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Abstract

The aim of this study was to evaluate differences in the physicochemical characteristics,
fatty acid profiles and volatile compounds of different muscle types (semimembranosus
(SM), biceps femoris (BF) and semitendinosus (ST)) used to produce dry-cured Bisaro ham.
Sixteen dry-cured hams were used. The physicochemical parameters were significantly
affected by the muscle type, with the differences being mainly related to the different drying
degrees and the intramuscular fat and collagen contents of the fresh muscles. Additionally,
the type of muscle had a significant influence on the polyunsaturated fatty acids, such that
the muscle with the highest fat content (ST) had the lowest PUFA content and vice versa.
There were strong significant differences in the total content of volatile compounds derived
from the Strecker reaction, which was higher in the ST muscle, and in the proportions of
these compounds with different functional groups. The amount of sulfur compounds was
also affected by the muscle type and was higher in the SM muscle. Due to the great impact
of Strecker-derived and sulfur compounds on the flavor of the cured hams, these differences
would affect the flavor perception of the different muscles. The variability between muscles
in composition, fatty acids and volatile compounds allowed for discrimination of the
samples by muscle type using multivariate analysis.

Keywords: physicochemical characteristics; fatty acid profile; volatile compounds; Bisaro
breed; dry-cured ham; muscle type

1. Introduction

The Bisaro is a pig breed of Celtic origin from the north of Portugal, particularly
from the Tras-os-Montes region. This breed adapts well to traditional management and
extensive and semi-extensive farming regimes, where feeding is based on commercial
feeds supplemented with other local feeds of vegetable origin, such as chestnuts, turnips,
potatoes, pumpkins, beets, fruits and green cereals. Pork and pork products from pigs of
this breed are highly appreciated by consumers [1]. Under European Union regulations [2],
Bisaro pork can be categorized under several certified products (protected designation of
origin (PDO) and protected geographical indication (PGI)), ranging from ‘Carne de Bisaro
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Transmontano’ fresh meat to ‘Presunto Bisaro de Vinhais’ dry-cured hams, which are the
subject of this research.

Similar to a wide variety of meat products around the world, the production and
consumption of dry-cured ham in Portugal has been gaining ground [3-8]. In the Iberian
Peninsula, there is a wide variety of dry-cured hams that are differentiated based on the
characteristics of the raw meat (genetic type, feed, breeding system, slaughter weight,
meat/fat ratio, etc.), the use of non-meat ingredients (amount of salt, spices, seasonings,
etc.) and the ripening conditions (time, temperature and relative humidity) [4,9,10].

Moreover, from an anatomical point of view, the moisture and fat contents, fatty acid
composition [11], moisture loss and a variety of biochemical changes that take place in
the ham during ripening can be affected by the type of muscle [9,12] or by the trimming
method used, e.g., removing or not removing part of the skin and subcutaneous fat [13].
Among the muscles that make up dry-cured hams, three muscles which constitute most
of the central part of the ham can be easily distinguished, namely biceps femoris (BF) and
semitendinosus (ST), which are both internal muscles covered with skin and a thick layer
of fat, and semimembranosus (SM), an external muscle without a skin or fat cover and thus
subject to more rapid salt absorption and drying [9]. The effects of muscle-related variables
on dry-cured ham quality are mediated by the complex reactions that take place during
ripening and are mostly due to water loss, salt intake and lipolytic, proteolytic and oxidative
processes [4]. Specifically, depending on the anatomical localization (muscle), different
degrees of proteolysis and lipolysis can be expected, with greater activity in the muscles of
the interior, which could affect the quality traits including flavor and texture [14-16].

Free fatty acids, amino acids and peptides derived from lipolytic and proteolytic
processes serve as the substrates for lipid oxidation and the Strecker reaction. These
reactions produce a large variety of volatile compounds (VOCs), such as organic acids,
alcohols, aldehydes, ketones, esters, lactones, furans and hydrocarbons, some of which have
distinct aromatic notes that are responsible for the flavor of dry-cured hams [17]. At the
industrial level, these flavor compounds have a significant impact on the characterization
and valorization of the final product [8].

The objective of this study was to investigate the relationship between the muscle type
and quality traits of Bisaro dry-cured ham by studying the effect of muscle type on the
physicochemical characteristics and fatty acid and volatile compound profiles. The general
purpose was to provide useful information to aid in improving the production process for
this type of dry-cured ham.

