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Featured Application: The findings of this study shed light on the intricate relationship between
the cooking techniques, volatile compound formation, and consumer acceptance of beef meat. By
employing Solid-Phase Microextraction (SPME) and gas chromatography–mass spectrometry (GC-
MS) methods to analyze volatile “marker” compounds, the study delineates significant disparities
in flavor profiles arising from roasting versus stewing methods.

Abstract: The objective of this study is to determine the effect of two distinct cooking techniques,
namely roasting and stewing, on the formation of volatile compounds in various beef muscles
(Semimembranosus, Biceps femoris, and Rectus femoris) and how this relates to consumer acceptance.
The research employs the concept of volatile “marker” compounds to discern the influence of cooking
techniques on the flavor profile of beef. Eighteen “marker compounds” were selected to represent a
number of the mechanisms of formation and quantified in beef subjected to two different cooking
methods. While no statistically significant differences were observed in consumer evaluations be-
tween the two cooking methods, notable disparities emerged in the consumer assessments of specific
muscle cuts. Notably, the Rectus femoris muscle received the highest ratings (p < 0.05) among other
evaluated muscles. The utilization of Solid-Phase Microextraction (SPME) and gas chromatography–
mass spectrometry (GC-MS) methods for the analysis of volatile “marker compounds” in beef proved
effective in highlighting significant differences in flavor compound classes between cooking methods,
and these differed between muscles. The main effect was of the cooking method with stewed beef
aroma having approximately 39× more dimethyl trisulphide, 9× more dimethyl disulphide, 7× more
pentanal, 3× more hexanal, and twice as much benzaldehyde and 2-methylthiophene. Dimethyld-
isulphide, dimethyltrisulphide, hexanal, and heptanal, therefore, emerged as characteristic volatile
compounds associated with the stewing cooking technique, suggesting their potential as markers
for lipid and other oxidation reactions. This work indicates that certain lipid oxidation compounds,
Strecker aldehydes, and sulfur compounds can be markers for the undesirable and/or desirable
flavors of cooked beef, but that this depends on the cooking method chosen. It shows that flavor
differences may be understood through the analysis of volatile flavor compounds in association with
palatability and other chemical measurements.

Keywords: beef; volatile compounds; flavor markers; solid-phase microextraction; gas
chromatography–mass spectrometry; flavor-forming reaction pathways
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1. Introduction

The quality of meat, as perceived by consumers when eating, encompasses factors
such as tenderness, color, and flavor [1,2]. This sensory aspect plays a crucial role in the
overall acceptability of meat [3]. While the tenderness of beef is one of the most crucial
factors influencing its palatability [4,5], consumer satisfaction with beef steaks tends to be
more influenced by the perceptions of beef flavor and juiciness as tenderness increases [4].

Researchers [5] have reported that flavor liking makes a larger contribution than
tenderness to Polish beef eating quality compared to approximately equal contributions
reported for Australian consumers. Various factors contribute to meat flavor, including the
breed of animals, feeding system, sex, conditions of slaughter and storage, aging process,
pH, and meat composition [6]. The combined influence of meat origin and chosen cooking
methodology has been reported to be a key factor affecting the perceived eating quality of
meat products [7]. The flavor of the beef is formed by taste and aroma compounds in the
cooked meat and their release from the meat during eating. Taste compounds comprise
amino acids, sugars, ribonucleotides, acids, salts, and peptides present naturally in raw
meat. Amino acids and peptides, along with reducing sugars, play key roles in flavor
formation [8,9] through the reaction of amino acids and peptides with reducing sugars to
give Maillard reaction products such as carbonyls, sulfur, and nitrogen-containing com-
pounds, which can further react with each other or interact with other reactive compounds
to yield nitrogen- and sulfur-containing aroma compounds such as pyrazines, thiophenes,
and thiazoles [10]. The sulfur-containing amino acids such as cysteine and methionine
are especially important substrates in reactions leading to the formation of key volatile
compounds responsible for meaty flavor [11]. Both five-carbon and six-carbon sugars
contribute to flavor development by forming volatile compounds through reactions with
amino acids. For instance, glucose forms pyrazines with lysine, while ribose forms sulfur
compounds with cysteine [12]. Peptides and oligopeptides formed during meat ripening
also act as meat flavor enhancers [13,14]. Thiamine, a vitamin naturally occurring in meat,
undergoes thermal degradation, leading to the formation of volatile compounds with
meaty, earth-like, burnt, and green flavor notes, influencing the overall flavor profile of
meat products [15]. Additionally, fatty tissue undergoes transformations, yielding reactive
substances like acids, alcohols, aldehydes, and ketones, enriching flavor complexity [16].
Lipids, particularly phospholipids, are crucial for imparting specific flavors to different
meat species due to differences in fatty acid profiles [8,17]. The thermal oxidation of lipids
gives a wide range of aldehydes, ketones, and related aliphatic compounds. During the
heat treatment, the lipids melt and are released from the meat. Some lipid-related volatile
compounds are volatilized, contributing to the flavor of the cooked meat [18]. The presence
of liquid fat also influences the release of flavor compounds during eating. The method,
time, and temperature of cooking is, therefore, expected to influence flavor formation [19].

