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This paper describes the physicochemical and microbiological parameters and volatile profile of the muscles
surrounding the coxofemoral joint which are affected with hollow defect when compared to the part of
muscles nearby which did not show this defect. Differences of the same parameters between both areas in
dry-cured hams without this defect were also analyzed. Gram-positive catalase-positive cocci were the
predominant flora in the muscles affected with hollow defect, with the main species being Staphyloccocus
equorum, Staphylococcus nepalensis and Staphylococcus xylosus. Lactic acid bacteria, Listeria monocytogenes
and Staphylococcus aureus were b2 log CFU g−1 and Salmonella spp. was not detected. Volatile profile of
samples affected with hollow defect had higher amounts of compounds such as esters, pyrazines, sulfurs and
furans. There was a positive correlation between the amount of ester compounds and the hollow defect
intensity. Moisture content was lower and pH values were higher in affected areas than in unaffected areas.
© 2010 The American Meat Science Association. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The traditional Spanish dry-cured ham process is based on a curing
stage where salt and curing salts are absorbed, followed by a resting
period at a temperature below 5 °C and a relative humidity (RH) of
approximately 75–80% to stabilize the product. Later, during the drying
and aging periods, the temperature is gradually increased, 34 °C being
the maximum for Serrano ham as established by Fundación Jamón
Serrano (1998), and RH is reduced to 60–75% to speed up the drying
process and the development of the typical flavour (Pegg, 2004). At this
stage, a high drying rate can produce cracking and hollows in the
Adductor muscle and around the coxofemoral joint (Fig. 1a) due to the
high surface/volume relationship in this area, which in turn produce
crustiness and consequently reduces the capacity of the ham surface to
retract (Hugas & Arnau, 1987; Olmos-Llorente, 2006). This problem is
more common inblocky and leanhams (Guerrero,Gou, Alonso, &Arnau,
1996; Gou, Guerrero & Arnau, 1995). The growth of aerobic bacteria,
moulds andmites in this areamay lead to the developmentofmusty off-
flavours in this region and the adjacentmuscles. This defect is known as
hollow defect (HD) or ‘coquera’ in Spanish dry-cured hams (Hugas &
Arnau, 1987). To reduce this problem several preventivemeasures have
beenproposed, but themost effective is theapplicationof a layerof fat to
this area during the drying stage (Hugas & Arnau, 1987; Arnau, 1998).
However, despite these preventive measures, hollow defects are often
observed, especially inhamswhichare aged for longperiods (Figure 1a).
+34 972 630 373.
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Recently, Sánchez-Molinero and Arnau (2010) found that hollow defect
was reduced when hams were aged in an atmosphere with an oxygen
content ranging from 0.5±0.2% to 3.5±1.0%. The conditions inside
these cavities are appropriate for microbial development, mainly for
Gram-positive catalase-positive cocci (Hugas & Arnau, 1987), aerobic
salt-tolerant bacteria (Serra, Grèbol, Guàrdia et al., 2007), and for
moulds and mites development (Sánchez-Molinero & Arnau, 2008)
which may alter the sensory characteristics and product safety. The
microbiological studies on the hollow defect are limited, and no data on
the physicochemical characteristics and volatile compounds have been
found to date.

The aim of this work was to determine the physicochemical and
microbiological parameters and volatile profile of the muscles
surrounding the coxofemoral joint in hams which are affected with
different hollow defect intensities and to compare them with the
muscles nearby that did not show this defect.

2. Material and methods

2.1. Sample collection

Computed tomography (scanner model HiSpeed Zx/i from General
Electric Healthcare (GE Healthcare, Barcelona, Spain) was used to
select eight commercial dry-cured hams with different hollow defect
intensities from a group of 50 hams (Fig. 1b). Scans were taken using
an axial protocol with setting 120 kV, 250 mA and rotation time 2 s.
Image resolution was 1.1 pixels/mm.

The selected hams were cut aseptically in order to obtain a 20 mm
thick slice containing the hollow defect. Hollow defect intensity of the
by Elsevier Ltd. All rights reserved.
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Fig. 1. Photographs of dry-cured ham slices showing different hollow defect intensities
(a). Tomogram obtained by computed tomography showing the cavities formed around
the coxofemoral join of a dry-cured ham where hollow defect is developed (b).
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slices was evaluated by 6-trained assessors (ASTM, 1981; ISO 8586-1,
1993; ISO 8586-2, 1994) with a minimum of 5 years experience in the
sensory evaluation of dry-cured hamusing an unstructured scale from
0 (absence) to 10 (maximum intensity), obtaining samples through-
out the range. The specific training for hollow defect intensity
evaluation was carried out by the panellists in five previous sessions
by means of an internal photographic pattern previously developed
by the IRTA panel.

