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Abstract Volatile compounds from smoked dry-cured

ham were isolated by using headspace-solid phase

microextraction and gas chromatography–mass spec-

trometry (GC–MS). Samples of biceps femoris were also

evaluated for sensory physical and chemical character-

istics. Eighty seven volatile aroma compounds of

smoked dry-cured ham were identified. Chemical groups

identified were aldehydes (35.6%), phenols (34.3%),

alcohols (13.8%), terpenes (6.4%), aromatic hydrocar-

bons (2.6%), alkanes (2.2%), ketones (2.2%), esters

(1.7%) and acids (0.7%). Except volatile compounds

derived from lipolysis and proteolysis the second most

abundant constituents were phenols that originate from

smoking phase of the production process. The most

abundant phenols were: 4-methylphenol, 3-methylphe-

nol, 2-metoxy-4-methylphenol, 2-methylphenol, 2,6-

dimethoxyphenol and 4-ethyl-2 methoxyphenol. Princi-

pal components analysis showed that NaCl and ash

content positively correlated with the salty taste while

fat content was correlated to marbling. Water content

and aw value were negatively correlated with hardness of

dry-cured ham while phenols were positively corelated

with smoky aroma. Due to the different volatile com-

position and pronounced smoky aroma, smoked dry-

cured ham can be distinguished from other types of dry-

cured hams.

Keywords Aroma compounds � Chemical composition �
Gas chromatography–mass spectrometry (GC–MS) � Dry-

cured ham � Solid-phase microextraction (SPME) � Sensory

analysis

Introduction

Smoking is one of the oldest methods of food preservation,

being an integral part of the curing process of many tradi-

tional products. Smoking adds desirable sensory properties

to many foods and is widely applied in meat processing. As

much as 40–60% of the total amounts of meat products are

smoked (Sikorski and Kolakowski 2010). Smoked meat

products, mainly from pork meat, have a huge impact on the

economy of Mediterranean countries, where a great variety

of smoked meat products are industrially or traditionally

produced. Phenolic components of the smoke contribute to

the flavour and aroma of the product. Smoke also provides a

protective film on the surface of the smoked product, thus

providing a barrier against development of rancidity.

Combined chemical constituents of smoke together with

heating and drying processes are responsible for bacterici-

dal and bacteriostatic effects. In dry-cured meat products,

smoking, combined with salting and partial dehydration,

increases the shelf life, due to surface drying and deposition

onto the surface of antioxidant and antimicrobial com-

pounds (Martuscelli et al. 2009). Dry-cured hams are

manufactured in many countries, but production is mainly

located in the Mediterranean area. There is a great variety of

dry-cured hams in this area, some of the most important

being Spanish Iberian and Serrano, Italian Parma and San

Daniele, and French Bayonne hams.

The aroma is perhaps the most important quality

parameter and it is markedly affected by the raw material

& Helga Medić
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and the production process. In the case of dry-cured hams,

the aroma is due to the presence of many volatile com-

pounds, most of them produced by chemical and enzymatic

mechanisms during the post-mortem process (Flores et al.

1997). The main biochemical reactions involved in the

generation of these compounds are lipolysis and proteolysis

that produce a wide range of volatiles and precursors

(Toldrá 1998). Also, the development of moulds during

pre-maturation and ripening is considered, within certain

limits, natural, and they are believed to contribute to the

colour and sensory characteristics of the final product

(Comi and Iacumin 2013). So, an understanding the aroma

of dry-cured ham should include the identification and

quantification of its volatiles.

The volatile composition of dry-cured hams has been

investigated for European hams but little information is

available for smoked dry-cured ham.

Smoking also modifies colour, texture, aroma and fla-

vour and thus improves the overall sensory acceptability of

foods. According to the study of Pham et al. (2008), the

smoked dry-cured ham products received higher consumer

acceptability scores than non-smoked ones. So, the aim of

this research was to determine physico-chemical and sen-

sory characteristics of smoked dry-cured ham as well as the

volatile flavour compounds using headspace solid phase

microextraction (HS-SPME) and gas chromatography-

mass spectrometry (GC–MS).

