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Abstract

The influence of the volatile compounds on the characterization of Spanish and French dry-cured hams was studied. Thirty vol-

atiles were quantified in each one of four locations (biceps femoris, semimembranosus and semitendinosus muscles and subcutaneous

fat) of 29 dry-cured hams by solid-phase microextraction gas-chromatography (SPME-GC). The Brown–Forsythe univariate test

allowed determination of the volatiles that individually could characterize (p < 0.05) the samples by their geographical origin

(France, Spain) and breed type (Iberian, white). Stepwise linear discriminant procedure, under very strict conditions (F-to-Enter

for a F-distribution > 0.95), then selected the most remarkable volatile compounds. Four compounds from the subcutaneous fat

(methyl benzene and octanol) and the semitendinosus muscle (2-butanone and 2-octanone) allowed 100% correct classifications

by geographic origin. On the other hand, only two compounds from the subcutaneous fat (octanol) and the biceps femoris muscle

(3-methyl 1-butanol) correctly classified all the samples by the breed type. The ability of these variables to classify the samples was

checked by the unsupervised procedure of principal components.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Dry-curing of hams is a traditional process that leads

to a food product with unique flavour. Raw hams un-

dergo four stages (salting with dry salt, washing, post-

salting for salt equalization and ripening-drying) in the

course of a long process, over 24 months in some cases,

in which temperature and humidity are controlled to re-

duce the risk of bacterial spoilage (Flores & Toldrá,

1993). However, the final products obtained by this pro-
cess are not homogeneous and there are many kinds of

hams whose quality, and therefore their overall accep-
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tance, depends on factors, such as the breed, age and

diet of the pigs.
The acceptance of dry-cured hams by consumers is

mainly determined by their sensory quality. The aroma

is perhaps the most important quality parameter and it

is markedly affected by the raw material and the produc-

tion process. In the case of dry-cured hams, the aroma is

due to the presence of many volatile compounds, most of

them produced by chemical and enzymatic mechanisms

during the post-mortem process (Flores, Grimm, Toldrá,
& Spanier, 1997). The main biochemical reactions in-

volved in the generation of these compounds are lipolysis

and proteolysis that produce a wide range of volatiles

and precursors (Toldrá, 1998). Therefore, a better under-

standing of dry-cured ham aroma should include the
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identification and quantification of the volatile com-

pounds present in the samples. Thus, several studies have

reported information on the volatile composition of Ibe-

rian (López et al., 1992; Timón, Ventanas, Carrapiso,

Jurado, & Garcı́a, 2001), Parma (Bolzoni, Barbieri, &

Virgili, 1996; Pastorelli et al., 2003), French (Berdagué,
Bonnaud, Rousset, & Touraille, 1993; Berdagué, De-

noyer, Le Quère, & Semon, 1991) and Spanish Serrano

hams (Flores et al., 1997). Some of the published papers

have pointed out the variability of the quantified vola-

tiles, which can be due to the fact that the hams are not

homogeneous products and the muscles and subcutane-

ous fat of the samples may differ. Furthermore, it has

been established that chemical changes occurring in dif-
ferent muscles during ripening influence the ham flavour

(Ruiz, Ventanas, Cava, Timón, & Garcı́a, 1998). Never-

theless, the identification, quantification and contribu-

tion of the main volatiles of the muscles to the ham

aroma are still unknown.

The aim of this work was to study the volatiles pro-

duced by each one of the four well-known ham loca-

tions: biceps femoris, semimembranosus and
semitendinosus muscles, and subcutaneous fat. The

objective was focused on evaluating the amount of each

volatile produced at each location, the contribution of
Table 1

Geographical origin, kind of pig breed and ham maturation of the coded sa

Code Geographical origin (city, region, country)

S1 Teruel, Teruel, Spain

S2 El Poyo del Cid, Teruel, Spain

S3 Calamocha, Teruel, Spain

S4 Formiche Alto, Teruel, Spain

S5 Sant Boi del Llobregat, Barcelona, Spain

S6 Calamocha, Teruel, Spain

S7 Unknown, Unknown, Spain

S8 Murcia, Murcia, Spain

S9 Unknown, Unknown, Spain

I10 Ledrada, Salamanca, Spain

I11 El Repilado, Huelva, Spain

I12 Espiel, Córdoba, Spain

I13 Unknown, Unknown, Spain

I14 Zalamea la Real, Huelva, Spain

I15 Guijuelo, Salamanca, Spain

F1 Yssingeaux, Auvergne, France

F2 Solignac sur Loire, Auvergne, France

F3 St Maurice de Lignon, Auvergne, France

F4 Clermont-Ferrand, Auvergne, France

F5 Ussel, Auvergne, France

F6 Parlan, Auvergne, France

F7 Aurillac, Auvergne, France

F8 Condat, Auvergne, France

F9 Rignac, Aveyron, France

F10 Lacaune, Lacaune, France

F11 Murat sur Vèbre, Lacaune, France

F12 Lacaune, Lacaune, France

F13 Bordères sur Eches, Bayonne, France

F14 Les Aldudes, Bayonne, France
the volatiles quantified at each location to the ham sen-

sory perception, and the potential relationships between

these locations, and their volatiles, and particular dry-

cured hams. The work was carried out with Spanish

(Iberian and white) and French (white) hams. The char-

acterization of the samples was carried out with the
assistance of statistical procedures taking into account

two classification criteria: French vs. Spanish hams,

whichever the kind of pig breed, and Iberian vs. white

hams, whichever their geographical origin.
2. Materials and methods

2.1. Ham samples

Fifteen Spanish hams (six Iberian and nine white

hams) and fourteen French hams were processed by lo-

cal manufacturers using the traditional method of each

geographical origin (Flores & Toldrá, 1993; Sabio, Vi-

dal-Aragón, Bernalte, & Gata, 1998). Table 1 shows

the codes of the samples, their geographical origins,
breeds and maturation times. The samples were stored

in vacuum plastic bags at �5 �C until they were required

for the analytical studies.
mples

Breed Maturation (months)

