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A B S T R A C T

Sheep and goat meat products are becoming increasingly popular among consumers due to their unique flavor
derived from intramuscular fat (IMF), which contributes to formation of the distinctive odor. However, there is
currently a dearth of reviews on the impact of IMF on the flavor of sheep and goat meat. The present review aims
to discuss the relationships between IMF and flavor through lipid composition and fatty acid (FA) distribution,
provide an overview of characteristic flavor compounds affecting the flavor of sheep and goat meat, and shed
light on the impacts of pre-mortem and post-mortem factors on meat flavor attributed to changes in FAs and
flavor compounds. Controlling pre-mortem practices and adjusting post-mortem harvesting methods are key
factors in shaping and/or driving the flavor of sheep and goat meat products. This review enhances the
comprehensive understanding of the impact of IMF on the flavor of sheep and goat meat.

1. Introduction

According to the statistics, the global production of goat and sheep
meat has witnessed a remarkable surge of 161.4 %, soaring from 6.03
million tons to 15.77 million tons (Wang, 2023). This is attributed to the
appreciable nutritional properties and distinctive flavor of sheep and
goat meat, although goat meat is less popular compared to sheep meat
(Qi et al., 2023). The presence of unpleasant odor is more pronounced in
goat meat than in sheep meat, and the unpleasant odors are more
prominent in cookedmeat of older goats and sheep, primarily influenced
by intramuscular fat (IMF) content and fatty acid (FA) composition,
which is considered unacceptable by some consumers (Teixeira et al.,
2020). Hence, understanding the relationship between IMF and flavor of
sheep and goat meat is crucial. IMF plays a crucial role in shaping the
inherent qualities of sheep and goat meat (Listrat et al., 2016). The
content of IMF typically ranges from 1 % to 6 % and directly influences
consumer preferences for sheep and goat meat (Li et al., 2020; Zhang
et al., 2024). A recent study has revealed that there is a high overall
consumer preference for New Zealand fattened lamb (approximately 3

% IMF), with the highest consumer ratings being achieved at 4 % IMF
(Realini, Pavan, Johnson, et al., 2021; Realini, Pavan, Purchas, et al.,
2021). However, a recent study has shown that an increase in IMF%
from 1.5 % to 5.5 % in lambs can result in a rise in the content of trans-
fatty acids and BCFA (Realini, Pavan, Johnson, et al., 2021; Realini,
Pavan, Purchas, et al., 2021). Therefore, it is important to control the
range of the increased IMF content. This approach can stimulate
consuming behavior and health benefits. However, the changes in IMF
might lead to alterations in lipid composition, which affects the con-
sumer liking of sheep and goat meat (Pavan, Subbaraj, et al., 2022). This
phenomenon can be partly related to polyunsaturated fatty acids (PUFA)
in triglycerides (TG) and phospholipids (PL) that contribute to different
flavor intensities (Pavan, Subbaraj, et al., 2022). It has been shown that
a high content of IMF can increase the content of volatiles compounds,
whereas a lower IMF content hinders the dispersion of these volatiles
(Bravo-Lamas et al., 2018; Li et al., 2022).

The flavor in sheep and goat meat is mainly divided into taste and
aroma, the formation of which is very complex and can be influenced by
various factors, with IMF content, lipid composition, and content and

* Corresponding author.
E-mail address: weiwu2019@swu.edu.cn (W. Wu).