Materials and methods

Traditional production process

Traditional Dalmatian smoked dry-cured ham is an auto-

chthonous top quality product produced in southern part of

Croatia–Dalmatia. Dalmatian smoked ham is usually pro-

cessed with pelvic bones, skin and subcutaneous fatty tis-

sue. It is produced from Duroc 9 (Yorksire 9 Landrace)

pig breed. It is prepared according to the traditional pro-

cessing procedures without any additives such as nitrites or

ascorbic acid. Traditional processing of Dalmatian smoked

ham starts in December, when the raw ham is placed in sea

salt at a temperature of 10–12 �C. After 12 days, the ham is

drained off and smoked for 5 days and then pressed (for

removal of water) under a constant pressure of cca

0.1 kg cm-2 for 2 days. Thereafter, the ham is smoked

with dry hornbeam wood for 20 days and pressured again

under a constant pressure of cca 0.17 kg cm-2. The ham is

then dried under normal environmental conditions (cold

and dry north-eastern wind is important) with occasionally

smoking until March, and left for further drying until May.

The relative humidity (60–70%) during the processing

depends on the climatic conditions. The ham is further

moved to a cellar for ripening at mild temperatures

(12–15 �C) until consumption. The ripening period (before

consumption) is usually 12–24 months (Jerković et al.

2007).

Samples

Samples of biceps femoris of traditional Dalmatian smoked

dry-cured ham were obtained from 9 different manufac-

turers at International dry-cured ham fair in Tinjan, Croa-

tia. Dry-cured hams were ripened for 12–18 months.

Samples of biceps femoris from each manufacturer were

analyzed for volatile compounds and physico-chemical

analysis to see the real situation of Dalmatian smoked dry-

cured ham on the Croatian market. Samples of biceps

femoris were vacuum-packed and stored at -20 �C until

further analysis.

Chemical composition analysis

Fat, protein and ash contents were estimated according to

methods recommended by AOAC (1999). Moisture content

and sodium chloride were determined in the biceps femoris

according to AOAC methods (1984). Two replicates of

each sample were analysed and the mean value was used in

the data analyses. Water activity of the biceps femoris was

determined with a precision multi-function measuring

instrument, Testo 650 (Testo Inc., New York, USA). Two

replicates of each sample were analysed and the mean

value was used in the data analyses.

Lipid oxidation by the TBARS test

Oxidation of lipids was assessed by the thiobarbituric acid

(TBA) assay which is based on the reaction between TBA

and malondialdehyde (MDA) and the production of a

coloured pigment, the concentration of which is calculated

by measuring the absorbance at 538 nm on three replicates

of each sample (Lemon 1975). The spectrophotometer was

a Helios b (Spectronic Unicam, Cambridge, UK). TBARS

values were expressed as mg of malondialdehyde equiva-

lents/kg dry-cured ham.

Colour instrumental measurement

Colour measurements were carried out with a Minolta CM-

700d (Osaka, Japan) spectrophotometer with target mask

CM-A178 (diameter 8 mm). The L* (lightness), a* (red-

ness), and b* (yellowness) colour was measured (CIE,

Commission Internationale de l’Eclairage 1976). Before

analysis spectrophotometer was calibrated with White

Calibration Cap CM-A177. Each sample of biceps femoris

was analysed in ten replicates, avoiding regions with
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excess fat to achieve representative measurements of the

lean colour.

Analysis of volatile compounds

Analyses were carried out by extraction of volatile com-

pounds above the samples on SPME fibre and their tenta-

tive characterization on GC/MS by the method as described

by Marušić et al. (2011). 30 g of biceps femoris muscle

slices from dry-cured ham was ground with a commercial

grinder. Then dry-cured ham homogenates were prepared

by dispersing 5 g of minced muscle slices with 25 mL of

distilled water saturated with NaCl in a commercial blen-

der. Ten millilitres of this mixture was placed into 20 mL

vials tightly capped with a PTFE septum. A magnetic

stirrer was placed into the homogenates for stirring during

extraction.

