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Since the mid-1990s, more than 300 publications have been devoted to the
organoleptic relevance of thiols in foods (meats, wines, fruits). The available data
about their physicochemical and sensorial properties, occurrence in foods, and
potential formation pathways are compiled in this article.
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Introduction

Flavors are certainly one of the most important determinants of food quality and
acceptance (Mestress et al., 2000). In a few cases, the presence of a single compound
(character impact substance) is sufficient to impart the typical note of the matrix
(Buettner and Schieberle, 1999). More frequently, however, several compounds are
needed to mimic the overall aroma. GC olfactometry (AEDA, CHARM) is probably
the most useful way to find those key flavors. Unfortunately, the quality of the
results depends strongly on the representativity of the analyzed extract (Bouchilloux
et al., 1998b; Buettner and Schieberle, 2001; Darriet et al., 1993; Manning and Price,
1977). Extraction of thiols without artefacts is very difficult, especially when all
chemical families are needed at the same time. By means of either efficient extraction
procedures specific to thiols or isotopic dilution, it is possible to determine
thiol concentrations accurately and to compare them with sensory thresholds

*Correspondence: Sonia Collin, Faculté d’Ingénierie Biologique, Agronomique
et Environnementale, Université Catholique de Louvain, Unité de Brasserie et des
Industries Alimentaires, Croix du Sud, 2 bte 7, Louvain-la-Neuve B-1348, Belgium;
Fax: þ32-(0)10-47-21-78; E-mail: collin@inbr.ucl.ac.be.
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(Manning and Price, 1977). Unfortunately, commercial thiols with sufficient
olfactive purity for sensory threshold determination are usually unavailable for
such experiments (Meilgaard, 1975). Too often neglected, moreover, especially when
GC olfactometry is used, are the interactions of thiols with the matrix and their
qualitative or quantitative synergistic effects with other odorants (Bezman et al.,
2001; Marais and Swart, 1999). For example, 3-mercaptohexanol, known for its
typical grapefruit flavor, surprisingly boosts the ‘‘red fruit’’ character when present
in wine (Blanchard et al., 1999), whereas 4-mercapto-4-methyl-2-pentanone, famous
for its catty or blackcurrant odor, enhances the ‘‘citrus fruit’’ note in grapefruit juice
(Buettner and Schieberle, 2001; Gora and Brud, 1983).

Among chemicals, sulfur-containing molecules and especially thiols are
probably the most famous key flavors in many foods and beverages. They are
often characterized by sensorial thresholds as low as the ppt level. In some cases,
thiols are described by fruity notes, highly desired by the consumers. For instance,
4-mercapto-4-methyl-2-pentanone appears to be crucial in white wines where the
Sauvignon typicity (boxtree/blackcurrant aroma) is required. However, their
occurrence is not recommended when exhaling pungent and objectionable odors
(Mestres et al., 2000). Surprisingly, a few of them are considered as pleasant in some
foods and damaging in others. For example, 3-methyl-2-butene-1-thiol is essential
for the coffee flavor acceptance, but it is the worst enemy in beer. This article aims to
compile all current data on their physical, chemical, and sensorial properties, their
occurrence in foods, and formation pathways.

Physical and Chemical Properties

By definition, thiols are sulfur compounds possessing a SH functional group in their
chemical structure. Because of the high polarisability of their sulfur atom
(Blanchard, 2000), they are more acidic (pKa: 9–12) than their corresponding
alcohols (pKa: 15). This property is often used in chemical syntheses involving
a nucleophilic attack of the sulfur atom. In this kind of reaction, it is common to add
a base such as piperidine in order to obtain the S� form, which is much more
nucleophilic than the SH one.

Thiols usually exhibit very strong antioxidant activity [free radical trapping
(Naim et al., 1993, 1994), quinone or H2O2 reduction (Bandaranayake and
Wickramasinghe, 1996; Negishi and Ozawa, 2000)]. They are easily oxidizable and
convert quickly to disulfide forms (Ferreira et al., 2003; Haye et al., 1977; Hofmann
et al., 1996; Mestress et al., 1997, 2000; Mottram and Madruga, 1995; Mottram and
Whitfield, 1994). This phenomenon can be catalyzed by cupric ions (Fig. 1a). The
resulting disulfides can be hydrolyzed to their corresponding thiols (Guth et al.,
1995; Rauhut, 1993). In the absence of water, they are split to thiyl radicals and
converted to thiols by other antioxidants (Guth et al., 1995). This well-known
interchange reaction, between protein sulfhydryl groups (cysteine residue) and
disulfides for instance (Fig. 1b; Adams et al., 2001; Axelsson and Mannervik, 1975;
Bel Rhlid et al., 1999b; Bücking and Steinhart, 2002; Chen and Schofield, 1995;
Friedman, 1994; Lavigne and Dubourdieu, 1996; Morel et al., 2000; Mottram
and Madruga, 1995; Mottram et al., 1996, 1998; Nedjma, 1997; van Seeventer
et al., 2001) is pH dependent (a higher pH involving greater disulfide loss)
and temperature dependent (a higher temperature increasing interchanges). In the
latter case, heat denaturation of proteins probably maximizes availability of
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sulfhydryl groups (Adams et al., 2001; Morel et al., 2000). Yet, although thiols are
suspected of being thermally unstable (Blank et al., 1992; Hofmann, et al., 1996;
Lin et al., 2002; Maga, 1976; Mottram et al., 1998; Vermeulen and Collin, 2002b),
food processing such as pasteurization does not always alter the thiol content
(Bezman et al., 2001).

This type of interchange reaction with yeast cell-wall mannoproteins can induce
organoleptic evolution in fermented beverages [e.g., thiol trapping by lees in wines
(Lavigne and Dubourdieu, 1996; Maujean, 2001; Tominga et al., 2003b) or H2S
removal during secondary fermentation in beer]. In living cells, glutathione with its
SH moiety is also able to form mixed disulfides with proteins (Axelsson and
Mannervik, 1975).

Some strong antioxidants (e.g., 2-furfurylthiol) can also sometimes act as
prooxidants by promoting Fenton reactions after ferric ion reduction (Blank et al.,
2002).

