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Abstract The biochemical and genetical relationship 
between aliphatic glucosinolates which have methylthioal- 
kyl, methylsulphinylalkyl and alkenyl side chains has not 
been resolved by biochemical studies. In this study, two 
hypothetical models are tested by the genetic analysis of a 
backcross population between Brassica drepanensis and 
B. atlantica. The results support one of the models in which 
3-methylthiopropyl glucosinolate is sequentially con- 
verted to 3-methylsulphinylpropyl, and then to 2-propenyl 
glucosinolate, by the action of dominant aIleles at two loci. 
RFLP mapping positioned both loci on the same linkage 
group homologous to the B. nap , s  N19 linkage group. The 
implication of the results for the genetic manipulation of 
glucosinolates in Brassica to improve tlavour and nutri- 
tional properties, and in order to investigate plant-insect 
interactions, is discussed. 
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Introduction 

Glucosinolates are sulphur-containing glycosides which 
occur in cruciferous crops. The glucosinolate (GSL) mole- 
cule consist of a common glycone moiety and a variable 
aglycone side chain which is derived from an cx-amino acid. 
Glucosinolates which have aliphatic side chains, derived 
from methionine, are the most prominent type of glucosin- 
olates in leaves of Brassica vegetable and salad crops. The 
length and structure of the aliphatic side chain is variable 
(Table 1), and is important in determining man)' of the bi- 
ological activities of glucosinolates. The majority of Bras- 
sica vegetables and salad crops have a predominance of 
alkenyl glucosinolates, although B. oleracea var. italica 
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(broccoli and calabrese) has mainly 3-methylsulphinylpro- 
pyl and 4-methylsulphinylbutyl glucosinolates. Following 
tissue disruption, glucosinolates undergo hydrolysis, cat- 
alysed by a thioglucosidase ('myrosinase'). to release an 
array of products of which isothiocyanates are the most 
prominent under ambient conditions of temperature and 
pH (Fig. 1). Isothiocyanates are partially volatile and are 
the major flavour compounds of cruciferous crops. The fla- 
vour of these crops is partially determined by the total 
amount of glucosinolates, the glucosinolate side-chain 
structures, and myrosinase activity. The presence of cer- 
tain isothiocyanates, such as those with methylthioalkyl 
side chains, results in bitterness which may make particu- 
lar cultivars unacceptable to the consumer. 

Methylsulphinylalkyl isothiocyanates, and to a lesser 
extent methylthioalkyl isothiocyanates, induce phase-2 de- 
toxification enzymes, such as quinone reductase and glu- 
tathione transferase, in both cell cultures and mice (Zhang 
et al. 1992, 1994; Tawfiq et al. 1995). These enzymes are 
associated with reduced susceptibility to the toxic and neo- 
plastic effects of carcinogens. The anticancer activity of 
these isothiocyanates may contribute to the reduced sus- 
ceptibility of people with high levels of fresh vegetable in 
their diet to certain types of cancer (Block et al. 1992). In 
addition to the flavour and anticancer activity of glucosin- 
olates and isothiocyanates, these metabolites also mediate 
herbivore interactions with crucifers (Chew 1982; Gia- 
moustaris and Mithen 1995). 

Magrath et al. (1994) and Mithen et al. (1995) proposed 
a biochemical genetical model of aliphatic gtucosinolate 
biosynthesis in which a small number of genes regulate 
side-chain elongation and side-chain modifications 
(Fig. 2). The length of the side chain is regulated by a prod- 
uct(s) from the Gsl-elong genes. For example, a functional 
copy of this gene converts 2-propenyl into 3-butenyl GSL, 
and 3-methylsulphinylpropyl into 4-methylsulphinylbutyl 
GSL (Mithen et al. 1995). However, the hypothetical rela- 
tionship between methylthioalkyl, methylsulphinylalkyl 
and alkenyl glucosinolates proposed in this model remains 
to be tested. Two alternative models for the interconver- 
sions of these glucosinolates have been proposed (Fig. 3). 



