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A B S T R A C T

The popularity of roasted pork among Chinese consumers is largely attributed to its rich aroma profile. However, 
the suitability of different pork species for roasting remains uncertain. In this study, the effect of various pork 
species on the aroma profiles of roasted pork was systematically investigated using gas chromatography- 
olfactometry-mass spectrometry (GC-O-MS). The results indicated that the roasted pork from five different 
species exhibited rich roasty, meaty, and fatty notes. Fifty-two aroma compounds were identified, with seven key 
odorants, including pyrazines and aldehydes, being recognized as primary contributors to the aroma. The 
orthogonal partial least squares discriminant analysis (OPLS-DA) effectively distinguished the aroma profiles of 
the five pork species. Twelve aroma compounds displayed variable importance in projection (VIP) scores 
exceeding 1, with butyrolactone being identified as a potential biomarker. Among the species, Tibetan and Min 
pigs were found to be the most suitable for roasting, with Min pigs showing particular promise.

1. Introduction

China possesses the most diverse pig species resources globally. In 
2023, pork production in China reached 57.94 million tons, representing 
a 4.6 % increase compared to 2022. Over 60 pig breeds have been 
identified in China, including 48 local breeds and 12 cultivated ones. 
The roasted pork is widely favored in China due to its appealing aromas. 
A previous study identified over 40 odorants in Mini-pig roasted pork 
using simultaneous distillation-solvent extraction (SDE) and gas 
chromatography-olfactometry (GC-O), including roasty 2,5-dimethyl
pyrazine, meaty 2-acetylthiazole, fatty (E)-2-nonenal, and grassy hexa
nal (Xie, Sun, Zheng, & Wang, 2008). The synergy of fatty acids, free 
radicals, secondary oxidation products, and spices leads to an increase in 
both the concentration and diversity of aroma compounds during pan- 
heating, generating distinct aroma profiles, such as aldehydes (Wang 
et al., 2023). Our recent study revealed that air-frying, microwave 
heating, superheated steam, and traditional charcoal roasting all pro
duce strong aroma profiles in roasted pork, with air-frying emerging as 
an effective alternative to traditional charcoal roasting technology due 

to its efficient heating and production of richer aroma compounds (Liu 
et al., 2024). Further investigation based on air-frying technology 
demonstrats that neutral lipids and phospholipids, including tri
glycerides, phosphatidylcholine, phosphatidylethanolamine, and phos
phatidylserine, significantly contribute to the formation and retention of 
key aroma compounds, such as hexanal and 3,5-dimethyl-2-ethylpyra
zine, in air-frying roasted pork (Liu et al., 2023). These findings sug
gest that both endogenous and exogenous factors, including chemical 
compositions, roasting methods, and roasting time, influence the pro
duction of aroma compounds in roasted pork. The species is a key factor 
affecting aroma variability in meat, ultimately determining the sensory 
attributes of the final product (Fan et al., 2018). Despite this, a 
comprehensive understanding of how different species affect aroma 
compound variations in roasted pork and their association with sensory 
evaluations remains elusive.

Yan et al. develope a metabolic approach using supervised OPLS-DA 
to identify biomarkers for differentiating roasted pork at various heating 
times, identifying five biomarkers, including creatine and creatinine 
(Yan et al., 2021). Mu et al. apply GC–MS and OPLS-DA to differentiate 
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raw and roasted beef with varying fat content, identifying benzalde
hyde, 2,3-pentanedione, and 2-butanone as key contributors to aroma 
differences based on fat concentration (Mu, Ni, Zhu, Boesveldt, & 
Stieger, 2023). Our previous study identifies furaldehyde, 2,4-decadie
nal, and 1-hexanol as potential biomarkers for distinguishing roasted 
pork, beef, lamb, chicken, duck, and goose using GC–MS and PLS-DA 
(Shi et al., 2024). The multivariate statistical analysis combined with 
volatile compound profiling has also proven effective in characterizing 
Tibetan pork from four provinces (Zhao et al., 2023). Recently, our 
group further identifies acetic acid methyl ester as a key biomarker in 
differentiating roasted mutton using GC-O-MS, lipidomics, and OPLS-DA 
(Liang et al., 2024). Therefore, GC-O-MS combined with OPLS-DA offers 
a reliable method for identifying biomarkers that differentiate roasted 

pork from various species.
The choice of extraction methods significantly affects the identifi

cation and quantification of aroma compounds in food products 
(Majcher & Jeleń, 2009; Murat, Gourrat, Jerosch, & Cayot, 2012; Nie 
et al., 2024). The solid-phase microextraction (SPME) offers advantages 
such as rapid extraction and broad application, but its limitations in 
accurate quantification restrict its use (Murat et al., 2012). The SPME 
combined with semi-quantitative internal standard methods is widely 
applied to explore aroma compound diversity (Edgar Herkenhoff, 
Brödel, & Frohme, 2024). The solvent-assisted flavor evaporation 
(SAFE) coupled with GC-O-MS is often employed for detailed elucida
tion of molecular structures and accurate concentrations of key odorants 
(Dach & Schieberle, 2021). For example, Gerlach et al. apply SAFE-GC- 
O-MS to identify 16, 12, and 14 key aroma compounds in the fat of boar, 
female pigs, and castrated male pigs, respectively (Gerlach et al., 2018). 
Additionally, fifteen compounds were identified as key contributors to 
the aroma profile of dry-rendered beef fat, including (E, E)-2,4-non
adienal (Yang, Pei, Du, & Xie, 2023). Therefore, SAFE-GC-O-MS is a 
necessary approach to elucidate key odorants in roasted pork from 
different species.