Thiols are also known to bind to metals such as Cu (Bouchilloux et al., 1998b,
1999; Darriet et al., 1993, 2001a, 2001b; Hatzimiditriou et al., 1996; Lavigne et al.,
1993, 1998; Naim et al., 1997; Nedjma, 1997; Rauhut, 1993; Rigaud et al., 1986;
Walker, 1995), Ag (Walker, 1995), Zn (Walker, 1995), Pb (Walker, 1995), and Hg
(Darriet et al., 1995; Manning and Price, 1977; Mestres et al., 1997). This type of
reaction has been used many times to extract thiols selectively from a complex matrix
(e.g., reversible combination with p-hydroxymercuribenzoate) (Bouchilloux et al.,
1996; Darriet et al., 1995; Dubourdieu and Darriet, 1993; Lavigne et al., 1993, 1998;
Mestres et al., 1997; Tominaga, 1998; Tominaga and Dubourdieu, 1997; Tominaga
et al., 1998b, 2003b). This thiol propensity to react withmetallic ions also explains why
the spraying on vine of antifungal agents containing Cuþþ is unsuitable, especially
when Sauvignon typicity is required (Darriet et al., 2001a).

Like other powerful nucleophiles (Edwards and Wedzicha, 1997; Heusinger and
Mosandl, 1984; Naim et al., 1993, 1994; van Seeventer et al., 2001; Vermeulen and

(a)

(b)

CH3SSCH3

CH3SSC2H5

C2H5SSC2H5

CH3SSSCH3

CH3SSSC2H5

C2H5SSSC2H5

H2S + MeSH + EtSH
Cu2+;pH = 3.2 ; 25°C

EtOH  20%

CuS

RSH + H2S RSSH + 2H++ 2e−

2Cu2++ 2e− 2Cu+

RSSH + R'SH RSSSR'+ 2H++2e−

2Cu2++ 2e− 2Cu+

PSH

PS− + RS-SR 

RS− + PS-SP

RS− + H+

PS−+ H+ 

PS-SR + RS−

RS-SP + PS−

RSH

R = alkyl chain ; P = protein chain 

Figure 1. Thiol oxidation (a) and interchange reactions with proteins (b).
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Collin, 2002b), thiols can degrade unsaturated carbonyls (e.g., mesityl oxide),
lactones (e.g., aflatoxins), and halogenous toxicants (Badings et al., 1976; Friedman,
1994; Takabe et al., 1970). More recent studies suggest that thiols could also be used
as additives for prevention of browning in foods and beverages. For instance,
fortification of orange juice and other foods with cysteine (Naim et al., 1993, 1994,
1998; Negishi and Ozawa, 2000; Voldrich et al., 1995), glutathione (Naim et al.,
1997, 1998; Voldrich et al., 1995), or N-acetyl-cysteine (Naim et al., 1998; Voldrich
et al., 1995) has proved an appropriate means of preventing Maillard reactions and
browning, where thiols enter into competition with amino groups for carbohydrate
reactivity (Edwards and Wedzicha, 1997; Friedman, 1994). Nevertheless, the fact
that these three compounds can be a source of objectionable flavor must be taken
into account (Mestres et al., 2000; Naim et al., 1997). Likewise, thiols are prone to
react with polyphenols and quinones (Blanchard, 2000; Darriet et al., 2001b;
Dubourdieu, 1995; Nedjma, 1997), and this explains why consumption of raw apple,
pear, and prune containing significant amounts of polyphenols deodorizes bad
breath after garlic consumption (Negishi et al., 2002). In the mouth, thiols can also
be degraded by saliva enzymes (Buettner, 2002).

Finally, some research mentions interactions with melanoidins (Hofmann and
Schieberle, 2002; Hofmann et al., 2001) or lipids (Bücking and Seinhart, 2002), the
latter explaining why milk has a drastic effect on coffee sulfur notes (Bücking and
Steinhart, 2002).

Sensorial Properties and Food Occurrence

As depicted in Tables 1–9, the thiols depicted in Figs. 2–5 are widespread in
vegetables, fruits, beverages, meats, dairy products, and other foods. Most of them
are characterized by a very low perception threshold (sometimes below the ppt level;
Aznar et al., 2001; Demole et al., 1982; Gora and Brud, 1983; Maga, 1976; Mestres
et al., 1999; Mottram et al., 1998; Reiners and Grosch, 1998) or BE-GC-LOADS
(Best Estimated-Gas Chromatography-LOwest Amount Detected by Sniffing)
(sometimes far below 1 ng; (Vermeulen and Collin, 2000b; Vermeulen et al., 2001).
Therefore, it is often difficult to identify or quantify them in a complex matrix; the
detection thresholds of most common detectors can only be reached with intense
concentration steps (Tominaga et al., 1998b).

Colorimetric tests that use either 4,40-bis-dimethylaminodiphenylcarbinol
(Rohrbach et al., 1973) or 5-50-dithiobis-(2-nitrobenzoic)-acid (Voldrich et al., 1995)
are sometimes used to check for the presence of thiols in a medium (Fig. 6). These
reactants are often sprayed on chromatographic thin layers to follow the progression
of a chemical synthesis of thiols (Vermeulen et al., 2003a). By this way the spots
corresponding to thiols are revealed by a change in color [from blue to colorless for
the 4,40-bis-dimethylaminodiphenylcarbinol and from colorless to yellow for the
5-50-dithiobis-(2-nitrobenzoic)-acid].

Thiols are usually evil smelling, and therefore, are considered as detrimental to
flavor (Bezman et al., 2001; Beloqui and Bertrand, 1995b; Block, 1992; Dan et.al.,
1999; Hugues, 1998; Kadota and Ishida, 1972; Mestres et al., 1997; Mottram and
Whitfield, 1995b; Walker and Gray, 1970). Nevertheless, minute concentrations
of some polyfunctional thiols are required for the acceptability of some foods
and beverages (Bel Rhlid et al., 1999a; Fitz et al., 2001; Helmlinger et al., 1976;
Kumazawa et al., 2000a; Lüntzel, et al., 2000b; Masuda et al., 1988; Menneer et al.,
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ü
n
tz
el
et
a
l.
,
2
0
0
0
c)
2
(S
)–
3
(R

):

0
.0
0
3
–
0
.0
0
7
p
p
t
(L
ü
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,
h
er
b
a
ce
o
u
s,
ju
ic
y
,

sw
ee
t,
tr
o
p
ic
a
l
fr
u
it
,
p
a
ss
io
n
fr
u
it
,
g
u
a
v
a
,

m
a
n
g
o
,

b
u
ch
u
,

b
la
ck
cu
rr
a
n
t,

d
u
ri
a
n

(W
er
k
h
o
ff
et

a
l.
,
1
9
9
6
)

1
3

In
v
eg
et
a
b
le
s:
O
n
io
n
(W

id
d
er

et
a
l.
,
2
0
0
0
)

B
E
-G

C
-L
O
A
D
S
:
0
.0
0
3
–
0
.1
n
g

(V
er
m
eu
le
n

a
n
d

C
o
ll
in
,
2
0
0
2
b
)
In

w
a
te
r:

0
.9
5
p
p
b

(W
id
d
er

et
a
l.
,
2
0
0
0
)

M
ea
ty
,
o
n
io
n
,
m
ea
t
b
ro
th

(L
ü
n
tz
el

et
a
l.
,

2
0
0
0
;

V
er
m
eu
le
n

a
n
d

C
o
ll
in
,

2
0
0
2
b
;

W
id
d
er

et
a
l.
,
2
0
0
0
)
P
ep
p
er

(V
er
m
eu
le
n

a
n
d

C
o
ll
in
,

2
0
0
2
b
)

S
u
lf
u
ry
,

p
u
n
g
en
t,

sw
ea
t
(W

id
d
er

et
a
l.
,
2
0
0
0
)

B
E
-G

C
-L
O
A
D
S
,
B
es
t
E
st
im

a
te
d
-G

a
s
C
h
ro
m
a
to
g
ra
p
h
y
-L
O
w
es
t
A
m
o
u
n
t
D
et
ec
te
d
b
y
S
n
if
fi
n
g
.

p
p
b
,
mg

/L
.
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ORDER                        REPRINTS

T
a
b
le

3

B
ev
er
a
g
e/
fo
o
d
o
cc
u
rr
en
ce
,
p
er
ce
p
ti
o
n
th
re
sh
o
ld
,
a
n
d
o
d
o
r
o
f
m
er
ca
p
to
-k
et
o
n
es

il
lu
st
ra
te
d
in

F
ig
.
3

N
o
.

M
a
tr
ix
–
co
n
ce
n
tr
a
ti
o
n

P
er
ce
p
ti
o
n
th
re
sh
o
ld

O
d
o
r

1
4

In
m
ea
ts
:
P
o
rk

(L
iu

et
a
l.
,
2
0
0
1
)

—
—

1
5

In
m
ea
ts
:
B
ee
f
li
v
er

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
),

p
o
rk

(G
ü
n
te
rt

et
a
l.
,
1
9
9
0
)
In

m
is
ce
ll
a
n
eo
u
s

m
a
tr
ic
es
:
R
o
a
st
ed

se
sa
m
e
(W

er
k
h
o
ff

et
a
l.
,

1
9
9
6
)

In
a
ir
:

1
.7
–
6
.8
p
p
t

(H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
)

M
ea
ty
,
p
ic
k
le
d
(G

ü
n
te
rt
et

a
l.
,
1
9
9
0
;
W
er
k
h
o
ff
et

a
l.
,

1
9
9
6
)
S
u
lf
u
ry

(G
ü
n
te
rt

et
a
l.
,
1
9
9
0
;
H
o
fm

a
n
n
a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
;
W
er
k
h
o
ff
et

a
l.
,
1
9
9
6
)

1
6

In
m
ea
ts
:
B
ee
f
li
v
er

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)

B
E
-G

C
-L
O
A
D
S
:
0
.0
0
9
n
g

(V
er
m
eu
le
n

et
a
l.
,
in

p
re
ss
)

C
h
ee
se
,
so
lv
en
t,
sk
u
n
k
y
,
p
u
n
g
en
t
(V

er
m
eu
le
n
et

a
l.
,

in
p
re
ss
)
S
u
lf
u
ry
,
o
n
io
n
,
d
u
ri
a
n
,
ru
b
b
er

(G
ü
n
te
rt

et
a
l.
,
1
9
9
2
;
W
er
k
h
o
ff
et

a
l.
,
1
9
9
6
)

1
7

In
b
ev
er
a
g
es
:
W
in
e

(P
ri
p
is
-N

ic
o
la
u

et
a
l.
,

1
9
9
9
)
In

m
ea
ts
—

0
–
7
0
p
p
t
(M

a
d
ru
g
a

a
n
d

M
o
tt
ra
m
,
1
9
9
5
;
M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a
,

1
9
9
4
):

B
ee
f—

2
0
–
4
4
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
),

la
m
b
—

1
0
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
),

p
o
rk
—

1
1
–
1
4
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,
1
9
9
8
)
In

p
o
u
lt
ry
:

C
h
ic
k
en
—

1
3
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
)

In
m
is
ce
ll
a
n
eo
u
s

m
a
tr
ic
es
:

Y
ea
st

ex
tr
a
ct

(K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
)

In
a
ir
:
0
.6
p
p
t
(K

er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
)

B
ro
th
,

m
a
sh
ed

p
o
ta
to

(M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a
,

1
9
9
4
)
G
a
rl
ic

(K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
)
O
n
io
n

(P
ri
p
is
-N

ic
o
la
u
et

a
l.
,
1
9
9
9
)
R
o
tt
en

m
ea
t,
h
y
d
ro
-

g
en

su
lf
id
e
(M

o
tt
ra
m

a
n
d
M
a
d
ru
g
a
,
1
9
9
5
)
S
u
lf
u
ry

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
;

M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a
,
1
9
9
5
;
P
ri
p
is
-N

ic
o
la
u
et

a
l.
,
1
9
9
9
)

1
8

In
m
ea
ts
—
0
–
7
0
p
p
t
(M

a
d
ru
g
a
a
n
d
M
o
tt
ra
m
,

1
9
9
5
;
M
o
tt
ra
m

a
n
d
M
a
d
ru
g
a
,
1
9
9
4
):

B
ee
f

li
v
er

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
In

m
is
ce
ll
a
-

n
eo
u
s
m
a
tr
ic
es
:
W
h
ea
t
fl
o
u
r
(B
re
d
ie

et
a
l.
,

2
0
0
2
),

y
ea
st

ex
tr
a
ct

(G
ü
n
te
rt

et
a
l.
,
1
9
9
0
;

M
ü
n
ch

a
n
d

S
ch
ie
b
er
le
,

1
9
9
8
;

W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)

In
a
ir
:

0
.2
–
0
.8
p
p
t

(A
m
es

a
n
d

M
a
c

L
eo
d
,

1
9
8
5
;

H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
)

B
u
rn
t
ce
re
a
l/
h
a
m
b
u
rg
er
/v
eg
et
a
b
le
/b
re
a
d

(M
o
tt
ra
m

a
n
d
M
a
d
ru
g
a
,
1
9
9
5
)
C
o
o
k
ed

m
ea
t
(M

o
tt
ra
m

a
n
d

M
a
d
ru
g
a
,

1
9
9
4
;

W
u

a
n
d

C
a
d
w
a
ll
a
d
er
,

2
0
0
2
)