1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Food Chemistry: X

journal homepage: www.sciencedirect.com/journal/food-chemistry-x

https://doi.org/10.1016/j.fochx.2025.102159
Received 27 September 2024; Received in revised form 19 December 2024; Accepted 2 January 2025

Food Chemistry: X 25 (2025) 102159 

Available online 4 January 2025 
2590-1575/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:weiwu2019@swu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2025.102159
https://doi.org/10.1016/j.fochx.2025.102159
https://doi.org/10.1016/j.fochx.2025.102159
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


ratio of FAs being particularly relevant (Watkins et al., 2013). These
factors are primarily determined by a range of pre-mortem interacting
factors, such as feed type, feed management, species, breed, age, and
sex. Among these factors, nutritional and feed management have been
found to significantly impact the flavor of sheep and goat meat, as IMF
content, lipid composition, and FA distribution are predominantly
regulated via dietary pathways (Dou et al., 2023; Insausti et al., 2021;
Zhang, Han, et al., 2022). For instance, augmenting the diet of Qianbei
Ma goat with 1 g/d of purple corn pericarp (PCP) increased the contents
of 1-hexanol and 1-octanol, thereby enriching goat meat with vegetal,
herbaceous, fatty, and fruity flavor, when compared to the meat from a
basal diet (Tian et al., 2021). Supplementation of 3 % Perilla frutescens
seeds in the diet of Tan sheep increased the content of acetaldehyde and
1, 2, 4-trimethylbenzene in the meat and imparted a fruity flavor and
violet aroma (Yu et al., 2024). The mechanisms by which nutritional
factors influence muscle metabolism in relation with IMF and the flavor
of sheep and goat meat may to some extent be related to the regulatory
role of rumen microorganisms (Ma et al., 2023). However, the specific
mechanism between rumen microorganisms and muscle metabolism is
still unclear, and the impact of gene regulation may also be crucial (Li,
Zhao, Jian, et al., 2023; Sha et al., 2023). Although pre-mortem factors
play an important role in the regulation of flavor-related FAs, fresh
sheep and goat meat possesses primarily a bloody and metallic aroma;
however, the development of more complex aromas is predominantly
achieved through thermal processing (Sohail et al., 2022). As a result,
post-mortem factors, induced by thermal degradation during thermal
processing, contribute to generating a significant number of volatile
compounds and enhancing flavor. For example, when Tan lamb was
subjected to electric roasting, the concentration of hexanal and 1-octen-
3-ol, two compounds known for imparting grassy, mushroom, and
earthy flavors, underwent a significant increase and reached their
maximum levels within a roasting duration of 2–8 min (Wang, Luo, &
Wang, 2022).

The influence of pre-mortem factors on the flavor of sheep and goat
meat has been extensively investigated, whereas the impact of post-
mortem factors on their flavor has received relatively less attention
(Sha et al., 2023). Hence, the present work aims to review the recent
progress in the contribution of IMF attributes to sheep and goat meat
flavor quality. Also, the involved pre-mortem (e.g. diet, feed additives,
feed management, species, breed, age, and sex) and post-mortem factors
(e.g. aging, freezing, dry curing, fermentation, as well as packaging and
thermal processing) were discussed.

2. Lipid composition and volatile compounds in sheep and goat
meat

2.1. Effect of lipid composition on the flavor of sheep and goat meat

The PL and neutral lipids are the most important components of IMF,
with a high proportion of PL (e.g., Phosphatidylcholine, PC; phospha-
tidylethanolamine, PE, etc.) in muscle and deposited as PUFA. PUFA are
key lipids for production of volatile flavor compounds, while neutral
lipids in muscle play an important role in the retention of volatile
compounds (Hocquette et al., 2010; Liu, Hou, et al., 2022; Liu, Hui,
et al., 2022; Liu, Li, et al., 2022). Changes in IMF content can lead to
alterations in lipid distribution. It was found that TG and diglycerides
(DG) were positively correlated with IMF content in the Longissimus
lumborum (LL) muscle of Hu sheep, and that PL varied significantly with
different levels of IMF (Li et al., 2022). This phenomenon resulted in
differences in FA composition and flavor between these two groups. The
components of PUFAs determined in goat meat were side chains bound
to glycerophospholipids, glycerolipids, or sphingolipids rather than free
FAs. Studies on irradiated goat meat by lipidomics revealed a significant
increase in total TG, PC, PE, lyso-phosphatidylethanolamine (LPE), lyso-
phosphatidylcholine (LPC), ceramide (Cer), sphingosine (Sph), which
were associated with increases in goat meat flavor-related PUFAs, such

as linoleic acid (LA) and α-linolenic acid (ALA) (Jia et al., 2021).
Therefore, lipid categories and profiles in sheep and goat meat are
important for meat products.