Large white P12

Large white P12

Large white P12

Large white 8–10

Large white 11–12

Large white P12

Large white P11

Large white P7

Large white P11

Iberian P18

Iberian P18

Iberian P18

Iberian Unknown

Iberian P12

Iberian P18

Large white 12

Large white Unknown

Large white 6–8

Large white Unknown

Large white >7

Large white 16–18

Large white 7–9

Large white 8.5–10.5

Large white 12–16

Large white 15

Large white 6–9

Large white 7–10

Noir de Bigorre 18–24

Basque 16–18
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2.2. Sample preparation

A sample of approximately 350 g of the part located

along and behind the femur was collected from each one

of the above French and Spanish hams. A cylindrical

stainless steel tool specially designed for ham sampling
was used to extract approximately 5 g along the sample

thickness. The samples were collected from biceps femo-

ris (BF), semimembranosus (SM) and semitendinosus

(ST) muscles and subcutaneous fat (SF). The top and

bottom layers of the cylindrical samples were removed

to avoid any possible alteration of the initial quality of

the hams. Three gram of the rest were cut into small

slices to increase the interface between the ham and
the vapour phase during the concentration step.

2.3. Concentration of volatile compounds

Three grams of sliced hams were placed into 20 ml

glass vials tightly capped with a PTFE septum and left

for 10 min at 40 �C to allow equilibration of the volatiles

in the headspace. The septum covering each vial was
then pierced with a solid-phase micro-extraction

(SPME) (Gianelli, Flores, & Toldrá, 2002) needle and

the fiber exposed to the headspace for 180 min.

When the process was completed, the fiber was inserted

into the injector port of the GC. The temperature and

time of the fiber desorption were automatically

controlled in a Combipal (CTC Analytics AG, Zwingen,

Switzerland) by the software Workstation v.5.5.2
(Varian, Walnut Creek, CA).

The SPME fiber was purchased to Supelco (Bellfonte,

PA) and was endowed with Stable Flex stationary phase

(50/30 lm film thickness) of Diviniylbenzene/Carboxen/

Poly-dimethylsiloxane (DVB/CAR/PDMS). The fiber

was preconditioned at 270 �C for 60 min in the GC

injector port, according to supplier instructions.

2.4. Reagents

Volatile compounds were fully identified using stan-

dards: 4-methyl-2-pentanol, hexane, heptane, octane,

2-propanone, 2-butanone, 3-methyl-butanal, 2-propa-

nol, ethanol, 2,3-butanodione, pentanal, methyl ben-

zene, hexanal, ethyl benzene, butanol, 2-heptanone,

heptanal, limonene, 3-methyl-1-butanol, pentanol, 2-
octanone, octanal, hexanol, 2-nonanone, nonanal, 1-oc-

ten-3-ol, decanal, benzaldehyde, octanol, butanoic acid

and hexanoic acid. All of them were purchased from

Sigma–Aldrich (St. Louis, MO).

2.5. Gas-chromatography

The volatile compounds adsorbed by the fiber were
desorbed in the injection port of the GC for 5 min at

260 �C with the purge valve off (splitless mode). The
compounds were separated in a DB-WAX column

(J&W Scientific, Folsom, CA; 60 m · 0.25 mm

i.d. · 0.25 lm film thickness) installed on a Varian

3900 gas chromatograph (Varian, Walnut Creek, CA)

with a flame ionisation detector. The carrier gas was

hydrogen. The oven temperature was held at 40 �C for
4 min and programmed to rise 1 �C/min to a tempera-

ture of 91 �C, and then to rise at 10 �C/min to a final

temperature of 201 �C, where it was held for 10 min

to eliminate the memory effect. Each sample was ana-

lysed in three replicates.

The identification of volatile compounds by GC–MS

was carried out on a GC8000 (Carlo Erba, Milano,

Italy) gas chromatograph coupled to a MSD-800 (Fi-
sons, Manchester, UK) mass-selective detector. Column

and analytical conditions were identical to those de-

scribed for gas-chromatography with the exception of

the carrier gas that was helium (head pressure 15 psi).

The volatile compounds, tentatively identified by the li-

brary MassLab v.1.3. (VG MassLab, Altrincham, UK),

were confirmed by standards.

The content of each volatile compound was calcu-
lated from the FID area and expressed as area units.