O
n
io
n

(M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a
,
1
9
9
4
;
W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
R
o
a
st
ed
,
m
ea
ty
,
fa
tt
y
,
d
u
ri
a
n
,
tr
o
p
ic
a
l

fr
u
it
,
b
la
ck
cu
rr
a
n
t
(W

er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
R
o
tt
en

(A
m
es

a
n
d

M
a
c

L
eo
d
,

1
9
8
5
;

H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
,
1
9
9
7
)
R
u
b
b
er
,
so
u
r
(W

u
a
n
d

C
a
d
w
a
ll
a
d
er
,
2
0
0
2
)
S
u
lf
u
ry

(A
m
es

a
n
d
M
a
c
L
eo
d
,

1
9
8
5
;

H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,

1
9
9
5
,

1
9
9
7
;

M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a

1
9
9
4
,
1
9
9
5
;
S
ch
ie
b
er
le

a
n
d
H
o
fm

a
n
n
,
1
9
9
8
;
W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
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ORDER                        REPRINTS

1
9

In
b
ev
er
a
g
es
:
W
in
e

(P
ri
p
is
-N

ic
o
la
u

et
a
l.
,

1
9
9
9
)
In

ch
ee
se
s
(W

er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
In

m
ea
ts

(M
a
d
ru
g
a

a
n
d

M
o
tt
ra
m
,

1
9
9
8
):

B
ee
f—

5
5
–
7
3
p
p
b

(G
a
ss
er

a
n
d

G
ro
sc
h
,

1
9
9
0
;
K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
;
M
ü
n
ch

a
n
d
S
ch
ie
b
er
le
,
1
9
9
8
;
W
er
k
h
o
ff
et

a
l.
,
1
9
9
6
),

b
ee
f

li
v
er

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
),

h
a
m

(C
a
rr
a
p
is
o

et
a
l.
,

2
0
0
2
),

la
m
b
—

3
0
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,

1
9
9
8
),

p
o
rk
—

6
6
–
1
1
7
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,
1
9
9
8
)

In
p
o
u
lt
ry
:
C
h
ic
k
en
—

1
0
0
p
p
b
(G

a
ss
er

a
n
d

G
ro
sc
h
,
1
9
9
0
b
;
H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,

1
9
9
5
;
K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
;
M
a
d
ru
g
a

a
n
d
M
o
tt
ra
m
,
1
9
9
8
;
M
ü
n
ch

a
n
d
S
ch
ie
b
er
le
,

1
9
9
8
;
W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
In

m
is
ce
ll
a
-

n
eo
u
s
m
a
tr
ic
es
:
Y
ea
st

ex
tr
a
ct
—

0
–
1
7
0
p
p
b

(K
er
sc
h
er

a
n
d

G
ro
sc
h
,
1
9
9
8
;
M
ü
n
ch

a
n
d

S
ch
ie
b
er
le
,
1
9
9
8
;
M
ü
n
ch

et
a
l.
,
1
9
9
7
)

In
a
ir
:
0
.0
4
5
–
0
.1
8
p
p
t
(C

a
rr
a
p
is
o
et

a
l.
,

2
0
0
2
;
G
a
ss
er

a
n
d

G
ro
sc
h
,
1
9
9
0
a
,

1
9
9
0
b
)
0
.0
5
–
0
.2
p
p
t
(H

o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,

1
9
9
5
;

A
m
es

a
n
d

M
a
c

L
eo
d
,
1
9
8
5
)
0
.1
5
p
p
t
(K

er
sc
h
er

a
n
d

G
ro
sc
h
,
1
9
9
8
)
In

w
a
te
r:
0
.2
p
p
b
(W

u
a
n
d

C
a
d
w
a
ll
a
d
er
,

2
0
0
2
)

0
.7
p
p
b

(K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
;
M
ü
n
ch

a
n
d
S
ch
ie
b
er
le
,
1
9
9
8
)

C
a
tt
y
(A

m
es

a
n
d
M
a
c
L
eo
d
,
1
9
8
5
;
B
a
ek

et
a
l.
,
2
0
0
1
;

B
el

R
h
li
d

et
a
l.
,
2
0
0
2
a
;
F
a
rm

er
et

a
l.
,
1
9
8
9
;

H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
,
1
9
9
7
;
K
er
sc
h
er

a
n
d

G
ro
sc
h
,
1
9
9
8
;
P
ri
p
is
-N

ic
o
la
u

et
a
l.
,
1
9
9
9
;

S
ch
ie
b
er
le

a
n
d

H
o
fm

a
n
n
,

1
9
9
8
;

W
u

a
n
d

C
a
d
w
a
ll
a
d
er
,
2
0
0
2
)
.
G
a
rl
ic

(F
a
rm

er
et

a
l.
,
1
9
8
9
)

H
a
m
,
p
o
ta
to

(C
a
rr
a
p
is
o

et
a
l.
,
2
0
0
2
)
H
y
d
ro
g
en

su
lf
id
e

(M
o
tt
ra
m

a
n
d

M
a
d
ru
g
a

1
9
9
5
)

M
ea
ty

(C
a
rr
a
p
is
o

et
a
l.
,
2
0
0
2
;
W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)

O
n
io
n
,
li
v
er
,
h
er
b
a
ce
o
u
s,

fr
u
it
y
,
tr
o
p
ic
a
l
fr
u
it
,

p
a
ss
io
n
fr
u
it
,
g
ra
p
ef
ru
it
,
b
u
ch
u
(W

er
k
h
o
ff

et
a
l.
,

1
9
9
6
)
S
p
ic
y
(B
a
ek

et
a
l.
,
2
0
0
1
)
S
u
lf
u
ry

(B
el

R
h
li
d

et
a
l.
,

2
0
0
2
a
;

G
a
ss
er

a
n
d

G
ro
sc
h
,

1
9
9
0
a
,

b
;

H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,
1
9
9
5
,
1
9
9
7
;
K
er
sc
h
er

a
n
d
G
ro
sc
h
,
1
9
9
8
;
M
o
tt
ra
m

a
n
d
M
a
d
ru
g
a
,
1
9
9
5
;

M
ü
n
ch

a
n
d
S
ch
ie
b
er
le
,
1
9
9
8
;
M
ü
n
ch

et
a
l.
,
1
9
9
7
;

P
ri
p
is
-N

ic
o
la
u

et
a
l.
,

1
9
9
9
;

S
ch
ie
b
er
le

a
n
d

H
o
fm

a
n
n
,
1
9
9
8
;
W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)
U
ri
n
e

(F
a
rm

er
et

a
l.
,
1
9
8
9
;
W
u
a
n
d
C
a
d
w
a
ll
a
d
er
,
2
0
0
2
)

2
0

In
m
ea
ts
:
B
ee
f
li
v
er

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
)

B
E
-G

C
-L
O
A
D
S
:
0
.0
1
n
g
(V

er
m
eu
le
n
et

a
l.
,
in

p
re
ss
)

M
ea
ty
,
ro
a
st
ed
,
la
rd
,
su
lf
u
ry

(W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
;

G
ü
n
te
rt

et
a
l.
,
1
9
9
2
)
P
o
ta
to

(G
ü
n
te
rt

et
a
l.
,
1
9
9
2
;

W
er
k
h
o
ff

et
a
l.
,
1
9
9
6
;
V
er
m
eu
le
n
et

a
l.
,
in

p
re
ss
)

(c
o
n
ti
n
u
ed

)
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ORDER                        REPRINTS

T
a
b
le

3

C
o
n
ti
n
u
ed

N
o
.