Some research has shown a direct relationship between cooking methods and the
formation of specific volatile compounds which could influence consumer acceptance [20].
The conditions of meat cooking strongly determine the resulting transformations, i.e.,
modifications in the structure and composition of meat [21,22]. Temperatures above 140 ◦C
promote Maillard reactions, which are essential for the development of volatile compounds,
related to roasted and meaty flavors [16]. However, higher cooking temperatures are
also associated with increased lipid oxidation and the reduction of essential fatty acids
compared to milder treatments [23].

Relatively little information is available on the relationship between volatile com-
pounds and flavor scores by the consumers of beef. Such studies are made more difficult
because the aroma compounds responsible for beef flavor are present at very low concentra-
tions, which causes them to be difficult to determine. However, it has been demonstrated
that the related classes of aroma compounds respond together to factors affecting beef
quality and that some classes of compounds are positively and negatively associated with
the consumer liking of flavor [24]. It was proposed to monitor these “marker compounds”,
which have been shown to be associated with desirable or undesirable flavor characteristics.
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The determination of “marker compounds” may help to explain differences between the
flavors of different muscles prepared by different cooking methods.

The roasting and stewing of beef are extensively practiced cooking methods in Poland.
Their widespread use is attributed to their alignment with culinary culture, the utilization
of more economical cuts of meat, adherence to culinary knowledge traditions, adaptation
to climatic conditions, and the preservation of nutritional value. These factors collectively
contribute to the popularity of these cooking methods in Polish cuisine, forming integral
elements of the culinary heritage of the country.

Meat Standards Australia (MSA) is a grading system used in Australia to provide
a grade for beef cuts based on their predicted eating quality [2]. The MSA protocols
for assessing beef cooked by various methods, outlined by Watson, Gee et al. [25], were
applied to evaluate the quality of Polish beef in the study described in this manuscript,
which is part of a broader project (POIG.01.03.01-00-204/09 Optimizing Beef Production in
Poland According to “from Fork to Farm”). The ProOptibeef project conducted in Poland
to improve the eating quality of Polish beef used the MSA methodology to evaluate the
consumer acceptance of a wide range of beef muscles and cooking methods [5].

The aim (and novelty) of the study was to elucidate the relationship between con-
sumers’ scores for beef flavor and the volatile compounds that contribute to it. A variety of
methods, including the monitoring of marker compounds for different compound classes,
was used to evaluate the effect of two different cooking techniques (roasting and stew-
ing) on the volatile compounds collected from three different muscles and to identify any
relationship between these volatiles and the flavor liking scores from consumer panels.

2. Materials and Methods
2.1. Materials and Meat Sample Preparation

The carcasses providing the samples used in this research were obtained from young
bulls of the Holstein–Friesian breed (20–27 months) characterized by similar quality pa-
rameters including European Union Ruling on the Classification of Carcasses (EUROP)
muscle scores from O- to O, EUROP fatness scores from −2 to 2, carcass weight from
278 kg to 366 kg, ultimate loin pH from 5.50 to 5.88, meat color from 1B to 4 (Australian
Meat Industry Standards and Quality Assurance Program (AUS-MEAT)), marbling (United
States Department of Agriculture (USDA)) from 270 to 420, and ossification (USDA) from
130 to 180. The chilling rate of the carcasses was monitored to ensure that the correct drop
in pH was observed in relation to the temperature drop and that the risk of cold shortening
was excluded. The suspension method used post-mortem was the Achilles tendon method.
Three muscles (M. Semimembranosus (SM), M. biceps femoris (BF), and M. rectus femoris (RF))
were collected. The cattle were slaughtered under European Union requirements following
the Polish industry practice. The carcasses were selected by trained staff who assessed the
amount of visual intramuscular fat of the ribeye face at the 12th and 13th rib along with
lean color and skeletal ossification [26].

The meat was aged at 4 ◦C for 21 days post-mortem prior to production. The cutting
of roasts and cubes for stewing and cooking methods was conducted according to the
MSA protocols [5]. The samples were frozen and held at −20 ◦C prior to consumer panels,
conducted in Poland, or after frozen transport to Northern Ireland where they were held at
−80 ◦C prior to flavor analyses.

The samples were transferred from frozen storage to a refrigerator set at 4 ◦C 24 h
before testing to facilitate thawing. Subsequently, they were taken out of the refrigerator
and allowed to reach an approximate temperature of 20 ◦C within the hour preceding the
cooking process.

Two different cooking methods (roasting and stewing) were applied. The cooking
methods were the same both for the consumer panels and volatile compound analysis.
Roasts were prepared as a single “block” of approximately 80 mm × 80 mm × 150 mm
whereas a stew sample comprised 22 cubes of 21 mm on each axis.
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The roast samples for sensory evaluation were prepared in a convection-steam oven
(model CPE 110, Kuppersbuch, Großkuchentechnik, Galsen-kirchen, Germany). The oven
was set to dry heat and preheated to 160 ◦C prior to loading the roast blocks. The blocks
were paired for weight and placed in the oven in a designated arrangement related to
relative weight and size. The 20 roasts at the front of each pair were fitted with a thermo-
couple inserted in their geometric center. All the roasts had an ovenproof identification tag
pinned to the rear to maintain sample identification (ID) during cooking and carving. The
oven temperature was maintained at 160 ◦C throughout the cooking period. Each roast
was removed from the oven when an internal temperature of 65 ◦C was reached. This
temperature was confirmed with a calibrated thermometer for all the roasts with the paired
non-thermocoupled samples tested at the time of the removal of their matched pair. On
removal, the roasts were placed in a bain-marie steamer pan and allowed to stand for a
minimum of 5 min prior to further preparation.