A SPME fibre coated with 2 cm of 50/30 lm DVB/

Carboxen/PDMS (Supelco, Bellefonte, PA, USA) was

conditioned for 2 min at 240 �C prior to extraction and

placed above the sample mixture. Triplicate 20 mL vials

were placed in a water bath at 40 �C and extracted for

180 min with stirring. After extraction the SPME fibre

was immediately injected to 6890 N gas chromatograph

coupled to a 5975i mass selective detector (Agilent

Technologies, Santa Clara, CA, USA). Capillary column

DB-5 ms 30 m 9 0.25 mm, film thickness 0.25 lm

(Agilent Technologies, Santa Clara, CA, USA) was used

with helium as a carrier gas at 1.0 mL/min flow rate.

The temperature of the injector, used in the splitless

mode, was 230 �C and desorption time was 2 min.

Temperature programme was at 40 �C, isothermal for

10 min, then rising to 200 �C at a rate of 5 �C/min and

then raising to 250 �C at a rate of 20 �C/min. Final

temperature was held for 5 min. The transfer line tem-

perature was maintained at 280 �C. The mass spectra

were obtained at 70 eV with a rate of 1 scan/s over the

m/z range of 50–450. An in-house mixture of C8–C20

n-alkanes was run under the same chromatographic

conditions to calculate the retention indices (RI) of

detected compounds. AMDIS 3.2 program version 2.62

was used for identification of components using NIST

2005 version 2.0 spectral library (NIST, Gaithersburg,

MD, USA) as well as comparison of obtained retention

indices with literature values. The mean value of SPME–

GC–MS replicates was calculated and used in the data

analysis. Data is expressed as percentage of the total

area of identified peaks.

Sensory analysis

Dalmatian smoked dry-cured hams from nine producers

were assessed by eight trained panellists who were selected

and trained in accordance with international standard

described in Marušić et al. (2014).

Nine traits related to sensory characteristics of dry-cured

hams (Table 4) were evaluated by the quantitative-

descriptive analysis method. Sensory attributes evaluated

were: odour intensity, red colour, fat colour, marbling,

salty taste, sweet taste, smoky aroma, hardness and overall

acceptability. Sensory attributes were assessed with a 10

point intensity line scale, where 0 = not detected and

9 = extremely strong. All the samples, slices of 1.5 mm

thickness, were evaluated at 20–22 �C in sensory panel

rooms. About 50 mL of water and 20 g of unsalted bread

were provided to assessors between successive ham sam-

ples. Samples were individually labelled and were ran-

domly served one at a time. All hams were evaluated in

slices from the same anatomical area. In each sensory

session, panellists evaluated 2 samples and the sensory

evaluation consisted of nine sessions (each sample was

evaluated two times).

Statistical analyses

Data from physical, chemical and sensory analysis as well

as volatile compounds of Dalmatian smoked dry-cured

ham was analysed by one-way ANOVA (SPSS 12.0 com-

puter programme) using the nine manufacturers as main

factor, with the detected differences being tested by the

Tukey post hoc test. Tukey test was used when the

ANOVA showed a significant effect. Statistical signifi-

cance was determined at P B 0.05. The results were sub-

jected to principal component analysis (PCA;

STATISTICA software 10.0) in order to interpret sensory

attributes, volatile compounds and physical–chemical

parameters.

Results and discussion

Physical and chemical analysis

There are various factors (pig breed, animal production

practices, production methods) which produce considerable

differences in qualitative and quantitative aspects of fat,

protein levels, presence of salt (sodium), etc., that are

responsible for the sensory and nutritional characteristics

of hams (Jiménez-Colmenero et al. 2010). Results of

physical and chemical analysis in the biceps femoris

muscle of Dalmatian smoked dry-cured ham are shown in

Table 1. Differences between nine producers for raw hams

(raw ham weight, different breed), ripening period

(12–18 months) and smoking phase (duration and inten-

sity) of smoked dry-cured ham production has resulted in

different physical and chemical composition. The average
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water content in the Dalmatian smoked dry-cured hams

ranged from 37.2 to 48.2 g/100 g which was similar with

values for Spanish Iberian (49.0 g/100 g) and Serrano

(48.5 g/100 g) dry cured hams (Carrapiso and Garcı́a

2008) produced with skin and subcutaneous fat. Italian

dry-cured hams like Parma and San Daniele had little

higher water content (54.1–61.8 g/100 g) (Laureati et al.