M
a
tr
ix
–
co
n
ce
n
tr
a
ti
o
n

P
er
ce
p
ti
o
n
th
re
sh
o
ld

O
d
o
r

2
1

In
b
ev
er
a
g
es
:
B
ee
r
(P
o
la
k

et
a
l.
,
1
9
8
8
;
S
ch
ie
b
er
le
,

1
9
9
1
a
),
te
a
(K

u
m
a
za
w
a
a
n
d
M
a
su
d
a
,
1
9
9
9
,
2
0
0
2
),

w
in
e—

4
–
4
0
0
p
p
t
(B
o
u
ch
il
lo
u
x
et

a
l.
,
1
9
9
6
,
1
9
9
8
a
,

1
9
9
8
b
;
D
a
rr
ie
t
et

a
l.
,
1
9
9
3
,
1
9
9
5
,
2
0
0
1
a
;
D
u
P
le
ss
is

a
n
d

A
u
g
u
st
y
n
,

1
9
8
1
;

D
u
b
o
u
rd
ie
u
,

1
9
9
5
;

D
u
b
o
u
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2001; Murat et al., 2001d; 2000b; Price and Menneer, 2000; Reiners and Grosch,

1999; Rigaud et al., 1986; Stoffelsma and Pijpker, 1973; Vermeulen and Collin,

2002a, b; Vermeulen et al., 2001; Tominaga et al., 2003a; Widder et al., 1999)

(Table 10), and even in perfumes or cosmetics (Lamparsky and Schudel, 1971b;

Lüntzel et al., 2000; Maga, 1976; Masuda et al., 1989, 1988; Stoffelsma and Pijpker,

1973; Thorne, 1966; Widder et al., 1999). Minimal moieties have more recently been

proposed (Vermeulen and Collin, 2002a) for predicting whether mercapto-aldehydes,

-ketones, or -alcohols will exhibit rhubarb/carrot, onion/sweat/pungent/leek, or

potato odors. Roasted/coffee/toasted/meaty descriptors often characterize the

heterocyclic mercaptans.
Although characterized by delicate pleasant odors at very low concentrations,

most thiols become sharp, irritating, and repulsive when pure or highly concentrated

(Boelens and van Gemert, 1993; Engel and Tressl, 1991; Gora and Brud, 1983;

Marais, 1994; Mestres et al., 1999; Mottram and Whitfield, 1995c; Rigaud et al.,

1986; Widder et al., 2000). Odor descriptors also depend on the accessibility of

the sulfur-atom (Boelens and van Gemert, 1993; Madruga and Mottaram, 1998;

Mottram and Madruga, 1994; Mottram and Whitfield, 1994), the chain length

(Meilgaard, 1975; Node et al., 2001; Werkhoff et al., 1998), the chirality (Boelens and

Mercapto-acids

Mercapto-alcohols

O

OH

SH

SH

O

OH

SH

S

O

3,3’-Dimercaptoisobutyric acid
1

3-Thioacetoxy-3’-mercaptoisobutyric acid 
2

SH

OH OH

SH

OH
SH

OH SH
OH

SH

OH

SH
OH SH

OHSH

SH

OH

1-Mercapto-2-propanol 
3

2-Mercapto-1-ethanol
4

2-Mercapto-3-methyl-1-butanol 
5

3-Mercapto-2-methyl-1-pentanol
6

3-Mercapto-2-methyl-1-propanol
7

3-Mercapto-3-methyl-1-butanol 
8

3-Mercapto-1-hexanol
9

3-Mercapto-1-propanol 
10

4-Mercapto-4-methyl-2-pentanol
11

Figure 2. The structure of two mercapto-acids (Yanagawa et al., 1972) and nine mercapto-

alcohols occurring in foods or beverages.
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ORDER                        REPRINTS

Mercapto-aldehydes

Mercapto-ketones

Mercapto-esters

H

OSH

H

OSH

3-Mercaptohexanal 
12

3-Mercapto-2-methylpentanal 
13

O

SHSH

O

1-Mercapto-3-pentanone
16

1-Mercapto-2-propanone
15

O

SH

O

SH

O

SH

O

SH

SH O

O

SH

OSH

1-Mercapto-2-heptadecanone
14

2-Mercapto-3-pentanone
17

3-Mercapto-2-butanone 
18

3-Mercapto-2-pentanone
19

4-Mercapto-2-butanone 
20

4-Mercapto-4-methyl-2-pentanone
21

5-Methyl-4-mercapto-2-hexanone
22

O

O

SH O

O

SH

O

O

SH O

O

SH

SH
O

O

SH O

O

O H

OSH

O

O SH

2-Mercaptoethyl-acetate
23

3-Mercaptohexyl-acetate 
24

3-Mercaptohexyl-butanoate
25

3-Mercaptohexyl-hexanoate
26

3-Mercaptohexyl-pentanoate
27

3-Mercaptopropyl-acetate
28

3-Methyl-3-mercaptobutyl-formate 
30

Ethy l-3-mercapto-propanoate
31

3-Methyl-3-mercaptobutyl-acetate 
29

O

OSH

O

O

SH

Ethy l-2-mercapto-propanoate
32

Figure 3. The structure of two mercapto-aldehydes, nine mercapto-ketones, and 10 mercapto-

esters occurring in foods or beverages.
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ORDER                        REPRINTS

van Gemert, 1993; Bouchilloux et al., 2000; Lamparsky and Schudel, 1971a; Weber
et al., 1995; Werkhoff et al., 1998), and the presence of other functional group(s)
(Boelens and van Gemert, 1993; Polak et al., 1998). For example, tertiary thiols are
often characterized by a catty smell (Polak et al., 1988), whereas the presence of a
proton-attracting group such as C¼O or C-O-C near the SH moiety seems to have