The stewing samples were browned and cooked prior to delivery to the sensory
testing venue. Browning was achieved by heating in a stainless steel frying pan on full
heat with olive oil. The cubes from each sample were added and removed as designated
by a pre-printed timing control sheet referenced against an elapsed timer (according to
MSA standards). The cubes were sprayed liberally with an olive oil spray (Napolina, olive
oil, Liverpool, UK) and stirred to ensure all the sides were browned. Each sample was
browned for 90 s and then transferred to a Gastronorm 1/9th 100 mL deep bain-marie
steamer pan (Vogue, Birmingham, UK) containing 300 mL of liquor capacity. The liquor
was made up of 15 liters of boiling water and a commercial vegetable mix consisting of
1200 g of defrosted sliced frozen onion, 1200 g of defrosted sliced frozen carrot, 400 g of
chopped celery (Hortex, Warsaw, Poland), and 4 level metric tablespoons of fine salt. The
pans with liquor were placed in bain-maries with lids and held at a rolling boil for 30 min
prior to adding the browned cubes. The cubes were then simmered at 93 ◦C to 95 ◦C for 2 h.

2.2. Consumer Panels

A total of 360 consumers evaluated stewed and roasted beef, and 180 consumers
assessed each cooking method. The samples were presented to the consumers following the
protocol for Meat Standards Australia (MSA) beef assessment described previously [2,25].
The experiment was conducted in “picks” each involving 60 consumers, served in a single
setting of 60 for roasts, and divided into three sessions of 20 people for stewed beef (Figure
S1). Each consumer evaluated 7 samples. The first sample assessed was a “starter” or “link”
sample (of mid-quality) to familiarize the assessor with the procedures and remove any
bias due to the first sample tasted. Each consumer was then presented with six test samples,
expected to differ in quality. Ten consumers evaluated each sample. Assignment to each
consumer was regulated by a software utilizing a 6 × 6 Latin square that ensured each test
sample was served the same number of times before and after each other product. The
composition of these consumer panels is provided in Table 1. The detailed method and
some data related to this experiment were reported previously by Pogorzelski, Woźniak,
Polkinghorne, Poltorak, and Wierzbicka [5].

In order to provide an overall measure for the comparison of the different production
and processing factors, a combined meat quality score based on 4 variables (MQ4) has been
derived from the consumer scores for tenderness, juiciness, flavor liking, and overall liking
and satisfaction scores, as described previously by Watson et al. [25]. The formula for MQ4
is as follows:

LMQ4 = 0.3 × TE + 0.1 × JU + 0.3 × FL + 0.3 × OL

where TE, JU, FL, and OL are tenderness, juiciness, flavor liking, and overall liking
scores, respectively.
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Table 1. Composition of consumer panelists assessing stewed and roasted beef (% distribution).

Cooking Method: Stewing Roasting

Total number of consumers 180 180

Gender [%]
Women 57 54
Men 43 46

Age [%]
<20 10 6
20–25 50 45
26–30 13 12
31–39 11 15
40–50 10 9
>50 6 13

Professions [%]
Students 19 19
Office worker 23 31
Laboratory technicians 6 7
Sales/Services 12 7
Worker 9 6
Teacher 10 5
Trader 3 4
Housewives 1 3
Other occupational 16 16
Unemployed 1 2

Eating beef frequency [%]
Daily 1 0
4–5 per week 0 2
2–3 per week 13 12
Once a week 33 24
Once two weeks 19 24
Once per month 32 35
Never 2 3

Preferred degree of doneness
[%]
Blue 3 3
Rare 2 1
Medium rare 2 4
Medium 32 23
Medium well 47 51
Well done 14 18

2.3. Basic Composition Analysis

A portion of raw meat was homogenized and placed on a Petri dish, forming a layer of
0.5 cm. Fat, moisture, protein, ash, and connective tissue were analyzed by a near-infrared
(NIR) spectrometer NIRFlex N-500 (Büchi Labortechnik AG, Flawil, Switzerland). The
measurement was performed three times for each sample [27].

2.4. Volatile Compound Analysis

Volatile compounds were collected from the portions of the same muscles that were
roasted and stewed and served during consumer panels and gas chromatography–mass
spectrometry analysis was conducted on the collected volatiles.

The headspace volatiles were collected from the cooked meat using manual Solid-
Phase Microextraction (SPME). Samples for the volatile collection were obtained from the
specified blocks removed from the oven for roasting and cubes without juice (removed by
draining immediately before collection) taken from the bain-marie steamer pan (prepared
as described in Section 2.1). The volatile compounds arising from olive oil alone were
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examined by the GC-MS analysis of the volatiles from 2 ml of the olive oil spray (Napolina,
olive oil, Liverpool, UK) heated for 90 s in the electric frying pan. Subsequently, four cores
of 0.75 cm diameter were extracted and placed into a 15 mL clear glass vial (Supelco,
Bellefonte, PA, USA; pre-conditioned in an oven maintained at 95 ◦C). Preheated vials
(60 ◦C) and screw caps containing a polytetrafluoroethylene septum were then sealed. The
vial was immersed in a water bath set at 65 ◦C (Thermo Scientific, Waltham, MA, USA)
and allowed to equilibrate for 5 min. Volatile compounds were extracted via SPME using a
75 µm film thickness carboxen polydimethylsiloxane fiber within a manual SPME needle
and holder (Supelco, Bellefonte, PA, USA). The samples were held at room temperature for
a maximum of 15 min between collection and analysis. The samples were injected manually
onto an HP 6890 Series GC System Detector (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 5973 Mass Selective Detector (Agilent Technologies, Santa Clara, CA,
USA) used for the separation and detection of volatile compounds. The extracted volatile
compounds were analyzed and the selected volatiles quantified by an HP 6890 Series GC-
MS System. Volatile Organic Compounds (VOCs) were desorbed from the fibers in the
GC-MS inlet at 250 ◦C. The GC column was placed into a bed of dry ice. After 5 min,
the column was removed from the dry ice and the oven method was started. The SPME
fiber was left within the inlet for the first 3 min of the oven program to ensure all VOCs
had desorbed.