A solution of 4-methyl-2-pentanol (1.2 mg/kg) was used

as external standard in order to standardise the results

of all the analyses. Thus, the quantitative result (mg/

kg) of each volatile compound was computed by relating

the peak intensity of the volatile compound to the inten-

sity of the external standard, and taking into account the

sample weight.
Fig. 1 shows the whole set of 30 volatile compounds

quantified in the ham locations. All the volatiles were

identified by GC–MS and verified by standards pur-

chased from Sigma–Aldrich (St. Louis, MO).

The linearity of the fibre response was evaluated for

each one of the identified compounds by means of a

regression equation that relates the compound concen-

trations to the chromatographic peak areas. The regres-
sion coefficients of all the volatile compounds were

calculated within the range of concentration 0.1–5 mg/

kg with the exception of 3-methyl-1-butanol whose

range was 0.5–20 mg/kg.

2.6. Statistical analysis

Univariate and multivariate algorithms have been
used by means of Statistica version 6.0 (Statsoft, Tulsa

OK). The statistical study of the differences between

the classes of samples (French vs. Spanish hams, and

Iberian vs. white hams) was carried out by analysing

each one of the volatile compounds from each part of

the ham (BF, SM, ST, SF) independently. The Brown–

Forsythe test was used to perform the univariate analy-

sis as it gives quite accurate error rates even when the
underlying distributions for the raw scores deviate sig-

nificantly from the normal distribution (Olejnik &
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Fig. 1. Chromatogram of the volatiles of the biceps femoris muscle of a Spanish Iberian ham. Numbers correspond to the coded volatile compounds

described in Table 2.
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Algina, 1987). This first screening of the volatiles was

followed by the multivariate procedure of stepwise lin-

ear discriminant analysis (SLDA) to diminish the num-

ber of volatiles without loss of information. SLDA was
applied under the strictest conditions to avoid the possi-

bility of hyper-optimistic results. The criterion for the

selection of variables (volatiles) was the F-to-enter value

obtained from the F-distribution table (F > 0.95), taking

into account the number of groups and the number of

samples from the smallest group. Tolerance was fixed

at 10�3. Later, principal component analysis (PCA)

was applied to check the results of the supervised
procedure.
3. Results and discussion

3.1. Volatile composition of the ham samples

The analyses of the volatile compounds were carried
out in four locations of the hams: BF, SM and ST mus-

cles and SF. Thirty volatile compounds were identified

and quantified in each one of the ham locations of the

samples (Table 2). All these compounds were clustered

inside five chemical classes: hydrocarbons, aldehydes,

ketones, alcohols and acids. Table 2 also shows the lin-

earity of the compounds whose values varied from 0.971

to 0.997 for the concentrations described in the previous
section.

A study on the volatile compounds quantified in the

four locations of the hams (clustered into French and

Spanish groups) indicated that the amount of hydrocar-

bons was higher in SM and SF and lower in BF and ST

and independent of the geographical origin of the hams
(Table 3). Limonene was the most abundant hydrocar-

bon in the four locations of Spanish hams and in ST

of French hams; hexane was the major hydrocarbon in

BF and ST muscles, and ethyl benzene in SM muscle
of the French hams. The presence of limonene in the

hams has been associated with the pig diet (Buscailhon,

Berdagué, & Monin, 1993; Sabio et al., 1998). Limonene

contributes with ‘‘lemon’’ sensory notes to ham flavour

(Table 2) although it has been remarked that hydrocar-

bons are supposed to have scarce contribution to ham

flavour because of their high odour thresholds (Chang

& Peterson, 1977; Garcı́a & Timón, 2001).
The highest concentration of aldehydes was found in

SF of Spanish and French hams while BF and ST mus-

cles showed the lowest contents; French hams always

showed lower values. Hexanal was the most abundant

aldehyde in the four locations of the Spanish hams,

and especially in SF where it was 64.2% of the total con-

centration of aldehydes. High concentrations of hexanal

were detected in Iberian hams in accordance with Garcı́a
et al. (1991). These results also agree with the fact that

hexanal is formed by the oxidation of either esterified

or free linoleic acid, and the percentage of this acid is,

obviously, higher in the subcutaneous fat (López et al.,

1992). Furthermore, other saturated aldehydes (pent-

anal, heptanal, octanal, nonanal and decanal) could also

be related to the auto-oxidation of unsaturated fatty

acids while the branched aldehyde 3-methylbutanal
could be related to the proteolysis/amino acid degrada-

tion (Pastorelli et al., 2003). Aldehydes play, on the

other hand, an important role in the ham flavour be-

cause of their low odour thresholds. Thus, hexanal, that

is responsible for the rancid aroma of fat products when

it is present at high concentrations and for the grass ar-



Table 2

Volatile compounds quantified in dry-cured hams by SPME-GC

Code RRT Volatile compound Linear regression French vs. Spanish Iberian vs. white Sensory characterization