Table 1 Aliphatic glucosinolates occurmg m Brassica vegetable 
and salad crops. 4-Methylsuphinylbutyl isothlocyanate is the most 
potent inducer of phase-2 detoxificat[on enzymes. Glucosinolates 
with propyl and propenyl side-chains are found only in B. oleracea 
genotypes, and those wnh pentyl and pentenyl side-chains are found 
only in B. rapa genotypes (Fenwick et al. 1983) 

Systematic name Trivial name 

3-Methyhhiopropyl 
3-Methylsulphinylpropyl 
2-Propenyl 

4-Methylthmbutyl 
4-Methylsulphinylbutyl 
3-Butenyl 
2-Hydroxy-3-butenyl 

5-Methyhhiopentyl 
5-Methylsulphinylpentyl 
4-Pentenyl 
2-Hydroxy-4-pentenyl 

Glucoibeverm 
Glucoiberin 
Smigrin 

Glucoerucin 
Glucoraphanin 
Gluconapin 
Progoitrin 

Glucoberteroin 
Glucoalyssm 
Glucobrassicanapm 
Gluconapoefferin 

/ S- 8 -D-Glucose 

CH 3 -SO-CH 2-CH -CH a-C 

NOS% 
myrosinase 

/S-H 

CHa-SO-CH2-CHa-CH2-CN~NOSOa + D-Glucose 

spontaneous reaction 

2 -  
CH3-SO-CH -CH2-CHz-N=C=S + SO 4 

Fig. 1 Conversion of 3-methylsulphinylpropyl GSL to 3-methyl- 
sulphlnylpropyl lsothiocyanate ('iberln') 

Firstly, both alkenyl and methylsulphinylalkyl glucosino- 
lares may be derived directly from a methylthioalkyl pre- 
cursor by either elimination of a methanethiol group, to 
produce an alkenyl glucosinolate, or oxidation to produce 
a methylsulphinylalkyl glucosinolate (Underhill et al, 
1973; Kr~iling et al. 1990). Alternatively, alkenyl glucosin- 
olates may be derived from methylthioalkyl glucosinolates 
via a methylsulphinylalkyl intermediatory (Magrath et al. 
1994; Mithen et al. 1995). Resolving which of these path- 
ways is correct is important in developing strategies to ma- 
nipulate the aliphatic glucosinolate content of Brass ica  
crops in order to improve flavour and nutritional effects, 
as well as to study pest interactions. 

Attempts to resolve this pathway through a biochemi- 
cal approach have not been successful. Chisholm and Mat- 
suo (1972) found that in Armoracea  lapathifolia (horse- 
radish) both 3-methylthiopropyl and 3-methylsulphinyl- 
propyl were converted into 2-propenyl glucosinolate with 
equal efficiency and it was not possible to distinguish the 
immediate in p lanta  precursor. In the present paper, we re- 
port the result of a genetic approach to resolving this part 
of aliphatic glucosinolate biosynthesis by studying a seg- 
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Fig. 2 Hypothetical pathway of aliphatic glucosinolate biosynthe- 
sis. See Fig. 3 for further details of side-chain modification 

regating population developed from a cross between wild 
species of the Brassica oleracea n=9 C-genome species 
complex. These taxa have been shown to be interfertile 
amongst themselves and with cultivated forms of B. ole- 
racea (von Bothmer et al. 1995), and to have high levels 
of individual aliphatic glucosinolates (Mithen et al. 1987). 
While the total level of glucosinolate is influenced by en- 
vironmental factors and the age of the leaves, the ratio of 
individual aliphatic glucosinolates is constant. These taxa 
have a perennial growth habit with a juvenile phase before 
flowering. Changes in day length or temperature have no 
effect on the length of this juvenile period, which may last 
several years (personal observation). Once flowering has 
been initiated, they flower for several weeks each year 
between phases of vegetative growth. Individual plants can 
be maintained for several years. 