To date, there has been no systematic study on the aroma differences 
and roasting suitability of pork from various species. This study aims to 
(i) investigate the aroma profile differences in roasted pork from five 
species based on sensory evaluation, (ii) identify the molecular struc
tures of key odorants using SAFE-GC-O-MS and four identification 
methods, (iii) elucidate the contribution of key aroma compounds to the 
overall aroma profiles using odor activity values (OAVs) and GC-O, and 
(iv) identify biomarkers for distinguishing roasted pork from the five 
species using OPLS-DA. The findings from this study will aid in linking 
sensory evaluations with aroma compounds, providing insights into the 
aroma variability of different meat products and their underlying cau
ses. Additionally, the study will offer theoretical support for selecting 
optimal pig species for roasted pork and guiding new product 
development.

Fig. 1. Sensory evaluation of aroma profiles in roasted pork from five species.

Table 1 
Identification of aroma compounds in roasted pork from five species.

Compounds a RI b Identification e compounds RI identification

Literature c Calculation d literature calculation

acetic acid methyl ester 864 864 MS, RI 2-ethyl-1-hexanol 1470 1472 MS, RI
propanoic acid ethyl ester 949 948 MS, RI, O, S pyrrole 1490 1487 MS, RI
2-methyl-3-buten-2-ol 1036 1029 MS, RI benzaldehyde 1495 1489 MS, RI, O, S
2-methyl-2-butenal 1076 1073 MS, RI 5-methyl-2,3-diethylpyrazine 1497 1490 MS, RI, O, S
hexanal 1078 1078 MS, RI, O, S propanoic acid 1520 1511 MS, RI
1-butanol 1134 1131 MS, RI 2-methylpropanoic acid 1544 1543 MS, RI
pyridine 1170 1172 MS, RI butyrolactone 1595 1590 MS, RI
2,3-dihydro-4-methylfuran 1170 1176 MS, RI butanoic acid 1607 1601 MS, RI, O, S
dihydro-2-methyl-3(2H)-furanone 1242 1241 MS, RI benzeneacetaldehyde 1619 1616 MS, RI, O, S
methylpyrazine 1247 1244 MS, RI, O, S 2-furanmethanol 1635 1636 MS, RI
1-hydroxy-2-propanone 1275 1274 MS, RI 1-methyl-2-pyrrolidinone 1652 1649 MS, RI
4-methyl-2-pentanol 1281 1288 MS, RI 2-acetyl-3-methylpyrazine 1640 1662 MS, RI, O, S
prenol 1301 1303 MS, RI (E)-2-methyl-5-(1-propenyl)pyrazine 1635 1686 MS, RI
2,5-dimethylpyrazine 1308 1305 MS, RI, O, S pentanoic acid 1713 1712 MS, RI
ethylpyrazine 1311 1310 MS, RI 2(5H)-furanone 1716 1717 MS, RI
2,3-dimethylpyrazine 1326 1322 MS, RI hexanoic acid 1810 1817 MS, RI
2-ethyl-6-methylpyrazine 1363 1362 MS, RI, O, S benzyl alcohol 1844 1848 MS, RI
2-ethyl-5-methylpyrazine 1376 1368 MS, RI, O, S heptanoic acid 1923 1923 MS, RI
nonanal 1374 1378 MS, RI, O, S 1-(1H-pyrrol-2-yl) ethanone 1949 1941 MS, RI
trimethylpyrazine 1381 1381 MS, RI, O, S phenol 1978 1976 MS, RI
5-ethyl-2,3-dimethylpyrazine 1416 1421 MS, RI, O, S pantolactone 1998 2000 MS, RI
acetic acid 1429 1427 MS, RI 2-pyrrolidinone 2017 2013 MS, RI
1-octen-3-ol 1430 1432 MS, RI, O, S octanoic acid 2030 2029 MS, RI
2-ethyl-3,5-dimethylpyrazine 1440 1438 MS, RI, O, S p-cresol 2059 2054 MS, RI
methional 1450 1441 MS, RI, O, S nonanoic acid 2124 2119 MS, RI
tetramethylpyrazine 1457 1452 MS, RI dimethyl phthalate 2276 2277 MS, RI

a Aroma compounds in roasted pork from five species. b Retention index. c reported data. d calculated data based on n-alkanes. e MS, mass spectrum; RI, retention 
index; O, odor qualities; S, authentic flavor standards.
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2. Materials and methods