2014). In contrast to this Mediterranean dry-cured hams

Istrian dry-cured ham has the lowest water content

(37.9–41.0 g/100 g) because it is produced without pig’s

skin and subcutaneous adipose tissue.

Dry-cured ham is an excellent source of high-biologi-

cal-value proteins because it contains essential amino acids

in appropriate ratios. Dalmatian smoked dry-cured ham

showed protein content of 27.9–42.2 g/100 g which was

relatively high and consistent with protein content in other

types of dry-cured ham (30 g/100 g) depending on the

extent of drying and the fat content (Toldrá 2002).

Different types of hams had varied fat content. The

difference may be due to use of different breed of pig and

feed composition. Fat content in Dalmatian smoked dry-

cured ham varied from different producers and was

9.6–17.5 g/100 g. Fat content of Spanish Serrano dry-

cured ham was 12.0 g/100 g (Gilles 2009) while Italian

Parma (18.4 g/100 g) and San Daniele (23.0 g/100 g) dry-

cured hams showed little higher fat values (D’Evoli et al.

2009). Average ash content of Dalmatian smoked dry-

cured ham was 6.8–10.2 g/100 g arising from the high salt

content. Salt content of Dalmatian smoked dry-cured ham

was 7.5–9.8% which was higher than salt content reported

for other types of dry cured ham like Spanish Iberian ham

had 4.0–5.9% (Martı́n et al. 1998), French Bayonne ham

showed 5.4–7.7% (Santé-Lhoutellier et al. 2012) and Ital-

ian Parma and San Daniele ham had 4.5–6.9% (Laureati

et al. 2014). Based on these results producers are now

decreasing salt content in Dalmatian smoked dry-cured

ham (unpublished data) to have more uniform product with

the highest salt content of 7.5% which now has Protected

Geographical Indication-PGI. Lower salt in meat products

is preferred, because a high proportion of NaCl is associ-

ated with cardiovascular diseases (Andrés et al. 2004). Salt

has many positive effects on the dry-cured ham; microbi-

ological stability by reducing water activity, a pleasant

savoury taste and partial solubility and cohesiveness of

myofibrillar proteins, it is essential to reduce the proportion

of NaCl without affecting the drying process because the

salt is an important inhibitor of the most muscle proteases

(Armenteros et al. 2012).

Biceps femoris of Dalmatian smoked dry-cured ham had

a water activity of 0.78–0.85. Similar values were found

for Iberian dry-cured ham (0.86–0.88) (Carrapiso and

Garcı́a 2008). Water activity is the most important for

controlling spoilage. The growth of most bacteriaT
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(aw\ 0.91) and moulds (aw\ 0.80) is reduced at low

water activity. Dry-cured ham with the low water activity

can be kept at room temperature.

These results were used as a guide for getting Protected

Geographical Indication-PGI and today Dalmatian smoked

dry-cured ham which has PGI must have 40–55% content

of water, water activity\0.93 and NaCl content 4.5–7.5%.

The TBARS value was 0.2–0.8 mg MDA/kg sample.

Results were comparable with results of Iberian dry-cured

ham (0.4–0.5 mg MDA/kg sample) (Andrés et al. 2004).