2.2. Effect of FA distribution on the flavor of sheep and goat meat

The increase in IMF resulted in changes in fatty acid content, which
can affect the flavor of meat. When the IMF percentage of pasture-fed
lambs increased from 1.5 % to 5.5 %, significant alterations in fatty
acid (FA) content and composition were observed. Notably, there was an
increase in branched-chain fatty acids (BCFAs) associated with unde-
sirable flavors, as well as an increase in C18:2 cis-9, trans-11 (rumenic
acid), which is linked to flavor enhancement (Realini, Pavan, Johnson,
et al., 2021; Realini, Pavan, Purchas, et al., 2021).

The variations in FA distribution within IMF, particularly oleic acid
(C18:1), CLA (C18:2), and linolenic acid (C18:3), are the main con-
tributors to the alteration of the flavor of sheep and goat meat (Arshad
et al., 2018; Aung et al., 2023). C18:1 and C18:2 are responsible for the
production of most of the volatile compounds in meat following lipid
oxidation. The major FA in grass-fed sheep is C18:3, associated with the
high content of C18:3 in pasture, which is involved in the formation of
meat flavor, mainly deposited as PL (Ponnampalam et al., 2024; Yang,
Li, et al., 2022; Yang, Liu, et al., 2022).

The quality and flavor of meat were negatively impacted when the
concentration of ALA in sheep meat approached 3 % of TG or PL (Wood
et al., 2004). Moreover, both sheep and goat meat contain the flavor
compound with an undesirable odor linked to lipids, specifically odd
and branched-chain fatty acids (OBCFAs), along with stearic acid
(C18:0) (Gunawan et al., 2018). Several studies have demonstrated that
the increased IMF content is positively correlated with BCFA (Chang
et al., 2024; Pavan, McCoard, et al., 2022; Pavan, Subbaraj, et al., 2022),
while the content of BCFAs was higher in those exhibiting elevated IMF
content. (Chang et al., 2024). Three specific compounds categorized as
BCFAs, namely 4-methyloctanoic acid (MOA), 4-ethyl octanoic acid
(EOA), and 4-methylnonanoic acid (MNA), played a predominant role in
imparting the characteristic cooked “gamy” flavor (Watkins & Frank,
2019). To a lesser extent, it is also associated with C18:1, C18:2, and
C18:3.

Complex interactions in the rumen allow changes in the aroma
profile of sheep and goat meat. In addition to dietary sources, C18:0, a
class of saturated fatty acid (SFA), can affect the flavor of meat by
converting other FAs (C18:2, C18:1, and ALA) to C18:0 through mi-
crobial action in the rumen (Buccioni et al., 2012). Therefore, the ol-
factory profile of sheep and goat meat comprises a diverse array of fatty
acids (FAs), notably C18:1, C18:2, and C18:3, which play a significant
role in aroma generation. Additionally, the presence of OBCFA and
C18:0 compounds significantly contribute to the undesirable odor
observed in sheep and goat meat (Buccioni et al., 2012).