1 0.16 Hexane 0.974 Alkane

2 0.17 Heptane 0.973 SF Alkane

3 0.20 Octane 0.993 SF BF Alkane

4 0.21 2-Propanone 0.990 SM, SF SM –

5 0.27 2-Butanone 0.995 BF, ST Ethereal

6 0.29 3-Methyl butanal 0.996 BF, SM Nutty, cheesy, salty

7 0.31 2-Propanol 0.991 SM, SF Slightly buttery taste

8 0.32 Ethanol 0.985 ST Sweet

9 0.38 2,3-Butanodione 0.971 SF Buttery

10 0.39 Pentanal 0.958 Nutty, toasted, fruity

11 0.51 Methyl benzene 0.933 BF, SM, ST, SF SF Strong

12 0.64 Hexanal 0.993 BF, SM, ST Green, grassy, rancid

13 0.78 Ethyl benzene 0.993 BF, SF –

14 0.90 Butanol 0.946 SF, SM BF, SM, ST, SF Medicinal

15 1.04 2-Heptanone 0.985 Spicy, blue cheese

16 1.06 Heptanal 0.997 SM, ST Cured ham-like, toasted, oily, fatty, fruity

17 1.09 Limonene 0.994 BF, ST BF, ST Lemon, wood

18 1.21 3-Methyl-1-butanol 0.985 BF BF, SM, ST, SF Green

19 1.45 Pentanol 0.993 Strong, somewhat sweet, balsamic

20 1.61 2-Octanone 0.995 ST Green herbaceous

21 1.63 Octanal 0.991 BF Green, fresh

22 2.09 Hexanol 0.997 BF, ST Fruity, sweet

23 2.30 2-Nonanone 0.996 Blue cheese

24 2.33 Nonanal 0.953 SM, ST, SF Rancid, fatty,

25 2.73 1-Octen-3-ol 0.989 SF Mushroom

26 3.02 Decanal 0.991 SF Penetrating, sweet, waxy, floral, citrus

27 3.11 Benzaldehyde 0.996 BF Almond

28 3.47 Octanol 0.987 SF BF, ST, SF Sharp, fatty

29 3.95 Butanoic acid 0.996 Fatty, cheese

30 4.35 Hexanoic acid 0.977 SM Fatty, cheese, sweaty

Information is given on their relative retention time (RRT) and the linear regression of the response of the volatile compounds within the

concentration range.

Columns ‘‘Iberian vs. white’’ and ‘‘French vs. Spanish’’ show the ham locations from which the volatiles were selected by the Brown–Forsythe test.

The sensory characterization of the volatiles was taken from the bibliography.

Notes: RRT, relative retention time with respect to the standard 4-methyl-2-pentanol; SF, subcutaneous fat; BF, biceps femoris muscle; SM,

semimembranosus mucle; ST, semitendinosus muscle.
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oma at low concentrations (Morales & Aparicio, 1997),

contributes to the characteristic odour of Iberian dry-

cured ham in conjunction with other volatiles (Garcı́a

& Timón, 2001). 3-methylbutanal, that is associated

with the nutty, cheesy and salty sensory notes (Hinrich-

sen & Pederson, 1995), accounts for more than 25% of

the total aldehydes in the muscle ST of the Iberian hams.

The muscles have the highest concentrations of ke-
tones, 2-propanone being the major in both Spanish

and French hams. This ketone was 33.7–42.9% of the to-

tal ketones in Spanish hams and 47.9–59.0% in French

hams. The high concentration of this compound has

previously been reported (Buscailhon et al., 1993; Dir-

inck, Van Opstaele, & Vandendriessche, 1997; Timón

et al., 2001) while the difference between Spanish and

French hams was already detected by Flores et al.
(1997) who said it was due to the starting material and

the processing technique used. Most of the quantified

ketones were methyl-ketones (e.g., 2-propanone, 2-buta-

none, 2-heptanone, 2-octanone, 2-nonanone) that nor-

mally are responsible for the aroma of blue cheeses
(Creuly, Laroche, & Gros, 1992). These compounds

are formed by a chemical process if the microbial popu-

lation is low but a great intensity of that sensory percep-

tion is a symptom of bad quality hams as these

compounds can also be formed by micro-organism (Pas-

torelli et al., 2003).

The maximum concentration of alcohols was mea-

sured in BF and ST muscles of Spanish hams and SM
muscle of French samples (Table 3); 3-methyl-1-butanol

being the most abundant in both kinds of hams. This

alcohol was 82% of the total alcohols in BF of Spanish

samples and it was also the most abundant in the other

locations of Spanish and French hams with the exception

of the subcutaneous fat in which hexanol was the major

compound. The high concentration of 3-methyl-1-buta-

nol can be due to the activity of the microorganisms pres-
ent in the ham. Microorganisms can act on 3-methyl

butanal formed by Streaker degradation of amino acids

during proteolysis to give rise to 3-methyl-1-butanol

(Muriel, Antequera, Petrón, Andrés, & Ruiz, 2004).

But lipids constitute 89.7% of the subcutaneous fat



Table 3

Total concentration (mg/kg) of the volatiles clustered in five chemical classes at the different locations in hams