The formation of colour in smoked products was due to

chemical and physical actions that occured during the

smoking process. Among these, the most important were

adhesion of smoke colouring compounds, polymerization

and oxidation of the smoke components (e.g. phenols,

aldehydes) and the reaction of compounds in the smoke

with proteins, particularly between smoke carbonyl groups

and amino groups of proteins on the food surface. Colour

parameters (L* a* b* values) of Dalmatian smoked dry-

cured ham were also evaluated (Fig. 1). L* value was

33.7–41.6 which was little higher than L* values in

Spanish (34.8–38.8) (Pérez-Alvarez et al. 1998) and Italian

(37.9–38.0) (Laureati et al. 2014) dry-cured hams. Higher

L* value could be due to smoking phase of production

process which affected colour of dry-cured ham so smoked

dry-cured hams were darker than non-smoked. a* values of

Dalmatian smoked dry-cured ham was lower (7.3–9.8) than

values of biceps femoris reported for Spanish Iberian and

Serrano (16.6–18.9) and Italian Parma and San Daniele

(15.9–17.7) dry-cured hams. Spanish dry-cured ham had

intense red colour (higher a* values) than Dalmatian

smoked dry-cured ham because of addition of nitrates and

nitrites in these types of dry-cured hams. The use of nitrites

seems to improve the colour (higher intensity of the red

colour and brightness in the lean and lower dryness) and

the odour (intensity and typical odour of cured meats

attributes) of the final product (Toldrá et al. 2009). b*

values for Dalmatian smoked dry-cured ham was 7.3–10.4

which was similar to the values reported for Spanish and

Italian dry-cured hams.

Analysis of volatile compounds

A total of 87 volatile compounds were found in headspace

of Dalmatian smoked dry-cured ham (Table 2). Chemical

groups identified were aldehydes (35.6%), phenols

(34.3%), alcohols (13.8%), terpenes (6.4%), aromatic

hydrocarbons (2.6%), alkanes (2.2%), ketones (2.2%),

esters (1.7%) and acids (0.7%) (Table 3). Aldehydes and

phenols were the major group of compounds. Based on

variations in physical and chemical composition, the dif-

ference in the composition of the volatile compounds from

nine different producers of Dalmatian smoked dry-cured

hams were expected. For example, samples with higher

NaCl content had lower content of aldehydes (D4, D8 and

D9); longer smoking phase resulted in higher content of

phenols (D3, D4, and D8).

Lipid oxidation is a major factor that has an impact on

the quality and acceptability of meat products (Morrissey

et al. 1998). Secondary products of lipid oxidation and

major contributors to the flavour of Iberian ham were

aldehydes (Ruiz et al. 2002). Aldehydes were the most

abundant group of compounds (35.6%) in Dalmatian

smoked dry-cured ham. This was comparable to the

results of other European dry-cured ham where aldehydes

were also the most abundant group of compounds like in

San Daniele (31.5%) (Gaspardo et al. 2008) and Istrian

(51.4%) (Marušić et al. 2014). The most abundant alde-

hyde in Dalmatian smoked dry-cured ham was nonanal

(3.2–8.6%) followed by octanal (3.0–9.4%), benzalde-

hyde (2.6–7.1%) hexanal (1.5–11.1%) and hexadecanal

(1.9–5.4%) (Table 2). Because aldehydes had a low odour

threshold value that contributed significantly to the fla-

vour of dry-cured ham even when present in small

amounts. Nonanal comes from the oxidation of oleic acid

that is the most abundant unsaturated fatty acid in hams

(Pham et al. 2008) and contributes to flavour with sweet

and fruity aroma (Nunes et al. 2008). The most abundant

saturated aldehydes in Iberian dry-cured ham were octa-

nal, nonanal and hexanal (Garcı́a-González et al. 2013)

which is similar with the results of this study. In general,

saturated aldehydes contributed to aroma with sensory

descriptors such as green/grassy (hexanal), hamlike/fatty

(heptanal) and meat-like/fruity (octanal) although with

different intensity depending on the breed (Tjener and

Stahnke 2007).

Oxidative deamination via Strecker degradation is a

reaction where branched aldehydes are formed. Strecker

degradation of amino acids includes oxidative deamination

and decarboxylation of a-amino acids in the presence of

volatile aldehyde (Sabio et al. 1998). Branched aldehydes
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present in Dalmatian smoked dry-cured ham were

3-methylbutanal (0.3–1.0%) which was a result of prote-

olysis and had a flavour associated with nutty, cheese

aroma, generally salty flavour notes (Hinrichsen and Ped-

ersen 1995). Except 3-methylbutanal in Dalmatian smoked

dry-cured ham 2,4-heptadienal (0.5–0.9%) and 2,4-nona-

dienal (0.1–0.8%) were also found. In addition to the

branched aldehydes, the reaction between amino acids also

produced aromatic aldehydes such as benzaldehyde,

although the latter can also be formed during lipid oxida-

tion. It contributes substantially to dry-cured ham aroma

with a bitter almond sensory note. Benzaldehyde

(2.6–7.1%) was one of the most abundant aldehyde in

Dalmatian smoked dry-cured ham. This compound has

been found in Iberian hams at a very high concentration

(Garcı́a-González et al. 2013). 2-Methylbutanal as well as

3-methylbutanal is found to be the largest contributors to

the flavour of Spanish and Italian dry-cured hams (Marušić

et al. 2014).