Ham slices were sampled aseptically for microbiological analysis.
Samples with hollow defect (HD) were obtained from the cavities
formed around the coxofemoral joint. Control samples were taken
from an adjacent unaffected part in the Semimembranosus muscle
close to Adductor muscle (3 cm) in the same dry-cured ham slice. A
total of sixteen samples (8 control and 8 HD samples) were used for
microbiological analysis. HD and control samples (8 control and 8 HD
samples), used for physicochemical and volatile compounds analysis,
were minced at 0 °C, vacuum-packaged and stored at −20 °C until
analysis.

In order to evaluate the effect of sampling areas on the previously
mentioned parameters, three hams with no hollow defect were also
sampled in both studied areas: the coxofemoral joint area (CF) and
the adjacent area nearby, mainly in Semimembranosus muscle (SM).

2.2. Microbiological analysis

For plate counting, each sample wasminced and 25 g were 10-fold
diluted in Buffered Peptone Water (BPW: AES Laboratories, Com-
bourg, France) and then homogenized for 1 min in a Stomacher
Labblender (model 400, Cooke Laboratory Products, Alexandria, VA,
USA). The homogenate was serially diluted and plated onto
appropriate culture media. Gram-positive, catalase-positive cocci
(GC+) in Mannitol salt agar (MSA, Oxoid, Basingstoke, England) at
30 °C for 48 h; Lactic Acid Bacteria (LAB) in de Man, Rogosa and
Sharpe agar (MRS, Merck, Darmstadt, Germany) double-layered
plates incubated at 30 °C for 72 h in anaerobiosis; Halotolerant
bacteria in Plate Count Agar (PCA, Merck) plus 4% NaCl, incubated
aerobically at 30 °C for 72 h; yeasts and moulds in Yeast extract
glucose chloramphenicol agar (YGC, Merck) incubated at 25 °C for
5 days. Regarding pathogens, Listeria monocytogenes was enumerated
by spread plating on Palcam agar (Merck) at 30 °C for 72 h and
Staphylococcus aureus by pour plating in Baird-Parker RPF supple-
mented agar (Difco Laboratories) at 37 °C for 48 h. Microbiological
counts were expressed as log CFU g−1. Presence/Absence of Salmo-
nella was investigated in 25 g after enrichment in BPW at 37 °C
according to ISO 6579 (2002).

2.3. GC+species identification

Isolates were grown in tryptic soy agar (Difco Laboratories) with
0.6% yeast extract. DNA was extracted from a loopful of cells from the
agar plate using Chelex®-100 chelating ion exchange resin (BioRad,
Hercules, CA) as previously described (Martín et al., 2009). Species
identification was carried out by PCR (Blaiotta et al., 2003; Blaiotta
et al., 2004) and/or by sodA gene sequencing (Poyart et al., 2001). The
BLAST-W2 and ClustalW software from the European Bioinformatics
Institute (http://www.ebi.ac.uk) were used for the analysis of the
obtained sequences.

2.4. GC+strain typing

To type the isolates, all strains were subjected to RAPD-PCR
analysis with three different primers, M13R2, R5 (Martín et al., 2005)
and KS (5′-TCGAGGTCGACGGTATCG) all of which were purchased
form Roche Diagnostics. Each 25 μl-PCR reaction contained 2.5 μl of
10× PCR buffer, 1.5 mmol l−1 MgCl2, 200 μmol l−1 of each dNTP,
0.8 μmol l−1 of primer, 1 U of TAQ polymerase and 2 μl of DNA. When
primers M13R2 and KS were used, amplification reactions were
performed with 5 min of initial denaturation at 94 °C and 40 cycles
consisting of denaturation at 94 °C for 30 s, annealing (at 38 °C for
M13R2 and 40 °C for KS) for 1 min and elongation at 72 °C for 1.5 min,
followed by a final elongation for 5 min at 72 °C. With primer R5,
40 cycles were performed, each consisting of 1 min of denaturation at
94 °C, 1 min of annealing at 29 °C and elongation at 72 °C for 1 min.

PCR products were transferred directly from the thermocycler into
the sample tray of the QIAxcel System (Qiagen, Hilden, Germany).
Separation was performed using the AM420 method (Sample
injection voltage 5 KV, sample injection time 20 s, separation voltage
5 KV and separation time 420 s) in a 12-channel QIAxcel DNA
Screening Cartridge. The size of the PCR products was automatically
calculated using the BioCalculator TM software and the gel view
obtained by this software was imported using InfoQuest™ FP
Software version 4.5 (Bio-Rad Laboratories). RAPD profiles of both
primers were combined and the calculation of similarity of the PCR
fingerprinting profiles was based on the Dice correlation coefficient.
The cluster analysis was performed by the unweighted pair group
method using arithmetic average (UPGMA) algorithm (Vauterin &
Vauterin, 1992).