2.3. Characteristics of volatile compounds in sheep and goat meat

2.3.1. Types of volatile compounds
The flavor of sheep and goat meat is a sensory impression that is

primarily divided into taste and aroma (Khan et al., 2015). Taste-active
compounds are non-volatile and perceived through taste receptors,
while aroma-active compounds are volatile and perceived through ol-
factory receptors (Bleicher et al., 2022). Lipid oxidation results in the
generation of various volatile compounds, but their impact on aroma
hinges on the concentration and odor threshold of these volatile com-
pounds. Therefore, only a few aroma-active compounds play a sub-
stantial role in shaping the aroma of cooked meat (Sohail et al., 2022).
Most volatile compounds with low odor thresholds contribute signifi-
cantly to the aroma of sheep and goat meat. Certain aldehydes (e.g.
hexanal, nonanal and 2-decenal) with potent aromas and low odor
thresholds can contribute to the characteristic odors of sheep and goat
meat (Arshad et al., 2018). However, when their concentrations exceed
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certain thresholds, they generate rancid or unpleasant odors (Calkins &
Hodgen, 2007). For instance, (E)-2-nonenal, with the odor threshold of
0.08 ng/g, represents a primary determinant of the aroma profile in goat
meat (Dou et al., 2023). While (E)-2-nonenal can impart a strong fatty
scent, an excessive presence will lead to deterioration in meat flavor
(Dou et al., 2023). Although alcohols have a relatively mild effect on the
flavor of meat compared to aldehydes, their concurrent presence can
markedly influence the overall meat flavor profile. It is noteworthy that
unsaturated alcohols, characterized by lower odor thresholds in contrast
with saturated alcohols, significantly contribute to the meat flavor
(Zhang et al., 2020). Besides, it has been reported that ketones have low
odor thresholds and are represented in both grain and pasture feeding
systems (Liu, Hou, et al., 2022; Liu, Hui, et al., 2022; Liu, Li, et al.,
2022). In contrast, volatile flavor compounds with high odor thresholds
generally have a minimal effect on the flavor of sheep and goat meat.
Linear, branched, and cyclic hydrocarbons present in substantial quan-
tities in sheep and goat meat possess high odor thresholds, so their
impact on the overall aroma of sheep and goat meat remains limited
(Echegaray, Dominguez, Bodas, et al., 2021; Echegaray, Dominguez,
Cadavez, et al., 2021). Echegaray, Dominguez, Bodas, et al., 2021;
Echegaray, Dominguez, Cadavez, et al., 2021 indicated that 5-methyl-3-
heptanone was found to be the most abundant ketone, but it had not
been detected in previous research, mainly due to its high odor threshold
and limited influence on the aroma of sheep and goat meat.

The final products of lipid oxidation (aldehydes, alcohols, ketones,
furans, etc.) exhibit high volatility, playing a pivotal role in the forma-
tion of characteristic flavor across various meat products (Fu et al.,
2022). The key lipid-derived flavor compounds identified by gas
chromatography-olfactometry (GC-O), along with their flavor

descriptions and thresholds, are depicted in Fig. 1. It can be seen that
although some volatile flavor compounds have high odor thresholds,
they can still exert an impact on meat flavor, which is mainly
concentration-dependent and dependent on Relative odor activity value
(ROAV).

2.3.2. Key meat flavor compounds
The key determinants of aroma in sheep and goat meat are primarily

attributed to essential flavor compounds. ROAV has been proposed to
express odor activity values as the relative concentrations of volatile
compounds, indicating the contribution of a particular volatile com-
pound to the overall aroma (Cha et al., 2024). Therefore, ROAV serves as
a valuable metric for assessing the degree to which both key flavor
compounds and individual volatile compounds contribute to the overall
flavor profile. When the ROAV of a volatile compound exceeds 1, it
indicates that this particular component serves as the primary distinc-
tive flavor compound. When the ROAV falls within the range of 0.1 to 1,
it indicates that the volatile compound can impact the overall flavor (Liu
et al., 2008). In sheep and goat meat, aldehydes are the key flavor
compounds, followed by alcohols and ketones. The key volatile com-
pounds with ROAV >1 include nonanal, octanal, hexanal, heptanal,
decanal, (E)-2-nonenal, (E)-2-octenal, (E)-2-decenal, dodecanal, 1-
octen-3-ol, 2-octen-1-ol, and 2,3-octanedione (Dou et al., 2023; Tian
et al., 2021). These primary flavor compounds exhibit distinct flavor
profiles and are listed in Fig. 1. For instance, nonanal is characterized by
the descriptors fresh, fatty, citrus, green, sweet melon, while (E)-2-
nonenal contributes cucumber, fatty, green flavors. 1-Octen-3-ol is
associated with mushroom, and 2, 3-octanedione contributes roasted
beans and creamy flavors (Qi et al., 2022). While sheep and goat meat