Mercapto-ethers

Aliphatic and aromatic mercaptans

OMe

SH

1-Methoxyheptane-3-thiol
33

1-Methoxyhexane-3-thiol 
34

1-Methoxy-4-methylpentane-3-thiol
35

4-Methoxy-2-methylbutane-2-thiol 
36

OMe

SH

OMe

SH

OMe

SH

SH
SH

SH

SH SH SH

SH

SH

SH
SH

SH SH SH SH

SH
SH

CH3 - SH SH SH

SH
SH SH

SH

SH

SH

1-Propene-1-thiol
37

2-Butanethiol 
38

2-Methyl-1-butanethiol
39

2-Methyl-1-propanethiol 
40

2-Methyl-2-butanethiol
41

2-Methyl-2-propanethiol 
42

2-Pentanethiol
43

2-Propanethiol
45

3-Methyl-1-butanethiol
46

3-Methyl-2-butanethiol
47

3-Methyl-2-butene-1-thiol 
48

Allylthiol 
49

Benzylthiol 
50

Butanethiol 
51

Ethanethiol 
52

Heptanethiol
53

Hexanethiol 
54

Methanethiol
55

Naphtalene-thiol
56

Octanethiol 
57

Pentanethiol
58

Propanethiol
59

s-Isoamylthiol 
60

s-Octanethiol
61

t-Pentanethiol 
62

2-Phenylethanethiol 
44

SH

Figure 4. The structure of four mercapto-ethers and 26 aliphatic and aromatic mercaptans

occurring in foods or beverages.
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ORDER                        REPRINTS

an influence on the sweetness of these organic compounds (Boelens and van Gemert,
1993). For their part, Vermeulen et al. emphasized that the descriptor ‘‘cheese’’
commonly associated with mercaptoaldehydes and thioesters is rarely used to qualify
the odor of mercaptoalcohols or mercaptoketones. They also prove that most of the
primary mercaptoalcohols containing at least six carbon atoms emerged as more
delicate (rhubarb, carrot, greenery smell) than those with an intermediate size and
branching, which are generally described as onion, plastic, or pungent (Vermeulen
and Collin, 2002b).

Terpenic mercaptans

Acyclic mercaptans containing another sulfur function

Heterocyclic mercaptans

SH
SHSH

O

SH

1-p-Menthene-8-thiol
63

3-p-Menthanone-8-thiol
64

My rcenedithiol
65

SH
SH

SH SH SH
SH

SH SH SH
SH

S

SH

SH

SH

1,1-Ethanedithiol 
66

1,2-Ethanedithiol 
67

1,3-Propanedithiol 
68

1,4-Butanedithiol 
69

1,5-Pentanedithiol
70

1,6-Hexanedithiol 
71

1-Methylthio-1-ethanethiol
72

O

SH

O
SH

O

SH

S

SH

S SH SSH SSH S

SH

S

SH O

O
SH

2,5-Dimethyl-3-furanthiol
73

2-Furfurylthiol 
74

2-Methyl-3-furanthiol 
75

2-Methyl-3-thiophenethiol 
76

2-(Thiophene-2)-ethanethiol
77

2-Thiophenethiol 
78 80

3,4-Dimethyl-2,3-dih d 3-Thiophenethiol ro-
thiophene-2-thiol

79

4-Mercapto-2,5-
dimethylthiophene-3-one

81

5-Methyl-2-furfurylthiol
82

Figure 5. The structure of three terpenic mercaptans, seven acyclic mercaptans

containing another sulfur function, and 10 heterocyclic mercaptans occurring in foods or

beverages.
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ORDER                        REPRINTS

Chemical and Biological Synthetic Pathways

Thiols Issued from Secondary Metabolism of Microorganisms or Plants

The volatile thiols responsible for the box tree, grapefruit, and passion fruit nuances of

Sauvignon wines are released by yeast from cysteinylated precursors: S-4-(4-methyl-2-

pentanone)-l-cysteine, S-3-(1-hexanol)-l-cysteine, and S-4-(4-methyl-2-pentanol)-l-

cysteine (Bouchilloux et al., 1998b, 1999; Darriet et al., 1993; Hatzimiditriou et al.,

1996; Kotseridis and Baumes, 2000; Masneuf et al., 2002; Marchand et al., 2000;

Marais and Swart, 1999; Murat et al., 20001b, 2001c, 2001d; Tominaga et al., 2000a).

The mechanisms by which these odorless precursors found in grape skins are

converted during fermentation into aromas have not yet been fully elucidated (Murat

et al., 2001a). Nevertheless, b-lyase activities found in several microorganisms or

plants (Fig. 7) may explain this phenomenon (Chin and Lindsay, 1994; Dubourdieu

and Lees arômes, 1995; Guth, 1998; Murat et al., 20001c; Obenland and Aung, 1996;

Peyrot des Gachons et al., 1999, 2002a; Tominaga et al., 1995). Similar pathways are

suspected in passion fruits (Tominaga and Dubourdieu, 2000) and broccoli (Chin and

Lindsay, 1994; Obenland and Aung, 1996). As for the corresponding d,l-homocys-

teine, glutathione, or sulfoxide conjugates, they hardly release free thiols (Gardner

and Dauterman, 1992; Tominaga et al., 1995, 1998c). However, Peyrot des Gachons

et al. suggested that S-3-(1-hexanol)-l-cysteine adducts might be issued from the

catabolism of S-3-(1-hexanol)-glutathione (Peyrot des Gachons et al., 2002b).

According to these scientists, quantification of such precursors in grapes or musts

could allow assessment of the aromatic potential of Sauvignon blanc must (Peyrot des

Gachons et al., 2000).
Moreover, Bel Rhlid et al. (2002a) showed that 2-methyl-3-furanthiol and

2-furfurylthiol can also be generated from their corresponding thioacetates during

fermentation without any heat treatment. Such bioconversion could be exploited in

the future to produce natural-labeled aromas (Bel Rhlid et al., 1998, 2001, 2002b; Bel

Rhlid and Matthey-Doret, 1998; Kerkenaar et al., 1996a, 1996b; Huynh-Ba et al.,

1997; Tominaga et al., 1995).