A BPX-5-capillary column (25 m× 0.32 mm, 0.25µm film thickness; SGE, Austin, TX, USA)
was used. Helium was the carrier gas (1 mL/min). The oven program included an initial 5 min
at 35 ◦C, followed by an 8 ◦C per min ramp to 220 ◦C, then a 20 ◦C per min ramp to 290 ◦C,
and finally a 5 min hold period at 290 ◦C.

On each day of analysis, a solution of n-alkanes (C8–C22, Supelco, Bellefonte, PA,
USA; 1 ng/µL) was run. The linear retention indices (LRI) (calculated with reference to the
n-alkanes) were used to evaluate the retention times of the VOCs. Compound identity was
confirmed by the comparison of the ion fragmentation patterns and the LRI with that of
the authentic compounds.

For quantitation, a single-point external standard method was applied. External
standard reference compounds (Sigma Aldrich, Saint Louis, MO, USA) were delivered
in solutions (1 ng/µL) of pentane or toluene. The quantitative ion abundances of sample
runs were compared with the quantitative ion abundances of standard runs of known
concentration [28]. After analysis eighteen, “marker compounds” were selected to represent
a number of the mechanisms of formation and quantified (ng/g cooked sample) from the
headspace of beef subjected to two different cooking methods.2.5. Statistical Analysis

An individual muscle was the experimental unit. The physicochemical characteristics
and volatile compounds were analyzed using the General Linear Model (GLM) procedure
with a fixed effect of cooking method (roasting vs. stewing) and muscle type (SM, BF, and
RF). Random terms included batches. Each treatment was triplicated (three independent
batches) with three observations for each analysis. The results were analyzed by a two-
way analysis of variance together with their interaction (cooking method × muscle type).
Tukey’s test was used at the 5% level to make comparisons between sample means when
significant differences were found. All the results are presented as mean values with their
standard error of mean (SEM).

External preference mapping was conducted on the volatile data and the consumer and
compositional data were correlated to the resulting principal components using GenStat
version 18.1.

3. Results and Discussion
3.1. Composition of Meat Samples

The percentages of chemical fat, moisture, protein, ash, and connective tissue in the
three raw muscles highlight the important characteristics of these muscle types (Table 2).
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Table 2. Mean concentrations # of the main components of the three muscles (% of raw weight),
analyzed by ANOVA.

Muscle SM $ BF RF SEM p-Value

Fat 2.3 b 2.8 b 1.1 a 0.16 <0.001
Moisture 73.3 a 73.2 a 75.4 b 0.22 <0.001
Protein 23.8 b 23.2 ab 22.9 a 0.12 <0.05

Ash 1.4 b 1.5 b 1.0 a 0.05 <0.001
Connective tissue 1.3 a 1.6 b 1.1 a 0.05 <0.001

ab—values in a row lacking a common superscript differ significantly (p < 0.05). $ SM—Semimembranosus;
BF—Biceps femoris; RF—Rectus femoris; SEM—standard error of the mean. # the totals do not sum to
exactly 100 because connective tissue also includes protein, and because each of these analyses was
conducted independently.

The observed increase in fat content alongside a decrease in moisture, protein, and ash
in RF compared with SM and, in most cases, BF, aligns with previous research findings [29].
This trend suggests variations in the composition of different muscle types, likely influenced
by factors such as muscle function and anatomical location. These differences may have
implications for meat quality, cooking characteristics, and nutritional value. Moreover, the
variation in protein content among the muscles, with the RF muscle exhibiting the lowest
protein content and the SM muscle showing slightly higher levels, corroborates previous
studies indicating heterogeneity in protein distribution within different muscle groups [30].
This finding underscores the importance of considering muscle-specific protein content
when assessing nutritional profiles and dietary recommendations. The observed difference
in ash content, with the RF muscle demonstrating the lowest value, reflects the mineral
composition of the muscle tissue, which can influence its nutritional value and suitability
for various culinary applications [31]. Connective tissue plays a crucial role in determining
meat texture and tenderness [32]. The higher connective tissue content observed in the BF
muscle aligns with its anatomical location and function, as this muscle is typically involved
in supporting and stabilizing joints.

3.2. Consumers’ Palatability Scores

There were no statistically significant main effects due to the cooking method but there
were significant differences between the muscles for all attributes (Table 3). Interactions
between the muscle and cooking method were significant for flavor liking and juiciness
(p < 0.01) and for tenderness, overall liking, MQ4, and satisfaction (p < 0.001; Figure 1).

Table 3. Mean consumer scores for palatability attributes for three muscles using two different
cooking methods with analysis by ANOVA.