Fig. 1. A wheel of odor compounds produced by lipid oxidation that contribute to the odor of sheep and goat meat and the associated odor characteristics and
threshold values (Unit, μg/kg or ng/g). Note: NF means not found. Formulated from Dou et al. (2023) with permission of MDPI publisher.
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may share key flavor compounds, the flavor profiles of these compounds
might exhibit slight variations due to differences related to the analyt-
ical methods and tools used to identify and quantify flavor compounds.
For example, octanal typically imparts a fatty and green aroma, yet
when goat meat is enriched with PCP in the diet, it can elicit a lemony
odor (Tian et al., 2021). Furthermore, it has been observed that sheep
grazing on pastures and receiving probiotic supplements may develop
citrus-like and nutty flavor profiles (Liu, Hou, et al., 2022; Liu, Hui,
et al., 2022; Liu, Li, et al., 2022). Volatile compounds with ROAVs
ranging from 0.1 to 1 exhibit a modifying influence on the aroma of
sheep and goat meat. For example, pentanal (ROAV = 0.64) was
described as green, floral, and burning, and undecanal (ROAV = 0.93)
was described as grassy, rain, and dirt (Liu, Hou, et al., 2022; Liu, Hui,
et al., 2022; Liu, Li, et al., 2022). 1-Octanol (flatland grazing: ROAV =

0.452; mountain grazing: ROAV = 0.435) was described as fatty, waxy,
walnut, and burnt, and (Z)-2-octen-1-ol (1 g/d PCP: ROAV = 0.274) was
described as providing greasy and fruity notes (Dou et al., 2023; Tian
et al., 2021). Similarly, 2-pentylfuran (0.5 g/d PCP: ROAV = 0.998) is
noted for its fruity aroma. All these volatile compounds contribute to the
flavor of sheep and goat meat, exerting their modifying effects.

3. Pre-mortem factors affecting IMF and volatile compounds in
sheep and goat meat

Alterations in IMF content and volatile compounds constitute the
primary determinants influencing the flavor profile in sheep and goat
meat. Modifications in flavor primarily hinge upon non-genetic factors
(including nutrition, age, sex, anatomical location, carcass weight, and
weaning status) and genetic factors (e.g. breed and species) within the
pre-mortem stage. This review emphasizes meat quality determinants
based on their observability and controllability. Feed type and feed
management, as controllable determinants, significantly impact live-
stock traits and meat quality. For instance, rearing environment and diet
reveal nutritional status of livestock, fostering muscle development and
fat deposition (Zhang, Han, Hou, Raza, Gui, et al., 2022b). Genetic
factors also exert an impact on IMF and FA related meat quality traits
(esp. tenderness and flavor). For example, breeding programs can be
developed to screen for genes associated with these traits, although this
process can be relatively time-consuming (Halli et al., 2022). For the
time being, non-genetic factors are more applicable to production.

3.1. Different feeds

Energy feeds, silage feed, and plant by-products significantly influ-
ence IMF deposition, FA synthesis and formation of volatile compounds
in sheep and goats. These changes subsequently impact the flavor of
sheep and goat meat in distinctive manners. Several recent studies in
this field are summarized in Table 1.