Compounds Location French hams Spanish hams Spanish hams

Iberian White

Hydrocarbons biceps femoris 0.85 ± 0.11 1.12 ± 0.17 1.55 ± 0.31 0.84 ± 0.14

semimembranosus 1.84 ± 0.44 2.38 ± 0.48 3.72 ± 0.76 1.49 ± 0.44

semitendinosus 0.90 ± 0.11 1.31 ± 0.18 1.75 ± 0.31 1.02 ± 0.15

subcutaneous fat 1.25 ± 0.16 2.06 ± 0.25 2.16 ± 0.26 1.99 ± 0.38

Aldehydes biceps femoris 0.62 ± 0.05 1.03 ± 0.19 1.47 ± 0.42 0.73 ± 0.11

semimembranosus 0.83 ± 0.15 2.13 ± 0.66 4.02 ± 1.33 0.87 ± 0.17

Semitendinosus 0.66 ± 0.09 1.50 ± 0.36 1.78 ± 0.74 1.31 ± 0.38

subcutaneous fat 3.08 ± 0.71 4.20 ± 0.85 7.59 ± 0.90 1.95 ± 0.45

Ketones biceps femoris 5.24 ± 0.48 5.03 ± 0.60 4.04 ± 0.67 5.69 ± 0.86

semimembranosus 4.51 ± 0.25 4.77 ± 0.43 3.97 ± 0.76 5.31 ± 0.47

semitendinosus 5.59 ± 0.37 5.23 ± 0.59 3.85 ± 0.79 6.14 ± 0.70

subcutaneous fat 2.78 ± 0.21 3.38 ± 0.30 2.97 ± 0.43 3.65 ± 0.41

Alcohols biceps femoris 4.44 ± 0.46 11.27 ± 2.57 21.60 ± 3.08 4.38 ± 0.73

semimembranosus 4.65 ± 0.47 5.93 ± 1.01 7.23 ± 2.17 5.06 ± 0.88

semitendinosus 3.52 ± 0.27 8.11 ± 2.19 15.99 ± 3.57 2.86 ± 0.28

subcutaneous fat 3.24 ± 0.44 5.30 ± 0.82 8.51 ± 0.97 3.16 ± 0.36

Acids biceps femoris 0.25 ± 0.05 0.21 ± 0.03 0.20 ± 0.07 0.21 ± 0.03

semimembranosus 0.21 ± 0.04 0.42 ± 0.12 0.70 ± 0.25 0.23 ± 0.05

semitendinosus 0.28 ± 0.04 0.35 ± 0.07 0.31 ± 0.09 0.38 ± 0.10

subcutaneous fat 1.21 ± 0.33 0.91 ± 0.17 1.22 ± 0.25 0.69 ± 0.21

Tentative concentrations were calculated by relating the peak area of the volatiles to the external standard.

The given values are the mean and standard error of the mean.
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(Coutron-Gamboti & Gandemer, 1999), and hence the

proteolysis mechanism is not an important producer of

volatiles from this location, which explains that alcohols

produced by lipid oxidation, mainly hexanol, are concen-

trated in SF. Alcohols contribute to ham flavour with

herbaceous, woody, and fatty notes (Garcı́a & Timón,

2001), such as 3-methyl-1-butanol that has been charac-

terized by a green aroma (Table 2).
In relation to the two free acids analysed, their high-

est concentrations were quantified in the subcutaneous

fat, the concentration of hexanoic acid being higher than

butanoic acid in all the ham locations. It is remarkable

that the concentration of these chemical classes in

French hams was more similar to those in Iberian hams

than those in Spanish white hams.

Table 3 shows that alcohols and ketones are the ma-
jor compounds in BF, ST and SM muscles while the

aldehydes and alcohols are the most abundant com-

pounds in SF. The data also show that Iberian hams

have higher concentrations of volatile compounds than

white hams, either produced in France or Spain. Iberian

hams are characterized by the concentrations of hydro-

carbons (SM and ST), aldehydes (SM and SF) and free

acids (SM), but the characterization is mostly due to the
concentration of alcohols in all the ham locations

excepting SM muscle. On the other hand, French and

Spanish hams (both Iberian and white) can be distin-

guished by the content of hydrocarbons (SF), aldehydes

(ST) and ketones (SF).
3.2. Statistical analyses on the volatile composition data

The study on the concentrations of the chemical clas-

ses in the different locations of the hams was followed by

another study based on the individual contribution of

each volatile to the characterization of the hams accord-

ing to their breed (Iberian vs. white) and their

geographic origin (French vs. Spanish). The Brown–
Forsythe test for homogeneity of variances was used

to determine the importance of the individual volatile

compounds quantified independently from each one of

the ham locations. Thus, hydrocarbons (i.e., ethyl ben-

zene, methyl benzene, limonene) and ketones (i.e., 2-

propanone, 2-octanone, 2-butanone) were determinant

for distinguishing French hams from Spanish hams

(Table 2). Concerning the parts of the hams, the number
of volatiles from SF selected by the test (p < 0.5) was 10

of 15 individual volatiles, and 42% of all the volatiles

(Table 2). On the other hand, 32 volatiles from different

ham locations (16 different compounds) were able to

distinguish Iberian hams from the others at p < 0.05

(Table 2). The results also show that the volatiles (and

hence the aroma) from the muscles, and in particular

from BF, are determinant in the characterization of Ibe-
rian hams; the most remarkable volatiles being the alco-

hols, mostly butanol and 3-methyl-1-butanol, followed

by the aldehydes, mainly 3-methyl butanal.

The univariate statistical procedure was useful for

removing those volatile compounds, quantified in a par-



C.M. Sánchez-Peña et al. / Meat Science 69 (2005) 635–645 641
ticular ham location, that were unable to distinguish

those categories of hams. The next step was to reduce

the number of variables, already selected by the

Brown–Forsythe test, by means of multivariate statisti-

cal procedures. The supervised statistical procedure of

stepwise linear discriminant analysis (SLDA) was then
applied in-tandem. SLDA was firstly used to select the

most useful volatiles produced by each one of the ham

locations from the set of variables previously selected

by the univariate test, and later it was applied to the

set of volatiles selected by SLDA to build a refined set

of variables. The objective of this statistical study was

to determine the importance of the ham locations, in

conjunction with their volatiles, to distinguish between
hams according to their geographic origins or breed.