Phenols were the second most abundant group of

compounds in the Dalmatian smoked dry-cured ham

(34.3%). Phenols and phenolic derivated volatiles were

formed primarily due to pyrolysis and oxidation of lignin,

at comparatively low temperature (200–400 �C) (Sikorski

and Kolakowski 2010). Cold smoking (15–25 �C) is

mainly used for flavour and to extend shelf-life due to the

antioxidant and antimicrobial effects of smoke compounds.

Phenolic compounds adsorbed by the food during pro-

cessing are mainly responsible for the unique aroma and

taste of smoked products. The most important phenolic

compounds of smoke were reported to be guaiacol, euge-

nol, 4-methyl guaiacol, phenol, 2,6-dimetoxyphenol,

4-ethylguaiacol and o-, p- and m-cresol. In Dalmatian

smoked dry-cured ham 16 phenols were found.

Methoxyphenols are components of great importance for

smoke flavour and for their preserving and antioxidant

effect. Metoxyphenols and phenols have pungent, cresolic,

heavy, burnt and smoky notes (Guillén and Manzanos

2002). The most abundant phenols were: 4-methylphenol

(0.0–10.4%), 3-methylphenol (1.4–10.2%), 2-metoxy-4-

methylphenol (0.0–9.3%), 2-methylphenol (1.0–6.1%),

2,6-dimethoxyphenol (0.1–4.9%), 4-ethyl-2-methoxyphe-

nol (0.2–4.6%) and 3,4-dimethylphenol (0.2–12.9%). Jer-

ković et al. (2007) found seven phenols in Dalmatian

smoked dry-cured ham guaiacol, phenol, o-cresol, m-cre-

sol, 2,5-xylenol, 2,6-xylenol and 2,6-dimethoxyphenol.

These compound were also found in this research among

others like 4-methylphenol; 2,3-dimethylphenol;

3-ethylphenol etc. (Table 2). SPME extraction showed

better extraction of phenols compared to other extraction

methods (SE, SDE and NPTD). Phenols have low thresh-

old value so their impact on the flavour of Dalmatian

smoked dry-cured ham was significant. Phenols likeT
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4-methyl-2-methoxyphenol, 4-ethyl-2-methoxyphenol,

2-methoxyphenol, 2,6-dimethoxyphenol and 2-furan-

methanol characterized American dry-cured ham (Pham

et al. 2008). They have sweet, smoky and savory flavours

and were also found in this research. Phenols are not only

the most classical smoke components but can also originate

from the added spices like eugenol (4-allyl-2-metoxyphe-

nol) found in Istrian dry-cured ham that originates from the

added spices (pepper, bay leaves and rosemary) (Marušić

et al. 2014). The smoky taste was a result of the sensory

properties of smoke constituents, mainly numerous phenols

and carbonyl compounds, as well as various products of the

interactions with proteins and lipids. Some results of

experiments point to the crucial role of the fraction of

smoke condensates containing guaiacol and its four

derivatives, eugenol, phenol, 3 cresols, 4-ethylphenol, 3

xylenols, tyglic acid, and 4 carbonyl compounds (Sikorski

and Kolakowski 2010).

Alcohols represented 13.8% of the total area of identi-

fied compounds. The most abundant alcohols were:

1-octene-3-ol (6.6–10.0%), benzyl alcohol (0.7–3.9%),

phenylethyl alcohol (0.1–1.0%) and 1-octenol (0.3–1.0%).

The identified alcohols, linear and branched, are among the

main lipid oxidation products. The methyl branched alco-

hols can also be derived from the Strecker degradation of

amino acids. It is known that branched alcohols originate

from microbial degradation of the respective branched

aldehydes (Muriel et al. 2004). Thus, the formation and

release of branched alcohols is affected by the salting

conditions due to the antimicrobial activity of NaCl. Thus,

a higher production of branched alcohols is observed when

NaCl is partially replaced by other formulations.