2. Materials and Methods
2.1. Dry-Cured Bisaro Ham Production Process

Dry-cured Bisaro hams were prepared from purebred Bisaro pigs reared in a commer-
cial farm in north-eastern Portugal (Bisaro Salsicharia Tradicional; Gimonde, Bragancga,
Portugal). On this farm, the pigs were raised under a semi-extensive production system
according to regional livestock practices, with their diet supplemented with commercial
feed and seasonal vegetables. This system promotes the welfare of the animals by giving
them space to explore and graze. As in any licensed commercial farm, during rearing, the
animals were cared for in accordance with welfare standards and in compliance with EU
Council Regulation (EC) No. 1099/2009 [18]. For the experiment, 16 pigs were purchased,
all 12 months of age and weighing approximately 135 kg. These 16 animals were randomly
selected from 40 pigs on the farm because they met these conditions, resulting in 10 cas-
trated males and 6 females for the study. The animals were slaughtered in an authorized
slaughterhouse following the slaughtering and carcass preparation procedures previously
described by Alvarez-Rodriguez and Teixeira [19]. The mean carcass weight was 110 kg.
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After chilling the carcass for 24 h at 04 °C, a main leg was removed from each carcass.
Each leg was then trimmed by cutting away some of the lean meat, fat and skin to obtain
the typical ham shape [20]. The hams were left to rest (for 24 h under refrigeration) and
then compressed with a hand massage to allow the internal liquids—mostly blood retained
in large blood vessels—to be properly eliminated. Afterwards, the hams were subjected
to salting and dry ripening at the Bisaro Salsicharia Tradicional meat products processing
plant according to a traditional method for a total of 16 months. Briefly, salting was carried
out by covering the legs with salt, which were then left to stand for a time depending
on the weight of the pieces (1 day per kg of weight). This phase took place in a static
refrigeration chamber at a temperature of 0-2 °C and a relative humidity (RH) of 80-95%.
No curing agents (nitrites or nitrates) were added during this stage, according to the
protected geographical indication for Bisaro ham regulation. After salting, the salt adhered
on the ham surface was removed using pressurized warm water, and the legs were then
hung in a chamber (0-3 °C, 85-90% RH) for the 3-month post-salting stage.

The hams were then moved to a ripening chamber (first drying step) where the
temperature was gradually increased from 3 °C to 8 °C and the RH was dropped to 80-85%
for a period of 4 months. Afterwards, the hams were transferred to another ripening
chamber (second drying stage) where the temperature was gradually increased from
8 °C to 16 °C and the RH was reduced to 75-80% for another 4 months. Finally, the hams
were kept for 9 months in a third ripening chamber (final ripening stage) where the RH
was set at 60-70% and the temperature was gradually increased from 16 to 30 °C for the
first 4 months and then lowered to 18-20 °C. Once dry-cured, the hams were taken from
the plant to the Carcass and Meat Quality Laboratory at the School of Agriculture of the
Polytechnic Institute of Braganga (Braganca, Portugal) for sampling and analysis.

2.2. Dry-Cured Bisaro Ham Muscle Sampling

Once in the laboratory, the hams were skinned and deboned, and the SM, BF and
ST muscles (Figure 1) were dissected and used for the analyses of water activity (aw),
NaCl content, proximate composition, collagen and heme pigment concentrations and
fatty acid and volatile compound profiles (Figure 1). The pH was measured using a Crison
570 pH meter equipped with a 52-32 puncture electrode (Crison Instruments, Barcelona,
Spain) following Portuguese standard NP-ISO 3441/2008 [21]. The whole portion of each
muscle was then minced using a Buchi Mixer B-400 power mill (BUCHI, Labortechnik
AG, Postfach, Flawil, Switzerland) for 10 s until a homogeneous paste was obtained, from
which about 100 g was taken for the analyses.

Figure 1. Image of the three muscles semimembranosus (SM), biceps femoris (BF) and semitendinosus (ST)
in a dry-cured Bisaro ham.
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2.3. Proximate Composition, Sodium Chloride, Collagen, Heme Pigment Contents and ay,

Moisture was determined according to the Portuguese standard [22] by drying the
sample in an oven (Raypa DO-150, Barcelona, Spain) for 4 h at 103 & 2 °C. The ashes
were assessed according to the Portuguese standard [23] using a muffle furnace (Vulcan
BOX Furnace Model 3-550, Yucaipa, CA, USA). Fat (intramuscular fat) was extracted from
a 25 g muscle sample according to the Folch procedure [24] and weighed. The protein
determination was carried out following the Portuguese standard [25] using the Kjeldahl
Sampler System (K370, Flawil, Switzerland) and Digest System (K-437, Flawil, Switzerland).
The total chloride content was quantified according to Portuguese standard NP 1845 [26]
and calculated as the NaCl content. The collagen content was quantified according to
Portuguese standard 1987 [27]. The total heme pigment content was determined according
to Hornsey’s procedure [28] and the absorbance at 512 nm was measured using a Spec-
tronic Unicam 20 Genesys spectrophotometer (SPECTRONIC 20 GENESYS, Thermofisher
Scientific, Austin, TX, USA) and expressed as mg myoglobin/g sample. The water activity
(aw) was assessed according to AOAC [29] using a HigroPalmAw1 Rotronic 8303 probe
(Bassersdorf, Switzerland). Three repetitions were carried out for each variable.