2.5. Volatile compounds analysis

Volatile compounds were analyzed in duplicate by purge-and-trap
gas chromatograph-mass spectrometry (GC-MS) according to USEPA
(1996). The isolation of volatile compounds was done by Dynamic
Headspace (Purge & Trap). 1 g of sample and 10 μl of the internal
standard d8-toluene (10 ng/μl in methanol) were introduced into a
30 ml glass vial, sealed with a silicone/PTFE septum and an aluminum
cap (Chromatography Research Supplies, Inc. USA). The samples were
held at 35 °C for 30 min while the volatile substances were purged
with purified N2 and then trapped in a carboactive/carbopak B
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Table 1
Microbial and physicochemical characterization and volatile compounds profile of
coxofemoral joint area (CF) and the adjacent area (SM) of unaffected hollow defect
hams.

CF area SM area

Microbiological characterization
Halotolerant bacteria 5.35±1.35 4.24±0.27
Gram-positive catalase-positive bacteria 4.42±0.23 3.86±0.76
Yeast and moulds 4.26±2.34 3.27±1.15

Physicochemical characterization
Moisture content (%) 44.05±1.16 45.36±3.42
aw 0.887±0.006 0.880±0.005
Salt % DM basis 7.35±1.34 7.59±1.72
pH 5.68±0.05 5.84±0.272

Volatile compounds (ng/g on dry matter basis)
Aliphatic hydrocarbons 60.10±13.72 47.29±26.67
Branched hydrocarbons 94.16±64.55 76.83±46.96
Aromatic hydrocarbons 39.28a±6.48 23.77b±0.85
Aldehydes 178.37±45.73 43.02±12.46
Branched aldehydes 491.48±100.72 287.01±98.37
Ketones 763.75±177.1 364.37±135.29
Branched ketones nd nd
Alcohols 1215.45±162.24 728.12±258.05
Branched alcohols 603.05±399.93 260.87±84.43
Ester compounds 143.69±119.10 63.66±36.64
Pyrazines nd nd
Sulfur compounds nd nd
Furans 22.38±8.40 12.11±9.01

Microbial data are expressed in log10 CFU g−1 and the values are themean of 3 samples±
standard deviation. Values of volatile compounds are the mean of the sum of compounds
from each group. a,b Different superscripts indicate significant differences (pb0.05)
between coxofemoral joint (CF) and Semimembranosus (SM) area. nd: non-detected.
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ceramic tube. The traps were thermally desorbed using a MW-1A
Microwave Guided Thermal Desorber (Rektorik, Switzeland) directly
coupled to the HRGC-MS system through a heated interface (150 °C).
The desorption power used was 7 (0–9) and desorption time 20 s.

Gas chromatography/mass spectrometry (GC/MS) analysis was
performed using a Thermofisher Trace 2000 Gas Chromatograph
coupled to a Thermofisher Voyager Quadrupole mass spectrometer
and signals were taken in total ions current (TIC) The GC injectionwas
done in split mode at 150 °C with a split ratio of 1:25. The carrier gas
was helium at 1 ml/min of constant flow. A DB-624 column
(30m×0.25 mm, 1.4 μm film thickness, J&W Scientific) was used for
the separation of volatile compounds and the temperature was
programmed from 50 °C (hold 5 min) to 225 °C (hold 10 min) at 5 °C/
min. The GC/MS transfer line temperature was 225 °C. The mass
spectrometer was operated in the Electron Impact mode (EI+) with
an electron energy of 70 eV, a filament current of 150 μA and a rate of
1 scan s−1 over a range ofm/z 35–350 for data collection. The NIST'98
and Wiley 6th mass spectral library were used to identify the volatile
compounds. Identification was performed by library search and
comparison of the acquired spectrum with hits from the search
programme, based on the forward match (FOR) and reverse match
(REV). Only good matches (generallyN900 out of 1000) and high
similarity for forward/reverse match data were considered. The
tentative quantification was carried out based on the internal
standard area of each sample related to the area of the standard d8-
toluene (Christie & Han, 2010) and expressed as the relative
concentration normalized to internal standard recovery during the
analysis (ng d8-toluene/g of sample on dry matter basis).

2.6. Physicochemical analysis

All analyses were performed in triplicate. Water activity (aw) was
measured at 25 °C±0.3 °C with a Novasina AW SPRINT—TH 500
instrument (Axair Ltd., Pfäffikon, Switzerland). Immediately after,
water content was analysed by drying at 103 °C±2 °C until reaching a
constant weight (AOAC, 1990). Chloride content was determined
according to ISO 1841-2, 1841-2 (1996) using a potentiometric
titrator 785 DMP Titrino (Metrohm AG, Herisau, Switzerland). Non-
protein nitrogen content (NPN) percentage was determined by
precipitation of proteins with trichloroacetic acid (Gáspár, 1984)
followed by determination of the nitrogen in the extract using the
Kjeldahl method (ISO 937, 1978). The pH was measured with a pH
penetration electrode (Crison 52-32) and a portable pH meter (Crison
PH 25, Crison Instruments, SA, Alella, Spain) in the minced
homogenate.