4,4'-bis-dimethylaminodiphenylcarbinol

5-5'-dithiobis-(2-nitrobenzoic)-acid

N
N

+

BLEU

+ RSH N
N

SR

INCOLOREBlue Colorless 

S
SO2N NO2

O−
O−

O− O−

S−

O
O

RS−+
O2N

O

S
S

NO2

O

R+

Colorless Yellow

Figure 6. Reactivity between thiols and either 4,40-bis-dimethylaminodiphenylcarbinol or

5-50-dithiobis-(2-nitrobenzoic)-acid.
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As reported in Table 11, some polyfunctional thiols might also be synthesized
by H2S nucleophilic reaction on carbonyl compounds (Blanchard et al., 2001; Boelens
et al., 1974; Brinkman et al., 1972; Hofmann and Schieberle, 1998; Kleipool et al.,
1976; Madruga and Mottram, 1995, 1998; Maujean, 2001; Mottram and Nobrega,
2002; Mottram and Whitfield, 1994; Scanlan et al., 1973; Shankaranarayana et al.,
1982; Spencer, 1969; Thiel et al., 1958; Tominaga et al., 2003a, 2003b; Wasserman,
1972;Werkhoff et al., 1989, 1996;Whitfield andMottram, 1999;Whitfield et al., 1988;
Zheng et al., 1997). Hydrogen sufide is produced by yeast (Fig. 8), and its occurrence is
highly regulated (Table 12) (Beloqui and Bertrand, 1995b; Breton and Surdin-Kerjan,
1977; Cherest and Surdin-Kerjan, 1992; Dott and Trüper, 1978; Elskens et al., 1991;
Gijs et al., 2003; Giudici and Kunkee, 1994; Hansen and Kielland-Brandt, 1996;
Heinzel and Trüper, 1978; Henschke and Jiranek, 1991; Jangaard et al., 1974;
Jiranek et al., 1995; Mestres et al., 2000; Nagami et al., 1980; Ono et al., 1994, 1996;
Peppard and Laws, 1979; Rankine, 1963; Smith et al., 1995; Stratford and Rose, 1985;
Spiropoulos and Bisson, 2000; Thomas et al., 1990, 1992; Vermeulen and Collin,
2002b; Wainwright, 1970, 1971; Walker, 1995). Various a,b-unsaturated ketones
or aldehydes are often found in worts, most of them coming from oxidation
of unsaturated fatty acids. They may react with H2S to form addition products such
as mercapto-ketones or -aldehydes, which could be further reduced to the
corresponding alcohols by yeast reductases or dehydrogenases. Esterification or
methylation would then occur, leading to mercapto-esters (Murat et al., 2001b; Peyrot
des Gachons et al., 1999; Tominaga et al., 1996; Vermeulen and Collin, 2003b)
or methoxy-alkylthiols. Such pathways have been chemically mimicked to
synthesize thiol libraries by combinatorial chemistry (Vermeulen and Collin, 2002b,
in press; Vermeulen et al., 2001, 2003a, 2003b).

Thiols Issued from Radical Reactions Induced by Light

Many thiols result from photodegradation reactions. Methional is thus known to
impart off-flavors to ice creams, beer, and other foods after releasing methanethiol
(Gijs et al., 2000a; Haboucha and Masschelein, 1979; Hugues, 1998; Kattein et al.,
1988; Sakuma et al., 1991), which is further transformed to dimethyltrisulfide
(onion-like defect).

In the presence of light (350–500 nm) and riboflavin (photosensitiser), hop bitter
iso-a-acids and cysteine yield in beer the well-known beer skunky flavor: 3-methyl-
2-butene-1-thiol (Fig. 9) (Chen and Ho, 2002; Drost et al., 1990; Duyvis et al., 2002;
Gunst and Verzele, 1978; Haboucha and Masschelein, 1979; Hashimoto and
Eshima, 1979; Hugues, 1998, 1999; Irwin et al., 1993; Kattein et al., 1988; Masuda
et al., 2000; Olsen, 1988; Sakuma et al., 1991; Shankaranarayana et al., 1982; Wilson
et al., 2001). To prevent the occurrence of 3-methyl-2-butene-1-thiol, brewers use

R
S O

NH2

OH

β-lyase
R SH O

OH

O

NH3+ +Pyridoxal phosphate
(= enzyme co-factor)

Figure 7. The ability of b-lyase to release thiols from cysteinylated precursors.
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lightproof containers (dark glass or cans) or reduced iso-a-acids (Burns et al., 2001;
Drost et al., 1990; Wilson et al., 2001, 2002).

Thiols Issued from Thermal Reactions

Maillard reactions most probably produce thiols efficiently in cooked meat and
roasted or baked foods (Ames et al., 2001; Bouchilloux et al., 1998a; Elmore et al.,
2002; Farmer and Mottram, 1990; Farmer et al., 1989; Hofmann and Schieberle,
1998; Holscher et al., 1990; Huber and Bergamin, 1993; Marchand et al., 2000;
Mottram and Edwards, 1983; Mottram and Madruga, 1994; Mottram and Nobrega,
2002; Mulders, 1973; Münch and Schieberle, 1998; Münch et al., 1997; Schieberle,
1991b; Schieberle and Hofmann, 1998; Tai and Ho, 1997; Tominaga et al., 2000b;
van Seeventer et al., 2001; Whitfield and Mottram, 1999; Whitfield et al., 1988;
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Figure 8. S. cerevisiae sulfur metabolism.
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ORDER                        REPRINTS

Zhang and Ho, 1991), especially under acidic conditions (Ames et al., 2001;

Madruga and Mottram, 1995, 1998; Meynier and Mottram, 1995; Mottram and

Madruga, 1994; Whitfield and Mottram, 2001). Table 13 summarizes most

structures known to be produced in this way.
Some thiols can also be produced by thermal degradation of thiamine

(Table 14). The extent of this degradation and the nature of the products formed

appear to be determined by the pH (122): alkaline conditions lead to the

formation of H2S and 3-mercapto-5-hydroxy-2-pentanone, which are excellent

precursors of thiols (Fig. 10).

Other Formation Pathways Potentially Leading to Thiols

Some examples of other potential formation pathways mentioned in the literature

include

. Cysteine (Beloqui and Bertrand, 1995a; Chen and Ho, 2002; Ferreira et al.,

2003; Güntert et al., 1990; Madruga and Mottram, 1998; Mestres et al., 2000;

Shu et al., 1985a; Yeo and Shibamoto, 1991), methionine (Cuer, 1982; Dias

andWeimer, 1998; Rauhut, 1993; Segal and Starkey, 1969; Shankaranarayana

et al., 1982), or glutathione degradation (Zheng and Ho, 1994), leading to

small thiols like H2S and methanethiol.
. Alcohol nucleophilic substitution to thiol (Holscher et al., 1992; Madruga

and Mottram, 1995; Macku and Shibamoto, 1991; Maujean, 2001; Nedjma

and Maujean, 1995; Spinnler and Bonnarme, 2002; Werkhoff et al., 1996).
. Retro Michael-type reaction, breaking, for instance, methional into

methanethiol (Maujean, 2001; Tressl et al., 1994).