2.4. Fatty Acid Composition Analysis

From the fat extracted using the Folch method [24], a 50 pg sample, in duplicate,
was used to analyze the fatty acid profile of the dry-cured ham muscles. The fatty acids
were transesterifed following the method of Dominguez et al. [30], and the fatty acid
methyl esters were analyzed using chromatography following the procedure reported by
Teixeira et al. [31]. Fatty acid methyl ester separation was performed using a gas chromato-
graph (GC-Shimadzu 2010Plus; Shimadzu Corporation, Kyoto, Japan) equipped with a
flame ionization detector and an AOC-20i automatic sample injector and using a Supelco
SP-2560 (Bellefonte, PA, USA) fused silica capillary column (100 m length, 0.25 mm internal
diameter, 0.2 um film thickness; Supelco). Identification was carried out using the standard
Supelco 37 Component FAME Mix (Supelco). The fatty acid contents, expressed as g per
100 g of total fatty acid methyl esters, were calculated based on the chromatogram peak
areas. To analyze the healthiness of the fatty acid profile of the dry-cured Bisaro ham
muscles, the polyunsaturated (PUFA)/saturated (SFA) fatty acid ratio, the atherogenicity
(IA) and thrombogenicity (IT) indices proposed by Ulbricht and Southgate [32] and the
hypocholesterolemic/hypercholesterolemic (h/H) ratio [3] were calculated.

2.5. Volatile Compound Profile

One gram of the homogenized SM, BF and ST muscles was transferred to 10 mL
screw cap headspace vials. The volatile compound profile was obtained by solid-phase
micro-extraction (SPME) coupled to gas chromatography-mass spectrometry using an
Agilent Technologies (Santa Clara, CA, USA) chromatograph equipped with a DB-624
capillary column (30 m length, 0.25 mm internal diameter, 1.4 pm film thickness; J&W Sci-
entific, Folsom, CA, USA) and a mass-selective detector 5977B MSD (Agilent Technologies)
following the procedure described by Dominguez et al. [4]. The linear retention indices
(LRIs) of the volatile compounds were calculated. The identification of volatile compounds
was carried out based on matching the peak spectra both with a spectral database and
the relative retention time. The results are expressed as the area units per gram of sample
(10° AU/g of the sample). The determination of these compounds was performed at Centro
Tecnologico da Carne (CTC) (San Cibrao das Vifias, Ourense, Spain).
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2.6. Statistical Analysis

Data on the physicochemical composition and fatty acid and volatile compound
profiles were analyzed using the general linear model (GLM) procedure. The quality
characteristics were defined as dependent variables, and muscle was considered the fixed
effect, with ham as the experimental unit. The results are presented as the mean values
with the standard error of the mean (SEM). When a significance level of p < 0.05, p < 0.01
or p < 0.001 was detected, Tukey’s HSD test was used to compare the means. All analyses
were conducted using the statistical software JMP® Pro 16.0.0, 2021 edition (SAS Institute
Inc.©, Cary, NC, USA). Principal component analysis (PCA), an unsupervised multivariate
method, and linear discriminant analysis (LDA), a supervised classification technique,
were applied to the datasets to analyze the physicochemical parameters and fatty acid
and volatile compound profiles. Prior to the multivariate analysis, all variables were
mean-centered and scaled to unit variance to ensure equal importance in the mathematical
treatment and to prevent biases arising from differences in the variable magnitudes.

3. Results and Discussion

3.1. Proximate Composition, Sodium Chloride, Collagen and Heme Pigment Contents, ay, and pH
Table 1 shows the results for the different physicochemical characteristics of the dry-

cured Bisaro ham muscles. Significant differences were observed between the muscles for

all the characteristics assessed (p < 0.01 or p < 0.001) except for pH, which had an average
value of 5.70 for the three muscles.

Table 1. Physicochemical characteristics and chemical composition of semimembranosus, biceps femoris
and semitendinosus muscles of dry-cured Bisaro ham (n = 16).

Parameter Muscle SEM SIG
SM BF ST

aw 0.84b 0.862 0.852b 0.004 **

Moisture (%) 42.09° 49302  4525P 0.953
Total Fat (%) 7.09b 6.89P 12.78 2 0.563
Protein (%) 41.002 29.65P  31.06° 0.774

Ash (%) 6.53 P 7.432 6.82P 0.164 *

NaCl (%) 5.86P 7.102 6.17P 0.220 **

Heme Pigment (mg/g) 2.60° 1.57P 1.92° 0.142 e
Collagen (%) 1.792 1.31P 1.10 ¢ 0.089

SIG—significance; SEM—standard error of the mean; a,,—water activity; SM—semimembranosus; BF—biceps
femoris; ST—semitendinosus. Heme pigment content is given as mg myoglobin/g sample. Different lowercase
letters (a, b, ¢) in the same column indicate significant differences between muscles. ANOVA followed by a post
hoc Tukey test. ** (p < 0.01); *** (p < 0.001).