2.1. Sample collection and grouping

A total of fifteen pigs were selected from the farms in 2024, including 
five species: Tibetan pigs (TIP), Jinhua pigs (JIP), Min pigs (MIP), 
Yorkshire pigs (YOP), and Taihu pigs (TAP), with three pigs from each 
species. The pigs were slaughtered following the guidelines of the Ani
mal Care and Use Committee of Ludong University (LDU- 
IRB202402006). Meanwhile, all pigs were slaughtered in commercial 
abattoirs following the international standard (ISO/TS 34700:2016). 
Briefly, the pigs were stunned using a captive bolt, followed by severing 
of the jugular veins and carotid arteries to induce the exsanguination, 
causing rapid heart failure and death. The pork muscle was frozen at 
− 35 ◦C and transported to our laboratory using standard cold-chain 
logistics. The samples were then thawed in an incubator (MIR-154-PC, 
Panasonic, Japan) at 4 ◦C until reaching a core temperature of − 4 ◦C. 
The samples were roasted within one week to minimize alterations in 
raw sample quality. For experimental purposes, the left tenderloin was 
used, and the muscle samples were cut into dimensions of 3 × 1.5 × 1.5 
cm3. The pork samples were roasted in a CKY-298 oven (German Pool 
(Hong Kong) Co., Ltd., Hongkong, China) at 230 ◦C for 15 min, 
achieving a core temperature of 74–78 ◦C. These roasting conditions 
were selected to attain optimal sensory qualities for the desired 
palatability.

The following aroma standards were purchased from Sigma-Aldrich 
(Shanghai, China): hexanal (98 %), nonanal (98 %), benzaldehyde (99.5 
%), benzeneacetaldehyde (95 %), 1-octen-3-ol (98 %), butanoic acid 
(99 %), methylpyrazine (99 %), 2,5-dimethylpyrazine (98 %), trime
thylpyrazine (99 %), 2-acetyl-3-methylpyrazine (98 %), methional (97 
%), and propanoic acid ethyl ester (99 %). Additionally, 5-ethyl-2,3- 
dimethylpyrazine (98 %), 2-ethyl-3,5-dimethylpyrazine (98 %), 5- 
methyl-2,3-diethylpyrazine (98 %), 2-ethyl-6-methylpyrazine (98 %), 
and 2-ethyl-5-methylpyrazine (98 %) were procured from Aladdin 
(Beijing, China). 2-methyl-3-heptanone (99 %) and n-alkanes (C7-C40, 
97 %) were sourced from Dr. Ehrenstorfer and O2si Smart Solutions.

2.2. Sensory evaluation

Prior informed consent for sensory evaluation was obtained from all 
participants. The experiment adhered to protocols approved by the 
Human Research Ethics Committee of Ludong University (LDU- 
IRB202405001), ensuring the protection of participants’ rights and 
privacy. Twenty-five trained panelists aged from 24 to 35 (fourteen fe
males, eleven males) participated in the sensory evaluation, following 
the guidelines of ISO 4121:2003. The panelists evaluated the roasted 
pork samples based on five sensory attributes: roasty, meaty, fatty, 
grassy, and sweet notes. Each sample was coded with a random 3-digit 
number and evaluated at 25 ◦C. A 10-point scale (0 = absent, 10 =
strong) was used for rating each attribute (Phetsang et al., 2021).

2.3. SAFE-GC-O-MS analysis

The minced pork (50 g) was combined with 25 μL of 2-methyl-3-hep
tanone (2 μg/μL) and extracted with 50 mL of dichloromethane at 42 ◦C 
for 3 h according to our previous study (Liu et al., 2023). After the 
extraction for three times, the extracts were pooled. The SAFE tech
nology was immediately employed to isolate volatile organic com
pounds. The distillate was concentrated to 2 mL using a Vigreux column 
(50 × 1 cm inner diameter) and further reduced to 200 μL under a ni
trogen stream.

Aroma compounds were analyzed using a Thermo Scientific™ 
TRACE™ 1310 gas chromatograph coupled with a TSQ 9000 mass 
spectrometer (Thermo Scientific, Bremen, Germany) and olfactory 
detection port (OP275 Pro II, GL Sciences Inc., Japan). A polar DB-Wax 
column (30 m × 0.25 mm × 0.25 μm) was applied to extract odorants. 
The helium (purity: 99.99 %) was used as the carrier gas. The temper
atures for MS transfer line and ion source were set to 240 ◦C and 260 ◦C, 
respectively. The electron impact (EI) mass spectrometry was conducted 
at an ionization energy of 70 eV with a scanning range of 40 to 500 m/z. 
Analytical conditions followed those described in our previous study 
(Liu, Li, et al., 2023).

2.4. Identification and quantification analysis

Aroma compounds in roasted pork from the five species were iden
tified using four methods: mass spectral library (NIST 2020), retention 
index, odor quality, and comparison with authentic standards. RIs were 
determined using n-alkanes (C7-C40) as reference compounds. Peak 
times of the authentic standards were compared to the sample peaks 
under identical analytical conditions.

The aroma compounds were quantified (semi-quantitative analysis) 
by dividing the peak areas of the compounds of interest by the peak area 
of 2-methyl-3-heptanone as internal standard (Selli, Gubbuk, Kafkas, & 
Gunes, 2012). The aroma compounds with OAVs >1 were quantified 
using the standard curve method in selected ion monitoring (SIM) mode, 
as described in a prior study (Liu, Li, et al., 2023). Briefly, the mixed 
authentic flavor standards with gradient concentrations and 2-methyl-3- 
heptanone (1000 ng/g) were placed into the dichloromethane. The 
calibration equations were established based on the concentration ratios 
and their ion peak area ratios.