Alcohols contribute to ham flavour with herbaceous,

woody and fatty notes. Because of the high odour threshold of

some alcohols (2-propanol, ethanol, 2-methyl-3-buten-2-ol,

2-mehyl propanol, 2-butanol, and nonanol) their impact on

aroma has been considered minor. However, the low odour

threshold of 1-octen-3-ol indicated that it contributed strong

mushroom aroma to almost all the hams. The concentration of

this compound significantly arose as the amount of curing salt

increases, which explained the differences between samples

(Garcı́a-González et al. 2013). Therefore, 1-octene-3-ol was

the most abundant alcohol in Dalmatian smoked dry-cured

ham due to the high salt content. Wood smoke contained

several aliphatic and aromatic alcohols, including methanol,

ethanol, allylalcohol, n-amylalcohol, benzyl alcohol, and

phenylethyl alcohol (Sikorski and Kolakowski 2010). So,

benzyl alcohol and phenylethyl alcohol found in Dalmatian

smoked dry-cured ham were a result of production these types

of dry-cured hams during smoking.

1-octene-3-ol, 1-penten-3-ol and pentanol are the most

abundant compounds in Corsican dry-cured hams while the

branched alcohols (2-methylpropanol, 2- and

3-methylbutanol) and ethanol in French Bayonne and

Spanish Serrano dry-cured hams. Italian San Daniele dry-

cured ham was characterized with ethanol, isobutanol,

1-propanol and 1-penten-3-ol (Gaspardo et al. 2008).

3-Methyl-1-butanol was by far the most abundant

alcohol in Iberian dry-cured ham compared to other breeds.

The high concentration of 3-methyl-1-butanol can be due

to the activity of the microorganisms present in the ham.

Another odour compound whose concentration was higher

in Iberian hams was hexanol, which contributed to fruity-

green odour perception. Hexanol was also found in Dal-

matian smoked dry-cured ham.

Terpenes were resulted from animal feedstuffs, but they

mainly varied with spices in dry-cured ham production.

Terpenes like a-pinene, b-caryophyllene, 3-carene, limo-

nene, and b-pinene is a result of addition of black pepper

like in the production of Bayonne and Corsican hams

(Hinrichsen and Pedersen 1995). The most abundant ter-

penes in Dalmatian smoked dry-cured ham were: d-ele-

mene (0.1–5.5%), d-limonene (0.3–1.8%), b-myrcene

(0.0–0.9%), sabinene (0.2–1.7%) and a-guaiene

(0.1–0.8%). Terpenes were found in large content

(16.4–16.5) in the Istrian dry-cured ham and are derived

from the added spices (Marušić et al. 2014).

Ketones present in Dalmatian smoked dry-cured ham

were 2,3-octadienone (0.7–1.5%), 2-nonanone (0.2–1.3%),

2,5-cyclohexadiene-1,4-dione (0.2–0.5%) and 2-heptanone

(0.1–0.9%). Methyl ketones are produced by lipid oxida-

tion, by means of autoxidation or beta-oxidation of fatty

acids. These compounds contribute to dry-cured ham

aroma and they are considered as responsible for ham fatty

aromas associated with cooked meat and the blue cheese

sensory note (Garcı́a-González et al. 2013). Two methyl

ketones (2-heptanone and 2-nonanone) were also present in

the Dalmatian smoked dry-cured. The most abundant

ketone in French and Spanish dry-cured hams was 2-pro-

panone. Dirinck et al. (1997) had already reported that

2-propanone had the highest concentration among the

ketones identified in Iberian dry-cured ham. In general, the

concentration of methyl ketones is higher in Iberian hams.

Octen-3-one is a remarkable ketone since its very low

odour threshold allows contributing to ham aroma, with

floral/fresh sensory note, and also distinguishing Iberian

from non Iberian hams, the latter having higher concen-

trations. 2,3-octadienone found in Istrian dry-cured ham

was also found in this research.