The BF muscle showed the highest a,,, which was significantly different from that
of the SM muscle. The BF muscle also contained the highest moisture content, with
significant differences compared to the other two muscles. The BF and ST muscles had
similar moisture/protein ratios (1.7 vs. 1.5, respectively); however, the SM muscle showed
a lower value (1.0). The observed differences in moisture content and a,, between the BF
and SM muscles can be mainly attributed to the greater degree of drying of the SM muscle
which, unlike the BF muscle, is exposed to the ham surface and thus exposed to evaporative
losses. The results are in accordance with those found in Iberian [10], dry-cured Celta [9,33]
and Slovenian hams [12]. Water loss is the most influential change in dry-cured hams [33].
Consequently, due to the high moisture loss, the SM muscle exhibited the highest protein
and collagen contents (p < 0.001).
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The ST muscle of the dry-cured Bisaro ham had the highest intramuscular fat content
when fresh (and dried). The origin of this difference lies in the degree of marbling of the
fresh muscle. Different results were observed in other types of ham [12,15] with a higher
fat content when comparing SM to BE.

The ash and NaCl contents were significantly higher in the BF muscle compared to
in SM and ST (p < 0.01). This difference is likely related to the differences in the moisture
and fat contents between the muscle types rather than a non-homogeneous distribution of
the salt used in the curing process, as the salt/moisture ratios for the three muscles were
similar (approximately 14 g NaCl/100 g H,O).

Regarding the color-related parameters, the SM muscle, the driest one, contained the
highest heme pigment content (2.60 mg/g sample), significantly surpassing that of BF
and ST (p < 0.001). This difference might contribute to the darker color of this muscle [28].
The negative relationship between the moisture and heme pigment contents was weak
due to differences in the heme pigment/protein ratios between the muscles (6.3, 5.2 and
6.2 mg heme pigments/g protein for ST, BF and SM, respectively). This means that there
was a difference in the heme pigment contents between the muscles before drying. Likewise,
the differences in collagen content depend not only on the degree of drying [34] but also
on differences in the collagen content of the fresh muscles. When the collagen content
is calculated as a percentage of the total protein content and is therefore independent of
moisture, the collagen contents of ST, BF and SM were 6, 5 and 4%, respectively. These
results highlight the muscle-specific variability in dry-cured ham, emphasizing the need to
consider anatomical differences when evaluating product quality.

3.2. Fatty Acid Composition

The fatty acid profile of the intramuscular fat of the dry-cured ham muscles is shown
in Table 2. For brevity, only the most abundant fatty acids (with a proportion higher than
2% of the total fatty acids) were included in the table. Numerous factors, such as the breed,
sex, rearing and feeding systems, slaughter weight, age, muscle type and curing time, can
affect the fatty acid profile of dry-cured ham muscles [35,36]. Despite these variables, oleic
acid is typically the predominant FA in the intramuscular fat fatty acid profile of this type
of pork product, followed by palmitic and stearic acids. This pattern has been reported
in dry-cured Bisaro loin and cachacgo [1], Iberian dry-cured shoulder [7] and hams of
other origins [3,35].

There were significant differences in the percentages of PUFAs between the muscles.
The SM muscle had the highest PUFA content, followed by the BF and ST muscles. Conse-
quently, among individual PUFAs, the percentage of linoleic acid (C18:2n-6), which was the
major component, was significantly higher in the SM muscle, followed by the BF muscle
and then the ST muscle (p < 0.001). In contrast, neither the total SFA or MUFA content
differed significantly between the muscles.

The fatty acid profiles found in this study were consistent with the profiles reported
for dry-cured hams from other traditional pig breeds [9,11]. The PUFA differences can be
largely explained by the different intramuscular fat contents between the muscles. The
higher the intramuscular fat content, the lower the degree of polyunsaturation due to the
greater presence of triglycerides in the marbling fat as opposed to phospholipids, which
are abundant in membrane fat. PUFA variability might affect the oxidative stability, flavor
development and nutritional value of the ham.

The differences in PUFAs were not large enough to result in significant differences in
the IA, IT and h/H ratio between the muscles. No organization has provided recommended
IA and IT values [37], but the IA (~0.44-0.46) and IT (~0.99-1.07) values obtained in this
study are in line with those reported for traditional cured hams. However, the PUFA /SFA
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ratio differed significantly between the muscles, similarly to the differences in PUFAs.
Even so, these ratios are below those recommended by the Department of Health and
Social Care [38] (0.4). In summary, the higher PUFA content in the SM, coupled with a
lower n-6/n-3 ratio, suggests a lipid profile with greater nutritional value but potentially
increased susceptibility to oxidative degradation. Conversely, the ST muscle, with a lower
PUFA content, may exhibit improved oxidative stability but a less favorable nutritional
profile regarding essential fatty acids.

Table 2. Fatty acid composition of semimembranosus, biceps femoris and semitendinosus muscles in
dry-cured Bisaro ham (n = 16).