2.5. Determination of key aroma compounds

The OAVs were calculated by dividing the concentration of an aroma 
compound by its medium odor threshold (Schieberle, 1995). The aroma 
compounds with OAVs >1 were considered significant contributors to 
the overall aroma profile of roasted pork. Compounds with OAVs <1 
were considered to have minimal contributions.

2.6. Statistical analysis

Data were presented as means ± standard deviations. The statistical 

Table 2 
Standard calibration curves of aroma compounds (OAVs >1) in roasted pork 
from five species.

Compounds Ion fragments 
a

Standard calibration 
curves b

R2

propanoic acid ethyl ester 43, 61, 70 y = 2.4651× + 0.0071 0.9997
hexanal 41, 44, 56 y = 2.0777× + 0.1966 0.9982
2-methylpyrazine 40, 67, 94 y = 0.8484× + 0.0066 0.9995
2,5-dimethylpyrazine 39, 42, 108 y = 0.8073× + 0.0003 0.9982
2-ethyl-6-methylpyrazine 94, 121, 122 y = 0.2944× + 0.0068 0.9995
2-ethyl-5-methylpyrazine 44, 121, 122 y = 1.6787×-0.0041 0.9985
nonanal 41, 44, 57 y = 1.2579× + 0.0108 0.9987
trimethylpyrazine 42, 81, 122 y = 0.7356× + 0.0101 0.9997
5-ethyl-2,3- 

dimethylpyrazine
42, 135, 136 y = 1.3972× + 0.0047 0.9991

1-octen-3-ol 41, 43, 57 y = 0.5068× + 0.0270 0.9986
2-ethyl-3,5- 

dimethylpyrazine 42, 135, 136 y = 0.4020× + 0.0044 0.9996

methional 47, 48, 104 y = 2.5707× + 0.0054 0.9996
benzaldehyde 77, 105, 106 y = 0.9524× + 0.0009 0.9998
5-methyl-2,3- 

diethylpyrazine
135, 149, 150 y = 1.2711× + 0.0009 0.9989

butanoic acid 43, 60, 73 y = 0.7830× + 0.0567 0.9961
benzeneacetaldehyde 65, 91, 92 y = 0.6076× + 0.0095 0.9995
2-acetyl-3-methylpyrazine 42, 43, 136 y = 2.3980×-0.0025 0.9982

a Selected ion fragments on the basis of the authentic flavor standards. b 

Equations of standard calibration curves, where x is the peak area ratio of flavor 
standards to internal standard and y is their concentration ratio.
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significance (p < 0.05) among different roasted pork samples was 
assessed using Fisher’s protected least significant difference (LSD) test. 
The Origin 2024 (OriginLab Corporation, USA) and SIMCA 14.1 (Ume
trics Co., Ltd., Sweden) were used for graphing. The discrimination 
between samples was conducted using OPLS-DA. The biomarkers were 
identified based on variable importance in projection (VIP) scores >1 
and p < 0.05.

3. Results and discussion

3.1. Identification and quantitation of aroma compounds in roasted pork

As shown in Fig. 1, the roasted pork from the five species exhibited 
distinct roasty, meaty, fatty, sweet, and grassy notes. Overall, the MIP 

sample was rated higher for roasty, meaty, and sweet aromas compared 
to TIP, JIP, YOP, and TAP samples. Meanwhile, the TIP sample showed 
the highest intensities for fatty and grassy notes among all samples. 
Conversely, the JIP sample exhibited the weakest aroma profile, fol
lowed by the YOP sample. On the other hand, the roasted pork from four 
species (TIP, MIP, YOP, TAP) all demonstrated the strongest roasty 
notes, followed by meaty and fatty notes. The sweet and grassy notes 
were generally weaker across all samples compared to other aroma 
descriptors. This result is in accordance with the findings of Gąsior et al. 
(2021), where the roasted white Kołuda goose exhibites high intensities 
for roasty, meaty, and fatty notes, alongside lower sweet and grassy 
notes. The aroma profile of roasted pork results from a combination of 
individual aroma compounds and their interactive effects among which 
a hypo-addition partial addition effect was observed between 1-octen-3- 

Table 3 
Concentrations of aroma compounds in roasted pork from five species.

Compounds (ng/g) TIP JIP MIP YOP TAP

acetic acid methyl ester 420.86 ± 9.75a 309.75 ± 7.89c 403.97 ± 7.57a 325.11 ± 6.49c 350.94 ± 2.79b

propanoic acid ethyl ester 101.61 ± 15.06b 91.22 ± 2.50b 102.18 ± 7.92b 136.88 ± 11.31a 76.06 ± 3.39b

2-methyl-3-buten-2-ol 258.13 ± 2.71b 260.66 ± 9.38b 253.66 ± 7.35b 291.80 ± 3.26a 274.81 ± 17.78ab

2-methyl-2-butenal 45.83 ± 1.34bc 50.52 ± 2.69ab 40.78 ± 2.40c 46.74 ± 1.44bc 55.47 ± 4.41a

hexanal 1159.90 ± 33.72a 472.74 ± 6.16b 281.32 ± 4.98c 293.71 ± 2.99c 311.85 ± 9.15c

1-butanol 0b 0b 0b 0b 50.22 ± 1.44a

3-penten-2-ol 14,016.10 ± 95.21b 14,903.80 ± 144.35b 12,898.49 ± 318.49c 14,580.75 ± 227.11b 17,864.52 ± 631.46a