Factors Cooking Method (C) Muscle (M) C×M

Stewing Roasting SEM p-v SM $ BF RF SEM p-v p-v

Flavor liking 53.1 47.6 1.77 0.120 47.8 a 43.8 a 59.2 b 1.81 <0.001 <0.01
Tenderness 45.6 43.6 2.87 0.729 35.4 a 33.3 a 64.3 b 2.89 <0.001 <0.001

Juiciness 45.6 53.4 2.41 0.103 42.8 a 43.3 a 61.8 b 2.46 <0.001 <0.01
Overall liking 52.0 47.9 1.93 0.291 46.6 a 41.6 a 61.5 b 1.97 <0.001 <0.001

MQ4 49.8 47.1 2.07 0.519 43.2 a 40.0 a 61.7 b 2.10 <0.001 <0.001
Satisfaction 3.0 2.9 0.08 0.576 2.8 a 2.6 a 3.5 b 2.10 <0.001 <0.001

ab—means within a row lacking a common superscript differ (p < 0.05). $ SM—Semimembranosus; BF—Biceps
femoris; RF—Rectus femoris. SEM—standard error of the mean; p-v = probability value; MQ4—meat quality,
4 variables.
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Consumers scored the muscle RF (both stewed and roasted) significantly higher than
SM and BF for all sensory characteristics (p < 0.05; Table 3). These eating quality differences
between the muscles were greater for the roasted meat than the stewed meat (Figure 1a,b).
Average flavor liking for RF was scored 11–15 points higher than the other two muscles. It
should be noted that the beef from these two cooking methods was assessed at different
times by different consumer panels, so the consumers were comparing the qualities of one
or the other cooking method, and a direct comparison of the two cooking methods was not
attempted. The potential effect of different consumers was mitigated by the large number
of assessors, evidenced by the fact that the scores for individual muscles cooked by the
different cooking methods were not significantly different.

The RF muscle exhibited the lowest protein, fat, and connective tissue content com-
pared to the other muscles (Table 2). RF received much higher scores for tenderness than
SM and BF which received very low scores, with similar but lesser effects on the other
attributes (Table 3). The impact of the connective tissue on tenderness may explain the
difference between RF and BF but not the low scores for SM, suggesting that factors beyond
basic nutritional composition are influencing meat quality perception. This may include
sarcomere length, proteolysis, or the generation of flavor. Further investigations using
physicochemical methods such as those referred to by Chen et al. [33] may help to clarify
these differences.

Zhu et al. [34] explored the influence of different cooking methods on meat quality
perception. Roasting emerges as the most highly recommended cooking method for yak
meat since it induces great consumer acceptability. Their research revealed that variations in
cooking techniques can significantly affect the sensory characteristics of meat, independent
of its chemical composition.

3.3. Volatile Compounds

Eighteen volatile “marker compounds” were selected to represent a number of mech-
anisms of formation and were quantified (ng/g cooked sample) in beef subjected to
two different cooking methods. The compounds were categorized into eight groups: alde-
hydes, Strecker aldehydes, thiophenes, ketones, sulfides, furans, alcohols, and acids. Many
aldehydes, alcohols, and ketones are formed from the thermal oxidation of fatty acids and
are known for their distinctive aroma profiles, encompassing notes of butter, sweetness,
florals, toastiness, or green nuances [35]. The degradation of specific amino acids—alanine,
isoleucine, leucine, methionine, phenylalanine, and valine—results in the formation of
Strecker aldehydes such as acetaldehyde, 2-methylbutanal, 3-methylbutanal, 3-methyl-
butanal, 3-(methylthio)propanal, and phenylacetaldehyde, respectively. Furthermore,
2,3-butanedione is produced through the degradation of carbohydrates [36].

The impact of the cooking method on these volatile compounds for the three distinct
muscles is detailed in Table 4. Significantly lower amounts of volatile compounds were
observed in the case of the roasted muscles compared to the stewed ones. No statistically
significant main effects (p ≥ 0.05) were observed due to the type of muscle. However, there
were significant cooking x muscle interactions, as illustrated in Figure 2a,b.

Table 4. Means amounts of volatile marker compounds (ng/g) collected from three muscles using
two different cooking methods, analyzed by ANOVA.

Factors Cooking Method (C) Muscle (M) C.M

Stewing Roasting SEM p-v SM $ BF RF SEM p-v p-v

n-Aldehydes
Pentanal 10.2 b 1.5 a 1.37 <0.001 5.8 3.9 7.8 1.37 0.505 <0.05
Hexanal 8.2 b 2.7 a 0.60 <0.001 5.8 5.5 5.2 0.60 0.909 <0.001
Heptanal 0.2 0.5 0.10 0.230 0.4 0.5 0.2 0.10 0.496 NS
Octanal 0.2 0.2 0.00 0.378 0.2 0.2 0.2 0.03 0.857 NS
Nonanal 4.6 3.8 0.02 0.389 4.0 4.2 4.4 0.41 0.941 NS
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Table 4. Cont.