Materials and methods 

Preliminary studies had shown that leaves of B. drepanensis Caruel 
(syn. B. vi[losa Biv. subsp drepanensls) from Mt. Erlce, Sicily, had 
predominantly 3-methylthiopropyl glucosinolate while those of B. 
atlanttca (Coss.) Schuttz (syn B. insularis Moris) from E1 Haouria. 
Tunisia, had predominantly 2-propenyl glucosinolate (Glamoustar- 
is 1996; Mithen et al. 1987). Seeds of these two taxa were sown in 
John Innes no 1 compost in March 1989. Plants were grown in a 
glasshouse without any supplementary lighung with a minmmm tem- 
perature of 8~ Plants of B. atlanfica flowered for the first ume in 
February 1991, and those ofB. drepanensis in January 1993. In sub- 
sequent years, both taxa started flowering in January for a period of 
2-3 months and then returned to a vegetative state. Crosses were 
made between the two taxa and F t hybrid plants grown in identical 



1008 

Model 1 

oxldatio/ 

CH 3 -SO-CH 2-CH z-CH z -GSL 

CH 3 -S -CH e-CH 2-ell 2-GSL 

~ desaturation 
k h , ~  CHs-S- 

CH 2 =CH-CH2-GSL 

Model 2 

CH a -S-CHz-CH 2-CH a-GSL 

oxidation 

CH a -SO-CH 2-CH 2-CH 2 -GSL 

desaturation 

1 ~ ,~  CH3 - S 0 -  

CH z =CH-CHz-GSL 

Fig. 3 Two hypothetical models for the conversion of 3-methylthio- 
propyl GSL to 2-propenyl GSL 

Table 2 Aliphatic glucosinolate content of leaves of the parent 
plants and the F~ hybrid. The levels were measured in young, fully 
expanded leaves. The total level of glucosinolates ts influenced by 
growth conditions, but the proportion of individual aliphattc gluco- 
smolates is constant 

Item B. drepa- B. arian- F~ hybrid 
nensis tica 

Total gMol/g dry wt 88.3 29.4 51.6 

Proportion of indi~ idual 
aliphatic glucosinolates 
(see Fig. 4) 

3-Methylthiopropyl GSL 0.90 0.01 0.06 
3-Methylsulphinylpropyl GSL 0.10 0.02 0.02 
2-PropenyI GSL 0.00 0.98 0.92 

Table 3 Phenotype and putative genotype of 83 B 1 plants. A "+" in- 
dicates the presence of a dominant funcuonal allele at the Gsl locus 
B. drepanensis has phenotype A and B. aflantwa has phenotype B 
(see Fig. 4). Phenotypes C and D are novel phenotypes due to gene- 
tic recombination between the Gsl-alk and Gsl-o.tid loci 

Phenotype (see Fig. 4) Genotype 

Gsl-oxtd-C Gsl-alk-C 

A 3-Methylthiopropyl 26 - 
+ 3-MethylsulphmylpropyI 
(trace) 

B 2-Propenyl 27 + 

C 3-Methylsulphinylpropyl 14 + 

D 3-Methylthlopropyl 20 - 
+ 2-propenyl (trace) 

conditions to the parental plants. F 1 plants flowered in January 1995 
and one andividual was backcrossed to the parental B. drepanensis 
plant. The B 1 progeny were grown in a glasshouse under standard 
conditions and leaves were harvested from plants when they were 
6-8 weeks old, along with leaves from the parental and F l plants. 
Leaves were immediately frozen m liqmd nitrogen and fieeze dried, 
prior to glucosinolate and DNA extraction. Glucosmolates were ex- 
tracted, converted to desulphoglucosinolates, and analysed by HPLC 
as described by Magrath et al. (1993). DNA was extracted from the 
parental plants, the F l hybrid plant and 61 B t individuals. The DNA 
was restrtcted wuh EcoRI, the fragments separated by electrophore- 
sis and blotted onto nylon filters as described by Sharpe et al. (1995). 
The filters were probed with 29 anon3 mous genomtc probes. An in- 
ittal set of probes was selected with reference to the Brassma RFLP 
maps as described by Sharpe et al. (1995) and Parkm et al. (1995) 
so that it would be probable that RFLP lore were detected on each 
of the nine hnkage groups. After linkage of the glucosmolate genes 
to RFLP loci had been detected, additional probes were used which 
identified loca on the relevant hnkage group. Linkage analyses was 
performed initially by two-point mapping and subsequently with the 
MAPMAKER versmn 3.0 software. Linkage groups were assembled 
using a minimum LOD score of 3.0. The Kosambi function was used 
to convert recombination fractions into centiMorgans. 