2-propenoic acid butyl ester 0b 0b 0b 0b 301.26 ± 19.55a

pyridine 57.86 ± 0.22b 0c 49.96 ± 1.82b 47.47 ± 2.95b 161.92 ± 7.32a

2,3-dihydro-4-methylfuran 27.50 ± 0.23b 33.80 ± 1.27a 28.69 ± 1.02b 0c 35.92 ± 1.58a

dihydro-2-methyl-3(2H)-furanone 45.10 ± 7.04ab 0c 55.54 ± 2.03a 42.27 ± 1.89b 51.33 ± 2.84ab

methylpyrazine 136.81 ± 3.92b 92.28 ± 1.60d 294.59 ± 9.85a 113.11 ± 3.05c 101.29 ± 4.61cd

1-hydroxy-2-propanone 3098.44 ± 20.36c 2777.41 ± 72.98cd 4473.07 ± 182.25a 4009.36 ± 94.53b 2633.71 ± 112.08d

4-methyl-2-pentanol 8265.92 ± 63.90cd 8936.48 ± 171.42bc 7784.98 ± 225.54d 9290.93 ± 235.47b 10,996.42 ± 507.37a

prenol 118.89 ± 0.10a 100.12 ± 6.80ab 93.58 ± 4.99b 110.36 ± 3.18a 108.53 ± 5.91ab

2,5-dimethylpyrazine 147.60 ± 4.23b 98.82 ± 1.77d 379.82 ± 13.75a 124.16 ± 3.79c 71.88 ± 4.61e

ethylpyrazine 25.34 ± 0.49b 19.13 ± 1.01c 40.04 ± 1.64a 20.24 ± 0.38c 13.02 ± 0.60d

2,3-dimethylpyrazine 52.99 ± 0.57b 23.43 ± 0.56d 89.93 ± 3.86a 34.66 ± 4.03c 39.79 ± 2.40c

2-ethyl-6-methylpyrazine 44.26 ± 0.84b 19.00 ± 0.18d 63.71 ± 2.00a 27.19 ± 0.69c 26.18 ± 1.32c

2-ethyl-5-methylpyrazine 150.69 ± 4.40b 79.90 ± 1.20c 258.31 ± 9.73a 74.12 ± 2.34c 63.38 ± 4.93c

nonanal 109.10 ± 3.20a 66.26 ± 1.37c 62.48 ± 1.90c 60.77 ± 1.07c 86.61 ± 6.95b

trimethylpyrazine 329.54 ± 9.38b 159.26 ± 3.02d 524.18 ± 17.54a 228.48 ± 6.38c 205.32 ± 12.30c

5-ethyl-2,3-dimethylpyrazine 254.90 ± 8.04b 81.04 ± 1.32d 331.41 ± 11.11a 109.29 ± 3.03c 122.54 ± 8.94c

acetic acid 365.60 ± 24.42d 701.06 ± 32.82b 1079.39 ± 15.63a 463.03 ± 10.96c 344.08 ± 21.66d

1-octen-3-ol 75.56 ± 1.45a 39.96 ± 0.82d 58.38 ± 0.80b 51.41 ± 1.06c 50.10 ± 1.74c

2-furaldehyde 9.64 ± 0.13b 12.23 ± 2.06b 17.19 ± 0.51a 0c 0c

2-ethyl-3,5-dimethylpyrazine 31.49 ± 0.95b 15.78 ± 0.18d 44.06 ± 1.26a 18.04 ± 0.43cd 19.61 ± 1.02c

methional 155.22 ± 4.94c 173.45 ± 7.76bc 211.71 ± 8.66a 106.20 ± 10.85cd 99.84 ± 4.49d

tetramethylpyrazine 13.34 ± 0.39c 0e 15.81 ± 0.76b 10.41 ± 0.34d 20.36 ± 1.44a

2-ethyl-1-hexanol 33.26 ± 0.08b 26.10 ± 0.01c 15.02 ± 1.02d 35.06 ± 0.43ab 37.00 ± 2.29a

pyrrole 51.47 ± 0.22a 41.42 ± 1.31b 0c 0c 40.87 ± 2.02b

benzaldehyde 281.13 ± 6.62b 196.07 ± 3.60d 321.46 ± 11.28a 251.09 ± 7.18c 227.66 ± 14.46c

5-methyl-2,3-diethylpyrazine 19.65 ± 0.58b 0d 23.31 ± 0.45a 11.62 ± 0.45c 20.86 ± 1.45b

propanoic acid 26.13 ± 0.45b 19.20 ± 0.57c 44.55 ± 1.36a 21.46 ± 0.63c 12.32 ± 1.49d

2-methylpropanoic acid 22.27 ± 0.22a 0b 0b 24.46 ± 1.88a 0b

butyrolactone 513.13 ± 4.72a 114.02 ± 2.25e 340.63 ± 11.75c 172.56 ± 5.36d 448.01 ± 24.18b

butanoic acid 559.69 ± 12.04d 1575.13 ± 36.66a 781.19 ± 24.11c 1004.18 ± 24.51b 480.59 ± 27.07d

benzeneacetaldehyde 370.13 ± 12.36a 158.52 ± 2.42d 334.67 ± 6.13b 177.01 ± 5.76d 207.55 ± 13.97c