2.7. Statistical analysis

Physicochemical andmicrobiological data from control and hollow
defect samples were analysed using the GLM procedure from the SAS
statistical package (SAS Institute, 2003). Volatile compounds were
analyzed using the same procedure after grouping the compounds in
main groups (aliphatic hydrocarbons, branched hydrocarbons, aro-
matic hydrocarbons, aldehydes, alcohols, ketones, esters, sulfur
compounds, pyrazines and furanes). Pearson's correlation coefficients
(r) between some of the mentioned parameters and hollow defect
intensities were obtained by the CORR procedure (SAS Institute,
2003).

3. Results and discussion

Tomogram obtained using computed tomography show the
cavities formed around the coxofemoral joint (Fig. 1b). Therefore,
computed tomography could be used to determine the extent of the
cavities when using different elaboration conditions (Fulladosa et al.,
2009) and may help to optimize industrial processes to reduce this
problem.

3.1. Microbiological and physicochemical characterization

Counts of halotolerant bacteria, CG+and yeast and moulds were
not significantly different between CF and SM areas (pN0.05) in hams
without hollow defect (Table 1) and mean values were similar to
those found in control samples of affected hams (Table 2). Yeast and
moulds were found to be highly variable, especially in CF area.
Physicochemical parameters were neither significantly different
when comparing SM and CF areas (Table 1) or in comparison to
control samples from hams affected with hollow defect (Table 3).

In contrast, counts of halotolerant bacteria and GC+in HD samples
were significantly higher than in control samples (Table 2). Haloto-
lerant microorganisms counts were similar to the GC+counts, which
has previously been described as the predominant flora in the part of
the ham with hollow defect (Serra et al., 2007; Hugas & Arnau, 1987)
as well as during the ageing process in different types of dry-cured
ham (Carrascosa et al., 1988; Ruiz et al., 1999; Rodríguez et al., 1996;
Sánchez-Molinero & Arnau, 2008) but they have not been associated
to microbiological spoilage (García et al., 2000; Martín et al., 2009).
The counts were lower in control samples because the structure was
not damaged whereas in HD samples, with cavities formed, there was
an aerobic atmosphere which allowed the growth of GC+particularly
during the earlier stages of the process when aw was higher. The
counts of GC+in control hams, expressed as log CFU g−1, were
5.36±0.60 and increased as hollow intensity increased, obtaining a
significant positive correlation of r=0.8746 (p=0.01). LAB counts
wereb2 Log CFU g−1 in both control and HD samples, which concords
with Serra et al. (2007) and Hugas and Arnau (1987). This could have
been due to the high salt content of the ham in the Adductor muscle
during the initial stage (Arnau et al., 1995), and to the low moisture
content and low aw at the end of the process (Table 3). In the case of
yeast and moulds counts, the differences between control and HD



Fig. 2. Distribution of the different species of CG+per sample type. Values are
expressed as percentages.

Table 4
Distribution of the different species of CG+per sample type.

Species Genotype Number of
isolates

Total
isolatesa

Control samples
isolatesa

HD samples
isolatesa

S. equorum E01 5 13.9 23.5 5.3
S. equorum E02 1 2.8 5.9 –

S. equorum E03 1 2.8 – 5.3
S. equorum E04 1 2.8 – 5.3
S. equorum E05 1 2.8 5.9 –

Table 2
Microbial evaluation of dry-cured ham samples affected with hollow defect.

Halotolerant
bacteria

Gram-positive
catalase-positive
cocci

Yeast and
moulds

Lactic acid
bacteria

Control
samples

5.36a±0.60 5.14a±0.66 2.7±0.72 b2

Hollow defect
samples

7.36b±1.57 7.19b±1.43 3.8±1.09 b2

Microbial data are expressed in log10 CFU g−1. Values are the mean of 8 samples±
standard deviation, except for yeast and moulds that is the mean of the samples in which
they were detected. a,b Different superscripts indicate significant differences (pb0.05)
between control and hollow defect samples. b2: counts lower that 2 log cfu g−1.
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samples were not significant (pN0.05) because of the high variation
among samples. Nevertheless, differences between control and high
hollow defect intensity were important. Salmonella was not detected
in any of the samples (Absence in 25 g). Listeria monocytogenes and
Staphylococcus aureus counts were below the detection limit in all the
samples (2 log CFU g−1) which is indicative of the microbial safety of
the products studied.