Factors Cooking Method (C) Muscle (M) C.M

Stewing Roasting SEM p-v SM $ BF RF SEM p-v p-v

Strecker aldehydes
2-Methyl butanal 15.9 15.9 1.42 0.988 16.3 18.2 13.2 1.42 0.355 NS
3-Methyl butanal 28.1 27.3 2.23 0.857 28.9 32.2 22.2 2.23 0.167 NS
Benzaldehyde 4.1 b 2.0 a 0.20 <0.001 3.1 3.3 2.7 0.20 0.431 <0.001

Thiophenes
2-Methyl thiophene 0.7 b 0.3 a 0.07 <0.001 0.6 0.6 0.4 0.07 0.572 <0.01

Ketones
2.3-Butanedione 35.6 35.5 4.42 0.991 36.8 40.8 29.3 4.42 0.563 NS
2-Heptanone 3.9 3.2 0.20 0.086 3.1 3.9 3.5 0.20 0.366 NS
3-Heptanone 1.4 1.6 0.12 0.623 1.6 1.6 1.3 0.12 0.569 NS

Sulfides
Dimethyl disulfide 4.6 b 0.2 a 0.41 <0.001 2.7 2.5 2.0 0.41 0.786 <0.001
Dimethyl trisulfide 27.3 b 0.7 a 2.42 <0.001 15.9 14.0 12.2 2.42 0.839 <0.001

Furans
2-Pentyl furan 0.9 b 0.1 a 0.12 <0.001 0.6 0.4 0.5 0.12 0.837 <0.01

Alcohols
1-Hexanol 0.3 0.3 0.04 0.625 0.3 0.4 0.2 0.05 0.203 NS
2-Ethyl hexanol 0.0 0.4 0.15 0.176 0.3 0.4 0.0 0.15 0.615 NS

Acids
Octanoic acid 0.2 0.2 0.02 0.876 0.2 0.2 0.1 0.02 0.798 NS

a,b—means within a row lacking a common superscript differ (p < 0.05). $ SM—Semimembranosus; BF—Biceps
femoris; RF—Rectus femoris. SEM—standard error of the mean; p-v = probability value; NS—not significant.

Higher levels of the following individual volatile compounds were observed in the
case of the stewing compared to the roasting: pentanal, hexanal, benzaldehyde, 2-methyl
thiophene, dimethyl disulfide, dimethyl trisulfide, and 2-pentyl furan (Table 4). There
were significant interactions between the muscles and cooking methods for all of these
compounds. The predominant effect was an increase in the quantity of these compounds
collected from the stewed beef compared with the roasted meat, with the effect most marked
in SM and RF for pentanal, hexanal, and 2-pentylfuran; in SM and BF for benzaldehyde,
DMDS, and DMTS; and in RF for 2-methylthiophene (Figure 2). These relatively small
effects of the muscle cannot be explained by the differences in gross composition (Table 1).
Differences due to cooking method will have been influenced by the MSA cooking protocols,
which were designed to simulate normal practice in Australia; the stewed beef was first
browned in olive oil and then stewed, while the roasted meat was trimmed of outer
browned surfaces. However, the fact that the remaining eleven compounds showed no
significant effects of the cooking method (Table 4) suggests that other factors are playing a
part. Utama et al. [37] compared the volatiles from oven-roasted brisket and boiled meat
(without trimming or browning steps) and reported that, in this case, most volatiles were
higher from the roasted beef.
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Dimethyl disulphide (DMDS), dimethyl trisulphide (DMTS), 3- and 2-methylbutanal,
2-methylthiophene, and benzaldehyde were included as markers for different pathways
of the Maillard reaction, a complex chemical reaction between amino acids and reducing
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sugars that occurs at high temperatures. 2-Methylthiophene may be formed from the
Maillard reaction of giving 1,4-diketones, with further reactions with, for example, H2S
from cysteine [38]. The compounds 3-methylbutanal and 2-methylbutanal are formed from
the Strecker degradation of leucine and isoleucine [39]. Benzaldehyde may be formed by the
same mechanism as the rare amino acid phenylglycine, but its abundance in meat suggests
that there are alternative routes of formation. DMDS and DMTS are formed through the
Strecker degradation of methionine to release methanethiol, followed by an oxidation
reaction to form DMDS and DMTS. DMDS and DMTS were more than 20× higher in
the stewed meat, while the other products of Strecker degradation, such as the methyl
butanal isomers, were unchanged. This may have been due to the presence of onions in the
stewing mix giving rise to additional sulfur-containing precursors. Their formation has
been shown to be inhibited by the presence of anti-oxidants or Maillard-produced thiols [40].
In wine, disulphide and trisulphide formation may be catalyzed by the presence of CuII
and FeIII [41]. Investigations into the effect of water on volatile Maillard reaction products
showed that both quantitative and qualitative changes occurred in the volatile profile of a
meat flavor model system with different moisture levels [42]. The maximum amount of
volatiles was observed at an aw of 0.72. The kind of major volatiles also differed: higher
amounts of both DMDS and DMTS were present in the high-water system (p < 0.05). Thus,
it may be that the presence of pro-oxidant metal ions from the beef in the cooking juices
favored the further reactions of methanethiol from the Strecker degradation of methionine.
In our research, no effect of the type of heat treatment on the content of 2- and 3-Methyl
butanal was observed (p > 0.05).

Hexanal, pentanal, and 2-pentylfuran are derived from lipid oxidation reactions.
Consideration was given to whether their higher levels in the stewed meat could be from
the oil used for frying. These compounds are characteristic of the breakdown of linoleic
acid [43]. Oleic acid is the main fatty acid in olive oil and accounts for 55–83% of the total
fatty acid content but variable amounts of linoleic acid (3–21%) and linolenic acid (<1%)
may also be present [44], and these latter are more subject to lipid oxidation than oleic
acid. The analysis of the heated frying oil alone gave some hexanal but at very much lower
levels than those obtained from the meat samples. Octanal and nonanal, which are the
characteristic products of the oxidation of oleic acid [43] were unaffected by the cooking
method, suggesting that this was not the primary cause of the observed differences. All
the observed n-aldehydes are the products of the thermal degradation of linoleic acid but
pentanal and hexanal may also be derived from arachidonic acid [43]. It is possible that
the greater comminution of the stewed meat allows a greater breakdown of the very long
chain fatty acids in the phospholipids.