2-furanmethanol 74.43 ± 0.79b 14.90 ± 0.92e 95.37 ± 2.36a 24.12 ± 0.88d 43.96 ± 2.63c

1-methyl-2-pyrrolidinone 10.77 ± 0.64d 12.73 ± 0.37cd 27.68 ± 0.61b 20.23 ± 2.44bc 87.90 ± 5.79a

2-acetyl-3-methylpyrazine 19.25 ± 0.73a 6.87 ± 1.06b 0c 17.98 ± 0.71a 7.56 ± 0.75b

(E)-2-methyl-5-(1-propenyl)pyrazine 37.76 ± 0.25b 12.01 ± 0.25d 60.28 ± 1.01a 12.87 ± 0.47d 19.16 ± 1.44c

pentanoic acid 42.19 ± 0.17b 37.09 ± 4.85b 65.56 ± 1.72a 61.29 ± 1.78a 0c

2(5H)-furanone 283.09 ± 2.18b 0c 375.81 ± 11.88a 0c 0c

hexanoic acid 228.05 ± 2.00cd 507.63 ± 12.21a 142.06 ± 57.21d 369.86 ± 13.24b 232.36 ± 19.14c

benzyl alcohol 10.87 ± 0.41b 10.29 ± 0.64b 0c 16.53 ± 2.22a 12.42 ± 0.67b

heptanoic acid 18.47 ± 0.59c 0d 34.17 ± 0.68a 34.42 ± 2.91a 23.98 ± 1.07b

1-(1H-pyrrol-2-yl) ethanone 175.71 ± 2.72c 362.83 ± 4.88b 653.5 ± 19.22a 164.55 ± 16.52c 71.14 ± 4.45d

phenol 18.00 ± 0.91cd 15.55 ± 0.63d 28.43 ± 0.85a 19.78 ± 0.50c 23.12 ± 1.28b

pantolactone 218.43 ± 6.60c 15.55 ± 0.63d 367.97 ± 9.74b 358.31 ± 5.65b 799.82 ± 51.59a

2-pyrrolidinone 129.69 ± 4.33b 0c 0c 0c 220.52 ± 13.51a

octanoic acid 32.07 ± 2.15d 96.63 ± 3.01a 49.27 ± 1.31c 72.42 ± 3.31b 78.60 ± 10.09b

p-cresol 0d 22.37 ± 0.47b 0d 18.28 ± 0.55c 28.00 ± 1.44a

nonanoic acid 0d 22.31 ± 0.85a 11.31 ± 0.14c 0d 23.03 ± 2.46a

dimethyl phthalate 95.61 ± 4.79d 168.92 ± 3.38c 295.32 ± 9.16ab 316.93 ± 9.99a 269.06 ± 18.35b

tetradecanoic acid 0b 0b 0b 0b 35.37 ± 0.71a

The different superscript letters (a, b, c, d, e) in the same row indicated significant differences (p < 0.05).
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ol and certain acids (Niu, Zhang, Xiao, & Zhu, 2020).
As summarized in Table 1, fifty-two odorants were identified in 

roasted pork from the five species using mass spectrum search, retention 
index calculation, odor quality evaluation, and authentic flavor stan
dards comparison. A total of 47, 41, 43, 43, and 48 odorants were 
detected in TIP, JIP, MIP, YOP, and TAP samples, respectively (Table 3). 
These aroma compounds included aldehydes, ketones, acids, esters, al
cohols, phenols, nitrogen-containing compounds, and sulfur-containing 
compounds. Notably, thirty-three aroma compounds were detected in 
all roasted pork samples. Among these, thirteen pyrazines, including 
2,5-dimethylpyrazine, trimethylpyrazine, and 5-ethyl-2,3-dimethylpyr
azine, were identified, representing the highest proportion of the 
aroma compounds. This contrasts with a previous study where alcohols 
were the predominant aroma compounds in smoked duck during storage 
(Jo, An, Arshad, & Kwona, 2018). These results suggest that pyrazines 
contribute significantly to the roasty aroma of roasted pork due to their 
molecular properties (Zhu et al., 2021). The characteristic ion fragments 
(m/z) of the aroma compounds with OAVs >1 were used to establish 
calibration curves (Table 2). The high correlation coefficients (R2 >

0.99) for all odorants indicated excellent linearity. The concentrations of 
all odorants in roasted pork from the five species are presented in 
Table 3. Among these, 3-penten-2-ol (12,898.49–17,864.52 ng/g) and 4- 
methyl-2-pentanol (7784.98–10,996.42 ng/g) were the most abundant 
compounds. Other major aroma compounds with high concentrations 
included 1-hydroxy-2-propanone (2633.71–4473.07 ng/g), butanoic 
acid (480.59–1575.13 ng/g), acetic acid (344.08–1079.39 ng/g), 
butyrolactone (114.02–513.13 ng/g), and hexanoic acid 
(142.06–507.63 ng/g). This phenomenon is in accordance with the 
study, among which the butyrolactone and hexanoic acid are also 
detected in the braised pork (Yao et al., 2024). Several aroma com
pounds, including 2,3-dihydro-4-methylfuran, ethylpyrazine, 2-furalde
hyde, 2-ethyl-3,5-dimethylpyrazine, tetramethylpyrazine, 2-ethyl-1- 
hexanol, 5-methyl-2,3-diethylpyrazine, propanoic acid, 2-methylpropa
noic acid, 2-acetyl-3-methylpyrazine, benzyl alcohol, heptanoic acid, 
phenol, p-cresol, nonanoic acid, and tetradecanoic acid, were present at 
levels below 50 ng/g. The 2-furaldehyde is detected in roasted Mini-pig 
pork, with a relatively low concentration ranging between 0.05 % and 
0.10 % (Xie et al., 2008). Overall, 11 out of 13 pyrazines in the MIP 
sample exhibited the highest concentrations, followed by the TIP sam
ple, with the exception of tetramethylpyrazine and 2-acetyl-3-methyl
pyrazine. This suggested that the MIP sample produced a more 