3.1.1. Energy feeds
The shifts in flavor profiles of sheep and goat meat attributable to

energy-dense diets are primarily correlated with alterations in IMF
deposition levels (Zhang, Yuan, et al., 2022). Also, fluctuations in vol-
atile compound formation are also governed by rumen microbes. For
instance, in the case of black Tibetan sheep fed a high-energy diet (HS),
HS impacted volatile compounds by increasing the abundance of four
key ruminal bacterial species. These microbial adjustments subse-
quently influenced multiple metabolic routes, impacting the biosyn-
thesis of volatile compounds. As proposed in hypothetical Pathway 3 in
Fig. 2, HS elevates ruminal microbial abundance and accelerates car-
bohydrate catabolism, thereby indirectly modulating FAs and volatile
compound levels. Pathways 1 and 2 associated with HS and lower-
energy diets (LS), respectively, similarly regulate pathways tied to vol-
atile compound generation through ruminal bacteria. However,
Pathway 4, which is unrelated to ruminal microbes, significantly, shapes
lipid metabolism within the LL muscle, impacting LL intramuscular

lipids, alcohols, and aldehydes (Zhang, Yuan, et al., 2022). In contrast,
for Boer goats slaughtered at a slaughter weight below 50 kg with an
equal amount of energy intake, the type of energy feed was not observed
to exert a significant impact on IMF deposition and flavor of goat meat
(Brand et al., 2018). This phenomenon can be attributed to the fact that
goats primarily accumulate fat in the abdominal region and exhibit
lower lipid deposition in the muscle (Tsitsos et al., 2022). Therefore, the
influence of HS in sheep flavor profiles may be species-specific,
involving complex metabolic processes governing biosynthesis of fla-
vor compounds that require further elucidation.

3.1.2. Fermentation silage
Based on the silage categories outlined in Table 1, a recent study on

the feeding of Tan sheep with three different silages showed that the use
of alfalfa silage substantially reduced the hexanal content of sheep meat
(concentrate control: 165.51 μg/kg, alfalfa silage diet: 8.91 μg/kg),
whereas the content of 3-hydroxydodecanoic acid was elevated when
mulberry leaf silage was used (Wang, Han, et al., 2022; Wang, Li, et al.,
2022; Wang, Luo, & Wang, 2022; Wang, Zhao, et al., 2022). Excessive
hexanal at low thresholds can produce an unpleasant odor; therefore,
the reduced hexanal content resulting from the addition of alfalfa silage
could improve sheep meat flavor.

3.1.3. Plant by-products
In ruminants, plant-based feeds, primarily consisting of crop resi-

dues, husks, plant cake meal, and forestry by-products, can be classified
into distinct categories, such as by-product feeds, cereal feeds, and
legume feeds based on their specific processing methods. Among these
categories, plant by-product feeds are notable for their abundance in
phytochemicals, while silage stands out for its enhanced palatability
among ruminants.

As listed in Table 1, a comprehensive study on the addition of plant-
derived feeds to sheep diets showed their capacity to influence FAs and
volatile compounds associated with the flavor of sheep and goat meat,
but do not produce negative odor in sheep meat, making them an ideal
alternative feed. The utilization of rosemary residue (RR) as a grain
substitute in the diet of Barbarine male sheep led to an elevation in the
PUFA content in sheep meat, notably, increased levels of C18:2, C18:3,
C20:4, C20:5, and C22:5 (Smeti et al., 2021). Among these, C18:2 and
C18:3 were identified as the primary contributors to the development of
the flavor of sheep meat. The addition of 200 g/kg of whole pome-
granate by-product (WPB) to the diet of Comisana sheep to replace part
of the corn diet resulted in higher concentrations of total PUFAs, vac-
cenic acid (C18:1 t11), rumenic acid (C18:2 c9) and volatile compounds
(e.g., aldehydes, alcohols, ketones, and hydrocarbons) in the WPB-
treated meat. Although the volatile compounds of meat in these two
groups varied considerably in E-nose, the differences in sensory attri-
butes between these two types of sheep meat could not be accurately
determined because the sensory assessments performed by untrained
panelists did not distinguish between differences in flavor attributes
(Natalello et al., 2023). This indicated that by-products can increase the
category and content of volatile compounds, but not necessarily the
flavor of sheep and goat meat as assessed by sensory evaluation, which
also correlates with whether or not the sensory evaluation team is
trained. Similarly, herbaceous plants (Juniperus spp.) were utilized to
replace cottonseed meal for feeding Rambouillet sheep, leading to the
presence of seven specific volatiles in the resulting meat, namely, 1-pen-
tanol, heptenal, pentanal, 1-(1H-pyrrol-2-yl)-ethanone, 2-heptanone,
6,7-dodecanedione, and butyric acid. Notably, these volatiles did not
impart undesirable odors, which were unaffected by final FA composi-
tion and overall sensory profile (Kerth et al., 2018). Hence, utilization of
alternative feeds does not negatively affect the flavor of sheep meat.