Esters are found in dry-cured hams at the end of the

maturation process and it seems that NaCl concentration

affects the ester production through the activation of

esterases (Armenteros et al. 2012). Esters can be formed

from the interaction of free fatty acids and alcohols by lipid

oxidation in the intramuscular tissue so that the higher the

content of alcohols, the higher the concentration of esters
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(Sabio et al. 1998). In Dalmatian smoked dry-cured ham

only three esters hexyl hexanoate, isohexyl hexanoate and

dodecenyl acetate were found as a result of the antimi-

crobial activity of sodium chloride to the long curing per-

iod (Gaspardo et al. 2008).

Relationship between physico-chemical analysis,

volatile compounds and sensory attributes

In Table 4 sensory attributes of Dalmatian smoked dry-

cured ham are shown. Dalmatian smoked smoked dry-

cured hams have high overall acceptability with pro-

nounced smoky aroma. Principal component analysis

(PCA) was performed to analyse the whole sensory

assessment and to determine the relationship between

physico-chemical and sensory parameters and volatile

compounds. Data used for PCA analysis was obtained from

the physico-chemical, and sensory characterisation as well

as chemical groups of volatile compounds of muscle biceps

femoris from Dalmatian smoked dry-cured hams. Results

are shown in Fig. 2. The two principal components account

for 33.46 and 20.92% of the variance, respectively,

(54.38% in total).

Red colour of the dry-cured ham as well as fat colour

were positively correlated with a* value (redness). Water

content and aw value were negatively correlated with

hardness of dry- cured ham which is to expected; the lower

water content results with higher hardness. NaCl content as

well and ash content positively correlated with the salty

taste. Fat content was in correlation with marbling which

means that a larger proportion of fat affects marbling of

dry-cured ham. Sweet taste and the presence of esters were

positively correlated. Esters have fruity notes especially

those that arise from short chain acids (higher concentra-

tion of esters, more pronounced sweetness of the products)

(Marušić et al. 2014). Phenols corelated with smoky aroma

of dry-cured ham. Phenolic compounds are mainly

responsible for the unique aroma and taste of smoked

products. Phenolic components of the smoke contributed

significantly to the aroma of the product.

Conclusion

In all, 87 volatile aroma compounds of Dalmatian smoked

dry-cured ham were found. Chemical groups identified

were aldehydes (35.6%), phenols (34.3%), alcohols

(13.8%), terpenes (6.4%), aromatic hydrocarbons (2.6%),

alkanes (2.2%), ketones (2.2%), esters (1.7%) and acids

(0.7%). Aldehydes and phenols were the major group of

compounds. Except volatile compounds derived from

lipolysis and proteolysis the second most abundant con-

stituents were phenols that originate from smoking phase T
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of the production process. The most abundant phenols

were: 4-methylphenol (0.0–10.4%), 3-methylphenol

(1.4–10.2%), 2-metoxy-4-methylphenol (0.0–9.3%),

2-methylphenol (1.0–6.1%), 2,6-dimethoxyphenol

(0.1–4.9%), 4-ethyl-2-methoxyphenol (0.2–4.6%) and 3,4-

dimethylphenol (0.2–12.9%). Principal components anal-

ysis showed that NaCl and ash content positively correlated

with the salty taste while fat content was in correlation with

marbling. Water content and aw value were negatively

correlated with hardness of dry-cured ham while phenols

were positively corelated with smoky aroma. Due to the

different volatile composition, Dalmatian smoked dry-

cured ham can be distinguished from other types of dry-

cured hams.

Future studies regarding sensory, volatile and nutritional

characteristics in smoked dry-cured ham compared with

other types of dry-cured ham will be carried out.
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Characterization of traditional Istrian dry-cured ham by means of

physical and chemical analyses and volatile compounds. Meat

Sci 88:786–790
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Santé-Lhoutellier V, Robert N, Martin JF, Gou P, Hortós M, Arnau J,

Diestre A, Candek-Potokar M (2012) PRKAG3 and CAST

genetic polymorphisms and quality traits of dry-cured hams–II.

Associations in French dry-cured ham Jambon de Bayonne and

their dependence on salt reduction. Meat Sci 92:354–359

Sikorski ZE, Kolakowski E (2010) Smoling. In: Toldrá F (ed)
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