R
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wort
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O
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O

OH
HO
O
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HO
O
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OH
HO

O
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.

- CO

+ HS.

HS
riboflavin

3-methyl-2-butene-1-thiol
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light
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H
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Figure 9. The formation of 3-methyl-2-butene-1-thiol from hop a-acids, sulfur products,

riboflavin, and light.
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ü
n
ch

a
n
d

S
ch
ie
b
er
le
,

1
9
9
8
;

S
ch
ie
b
er
le

a
n
d

H
o
fm

a
n
n
,

1
9
9
8
;

T
o
m
in
a
g
a

et
a
l.
,
2
0
0
3
b
;
v
a
n

S
ee
v
en
te
r

et
a
l.
,
2
0
0
1
;
W
h
it
fi
el
d

a
n
d

M
o
tt
ra
m
,

1
9
9
9
;
W
h
it
fi
el
d

et
a
l.
,
1
9
8
8
;
W
u

a
n
d

C
a
d
w
a
ll
a
d
er
,
2
0
0
2
;
Z
h
a
n
g
a
n
d
H
o
,
1
9
9
1
)

7
5
(T
a
b
le

9
)

E
th
a
n
et
h
io
l

(H
o
fm

a
n
n

a
n
d

S
ch
ie
b
er
le
,

1
9
9
5
;
M
u
ld
er
s
et

a
l.
,
1
9
7
3
;
U
m
a
n
o
et

a
l.
,

1
9
9
5
;
W
u
a
n
d
C
a
d
w
a
ll
a
d
er
,
2
0
0
2
)

5
2
(T
a
b
le

6
)

(c
o
n
ti
n
u
ed
)

111

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
G

ue
lp

h]
 a

t 0
8:

37
 1

8 
A

ug
us

t 2
01

2 



ORDER                        REPRINTS

T
a
b
le

1
3

C
o
n
ti
n
u
ed

Id
en
ti
fi
ed

T
h
io
l

O
d
o
r

Id
en
ti
fi
ed

T
h
io
l

O
d
o
r

2
-M

et
h
y
l-
3
-t
h
io
p
h
en
et
h
io
l

(A
m
es

et
a
l.
,

2
0
0
1
;
C
h
en

a
n
d
H
o
,
2
0
0
2
;
E
lm

o
re

et
a
l.
,

2
0
0
2
;

F
a
rm

er
a
n
d

M
o
tt
ra
m
,

1
9
9
0
;

F
a
rm

er
et

a
l.
,
1
9
8
9
;
G
ü
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Figure 10. Some thiol formation pathways associated with the thermal degradation of

thiamine.
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. Ionizing g radiation, a method for pathogen inactivation in various foods

increasing H2S and methanethiol concentrations (Fan et al., 2002),
. Cow metabolism, leading to a benzylthiol precursor in milk (Walker and

Gray, 1970).

Conclusion

Because of their extremely low odor threshold, thiols are surely the most powerful

odorants in many vegetables and fruits, fermented foods, and beverages. Although

pungent at high concentrations, they prove highly desirable to consumers in many

cases. Many chemical and biochemical pathways can explain their occurrence, but

for most matrixes, accurate mechanisms are not yet well understood. More sensitive

analytical methods are now required to more easily identify the thiol odorants

detected by GC olfactometry or with sulfur-specific detectors.
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Czerny, M., Mayer, F., Grosch, W. (1999). Sensory study on the character impact

odorants of roasted Arabica coffee. J. Agric. Food Chem. 47:695–699.
Dan, K., Nagata, M., Yamashita, I. (1997). Methanethiol formation in disrupted

tissue solution of fresh broccoli. J. Japan Soc. Hort. Sci. 66:621–627.
Dan, K., Nagata, M., Yamashita, I. (1999). Mechanism of off-flavor production

in Brassica vegetables under anaerobic conditions. J. A. R. Q. 33:109–114.
Darriet, P., Tominaga, T., Demole, E., Dubourdieu, D. (1993). Mise en évidence

dans le raisin de Vitis vinifera var Sauvignon d’un précurseur de la
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fabrication sur la teneur en composés soufrés volatils de la bière. Cerevisia
3:143–150.

Hansen, J., Kielland-Brandt, M. C. (1996). Modification of biochemical pathways in
industrial yeasts. J. Biotechnol. 49:1–12.

Hartman, G. J., Carlin, J. T., Scheide, J. D., Ho, C.-H. (1984a). Volatile products
formed from the thermal degradation of thiamin at high and low moisture
levels. J. Agric. Food Chem. 32:1015–1018.

Thiols in Foods 123

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
G

ue
lp

h]
 a

t 0
8:

37
 1

8 
A

ug
us

t 2
01

2 



ORDER                        REPRINTS

Hartman, G. J., Scheide, J. D., Ho, C.-H. (1984b). Effect of water activity on the
major volatiles produced in a model system approximating cooked meat.
J. Food Sci. 49:607–613.

Hashimoto, N., Eshima, T. (1979). Oxidative degradation of isohumulones in
relation to flavour stability of beer. J. Inst. Brew. 85:136–140.

Hatzimiditriou, E., Bouchilloux, P., Darriet, P., Bugaret, Y., Clerjeau, M., Poupot,
C., Medina, B., Dubourdieu, D. (1996). Incidence of vine protection using a
commercial formula of Bordeaux mixture of the Sauvignon grapes maturity
and the wines varietal aroma. J. Int. Sci. Vigne Vin. 30:133–150.

Haye, B., Maujean, A., Jacquemin, C., Feuillat, M. (1977). Contribution à l’étude
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Thiel, M., Asinger, F., Trümpler, G. (1958). Die synthese von dihydro-metathia-

zinen-�3-durch einwirkung von gasförmigem ammoniak und oxogruppen

enthaltenden verbindungen auf b-mercaptoketones II. Liebigs Ann. Chem.

619:137–141.
Thomas, D., Barbey, R., Henry, D., Surdin-Kerjan, Y. (1992). Physiological analysis

of mutants of Saccharomyces cerevisiae impaired in sulphate assimilation.

J. Gen. Microbiol. 138:2021–2028.
Thomas, D., Barbey, R., Surdin-Kerjan, Y. (1990). Gene–enzyme relationship in the

sulfate assimilation pathway of Saccharomyces cerevisiae. J. Biol. Chem.

265:15518–15524.
Thorne, R. S. W. (1966). The contribution of yeast to beer flavor. MBAA Tech.

Quat. 3:160–168.
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