3.2. Feed additives

Feed additives can be classified into various categories, including
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Table 1
Effects of different feeds on fatty acids and flavor in sheep and goat meat.

Type Species/Muscle type Experimental design Fatty acid and flavor References

Energy feed

Black Tibetan sheep/
Longissimus lumborum
(LL) muscle

Twenty-seven 120-day-old rams were
randomly assigned to three experimental
groups of 9 replicates with high energy level
(11.08 MJ/kg), medium energy level (10.12
MJ/kg), and low energy level (9.20 MJ/kg) for
120 days.

• High energy group contained valeric, isovaleric,
butyric, propionic, acetic acids, which were
dominated by alcohols.

• Medium energy group was dominated by
aldehydes.

• Low energy group was dominated by ketones.

(Zhang, Han, Hou, Raza,
Gui, et al., 2022)

Boer goat/ Longissimus
lumborum (LL) muscle

Twenty-four 18-week-old goat kids were
allocated to three experimental groups of 8
replicates each with a low energy (9.7 MJ ME/
kg feed), medium energy (10.2 MJ ME/kg
feed) and high energy (10.6 MJ ME/kg feed)
diet for 20 weeks.

• Meat from three energy groups exhibited beefy,
oily and sweet associated aromas, whilst hints
(low scores) of livery and metallic odors.

• No aroma difference was observed among energy
groups.

(Brand et al., 2018)

Fermentation
silage

Hu sheep/ Longissimus
thoracis (LT) muscle

Ninety-six 3-month-old lambs were randomly
assigned to four groups, with 6 replicates in
each group and 4 lambs in each replicate.
Replacement by 0, 20, 40 and 60 % of maize
silage with mulberry silage for 60 days.

• Feed replacement by 40 % had the highest
monounsaturated fatty acid (MUFA) (C16:1)
values and the lowest PUFA values, making it the
optimal choice.

(Wang, Han, et al., 2022;
Wang, Li, et al., 2022; Wang,
Luo, & Wang, 2022; Wang,
Zhao, et al., 2022)

Tan sheep/
Longissimus lumborum
(LL) muscle

Twenty-four 75 (±3)-day-old lambs were
randomly assigned to four groups with 6
replicates each and each group was fed
concentrate-based diet, corn silage-based diet,
alfalfa silage-based diet and mulberry leaf
silage-based diet for 80 days.

• Compared to control, corn silage group had
increased levels of 14-octadecenal and dodecane,
and decreased levels of 2′-hexyl-1,1′-bicyclopro-
pane-2-octanoic acid methyl ester.

• Compared to the control, the alfalfa silage had
decreased concentrations of hexanal.

(Wang, Han, et al., 2022;
Wang, Li, et al., 2022; Wang,
Luo, & Wang, 2022; Wang,
Zhao, et al., 2022)

Plant by-
product

Comisana sheep/
Longissimus thoracis et
lumborum (LTL)
muscle

Seventeen 60-day-old male lambs were
randomly divided into four groups, eight in the
control group and nine in the treatment group,
with the control feeding diet containing 20 %
of whole pomegranate by-product for 36 days.

• The concentrations of total PUFA, vaccenic and
rumenic acid were higher in WPB meat.