FA (%) Muscle SEM SIG
SM BF ST
C16:0 24.20 24.76 2491 0.293 ns
C16:1n-7 3.15 3.03 297 0.069 ns
C18:0 9.94 10.68 10.45 0.342 ns
C18:1n-9 50.08 50.30 51.81 0.620 ns
C18:2n-6 7.80% 6.84° 5.67 ¢ 0.205 ok
SFAs 35.68 36.90 35.26 1.057 ns
MUFAs 54.10 54.27 57.37 1.106 ns
PUFAs 10.212 8.83P 7.37°¢ 0.283 xxx
PUFA /SFA ratio 0.284 0.24° 0.21°¢ 0.266 o
1A 0.44 0.46 0.44 0.018 ns
IT 0.99 1.07 1.04 0.041 ns
h/H 2.36 2.26 2.25 1.897 ns

ns—not significant; SEM—standard error of the mean; FA—fatty acid; SIG—significance; SM—semimembranosus;
BF—biceps femoris; ST—semitendinosus; SFA—saturated fatty acid; MUFA—monounsaturated fatty acid;
PUFA—polyunsaturated fatty acid; PUFA /SFA—polyunsaturated /saturated fat ratio; IA—atherogenicity index;
IT—thrombogenicity index; h/H—hypocholesterolemic/hypercholesterolemic index. Only fatty acids with a
proportion greater than 2% are presented in the table, but all detected fatty acids were used to calculate the totals
and the indices. Different lowercase letters (a, b, ¢) in the same column indicate significant differences between
muscles (p < 0.05). ANOVA followed by a post hoc Tukey test. *** (p < 0.001).

3.3. Volatile Compounds

A total of forty-nine compounds were quantified in the samples from the SM,
BF and ST muscles (Table 3). These compounds were classified into six chemical fam-
ilies: esters (12), hydrocarbons (11), alcohol (7), ketones (7), aldehydes (5) and other
compounds (7), mostly sulfur compounds. The higher number of compounds found in
the dry-cured hams were mainly derived from lipid oxidation, i.e., straight-chain alde-
hydes, alcohols, acids and esters; most of the hydrocarbon; ketones (except acetoin); and
2-pentylfuran [39,40]. Nonetheless, the overall concentration of these compounds, partic-
ularly straight-chain aldehydes such as hexanal, which are closely associated with lipid
oxidation in dry-cured hams [17,41], was comparatively low. Their levels were notably
lower than those of more abundant volatile compounds, including 3-methylbutanol, 3-
methylbutanal and toluene, which originate from alternative biochemical pathways. This
suggests that the lipid oxidation in the ripening of the dry-cured hams was a controlled
process and that the higher proportion of PUFAs in the SM muscle did not result in a
higher lipid oxidation rate. In this context, it has even been observed that aldehydes tend
to decrease during the ripening of dry-cured hams [9]. At high concentrations, hexanal is
strongly involved in the development of rancid aromas, while at moderate levels, such as
those found in the hams in this study and others [12,42,43], hexanal seems to contribute
to the characteristic odor of the meat product [4,41,44]. Aliphatic hydrocarbons were the
most abundant lipid-derived volatile compounds in the dry-cured hams due to the high
levels of octane, 2,2,4,4-tetramethyloctane and heptane. The high abundance of these latter
two compounds in dry-cured hams has also been described by other authors, but they were
not thought to have an important role in the flavor of the ham [41,43,45-47].
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Table 3. Volatile compound contents (10° area units/g of sample) of dry-cured Bisaro ham according to muscle type (n = 16).

VOCs Muscle SEM SIG
M/Z BF SM ST

2-Butanol, (R)- 45 0.87b 0.77b 2374 0.332 0.002
1-Butanol 56 1.12 0.82 1.33 0.187 0.175
2-Pentanol 45 14.212 8.73b 12.85ab 1.541 0.041
1-Pentanol 70 7.58 ab 5.78 P 9.032 0.872 0.039
1-Hexanol 69 16.96 2P 12.54 P 23.69 2 2.543 0.012
1-Butanol, 3-methyl- 70 57.52 P 81.80° 144.252 14.320 <0.001
Benzyl alcohol (aromatic) 79 6.20° 4.33°¢ 8.534 0.540 <0.001
TOTAL ALCOHOL CONTENT 104.45P 114.77b 202.052 15.605 <0.001
Butanal, 3-methyl- 58 51.202 65.052 19.26 ° 6.107 <0.001
Hexanal 56 27.48 20.59 12.68 4.383 0.068
Benzaldehyde (aromatic) 106 30.67 @ 31.09 @ 17.02° 2473 <0.001
Benzeneacetaldehyde (aromatic) 91 32.622 32.602 19.27 2.912 0.002
Nonanal 57 6.82 6.29 5.20 0.873 0.416