Results and discussion 

B. drepanensis had high levels  of  3 -methy l th iopropy l  glu- 
cosinolate ,  with smal ler  amounts  of  3 -methy l su lph iny lp ro-  

pyl  g lucosinolate ,  while  B. atlanfica had high levels  of  2- 
p ropenyl  g lucosinola te  (Table 2). These profi les  were con- 
sistent with that found in a previous  study (Mithen et al. 
1987). The F 1 hybr id  had high levels  of  2-propenyl  GSL 
and lower  levels of  both 3 -methy l th iopropy l  and 3-meth-  
y l su lph iny lp ropy l  GSL (Table 2). In the B t progeny,  the 
total level  of  g lucos inola tes  var ied  f rom 26.2 btMol/g dry 
wt to 118.5 btMol/g dry wt in a cont inuous  manner.  How- 
ever, indiv idual  plants  had one of  four  dist inct  g lucos ino-  
late prof i les .  Two of  these phenotypes  cor responded  to the 
parental  phenotypes .  The other two were novel  phenotypes  
which occurred as a result  of  genet ic  recombinat ion .  One 
of  these had high levels of  3 -me thy l su lph iny lp ropy l  GSL,  
while  the other combined  high levels  of  3 -methyl th iopro-  
pyl  GSL with lower  levels of  2-propenyl  GSL (Table 3, 
Fig. 4). The ratio of  these four phenotypes  did not differ  
s ignif icant ly  f rom 1:1:1:1 (Z2=4.22, P>0.1) ,  a l though there 
was a s ignif icant  reduct ion in the expec ted  number  of  re- 
combinant  genotypes  compared  to the parental  genotypes  
(see below).  These  results are consis tent  with the second 
hypothet ica l  model  in which al leles at two loci regulate  the 
convers ion  of  3 -methy l th iopropy l  to 2-propenyl  g lucosin-  
olate via a 3 -me thy l su lph iny lp ropy l  g lucos inola te  interme- 
diary. A dominant  al lele at the first  locus (Gsl-oxid-C) con- 
verts 3 -methy l th iopropyl  to 3 -me thy l su lph iny lp ropy l  by 
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Fig. 4A-D HPLC chromatograms ofdesulphoglucosinolates from 
the four phenotypes observed in tl3e B 1 population. HPLC condinons 
are as described by Magrath et al. (1993). Absorbance is a relauve 
measure with that of the largest peak standardlsed to 100. Peak 4 is 
an internal standard of known and idenncal concentrauon in all sam- 
pies, which enables the levels of individual glucosinolates to be quan- 
tified A and B correspond to the two parental phenotypes, hawng 
predominantly 3-methylthiopropyl and 2-propenyl GSL respective- 
ly, and C and D to the two recombinant phenotypes. Peak l 3-meth- 
ylsulphmylpropyl GSL: peal,, 2 2-propenyl GSL; peak 3 3-methyl- 
tbiopropyl GSL; peak 4 benzyl GSL (internal standard) 

oxidation, and a dominant allele at the second locus (Gsl- 
alk-C) converts the 3-methylsulphinylpropyl GSL to 2- 
propenyl glucosinolate by removal of the terminal meth- 
ylsulphinyl group and insertion of a double bond. In the 
B 1 progeny, 53 plants had either of the two parental phe- 
notypes (Fig. 4 A and B) while 34 plants had either one of 
the other two recombinant phenotypes (Fig. 4 C and D). 
This ratio is different from the 1:1 expected ratio if the two 
loci are unlinked (Z2=4.15, 0.0 l<P<O.05), and suggests a 
recombination fraction of 39.1% between the two loci, 
which, if converted to genetic distance with the use of the 
Kosambi function, is equivalent to 52.5 cM. 
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The results do not support the alternative model in 
which 2-propenyl GSL is derived directly from 3-methyl- 
thiopropyl GSL: a model in which 50% of the B 1 progeny 
would be expected to have 2-propenyl GSE. These results 
are, however, consistent with studies on glucosinolate bi- 
osynthesis inArabidopsis thaliana in which alleles at a sin- 
gle locus (Gsl-alk-Ar) on chromosome 4 convert methyl- 
sulphinylalkyl GSLs into alkenyl GSLs (Mithen et al. 
1995). It is likely that Gsl-alk-C and Gsl-alk-Ar loci are 
homologues of each other. 