The identification of GC+isolates resulted in three different
species; Staphylococcus equorum (52.8% of isolates), Staphylococcus
nepalensis (27.8%) and Staphylococcus xylosus (19.4%) (Fig. 2). The
same species were found in both control and HD samples. Despite the
counts of GC+being higher in HD samples, no relationship was found
between Staphylococcus species and hollow defect, which suggest that
the hollow defect is not attributed to a specific species. GC+isolates
were also submitted to RAPD-PCR analysis with three different
primers. After combination of the RAPD patterns, 19 distinct
fingerprinting profiles were obtained and were assigned a genotype.
S. equorum showed 10 genotypes, S. nepalensis 6 genotypes and the
resting 3 genotypes belonged to the species S. xylosus (Table 4). The
distribution of the genotypes could not be related to the sample type
(control or HD).

Moisture content was significantly lower (pb0.05) in samples
affected by hollow defect (Table 3). This fact could be due to the
external positioning of the defective area and probably to the increase
in the dehydration of the defective zone because of the presence of
cavities. aw did not differ between HD and control samples. Despite
the higher microbial counts in HDwhen compared to control samples,
therewas no difference either in salt content or in NPN% on drymatter
basis which may have been due to the recognized low proteolytic
activity of GC+. However, the lower moisture content in HD samples
was expected to reduce the activity of proteolytic enzymes in the
muscles (Schivazappa et al., 1992). In contrast, pH was significantly
higher (pb0.05) in HD samples probably because of the microbial
activity.

3.2. Profile of volatile compounds

Volatile compounds found in the coxofemoral joint (CF) and in the
adjacent areas (SM) of hams with no hollow defect were not
Table 3
Physicochemical characterization of dry-cured ham samples affected with hollow
defect.

Moisture
content
(%)

aw Salt (%)
DM basis

pH Non-proteic
nitrogen (%)
DM basis

Control
samples

49.36a±5.26 0.886±0.03 10.1±3.04 5.73±0.15a 3.22±0.89

Hollow defect
samples

43.31b±3.03 0.885±0.03 9.9±1.86 6.29±0.12b 2.96±0.63

Values are Means of 8 samples±standard deviation. a,bDifferent superscripts indicate
significant differences (pb0.05) between control and hollow defect samples.
significantly different for aliphatic or branched hydrocarbons,
aldehydes, branched aldehydes, ketones, alcohols, branched alcohols,
esters and furans (Table 1). However, CF area showed a higher content
of aromatic hydrocarbons (p=0.043). Although ester compounds and
furans were found in both analyzed areas, the amounts were not
significantly different (p=0.243 and p=0.394, respectively) and
were lower than the amounts found in HD samples (Table 6). In
contrast, sulfur compounds or pyrazines were not detected either in
CF or SM samples.

Tables 5 and 6 show the most relevant volatile compounds
identified in control and HD samples. Over 120 compounds were
identified, including aliphatic, branched and aromatic hydrocarbons,
aldehydes, ketones, alcohols, esters, pyrazines, sulfur compounds and
furans. Most of these substances are related to the intense
degradation processes in proteins and lipids that take place during
the ripening process of dry-cured ham elaboration (López et al.,
1992). Compounds detected in this study have previously been
identified in Iberian hams (Ruiz et al., 1999; López et al., 1992) and in
other breed types of dry-cured ham (Flores et al., 1997; Luna et al.,
2006).

Presence of hydrocarbons can be partially attributed to lipid
oxidation, which plays a decisive role on both linear and branched
hydrocarbons formation in dry-cured ham (Berdagué et al., 1991;
S. equorum E06 3 8.3 – 15.8
S. equorum E07 1 2.8 5.9 –

S. equorum E08 2 5.6 11.8 –

S. equorum E09 2 5.6 11.8 –

S. equorum E10 2 5.6 – 10.5
S. nepalensis N01 1 2.8 5.9 –

S. nepalensis N02 1 2.8 – 5.3
S. nepalensis N03 1 2.8 – 5.3
S. nepalensis N04 4 11.1 11.8 10.5
S. nepalensis N05 2 5.6 5.9 5.3
S. nepalensis N06 1 2.8 – 5.3
S. xylosus X01 2 5.6 5.9 5.3
S. xylosus X02 4 11.1 5.9 15.8
S. xylosus X03 1 2.8 – 5.3

a Values are expressed as percentages.
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Table 5
Tentative identification of the amounts (ng/g on dry matter basis) of volatile
hydrocarbons, aldehydes, ketones and alcohol compounds in control and hollow defect
samples from dry-cured ham.