The increases in some Maillard and lipid oxidation products suggest that stewing
provides an environment conducive to both certain oxidation reactions and the facilitation
of subsequent chemical transformations. This may be influenced not only by the greater
access of oxygen to the surface of the stewed meat during browning, but also by the
presence of free radical intermediates from the heated oil, contact with aqueous pro-
oxidants, anti-oxidants, or other components from the meat and vegetables, and the role of
water and extended time in facilitating further reactions of the primary volatile products.
Further study of each stage of the cooking process would be needed to elucidate the
mechanisms concerned.

Similar results have been reported by other researchers. Legako et al. investigated the
volatile compounds and consumer palatability scores for four beef muscles (Longissimus
lumborum, Psoas major, Semimembranosus, and Gluteus medius) and five USDA quality grades
(Prime, Upper 2/3 Choice, Low Choice, Select, and Standard), demonstrating that these
measures of meat quality did not have a direct impact on consumer ratings or volatile
compounds. However, significant interactions between muscle type and quality were
identified, along with differences in ratings and volatile compounds among muscles.
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3.4. Relationship between Volatile Compounds, Consumer Scores, and Compositional Analyses

External preference maps were created to visualize the relationships between the
groups of volatile compounds, sensory quality, and other measurements (Figures 3–5). An
external preference map for volatile compounds in all cook x muscle treatments (excluding
one outlier) explained 66.5% of the variation in the first three principal components (PC;
Figure 3a,b). PC1 (36.8%; Figure 3a) differentiates mainly between the two cooking methods
on the basis of the quantity of volatiles detected, with most compounds detected to the right
of the plot indicating that they were higher in the stewed beef. PC2 and 3 (17.3% and 12.4%,
Figure 3b) separate the samples on the basis of the classes of volatile compounds, with most
lipid oxidation products (green) to the bottom left and most Maillard products (brown)
to the top right of the plot. The stewed beef rather than the roasted beef was associated
with Maillard products due to the preparation and sampling methods; the stewed beef was
browned before stewing, so some high-temperature compounds would have formed, and
the high-temperature Maillard products generated at the surface of the roasted meat would
have been lost due to the trimming of the outer surfaces. Flavor liking and overall liking
tend to be located to the right side of Figure 3b (to the positive side of PC2), with UMb
(USDA marbling score), and are not clearly associated with either of the cooking methods.
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axes (PC1 vs. PC2). Abbreviations: SM-s—Semimembranosus, stewed; BF-s—Biceps femoris,
stewed; RF-s—Rectus femoris, stewed; SM-r—Semimembranosus, roasted; BF-r—Biceps femoris,
roasted; RF-r—Rectus femoris, roasted; DMDS—Dimethyl disulfide; DMTS—Dimethyl trisul-
fide; 2MeBut—Butanal. 2-methyl; 3MeBut—Butanal. 3-methyl; 23But—2.3-butandione;
Pent—Pentanal; 2MeThioph—2-methyl thiophene; 3Hept-ne—3-Heptanone; 2Hept-ne;—2-
heptanone; Hept—Heptanal; Benz—benzaldehyde; 2PeFur—2-Pentyl furan; Oct—Octanal;
2EtHex—2 ethyl hexanol; Non—nonanal; Oct—octanal; OctAcid—Octanoic acid; Fl liking—flavor
liking; UMb—USDA marbling score. (b) External preference map of stewed and roasted beef sam-
ples based on quantities of volatile compounds collected, with consumer scores and compositional
analyses plotted on the same axes (PC2 vs. PC3). Abbreviations: see Figure 3a.
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There is very little separation of muscles and Figure 3 is dominated by the large
differences between the two cooking methods. For this reason, the preference maps were
also conducted for the stewed and roasted beef separately (Figures 4 and 5), with three
PCs accounting for 68% and 63% of the variation, respectively. Again, PC1 (Figures 4a
and 5a) separates the samples mainly on the basis of the overall quantities of volatiles,
while PC2 v PC3 (Figures 4b and 5b) separate samples on the basis of the compound
group (Maillard products versus lipid oxidation products). Even considering the cooking
methods individually, there is no clear separation of muscles and there are no consistent
associations between compositional analytes and volatiles. However, the Maillard products
(brown) tend to be distinct from the lipid oxidation products (green) in Figures 3b, 4b and
5b. This tendency for compounds from similar reaction pathways to be associated confirms
previous results [15,18,34] and is the basis of using marker compounds to represent the
different compound classes.
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The relationship of the volatile compounds with consumer scores and physicochemical
characteristics will be considered by compound class:

n-aldehydes

Surprisingly, the significantly higher levels of pentanal and hexanal in the stewed
beef were not mirrored by heptanal, octanal, and nonanal, which showed no significant
differences (Table 3). The formation of all these n-aldehydes involves the thermal and
oxidative degradation of lipids [45]. Hexanal and pentanal are located at a distance from
the consumer liking scores on PC1 for stewed and roasted beef (Figures 4a and 5a). This
is consistent with the fact that hexanal and pentanal flavors are perceived as unpleasant,
rancid, and similar to the aroma of green leaves or vegetables [46]. Jiang [47] noted that
pentanal concentration was positively correlated with the intensity of off-flavor in grilled
ground beef. Heptanal, octanal, and nonanal, derived from the oxidation of linoleic acid,
tend to have green, fatty aromas but not especially low thresholds. However, they have
been shown to be associated with other products of this pathway such as 2,4-decadienal,
1-octen-3-ol [28,48], and with off-flavors believed to arise from minor volatile components
of the same pathway [48]. Thus, these n-aldehydes generally act as characteristic markers
for a range of odor compounds and less desirable flavors.