TOTAL ALDEHYDE CONTENT 148.79 @ 155.612 73.43 b 13.195 <0.001
Pentane 72 2.062 0.44b 2792 0.453 0.002
Heptane 71 37.032 8.96b 46.014 6.667 0.001
Octane 85 121.252 38.51P 156.27 2 19.56 <0.001
2-Octene, (E)- 112 0932 0.36P 1.152 0.150 0.002
Ethylbenzene (aromatic) 91 1.12b 3.092 2512 0.338 0.001
Nonane 57 1.29b 1.06P 2.714 0.295 0.001
Nonane, 5-methylene- 56 0.71 0.83 0.96 0.087 0.155
2,2,4,4- Tetramethyloctane 57 48.50 5451 54.05 5.094 0.653
Undecane 57 2.13 2.75 2.36 0.253 0.225
Tridecane 57 0.32 0.33 0.33 0.054 0.991
Toluene (aromatic) 91 84.83 106.67 130.27 26.520 0.485
TOTAL HYDROCARBON CONTENT 300.17 @b 217.51°P 399.402 30.242 0.001
2-Butanone 72 5.29 5.50 4.37 0.412 0.129

2-Pentanone 86 5.95 8.79 10.94 2.588 0.400
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Table 3. Cont.

VOCs Muscle SEM SIG
M/Z BF SM ST
Acetoin 45 11.33 8.36 6.14 3.203 0.522
2-Hexanone 58 2.55 3.92 3.46 1.010 0.626
2-Heptanone 58 25.35 30.30 31.50 7.138 0.812
4-Hexen-3-one, 5-methyl 112 2952 1.05b 2782 0.284 0.001
2-Nonanone 58 4.21 4.96 6.45 1.395 0.517
TOTAL KETONE CONTENT 57.63 62.88 65.64 12.760 ns
Ethyl acetate 61 5.09 1.37 5.73 1.281 0.050
Propanoic acid, ethyl ester 57 1.45 0.84 1.54 0.396 0.397
Acetic acid, propyl ester 61 0.25 0.05 0.39 0.101 0.071
Propanoic acid, 2-methyl-, ethyl ester 116 1.41 0.68 1.31 0.331 0.251
Butanoic acid, ethyl ester 88 13.80 6.71 11.59 2.975 0.236
Butanoic acid, 2-methyl-, ethyl ester 102 7.45 3.92 9.11 2.358 0.293
Butanoic acid, 3-methyl-, ethyl ester 88 13.09 6.81 15.50 4.197 0.328
Acetic acid, 3-methylbutyl ester 70 0.77 b 0.60° 2.684 0.504 0.009
Acetic acid, 2-methylbutyl ester 70 0.17 0.07 1.18 0.347 0.052
Hexanoic acid, ethyl ester 88 35.28 16.38 41.32 10.74 0.241
Octanoic acid, ethyl ester 88 11.24 3.37 14.36 3.381 0.071
Decanoic acid, ethyl ester 88 2.082b 0.58 3412 0.766 0.041
TOTAL ESTER CONTENT 92.09 41.35 108.12 24.707 ns
Methanethiol 48 0.123 0152 0.07° 0.018 0.015
Trichloromethane 83 23.55P 16.08 P 65.26 2 11.990 0.012




Foods 2025, 14, 2474 10 of 18

Table 3. Cont.

VOCs Muscle SEM SIG
M/Z BF SM ST
Disulfide, dimethyl 79 10.84° 19.02 2 8.98 P 2.091 0.003
Butanoic acid 60 17.712 8.56 P 12.44° 1.357 <0.001
Furan, 2-pentyl- 81 12.31 13.96 14.71 1.919 0.667
Benzoic acid, m-hydroxyphenyl ester 105 1.11 0.64 0.76 0.220 0.305
Trisulfide, dimethyl 126 6.37° 10.80 2 5.00° 1.250 0.005
TOTAL CONTENT OF OTHER COMPOUNDS 72.01 69.20 107.23 13.388 ns

VOCs—volatile organic compounds; ns—not significant; SIG—significance; SEM—standard error of the mean; M/Z—quantifier ion; SM—semimembranosus; BF—Dbiceps femoris;
ST—semitendinosus. Different lowercase letters (a, b, ¢) in the same column indicate significant differences between muscles (p < 0.05). ANOVA followed by a post hoc Tukey test.



Foods 2025, 14,2474

11 0f 18

The second largest group of volatile compounds in the dry-cured hams and the most
abundant in concentration consisted of branched-chain and aromatic aldehydes, alcohols
and esters. These compounds may have come from the deamination of amino acids, i.e.,
the Strecker reaction. They have been found to be abundant in dry-cured hams and are
considered very important for achieving their full flavor [4,35,45,46].

Among the compounds derived from lipid oxidation and Strecker degradation in the
dry-cured ham, the presence and formation of aldehydes, alcohols and esters seemed to be
related to each other, and their quantities and distributions were highly dependent on the
ripening time. During ripening, alcohols are formed through the reduction of aldehydes,
and esters are formed by the esterification of alcohols with organic acids [48]. Both alcohols
and esters seem to increase during the last months of ripening [12]. Thus, the hams in this
study were expected to have high alcohol and ester contents due to the long maturation
period of 16 months.