Volatile compounds Hollow defect
samples

Control
samples

p-value

Mean SD Mean SD

Aliphatic hydrocarbons
Heptane 121.1 (1) nd
Octane 87.6±68.9 (5) 31.0±33.6 (3)
Decane 57.9±37.4 (8) 31.4±36.7 (7)
Undecene 9.1±0.12 (2) 2.2±0.03 (2)
Hexene 38.2±34.0 (2) 14.5±0.71 (2)
Group of alyphatic
compoundsa

139.57±82.6 (8) 49.46±44.8 (7) 0.011

Group of branched
hydrocarbonsa

123.4±93.9 (8) 52.8±61.1 (8) 0.054

Group of aromatic
hydrocarbonsa

45.6±26.7 (4) 43.8±21.3 (3) 0.919

Aldehydes
Pentanal 14.4±0.03 (2) 16.5±14.9 (3)
Hexanal 35.4±39.5 (6) 22.0±13.2 (6)
Nonanal 29.3 (1) 18.4±6.8 (3)
Undecanal 24.0 (1) nd
Benzaldehyde 54.1±35.5 (3) 34.0±15.2 (5)
Group of aldehydesa 49.10±14.4 (6) 40.51±30.20 (6) 0.528

Branched aldehydes
2-Methyl-propanal nd 23.8 (1)
3-Methyl butanal 130.2±93.2 (7) 180.8±143.2 (8)
2-Methyl butanal 20.5±8.5 (6) 30.1±16.0 (8)
3-Methyl hexanal 19.5 (1) nd
Group of branched
aldehydesa

173.6±94.2 (7) 236.1±166.7 (8) 0.510

Ketones
Propanone 448.7±276.3 (5) 664.1±253.5 (5)
2-Butanone 28.5±12.5 (4) 48.8±8.6 (3)
2-Pentanone 52.6±36.8 (7) 28.4±18.0 (6)
3-Pentanone 8.4±1.1 (2) 11.6±0.4 (2)
2-Hexanone 15.0±7.1 (2) 2.3±1.3 (3)
2-Heptanone 67.9±79.5 (8) 29.0±35.3 (7)
3-Octanone 31.2±28.2 (2) nd
2-Octanone 56.5 (1) nd
2-Nonanone 119.7±137.4 (3) 14.9±16.7 (5)
Group of ketonesa 492.6±381.5 (8) 506.0±425.3 (8) 0.907

Branched ketones
3,5-Dimethyl-2-octanone nd 3.6 (1)
Methyl Isobutyl Ketone 11.3±6.7 (2) nd
4,4-Dimethyl-2-pentanone 10.4 (1) nd
3-Buten-2-one 11.4 (1) 8.9 (1)
2,3-Butanedione 45.7±33.2 (3) 47.2±15.5 (2)
Group of branched ketonesa 14.9 2.6 (3) 11.8 11.6 (2) 0.659

Alcohols
Ethanol 1209.3±634.1 (4) 1617.9±259.6 (5)
2-Propanol 377.3±199.3 (5) 409.1±226.0 (5)
2-Butanol 23.4±11.8 (2) nd
1-Pentanol nd 13.1 (1)
2-Pentanol 48.3±25.8 (5) 6.8±7.3 (6)
1-Pentanol 18.6±11.8 (5) 19.1±10.4 (6)
1-Hexanol 21.1±19.5 (5) 16.8±17.5 (4)
2-Heptanol 85.4 (1) 2.1 (1)
2-Buten, 3-ol 76.2 (1) nd
1-Penten-3-ol 29.6 (1) 12.1±5.2 (2)
1-Hepten-3-ol 53.4 (1) nd
1-Octen-3-ol 63.1±12.2 (3) 24.7±11.6 (5)
Group of alcoholsa 955.5±815 (8) 1315.1±776.3 (8) 0.161

Branched alcohols
2-Ethyl-1-hexanol 298.3 (1) 275.9±8.3 (2)
Isobutyl alcohol 49.7 (1) nd
2-Butoxy ethanol nd 46.8±11.2 (2)
2-Methyl-1-butanol 30.2 (1) 59.4 (1)
3-Methyl-1-butanol 201.5±114.8 (5) 127.8±127.7 (6)

Table 5 (continued)

Volatile compounds Hollow defect
samples

Control
samples

p-value

Mean SD Mean SD

Isobutyl alcohol 13.5 (1) 134.2 (1)
4-Methyl-2-propyl-1-pentanol nd 1.5 (1)
3-Methyl-2-pentanol 13.6±8.7 (2) nd
Cyclopentanol 2.0 (1) nd
2-ethyl-1-hexanol 122.5 (1) 66.1±63.4 (2)
2-Butyl-1-octanol 2.7 (1) 3.0 (1)
7-Ethyl-2-methyl-4-undecanol 51.4±27.6 (4) 37.7±3.0 (2)
Group of branched alcoholsa 298.6±159.0 (6) 227.3±215.3 (8) 0.786