In many crucifers which have alkenyl GSLs, methyl- 
sulphinylalkyl GSLs are not apparent. This is likely to be 
due to an efficient mechanism for the conversion of meth- 
ylsulphinylalkyl into alkenyl GSLs catalysed by the gene 
products of the Gsl-alk locus. The results of the present 
study suggest that methylsulphinylalkyl GSLs are the im- 
mediate precursors of alkenyl GSLs and, therefore, the lev- 
els of these anticancer glucosinolates could be enhanced 
by inhibiting the removal of the methylsulphinyl group and 
desaturation. 

The genotype of each of the B 1 progeny could be ascer- 
tained at each of the two Gsl loci (Table 3). The 29 ge- 
nomic probes identified 65 polymorphic loci. The B. at- 
lanfica allele at the Gsl-oxid locus co-segregated with an 



1010 

Fig. 5 RFLP map of the posi- 
tion of the Gsl-oxid-C and the 
Gsl-alk-C loci. The linkage 
group Ls homologous to the 
N19 group of B. napus sensu 
Sharpe et al. (1995) 

- p R 1 1 6  

- Gsl-alk-C 

p W 1 3 7  
-- pNl01 
- p0119 

- p 0 9  

- Gsl-oxid-C/p0142 
p W 122./mi90 
pR115 
p0155 

- p087 

E l0 cM 

- p W 2 0 0  

al le le  at the R F L P  locus p 0 1 4 2  (Fig. 5), and was c lose ly  
l inked to several  other RFLP  loci.  The Gsl-alk  locus was 
pos i t ioned on the same l inkage  group,  7.0 cM from p W 1 5 7  
and 17.5 cM from p 0 1 2 5  (Fig.  5). The genet ic  dis tance 
be tween the two Gsl loci  pos i t ioned  on the R F L P  l inkage  
map,  ca lcu la ted  with M A P M A K E R  (52.0 cM), is s imi lar  
to the es t imate  f rom the pheno typ ic  analysis  (52.5 cM). 
The l inkage group cor responds  to the B. napus group N 19, 
sensu Parkin et al. (1995) which is part  of  the B. napus C 
genome (Parkin et al. 1995). The order  of  the R F L P  loci  
on these two l inkage groups is ident ical ,  but the genet ic  
dis tances  be tween  loci  are different ,  par t icu lar ly  be tween  
p R l l 6  and pW137.  Whi le  this suggests  d i f ferences  in the 
f requency of  r ecombina t ion  in the two genomes,  the con-  
s is tency of  the order  of  the loci  provides  addi t ional  evi-  
dence that there has not been any major  genomic  rear range-  
ments  ei ther  within the Brassica C-genome complex  or 
be tween  the C genome  of  d ip lo id  species  and the corre-  
sponding  parts of  the B. napus genome.  

4 -Methy l su lph iny lbu ty l  i so th iocyanate  ( s u l f u r o p h -  
ane ' )  is the most  eff ic ient  i so th iocyanate  at inducing phase-  
2 de toxi f ica t ion  enzymes .  To opt imise  the level  of  this glu- 
cosinola te  in cruci ferous  vegetables  and sa lad crops,  a 
combina t ion  of  a null  a l lele  at the GsI-alk locus and a func- 
t ional  a l le le  at the Gsl-elong locus (Magra th  et al. 1994), 
which produces  butyl  g lucos inola te  der ivat ives ,  is re- 
quired. There are two strategies  by  which this could  be 
achieved.  First ly,  marker -ass i s ted  select ion could  be used 
to introduce the correct  a l le les  into Brassica crops from ei- 
ther wi ld  or cul t iva ted  forms of  B. oleracea, and, secondly,  
the Gsl-elong and Gsl-alk  genes could  be c loned f rom 

Arabidopsis  thaliana (Mithen et al. 1995) and used to ma-  
nipulate  g lucos inola tes  in Brassica.  
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