A third less abundant but characteristic group of volatile compounds in the dry-cured
hams comprised sulfur compounds, presumably originating from the catabolism of sulfur-
containing amino acids [39]. Sulfur compounds have very low odor threshold values [40]
and, according to Martinez-Onandi et al. (2017) [10], dimethyl disulfide is highly implicated
in the flavor of dry-cured hams, contributing notes of cabbage, garlic and onions.

Regarding the different muscles, there were no clear differences in the amounts of
lipid-derived aldehydes or ketones since there were no significant differences between
the most representative and abundant ones (hexanal, nonanal, 2-butanone, 2-pentanone
and 2-nonanone); all of these compounds have a low odor threshold [49]. These results
partially agree with those of Plugiese et al. [12], who found no difference in hexanal and
2-heptanone levels between BF and SM muscles but did find higher levels of nonanal in
BF muscle.

There were higher levels of straight-chain alcohols (2-butanol, 1-pentanol and
1-hexanol) in the ST muscle and lower levels of 1- and 2-pentanol and 1-hexanol in the SM
muscle, suggesting higher and lower levels of conversion of alcohols from aldehydes in
these muscles. In a study on Kraski prsut ham, higher levels of straight medium-chain
alcohols like hexanol were also found in SM compared to in BF muscle [12]. The concentra-
tion of medium (from 4 to 9 carbons)-length straight-chain alcohols was significantly lower
in the SM muscle when compared with that in the other muscles. The differences in the
abovementioned alcohols between the muscles would have a small effect on flavor, due to
their relatively high levels [50]. Lorenzo et al. [45] have suggested that alcohols contribute
herbaceous, woody and fatty notes to dry-cured products.

There were more significant differences in the compounds derived from Strecker
degradation between the muscles. The levels of Strecker reaction-derived aldehydes, i.e.,
3-methyl butanal, benzaldehyde and benzene acetaldehyde, were higher in the BF muscle.
Meanwhile, those with alcohol and ester functional groups, i.e., 3-methylbutanol, benzyl
alcohol and 2- and 3-methylbutyl acetate, were more abundant in the ST muscle than in the
two other muscles. Overall, the ST muscle had the highest number of products from the
Strecker degradation of amino acids (240 x 10° AU/g), with BF having the lowest amount
(200 x 10° AU/g).

Due to the difference in the total amount of compounds from the Strecker reaction
and the fact that alcohols and esters form gradually from aldehydes through chemical
reduction, there may be a lower rate of degradation of amino acids and lower reduction
rates in the BF muscle than in the ST muscle, with intermediate rates in the SM muscle.
The differences in the levels of these types of compounds may have an important effect
on the flavor of the muscles. Aldehydes and alcohols from the degradation of amino
acids have a low olfactory threshold and are responsible for the typical aroma of dry-
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cured hams [4,12,45,46,51,52]. Moreover, esters from short-chain acids would result in the
generation of fruity notes, whereas the formation of esters from long-chain acids would
give rise to fatty odor notes [12,17].

Sulfur compounds clearly differed between the muscles, with the SM muscle showing
the highest amounts of the three sulfur compounds detected (methanethiol, dimethyl
disulfide and trisulfide). No differences were observed between the BF and ST muscles.
Differences in sulfur compounds could imply flavor differences since they are important
aroma-active compounds that contribute to the overall flavor of dry-cured hams [40].
Finally, the concentration of butanoic acid, which is associated with cheese and rancid
odors, was higher in the BF muscle. Pluguiese et al. [12] also found more butanoic acid in
BF muscle than in SM.

3.4. Muscle Profiles from Principal Component and Discriminant Analyses

Figures 2 and 3 show the principal component analysis (PCA) and linear discriminant
analysis (LDA) results for the different types of muscle (SM, BF and ST) using the parame-
ters with statistically significant differences (except for the fatty acid composition, where
all the principal fatty acids were included).

From the PCA for the physicochemical characteristics and chemical composition,
the first principal component (PC1) explained 41.6% of the variance, while the second
component (PC2) explained 22.9%, totaling 64.5% of the variance (Figure 2). The positive
region of the first factor (PC1) was mainly represented by the SM muscle while the negative
region contained the BF and ST muscles. On the other hand, the positive region of the
second factor (PC2) was mainly represented by the SM muscle while the BF muscle was
in the negative region. This supports the results obtained in the physicochemical analysis
where the BF and ST muscles were found to contain a higher a,, and moisture content due
to their more internal muscle position. As for the collagen, protein and heme pigment
contents, the multivariate analysis showed difference between the SM muscle and the other
two muscles.