Values are the mean of the samples in which the compound is detected±standard
deviation; number of analyzed hams in which the compound is detected is specified in
brackets; nd: non detected. p-value indicates statistical significance.

a Values are the mean of the sum of compounds from each group.
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García et al., 1991; Ruiz et al., 1999; Shahidi et al., 1986). Octane,
decane, heptane, hexene and undecenewere found in higher amounts
in HD samples (Table 5). The group of aliphatic compounds in HD
samples were found to be significantly higher than in the control ones
(p=0.011) (Table 5). Higher amounts of several methylated nonane
and octane compounds in HD samples could be partly attributed to
the presence of moulds which can produce them as secondary
degradation products from triglycerides, as has been demonstrated
for a methyl branched alkenes (Jacobsen & Hinrichsen, 1997). Since in
Table 6
Tentative identification of the amounts (ng/g on dry matter basis) of volatile esters,
pyrazines, sulfur and furan compounds in control and hollow defect samples from dry-
cured ham.

Volatile compounds Hollow defect
samples

Control
samples

p-value

Mean SD Mean SD

Esters
Methyl-2-methyl propanoate 84.0±149.8 (6) 13.6±14.0 (5)
Methyl-3-methylthiopropanoate 10.2 (1) nd
Methyl butanoate 83.9±70.3 (4) 73.4±83.3 (8)
Methyl 3-methyl-butanoate 409.3±645.8 (8) 49.3±53.3 (7)
Propyl 3-methyl butanoate 2.81 (1) nd
Ethyl 3-methyl-butanoate 33.1 (1) 12.0±13.6 (2)
2-Methylpropyl
3-methylbutyrate

12.2 (1) nd

Methyl pentanoate 12.8±9.2 (4) 18.9±11.8 (4)
Isobutyl isopentanoate 145.3 (1) nd
Methyl hexanoate 185.2±97.8 (4) 255.4±115.4 (4)
Methyl heptanoate nd 19.4±24.2 (2)
Methyl octanoate 26.6±18.6 (3) 20.1±21.3 (4)
Group of ester compoundsa 648.7±800.3 (8) 280.0±287.8 (8) 0.155

Pyrazines
Methyl pyrazine 19.3 (1) 7.1 (1)
2,6-dimethyl pyrazine 245.0±140.0 (5) 129.4±66.0 (4)
Trimethyl pyrazine 83.4±31.6 (4) 43.1±56.7 (4)
Tetramethyl pyrazine 55.7 (1) 34.8±25.3 (2)
3-Ethyl-2,5-dimethyl pyrazine 11.8 (1) nd
Group of pyrazinesa 329.0±114.3 (5) 194.7±104.3 (4) 0.282

Sulfur compounds
Dimethyl disulfide 31.6±34.6 (3) nd
Butyl-(1-methylpropyl)
disulfide

63.2 (1) nd

Group of sulfur compoundsa 39.49 32.3 (4) nd b0.05

Furanes
2-Pentylfuran 70.7±63.5 (6) 46.5±47.4 (3)
Group of furanesa 70.7±63.5 (6) 46.5±47.4 (3) 0.824

Values are the mean of the samples in which the compound is detected±standard
deviation; Number of analyzed hams in which the compound is detected is specified in
brackets; nd: non detected. p-value indicates statistical significance.

a Values are the mean of the sum of compounds from each group.
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HD samples there are yeasts and moulds (Table 2), it is not surprising
to find major amounts of methylated hydrocarbons (p=0.054)
(Table 5). No significant differences between control and HD samples
were found for aromatic hydrocarbons. Aldehydes compounds were
also detected in both control and HD samples (Table 5). Hexanal is
derived from the oxidation of linoleic acid. The branched aldehydes
can be formed from valine, leucine and isoleucine by non-enzimatic
Strecker degradation (García et al., 1991; Barbieri et al., 1992) but can
also be formed in meat products through deamination and decarbox-
ylation by bacteria (Hinrichsen & Pedersen, 1995) and moulds
(Jacobsen & Hinrichsen, 1997). High levels of 3-methyl-butanal,
which are related to the proteolisis and amino acids degradation
(Pastorelli, Magni, Rossi et al., 2003), were found in both control and
HD samples.

Propanone was the major ketone found in control samples in
agreement with the results reported by Sanchez-Peña et al. (2005)
and Luna et al. (2006), who found this compound to be the major
ketone in Spanish and French dry-cured hams.

This compound was also found in high amounts in both HD and
control samples (Table 5). In contrast, the content of 2-nonanone and
2-heptanone was higher in HD samples despite not being significantly
different. The highest amounts of these compounds were found in
samples with high hollow defect intensity which could be related to
the higher counts of GC+in HD samples. The production of methyl
ketones has been described in Staphylococci (Fadda et al. (2002)).