Ethyl benzene and limonene from BF muscle were se-

lected by SLDA to distinguish French hams from Span-

ish hams (F-to-Enter 7.00; F-distribution > 0.975).

Table 4 shows that the mean content of ethyl benzene

was higher in the French samples while the concentra-

tion of limonene was higher in the Spanish hams. It

has been speculated that limonene and most of the ben-
zene compounds might be accumulated in the pig fat

from feeding (Ruiz, Ventanas, Cava, Andrés, & Garcı́a,

1999) and Iberian pigs were fed with acorns. These com-

pounds, however, did not allow good classification as a

Spanish sample (S2) and a French sample (F13) were

incorrectly classified.

Methyl benzene, heptanal and 2-propanone from

SM muscle were selected by SLDA (F-to-Enter 5.00;
F-distribution > 0.95) to classify correctly 86.7% of

Spanish samples and 100% of French samples; the

samples incorrectly classified were Spanish S2 and S5

(Table 1). Finally, two methyl-ketones (2-butanone,

2-octanone), methyl benzene and heptanal from ST

muscle allowed a correct classification of 100% and

92.8% of Spanish and French hams, respectively (F-

to-Enter 6.00; F-distribution > 0.95); the erroneous
classification corresponded to sample F5. Methyl ben-

zene and 2-butanone showed significant differences

between Spanish and French hams. The highest values

of methyl benzene corresponded to the Spanish hams

while the highest values of 2-butanone were quantified

in the French hams. The selection of 2-octanone might

be attributed to the fact that its concentration

decreases during ripening (Ruiz et al., 1999), this step
being longer in Spanish hams (Table 1).

In relation to the subcutaneous fat, SLDA selected

methyl benzene, ethyl benzene and octanol to distin-

guish both categories of samples with only an error, as

the Spanish sample S2 was again classified as French.

The Box and Whisker analysis showed that the concen-

trations of methyl benzene and octanol were usually

higher in the Spanish samples than in the French ones
(Table 4) although the greatest variability in these com-

pounds was found in the Spanish samples. This fact
might be again attributed to the different kinds of hams

clustered in the Spanish group (Iberian and white).

Thus, methyl benzene is accumulated in the subcutane-

ous fat from feeding (Timón et al., 2001) while octanol

arises from oleic acid oxidation (Flores et al., 1997)

and Iberian pigs were fed with acorns that are rich in
oleic acid (>60%), while non-Iberian pigs were fed with

fodder that has lower percentage of oleic acid (24–30%)

(Cava, Andrés, Ruiz, Tejeda, & Ventanas, 1999).

Once SLDA selected the volatile compounds that

better classified French and Spanish hams in each loca-

tion, the same procedure was again applied to the

whole set of selected volatiles (F-to-Enter 4.67; F-distri-

bution 0.95). The statistical procedure selected methyl
benzene and octanol from the subcutaneous fat (SF)

and 2-butanone and 2-octanone from the semitendino-

sus (ST) muscle. These four compounds allowed

100% correct classifications in both classes, French

and Spanish hams. It seems that the analysis of only

two ham locations (ST and SF) is enough to distin-

guish the hams by their geographical origin. Concern-

ing sensory perceptions (Table 2), the selected
volatiles are characterized by the sensory attributes

‘‘strong’’, ‘‘fatty’’, ‘‘ethereal’’ and ‘‘fresh’’. Taking into

account the concentration of these volatiles in French

and Spanish hams, it might be speculated that French

hams would be perceived as fresh and ethereal while

Spanish hams would be characterized by the fatty sen-

sory attribute although this sensory perception is

mostly due to the Iberian hams (Table 4).
The unsupervised statistical procedure of principal

component analysis (PCA) was used to check the impor-

tance of the volatiles selected by SLDA to distinguish

French from Spanish hams. The result of applying

PCA to the volatiles from the four ham locations se-

lected by the Brown–Forsythe test is displayed in Fig.

2(a) while Fig. 2(b) shows the result when the variables

are exclusively circumscribed to 2-butanone and 2-octa-
none from ST muscle, and methyl benzene and octanol

from SF muscle. Fig. 2(b) shows that the French and

Spanish hams have negative and positive values of the

first factor (X-axis), respectively. Furthermore, Iberian

hams have positive values of second factor 2 while Span-

ish white hams have negative values (Y-axis). The confi-

dence ellipse of the French hams (Fig. 2(a)) was plotted

at 95%, which means that the probability that a new
French sample falls within the area marked by the ellipse

is 95%.

The study of geographic origin has shown that Ibe-

rian hams, a type of ham that has great economic impor-

tance in some regions of South-Western and Western

Spain, are different from the other hams. Thus, the next

step was to characterize the samples according to their

breed (Iberian vs. white). SLDA was applied to the vol-
atile compounds from each ham location separately.