Strecker aldehydes

Three volatile Strecker aldehydes were reported as follows: 3-methylbutanal, 2-methylbutanal,
and benzaldehyde, though this last may also be formed by other pathways. In the case of
benzaldehyde, statistically significantly higher levels (p < 0.05) were observed in the stewed than in
the roasted beef. In previous studies, a relationship between Strecker aldehydes and acceptability
scores for grilled beef was observed [24]. Both 3-methylbutanal and 2-methylbutanal were located
to the right of Figure 3b, in the same direction as flavor liking and overall liking, suggesting that a
relationship between these compounds and desirable flavor occurs, albeit weakly. A comparison of
Figures 4 and 5 confirms that this relationship is only evident for the stewed and not the roasted
beef. As mentioned above, this is likely due to the sampling method for the roast beef in which
the high temperature-treated surface layers, where the formation of Strecker aldehydes would
be favored, were discarded. Thus, these data show that Strecker aldehydes are good markers for
flavor liking for grilled and stewed meat, where browning has occurred, as reported previously for
grilled steaks [24,28], but not for the center meat of roasted cuts. Additional marker compounds
need to be identified for this meat.

Ketones

Heptan-2-one and heptan-3-one were located at the opposite sides of the preference
maps to the liking scores for both the stewed and roasted meat (Figures 4 and 5). These
compounds were not significantly affected by either the muscle or cooking method but
may be differentiating different flavor qualities. These compounds are formed from lipid
oxidation pathways and, while they have relatively high odor thresholds and are unlikely
to contribute substantially to meat flavor [39], they may be acting as markers for other
oxidation products conferring undesirable flavors. 2,3-butanedione does not show any
consistent relationship with sensory scores.

Sulfur compounds

Sulfur compounds possess low odor thresholds [48] and are important contributors
to the flavor profile of cooked beef [49]. Dimethyl disulfide and dimethyl trisulfide were
associated with a dislike of flavor by the consumers in Figure 4a,b and Figure 5a. This effect
was considerably greater in the stewed meat, presumably due to the very much higher
concentrations of these compounds from this cooking method. Dimethyl trisulfide (cabbage-
like/sour) and dimethyl disulfide (hay-like) play an important role in meaty and fatty
flavor [48]. The sources of dimethyl disulfide and dimethyltrisulphide are sulfur-containing
amino acids such as methionine and cysteine [50]. These flavor precursors are also one
source of key odor impact compounds in beef such as 2-methyl-3-furanthiol and related
compounds [28], which confer a roasted meaty flavor. These compounds are present at very
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low concentrations and are difficult to detect using standard GC-MS methods. However,
their common origin may explain the apparent positive relationship between dimethyl
disulfide, dimethyl trisulfide, and flavor liking for the roasted samples, where the levels
are quite low (Figure 5b). However, recent research has found that dimethyldisulphide
and dimethyltrisulphide may be decreased by the presence of Maillard-derived thiols such
as 2-methyl-3-furanthiol [40] and this may explain the partial association with consumer
flavor liking here and in other studies [28]. For the stewed samples, the very much higher
concentrations of dimethyl disulfide and dimethyl trisulfide may confer an off-flavor and
have a detrimental effect (Figure 4b).

4. Conclusions

The cooking method has distinct effects on the volatile compounds formed in beef
meat, with greater quantities formed in the stewed beef than in the inner part of the roast
beef. The analysis of marker compounds may suggest the compound groups responsible
for perceived flavor differences caused by cooking. Hexanal, pentanal, and 2-pentylfuran
can be perceived as markers for certain lipid oxidation compounds while dimethyl disul-
phide, dimethyl trisulphide, 3- and 2-methylbutanal, and benzaldehyde are markers for
the different pathways of the Maillard reaction. Greater quantities of both compound
groups appear to be characteristic of stewing rather than roasted beef. Consumer panels
differentiated clearly between muscles, while the differences in volatiles were less clear.
It is possible that texture attributes and taste compounds also play a part in the sensory
differentiation of muscles. The highest consumer scores for tenderness, MQ4, satisfaction,
and flavor were noted for RF muscle in the case of both the stewed and roasted beef. Lipid
oxidation compounds such as heptanones appear to be markers for disliked flavor, while
Strecker aldehydes can be associated with the desirable flavor of beef cooking methods in-
volving browning but not the center meat of roast beef. Dimethyl disulphide and dimethyl
trisulphide are associated with desirability in roasted meat but undesirability in stewed
meat. This work shows that it is possible to understand flavor differences between cooking
techniques through the analysis of volatile flavor compounds in association with palata-
bility and other chemical measurements. A more detailed study of the factors affecting
precursors, taste compounds, and other meat components affecting flavor, together with
textural parameters, may help to elucidate further the role of muscle and cooking methods
on flavor formation.
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