distinct roasty aroma compared to other roasted pork samples, consis
tent with the aroma profile results, where MIP and TIP samples had 
significantly higher roasty intensities than JIP, YOP, and TAP samples. 
This observation aligns with previous findings, where roasted barley and 
rye brews with higher concentrations of pyrazines, such as 2-ethyl-3,5- 
dimethylpyrazine, emerge stronger roasty intensities compared to 
roasted chicory and sugar beet brews with lower pyrazine concentra
tions (Majcher, Klensporf-Pawlik, Dziadas, & Jeleń, 2013).

3.2. Determination of key aroma compounds in roasted pork

The contribution of each aroma compound to the overall aroma of a 
product depends not only on its concentration but also on its OAV. As 
shown in Fig. 2, color coding was graded according to the scale from 
green to red with the relative intensity increasing from greener to redder 
box character. A total of 15, 12, 16, 13, and 13 aroma compounds with 
OAVs greater than 1 were identified in TIP, JIP, MIP, YOP, and TAP 
samples, respectively. The cumulative OAV of TIP (2611.32) was the 
highest, followed by JIP (2589.08) and MIP (2370.66). TAP (1686.62) 
and YOP (1379.13) showed the lowest OAVs. These findings suggested 
that TIP and JIP samples might have richer aroma profiles and stronger 
aroma intensities. Twelve odorants were common to all five roasted 
pork samples, including hexanal, nonanal, benzaldehyde, benzeneace
taldehyde, ethyl propanoate, 1-octen-3-ol, methylpyrazine, 5-ethyl-2,3- 
dimethylpyrazine, 2-ethyl-3,5-dimethylpyrazine, 5-methyl-2,3-diethyl
pyrazine, methional, and butanoic acid. The roasted pork from all spe
cies had high OAVs for methional (499.22–2154.14), 5-ethyl-2,3- 
dimethylpyrazine (81.04–331.44), hexanal (62.52–257.76), nonanal 
(60.77–109.10), benzaldehyde (65.36–93.71), and benzeneacetalde
hyde (39.63–92.53). Moreover, the MIP had the highest cumulative 
OAV of pyrazines, which likely contributed to its more pronounced 
roasty aroma. The TIP contained compounds contributing to fatty and 
grassy aromas, such as nonanal, hexanal, ethyl propanoate, and 1-octen- 
3-ol. There was no significant difference in the cumulative OAVs of 
compounds with fatty and grassy notes across the other four roasted 
pork samples, ranging from 127.85 to 155.15. Additionally, the MIP 
(83.67) and TIP (92.53) had the highest OAVs for benzeneacetaldehyde, 
which contributed a sweet note. These results were consistent with the 
sensory evaluation, which indicated that MIP and TIP samples had the 
strongest aroma intensities, particularly for roasty, meaty, and sweet 
aromas.

The GC-O analysis reveals that 5-methyl-2,3-diethylpyrazine, 2- 
ethyl-5-methylpyrazine, and 2-methylpyrazine are key contributors to 
roasty aromas (Gąsior et al., 2021; Liu, Li, et al., 2023). Long-chain 
alkylated pyrazines may be formed through reactions between dihy
dropyrazines and aldehydes (Huang, Bruechert, Hartman, Rosen, & Ho, 
1987). The synergistic reactions between Maillard reaction products and 
lipid oxidation products contribute to the formation of pyrazines, with 
the interaction of glycerine and triglycerides playing a role in the gen
eration of methylpyrazines (Ho & Hartman, 1994). High-intensity ul
trasound can promote aldol-type condensation between glucose and 
glycine, resulting in the formation of 2-methylpyrazine, 2,6-dime
thylpyrazine, and 2-ethyl-5-methylpyrazine (Zhang et al., 2022). The 
methional is primarily produced through methionine degradation under 
the thermal treatment (Yu & Ho, 1995). Meanwhile, the phospholipids 
and triacylglycerols contribute to the formation of carbonyl-containing 
aroma compounds, such as hexanal (Dannenberger et al., 2006; Liang 
et al., 2024). The increased concentrations of aroma compounds, 
including aldehydes, ketones, and alcohols, may be due to the break
down of polyunsaturated bonds in phosphatidylcholine, phosphatidyl
ethanolamine, and triglycerides (Liu, Ma, et al., 2024). The retention of 
certain aroma compounds, such as 5-ethyl-2,3-dimethylpyrazine, 
hexanal, and nonanal, may be attributed to their interaction with tri
glycerides (TG), including TG (16:0_16:0_18:0) (Liu, Liu, et al., 2023). 
Proteins like actomyosin and G-actin are also involved in binding 
carbonyl-containing aroma compounds, depending on protein 

Fig. 2. OAVs of aroma compounds (OAVs >1) in roasted pork from five spe
cies. 
The color intensity ranged from green to red represented the increased con
centration. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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concentrations and conformations (Perez Juan, Flores, & Toldra, 2007). 
The TIP and MIP samples appear to be more suitable for roasting, given 
their richer aroma profiles and higher concentrations of key aroma 
compounds, particularly MIP.

