequences, including in the eDNA .fron1 bulb onion (A. cepa: AB089203) 

(IMAl et al. 2002). These results suggest that the LFS gene is highly conserved and 

primarily responsible for producing lachryn1atory property an1ong lachryn1atory 

alliaceous plants. Moreover, GenBank searches did not yield any sequences hmnologous 

to these LFS cDNAs, indicating that they constitute a novel group of proteins. The 

distinct location of LFS only in lachryn1atory alliaceous plants, as well as the highly 

conserved sequence of LFSs, suggests that the LFS gene family only developed in this 

group of plant species. Therefore, this gene fan1ily could be a suitable n1odel to 

investigate the phylogenetic relationships an1ong this group of plants. 

(5) The catalytic reaction of LFS 

Onion LF belongs to the group of thioaldehyde S-oxides in which to date only three 

other naturally occurring thioaldehyde S-oxides have been reported. Because onion LFS 

was the first reported enzyn1e involved in the production of thioaldehyde S-oxides, it is a 

novel protein also from the terms of its reaction product. As shown in chapter IV, GC-MS 

analysis of a model reaction n1ix in D20 indicated that onion LFS catalyzed an 

intra-n1olecular H+ substitution reaction to produce LF fron1 (E)-1-propenylsulfenic acid. 

58 



Fro1n the results of chapter III, Arg71 and Glu88 were identified as the amino acids 

essential for LFS enzyn1e activity. Negatively charged Glu88 1night act as neutrophiles 

and catalyze the conversion of sulfenic acid to LF. However, I cam1ot speculate on the 

role played by Arg71 in the catalytic reaction of LFS. It is possible that charge-dependent 

stability will occur as a result of coordination between Arg71 and Glu88 in onion LFS. 

Charge(s) could be involved in the polarization of 1-propenylsulfenic acid. 

Although functions of the residues for LFS activity re1nain unclear, the results of 

hon1ology 1nodeling indicate that these residues are located in a cavity that functions as a 

ligand-binding site in other PR-1 0 superfan1ily proteins for which the structures have 

been elucidated (LIU and EKRAMODDOULLAH 2006). 
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SUMMARY 

Molecular Biology and Biochemical Study of 

Lachrymatory Factor Synthase in Allium cepa L. (onion) 

Allium cepa L., which includes bulb onion (A. cepa L. Con1n1on onion group) and 

shallot (A. cepa L. Aggregatun1 group, 2n = 2x = 16, gen01ne AA), is an essential species 

cultivated in many parts of the world. Bulb onion is suitable for cultivation in high- and 

1nid-latitude climates, whereas shallot is cultivated best at low latitudes. The n1ost 

distinctive attribute of onion is the tearing property conferred by its production of 

lachrymatory factor (LF; propanethial S-o xi de). LF is a rare con1pound in nature, forn1ed 

fr01n 1-propenylsulfenic acid by lachryn1atory factor synthase (LFS). A survey of Allium 

LFSs in the GenBank showed that these sequences did not have high similarity with other 

sequences with defined functions, suggesting that they would constitute a novel group of 

proteins with a novel catalytic function. Additionally, discovery of LFS has proven that 

the forn1ation of LF is under the control of a specific single gene, which suggests a 

possibility of producing an onion that lacks the tearing property (tearless onion) via 

genetic n1odification (GM), mutagenesis, and traditional breeding. Thus, LFS is an 

i1nportant target for 1nolecular breeding in onion. The present studies were conducted to 

reveal the geno1nic organization of the LFS gene and biochemical characterization of the 

LFS protein. 

1) Chromosomal organization and sequence diversity of onion lachrymatory factor 

synthase (LFS) 

LFS catalyzes the formation of lachryn1atory factor (LF), one of the 1nost distinctive 
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traits of bulb onion (Allium cepa L.). Therefore, we used LFS as a n1odel for a 

functional gene in a huge genon1e, and exan1ined the chron1oson1al organization of 

LFS in A. cepa by using n1ultiple approaches. The first-level analysis con1pleted the 

chron1oson1al assignn1ent of the LFS gene to chromoson1e 5 of A. cepa by using a 

complete set of A. fistulosum-shallot (A. cepa L. Aggregattun group) 1nonoson1ic 

addition lines. Subsequent use of an F2 1napping population fron1 the interspecific 

cross A. cepa x A. roylei confirn1ed the assigmnent of an LFS locus to this 

chron1oson1e. Sequence con1parison of two -BAC clones bearing LFS genes, LFS 

an1plicons from diverse gennplas1n, and expressed sequences fron1 a doubled haploid 

line revealed variations that were consistent with duplicated LFS genes. Furthern1ore, 

a BAC-FISH study using the two BAC clones as probes sho·wed that LFS genes were 

localized in the proximal region of the long arn1 of the chro1noson1e. These results 

suggest that LFS genes in A. cepa are transcribed fro1n at least two loci and that they 

are localized on chromoson1e 5. 

2) Identification of essential amino acid :residues fo:r onion LFS activity 

LFS, an enzyn1e essential for the synthesis of onion LF (propanethial S-oxide ), was 

identified in 2002. This was the first reported enzyn1e involved in the production of 

thioaldehyde S-oxides via an intra-1nolecular H+ substitution reaction, and we 

therefore atten1pted to identify catalytic amino acid residues of LFS as the first step 

for elucidating the unique catalytic reaction n1echanism of this enzyme. Comparison 

of LFS eDNA sequences among lachrymatory Allium plants, deletion analysis, and 

site-directed n1utagenesis enabled us to identify two an1ino acids (Arg71 and Glu88) 

that were indispensable to LFS activity. Ho1nology modeling was performed for 
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LFS/23-169 on the basis of the template structure of pyrabactin resistance 1-like 

protein (PYL), which had been selected following a BLASTP search on 

SWISS-MODEL against LFS/23-169. In the n1odeled structure of LFS, a pocket 

corresponding to the ligand-binding site in PYL was identified; further, Arg71 and 

Glu88 were located in this pocket. 

3) Detailed analysis of the reaction mechanism of onion LFS 

We produced a single deuterated LF (m/z = 91) in a n1odel reaction syste1n 

con1prising purified alliinase, LFS, and (E)-(+ )-S-(1-propenyl)-L-cysteine sulfoxide 

[(E)-PRENCSO] in D20. These findings indicate that onion LFS is an 

(E)-1-propenylsulfenic acid isomerase. 
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