This statistical procedure was applied to the volatile



Table 4

Tentative concentrations (mg/kg) of the most remarkable volatile compounds from four ham locations (selected by SLDA)

Compound Ham Biceps femoris Semimembranosus Semitendinosus Subcutaneous fat

2-Propanone Spanish 2.87 ± 0.41 2.88 ± 0.43 3.03 ± 0.50 1.65 ± 0.31

French 2.17 ± 0.21 1.96 ± 0.16 1.90 ± 0.19 1.09 ± 0.12

Iberian 3.16 ± 0.77 2.99 ± 0.85 2.91 ± 0.89 1.68 ± 0.55

White 2.37 ± 0.23 2.30 ± 0.23 2.37 ± 0.29 1.30 ± 0.17

2-Butanone Spanish 0.22 ± 0.02 0.29 ± 0.04 0.20 ± 0.02 0.12 ± 0.02

French 0.45 ± 0.08 0.72 ± 0.16 0.43 ± 0.06 0.18 ± 0.02

Iberian 0.17 ± 0.03 0.19 ± 0.02 0.15 ± 0.01 0.09 ± 0.01

White 0.37 ± 0.05 0.58 ± 0.10 0.35 ± 0.04 0.16 ± 0.02

3-Methyl butanal Spanish 0.19 ± 0.06 0.25 ± 0.05 0.15 ± 0.03 0.08 ± 0.02

French 0.10 ± 0.02 0.12 ± 0.05 0.10 ± 0.02 0.06 ± 0.01

Iberian 0.34 ± 0.13 0.45 ± 0.06 0.24 ± 0.04 0.14 ± 0.03

White 0.10 ± 0.02 0.12 ± 0.03 0.10 ± 0.01 0.06 ± 0.01

2-Propanol Spanish 0.11 ± 0.04 0.13 ± 0.05 0.10 ± 0.02 0.05 ± 0.01

French 0.08 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.03 ± 0.00

Iberian 0.05 ± 0.01 0.08 ± 0.02 0.06 ± 0.02 0.06 ± 0.03

White 0.11 ± 0.02 0.11 ± 0.03 0.10 ± 0.02 0.03 ± 0.01

Ethanol Spanish 0.31 ± 0.14 0.34 ± 0.08 0.46 ± 0.19 0.26 ± 0.07

French 0.29 ± 0.18 0.14 ± 0.07 0.18 ± 0.10 0.11 ± 0.04

Iberian 0.51 ± 0.34 0.45 ± 0.10 0.82 ± 0.43 0.42 ± 0.16

White 0.24 ± 0.11 0.19 ± 0.06 0.19 ± 0.06 0.13 ± 0.03

Methyl benzene Spanish 0.18 ± 0.02 0.24 ± 0.02 0.17 ± 0.01 0.22 ± 0.02

French 0.11 ± 0.02 0.14 ± 0.01 0.11 ± 0.01 0.11 ± 0.00

Iberian 0.16 ± 0.01 0.23 ± 0.02 0.16 ± 0.02 0.16 ± 0.02

White 0.14 ± 0.02 0.18 ± 0.02 0.14 ± 0.01 0.17 ± 0.02

Ethyl benzene Spanish 0.07 ± 0.01 0.06 ± 0.01 0.10 ± 0.04 0.08 ± 0.01

French 0.17 ± 0.02 0.13 ± 0.04 0.14 ± 0.03 0.31 ± 0.06

Iberian 0.07 ± 0.02 0.05 ± 0.01 0.07 ± 0.02 0.05 ± 0.00

White 0.13 ± 0.02 0.10 ± 0.03 0.13 ± 0.03 0.23 ± 0.04

Butanol Spanish 0.15 ± 0.09 0.14 ± 0.04 0.21 ± 0.10 0.08 ± 0.02

French 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Iberian 0.36 ± 0.21 0.29 ± 0.07 0.48 ± 0.20 0.14 ± 0.03