3.3. Potential biomarkers analysis for discriminating differential roasted 
pork

To elucidate the differences among roasted pork from the five spe
cies, a supervised OPLS-DA model was established. As shown in Fig. 3a, 

the model demonstrated excellent stability (R2X = 0.99, R2Y = 1, Q2 =

0.99). Roasted pork samples from the five species were clearly 
discriminated without any overlap. TIP and MIP samples showed posi
tive scores along component one (t1), significantly separating them from 
the roasted pork of the other three species. TAP samples, on the other 
hand, presented negative scores along component two (t2), placing them 
solely in the third quadrant, distinct from the JIP and YOP samples. 
Notably, only JIP and YOP samples had positive scores along t2, with no 
overlap between the two. To identify which aroma compounds were 
responsible for the observed differences between samples, the 

Fig. 3. OPLS-DA of aroma compounds in roasted pork from five species. 
(a) Score scatter plot. (b) Loading scatter plot. (c) VIP plot.
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relationship between the samples and the odorants was established 
(Fig. 3b). Specifically, 2-methylpropanoic acid, dimethyl phthalate, 
ethylpyrazine, propanoic acid, heptanoic acid, 2-ethyl-3,5-dimethylpyr
azine, 5-methyl-2,3-diethylpyrazine, 2-ethyl-6-methylpyrazine, and 1- 
octen-3-ol were located in the fourth quadrant, in proximity to the TIP 
and MIP samples. The compounds containing 2-acetyl-3-methylpyra
zine, 2-methylpropanoic acid, pyrrole, 2-ethyl-1-hexanol, prenol, and 
2,3-dihydro-4-methylfuran were close to the TAP sample. Additionally, 
the nonanoic acid, benzyl alcohol, 2-methyl-3-buten-2-ol, and 2-methyl- 
2-butenal were near the JIP and YOP samples. These findings suggested 
that TIP, MIP, and TAP samples might exhibit stronger roasty aromas.

As presented in Fig. 3c, twelve odorants were identified with VIP 
scores greater than 1, including 4-methyl-2-pentanol (3.02), 1-hydroxy- 
2-propanone (2.79), butanoic acid (2.04), hexanal (2.03), acetic acid 
(1.80), pantolactone (1.64), 1-(1H-pyrrol-2-yl)ethanone (1.52), butyr
olactone (1.29), 2(5H)-furanone (1.20), hexanoic acid (1.13), trime
thylpyrazine (1.05), and dimethyl phthalate (1.02). To identify potential 
aroma biomarkers, the criteria of VIP > 1 and p < 0.05 were applied. As 
shown in Fig. 4, the butyrolactone was identified as a key biomarker for 
discriminating roasted pork from the five species. The highest butyr
olactone concentration was found in TIP samples (513.13 ng/g), fol
lowed by TAP (448.01 ng/g) and MIP (340.63 ng/g), while YOP (172.56 
ng/g) and JIP (114.02 ng/g) showed lower concentrations. This finding 
further confirms the utility of OPLS-DA as an effective tool for 
discriminating different samples (Liu et al., 2024). Interestingly, these 
results contrast with previous findings, among which 2,3-dimethylpyra
zine and trimethylpyrazine are identified as potential biomarkers for 
distinguishing roasted pork prepared using four thermal methods (Liu, 
Ma, et al., 2024). In addition, nonanal, dimethyl disulfide, and 2-ethyl- 
3,5-dimethylpyrazine were important biomarkers for differentiating 
roasted pork during the air-frying process (Li et al., 2024). The volatile 
compounds with carbonyl groups, such as hexanal, heptanal, and 3-hy
droxy-2-butanone, are identified with VIP scores greater than 1 and are 
considered potential freshness biomarkers for pork during the storage 
(Li et al., 2022). These results provide new biomarkers for distinguishing 
roasted pork from different species, which differ from previous findings 
related to roasting methods, processes, and storage.

4. Conclusion

The roasted pork from the five species exhibited strong roasty notes, 
primarily influenced by key aroma compounds such as 5-ethyl-2,3-dime
thylpyrazine, 5-methyl-2,3-diethylpyrazine, and 2-acetyl-3- 

methylpyrazine. The volatilomics combined with OPLS-DA effectively 
distinguished the aroma profiles of the different species, with butyr
olactone identified as a critical biomarker. Among the species, Tibetan 
pigs (TIP) and Min pigs (MIP) were found to be more suitable for 
roasting, offering enhanced aroma intensity compared to the other three 
species. For the food industry, the use of Tibetan and Min pig breeds in 
roasting could improve the overall aroma profile of pork products. The 
future study will focus on systematically analyzing the role of proteins 
and lipids in the formation and retention of aroma compounds in roasted 
pork, offering deeper insights into the mechanisms driving aroma 
development.
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