Using the covariance matrix without normalizing the variables, it was found that
the most important variables were the protein, fat and moisture contents. The results
of the linear discriminant analysis (LDA) had some limitations and challenges in their
interpretation (Figure 3). The first linear discriminator (LD1) explained 65.1% of the
variance, while the second (LD2) explained only 34.9%, indicating that there may not be
a clear separation of the groups. The coefficients associated with the linear discriminants
indicated that the variable aw had a markedly high weight in LD1 and LD2, while the
collagen content stood out in LD2. The remaining variables contributed substantially
less, raising questions about their relevance for group discrimination. The sensitivity and
specificity for the SM muscle were 100% but there was a lower sensitivity (93.75) for the BF
and specificity (96.88) for the ST, which indicates that the model had difficulty correctly
differentiating between the different muscle types despite the high (97.92%) overall accuracy
(confusion matrix.
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The same behavior was observed with the fatty acid profile (Figure 2), leading to the
conclusion that the lipid profiles differed between the different types of muscle. The results
of the PCA showed that PC1 explained 54.5% of the variance, while PC2 explained 27.3%,
totaling 81.8% of the variance, but some variables showed a large degree of dispersion
and variability, complicating the situation (Figure 2). The SM muscle was again found
to significantly differ from the other muscles (p < 0.001, Table 2), namely in terms of the
C18:2n-6 and PUFA contents. These fatty acids could be used to differentiate the SM
muscle from the other muscles. Using the variables and fatty acids that contributed most
to differentiating between the muscles, another LDA was performed, which showed that
the three muscles have different profiles (LD1 and LD2 explained 89.8% and 10.2% of
the variance, totaling 100% of the variance) but complete differentiation of all the muscle
samples was not achieved. The SFA, MUFA and PUFA contents, along with the h/H ratio,
also exhibited considerable importance in both discriminant axes, particularly in LD2. In
contrast, the content of individual fatty acids such as C16:1n7, C18:0 and C18:1n9 showed
minimal contributions, indicating lower relevance for discriminating between the groups.

Finally, for volatile compounds, PC1 and PC2 explained 45.9% (32.6 and 13.3%, re-
spectively) of the variation between samples (Figure 2). Although the PCA results showed
good separation of the samples according to the type of muscle, a discriminant analysis
was also performed. The statistical program selected twenty-five volatile compounds that
contributed to the differentiation between the muscles. LD1 and LD2 explained 67.8%
and 32.2% of the variance, totaling 100% of the variance. The coefficients associated with
the linear discriminants revealed that the methanethiol content had by far the highest
weight in LD1, while the 4-hexen-3-one,5-methyl and 2-octene, (E)~ contents were the
most influential in LD2. Although some other compounds such as ethylbenzene, nonane
and trisulfide, dimethyl also showed high contributions, most of the volatile compounds
exhibited a relatively low discriminant power, suggesting limited relevance for group
separation. In this sense, the sensitivity and specificity for all muscles were 100%, which
indicates that the model correctly identified and separated the muscles (100% accuracy
from confusion matrix. We can observe that the SM muscle differed from the other muscles
in terms of linear alkane content (lower area in Figure 3).

4. Conclusions

This study represents the first comprehensive assessment of the different muscle
types—semimembranosus (SM), biceps femoris (BF) and semitendinosus (ST)—in Bisaro dry-
cured ham, regarding their physicochemical characteristics and fatty acid and volatile
compound profiles after 16 months of ripening. The results showed that muscle type
had significant effects on these characteristics. The semimembranosus muscle, which was
exposed to the most evaporation drying, tended to have a lower moisture content, more
protein and therefore a higher protein/moisture ratio. The concentration of intramuscular
fat in the muscles, which was higher in the semitendinosus muscle, could be explained by
the amount of intramuscular fat in the fresh muscles and by the degree of drying. Despite
the higher amount of salt and ash in the BF muscle, the concentrations of these components
(expressed relative to the moisture content) did not differ between the different types
of muscle, indicating a homogeneous distribution of salt in the ham water. The main
difference in the fatty acid profiles between the muscles was in the percentage of PUFAs,
which was mainly due to the variability in intramuscular fat between the fresh muscles,
as the PUFA percentage was inversely proportional to the fat content in the dry muscle.
There were differences between the dry-cured ham muscles in terms of the contents of key
aromatic compounds with low perception thresholds, which could affect their flavor in
different ways. The ST muscle showed the highest total content of Strecker degradation
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compounds, but the distribution of these compounds varied between the muscles, with the
proportion of aldehydes being more abundant in the BF muscle while alcohols were more
abundant in the ST muscle. Moreover, the SM muscle showed the highest amount of sulfur
compounds, and the BF muscle had the highest amount of butanoic acid.

The variability between the muscles, in terms of chemical composition and fatty acid
and volatile compound profiles, was reasonably identified through the first two components
in the principal component analysis. Moreover, discriminant analysis of the dry-cured ham
composition characteristics and the volatile compound profile showed a good performance
in discriminating samples by muscle type. Further research should focus on the biochemical
and textural changes in the BF, SM and ST muscles, as well as their correlation with sensory
attributes, using advanced detection methods such as electronic nose technology to gain
deeper insights into the effects of the maturation process on Bisaro ham quality.
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