White 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 0.02 ± 0.00

Heptanal Spanish 0.11 ± 0.04 0.23 ± 0.07 0.07 ± 0.03 0.44 ± 0.08

French 0.08 ± 0.03 0.07 ± 0.03 0.13 ± 0.06 0.30 ± 0.10

Iberian 0.14 ± 0.05 0.33 ± 0.12 0.17 ± 0.06 0.69 ± 0.09

White 0.08 ± 0.03 0.10 ± 0.03 0.09 ± 0.04 0.29 ± 0.07

Limonene Spanish 0.47 ± 0.13 1.50 ± 0.44 0.64 ± 0.16 0.67 ± 0.13

French 0.10 ± 0.04 0.66 ± 0.29 0.17 ± 0.04 0.24 ± 0.09

Iberian 0.80 ± 0.24 2.80 ± 0.73 1.16 ± 0.26 0.77 ± 0.17

White 0.16 ± 0.04 0.65 ± 0.21 0.21 ± 0.05 0.38 ± 0.10

3-Methyl-1-butanol Spanish 9.25 ± 2.55 3.95 ± 1.00 5.49 ± 2.11 1.84 ± 0.60

French 2.90 ± 0.51 3.17 ± 0.45 2.20 ± 0.24 0.76 ± 0.13

Iberian 18.65 ± 3.80 4.76 ± 2.27 11.95 ± 4.13 3.39 ± 1.29

White 2.93 ± 0.43 3.27 ± 0.41 1.81 ± 0.22 0.77 ± 0.10

2-Octanone Spanish 0.53 ± 0.19 0.20 ± 0.05 0.13 ± 0.03 0.38 ± 0.05

French 1.28 ± 0.43 0.24 ± 0.05 1.67 ± 0.44 0.54 ± 0.16

Iberian 0.11 ± 0.03 0.14 ± 0.03 0.13 ± 0.04 0.40 ± 0.06

White 1.09 ± 0.29 0.24 ± 0.05 1.07 ± 0.31 0.48 ± 0.10

Octanol Spanish 0.08 ± 0.02 0.07 ± 0.01 0.09 ± 0.03 0.20 ± 0.04

French 0.04 ± 0.00 0.06 ± 0.01 0.04 ± 0.01 0.06 ± 0.00

Iberian 0.12 ± 0.03 0.10 ± 0.02 0.18 ± 0.05 0.36 ± 0.06

White 0.04 ± 0.01 0.05 ± 0.01 0.03 ± 0.00 0.07 ± 0.01

Hexanoic acid Spanish 0.11 ± 0.03 0.26 ± 0.09 0.19 ± 0.05 0.74 ± 0.16

French 0.12 ± 0.02 0.14 ± 0.03 0.15 ± 0.03 0.98 ± 0.32

Iberian 0.14 ± 0.06 0.47 ± 0.18 0.17 ± 0.05 1.07 ± 0.23

White 0.11 ± 0.02 0.13 ± 0.02 0.17 ± 0.04 0.80 ± 0.21

The values (mean value ± standard error of the mean) correspond to four categories: Spanish (Iberian and white) hams, French hams, Iberian hams and white

(Spanish and French) hams.

Tentative concentrations have been calculated according to the described analytical method.
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Fig. 2. Results of distinguishing French hams from Spanish hams by principal component analysis (PCA). (a) shows PCA using all the volatiles

selected by the Brown–Forsythe test. (b) shows PCA using only the volatiles selected by SLDA: methyl benzene and octanol from the subcutaneous

fat, and 2-butanone and 2-octanone from the semitendinosus muscle. Note: Confidence ellipse of French hams was plotted at a probability of 95%.

C.M. Sánchez-Peña et al. / Meat Science 69 (2005) 635–645 643
compounds previously selected by the Brown–Forsythe

test (Table 2).

SLDA selected 3-methyl-butan-1-ol and hexanol
from BF (F-to-Enter 12; F-distribution > 0.975) and

octanol and 3-methyl-butan-1-ol (F-to-Enter 18; F-dis-

tribution > 0.999) from SF to get 100% correct classifi-

cations. All these compounds were found in higher

concentrations in the Iberian hams (Table 4). The high

concentration of octanol in Iberian pigs has already

been associated with the acorn feeding.

Five volatiles (butanol, hexanoic, 2-propanone, 2-
propanol and 3-methyl butanal) were selected from

SM muscle by SLDA (F-to-Enter 7.00; F-distribu-

tion > 0.95) to classify 100% of the samples correctly.

Box–Whisker plots of 3-methyl butanal and butanol

showed significant differences between Iberian and white

hams, the highest concentrations were found in the Ibe-

rian hams. The high concentration of 3-methyl butanal

in the Iberian ham seems to explain its high acceptability
by consumers (Ruiz et al., 1999). This compound con-

tributes to the sensory perception of the nutty sensory

attribute (Hinrichsen & Pederson, 1995). Finally, limo-

nene, 3-methyl-1-butanol and hexanol were selected

from ST muscle by SLDA (F-to-Enter 12.0; F-distribu-

tion > 0.975) to classify all the samples correctly.

The entire set of volatile compounds selected from

each ham location was again submitted to SLDA to ob-
tain information about the importance of the locations
of the volatiles characterizing the hams by their breed.

Octanol from SF and 3-methyl-1-butanol from BF were

enough to get 100% correct classifications with a very
strict selection of the statistical parameters: F-to-

Enter = 47.18 for a F-distribution = 0.999. It is notice-

able the importance of 3-methyl-1-butanol in the char-

acterisation of Iberian hams since it was selected in

three ham locations (BF, SF, ST) while 3-methyl but-

anal, its precursor (Muriel et al., 2004), was selected in

the fourth location (SM).

The first two factors extracted from PCA (Fig. 3) al-
low a clear separation between the Iberian hams and the

other kind of hams when the procedure was applied only

to the information from the two volatiles (octanol and 3-

methyl-1-butanol) selected by SLDA. The Iberian hams

show worse homogeneity than non-Iberian hams despite

coming from different countries (confidence ellipse was

plotted at a probability of 95%). The lack of homogene-

ity of the Iberian hams, also observed in Fig. 2, can be
due to the chemical and biochemical reactions during

the ripening time of their processing (Ruiz et al., 1999).

In conclusion, the hams produced in Spain and

France could be distinguished by 4 volatile compounds

from semitendinosus (2-butanone and 2-octanone) mus-

cle, and the subcutaneous fat (methyl benzene and octa-

nol). The statistical analysis also showed the noticeable

effect of the pig breed on the volatile composition since
Iberian hams are clearly characterised by the
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information from two volatile compounds: octanol
(from the subcutaneous fat) and 3-methyl-1-butanol

(from the biceps femoris).
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