Most of the identified alcohols, linear and branched, were
oxidative decomposition products of lipids but the methyl branched
alcohols could also have been a result of the Strecker degradation of
amino acids. 2-propanol and ethanol showed high quantities in both
control and HD samples (Table 5) and similar amounts to samples
from CF or SM areas (Table 1). This fact was previously observed by
Flores et al. (1997) in Serrano dry-cured ham. It is known that
branched alcohols originate from microbial degradation of the
respective branched aldehydes (Gaspardo et al. (2008). This was the
case with 3-methyl butanol compound which increased in HD
samples whereas 3-methyl-butanal decreased. Muriel et al. (2004)
reported that microorganisms can reduce 3-methyl-1-butanal to form
3-methyl-1-butanol.

Esters are formed from the interaction of free fatty acids and
alcohols generated by lipid oxidation in the intramuscular tissue
(Shahidi et al., 1986). The role of microorganisms in ester formation
seems limited because the microbial population inside the ham is
normally low (Carrascosa et al., 1988). Nevertheless, microbial flora
studies show a high amount of yeasts, moulds and GC+in the surface
of the ham which could contribute to the formation of these
compounds (Núñez et al., 1996; Rodríguez et al., 1994). It is not
surprising then, to find some esters in control samples of affected
hams (Table 5) or in samples from unaffected hams (Table 1). The
higher amount of esters in HD samples compared to control could be
related to microbial esterase activity (Stahnke, 1995). Besides, levels
of some esters such as methyl-2-methyl propanoate or methyl-3-
methyl butanoate were also found to increase with the increasing
intensity of the hollow defect, having a correlation coefficient of 0.782
(p=0.06) and 0.799 (p=0.05), respectively. This result is not
surprising, since the microbial flora, mainly GC+, also increases
with hollow defect intensity (r=0.875) and staphylococci has a
higher potential for esterification (Talon, Chastagnac, Vergnais,
Montel, & Berdagué, 1998). No differences were observed for the
group of ester compounds between HD and control samples
(p=0.155) (Table 6) because of the high variability due to different
hollow defect intensities. A correlation between the group of ester
compounds and the hollow defect intensity was found (r=0.829)
(p=0.04).

Sulfur compounds, related to unpleasant aromas mainly originate
from methionine, cysteine and cystine via Strecker degradation to
thiols, were only detected in HD samples (Table 6). The presence of
these compounds in the outer muscles of dry-cured ham has been
previously reported (Martín et al., 2006) although they were not
detected either in CF or in SM areas of analyzed hams with no hollow
defect (Table 1). Dimethyl sulfide is produced by spontaneous
degradation of S-methylmethionine (Spinnler et al., 2001). Dimethyl
disulphide could also come from the degradation of sulphur
aminoacids probably by microbial desamination (Berlitz and Grosch,
1999) and could be related to off-flavours detected in samples
showing the hollow defect. Formation of sulfur compounds in HD
samples may mainly be attributed to the abundant microbial flora.

Pyrazines were also found in higher amounts in HD samples than
in control samples (Table 6). Martín et al. (2006) have previously
described the presence of low levels of pyrazines in dry-cured ham,
and its synthesis was again related to yeast and moulds activity.
Although these compounds were also detected in control samples
(Table 6), their presence may be due to the proximity of the hollow
defect since these compounds were not detected in any of the
analyzed areas of hams with no hollow defect (Table 1). It must be
remarked that pyrazines only appeared in samples presenting a high
or moderate hollow defect intensity, in which high amounts of yeast
and moulds were detected (N3 log CFU g−1).

Furans are typically described as auto-oxidation products (Berlitz
& Grosch, 1999) which are usually generated during heating
processes. Nevertheless, the presence of furans has been previously
described in dry-cured ham (Ruiz et al., 1999; Flores et al., 1997;
López et al., 1992). In this study, 2-pentyl furanwas detected in higher
amounts in HD samples but differences were not statistically
significant (p=0.824) (Table 6). Lower amounts in CF and SM areas
of hams with no hollow defect were also found (Table 1). A high level
of this compound was previously found in the driest outer muscles
during ripening time (Martín, Córdoba, Aranda, Guia Córdoba &
Asensio, 2006), which agrees with the results of the present study.

4. Conclusions

Computed tomography is a useful technology for detecting hollow
defect during processing. GC+was the predominant flora in muscles
affected by hollow defect. Listeria monocytogenes, Staphylococcus
aureus and Salmonella did not represent any safety problem in the
hollow defective hams studied. GC+counts and pH were found to be
significantly higher in HD samples andmoisture content lower than in
the control ones. Differences on volatile profiles, such as presence of
ester compounds, 2-nonanone, or some pyrazines, sulfurs and furans,
could be related to the hollow defect.
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