• Most volatile compounds (i.e., aldehydes,
alcohols, ketones, and hydrocarbons) were more
concentrated in WPB meat than in the control
group.

(Natalello et al., 2023)

Barbarine sheep/
Longissimus thoracis et
lumborum (LTL)
muscle

Twenty-seven culled ewes were randomly
divided into three groups of 9 replicates each.
The Control group received 750 g of
concentrate and 500 g of hay. The Myrt-H
group received 750 g of concentrate and 500 g
of M-Hay as a whole substitute to hay. Myrt-C
group received 500 g of oat-hay, 350 g of
concentrate, and 400 g of M-Conc in partial
substitution to concentrate for 90 days.

• Long-chain PUFAs such as C20:3 and C20:4,
vaccenic acid, and desirable fatty acids were
higher in the Myrt-H group.

• Substitution of conventional feedstuff with a dose
of 87 % MR in diet could be an alternative to
improve fatty acids composition.

(Tibaoui et al., 2020)

Barbarine sheep/
Longissimus thoracis et
lumborum (LTL)
muscle

Twenty-four 3-month-old male lambs were
randomly divided into three groups with 8
replicates each. Commercial concentrate
(control group), rosemary residues (RR) plus
600 g faba bean (RRF group) and RR plus
soybean meal (RRS group) for 65 days.

• The inclusion of RR in the concentrate increased
the content of C18:2, C18:3, C20:4, C20:5, and
C22:5.

(Smeti et al., 2021)

Rambouillet sheep/
Longissimus thoracis
(LT) muscle

Forty-eight 4-month-old lambs were randomly
divided into six groups of 8 replicates each and
fed six different roughages: either cottonseed
hulls (CSH) or a ground woody product
consisting of J. pinchotii (redberry juniper
[RED]), J. ashei (blueberry juniper [BLUE]),
Juniperus monosperma (one-seeded juniper
[ONE]), Juniperus virginiana (eastern red cedar
[ERC]), or Prosopis glandulosa (honey mesquite
[MESQ]) for 57 days.

• Seven volatile aroma compounds were affected by
dietary roughage source, including 1-pentanol,
heptenal, pentanal, 1-(1H-pyrol-2yl)-ethanone, 2-
heptanone, 6,7-dodecanedione, and butanoic
acid.

• Addition of four juniper or mesquite species can
replace the control without adversely impacting
fatty acid or sensory characteristics.

(Kerth et al., 2018)

Arabian fattening
sheep/ Longissimus
thoracis (LT) muscle

Twenty-four 4-month-old male lambs were
randomly divided into four groups with 6
replicates each and fed four different diets
Standard concentrate diet, 7 % Roasted Canola
Seed diet (RCS), 36 % Sugar Beet Pulp diet
(SBP), SBP plus RCS diet (SBP + RCS) for 85
days.

• Replacement of barley with SBP increased content
of IMF in sheep, without impacting sensory
properties.

• RCS supplementation of 7 % increased the
content of C18:0, C18:1, C18:3, eicosapentaenoic
acid, and docosahexaenoic acid, which could
improve flavor of sheep meat.

(Asadollahi et al., 2017)

Santa Inês sheep/
Longissimus lumborum
(LL) muscle

Forty 120-day-old male lambs were randomly
divided into five groups of 8 replicates each,
and Tifton 85 hay was replaced with
dehydrated ground guava agro-industrial
waste (GAW) at 0 %, 7.5 %, 15 %, 22.5 %, and
30 % of dietary DM for 48 days.

• GAW increased 30 % GAW and IMF content by
0.56 %.

• GAW did not affect sheep meat flavor.
(Nobre et al., 2020)
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natural plant extracts, fermented plant additives, lipid supplements, and
microbial feed additives. Plant-based feed additives are most prevalent
and are mainly used to improve the flavor of sheep and goat meat via the
rumen microbiota. Moreover, some other feed additives modify the
flavor of meat by affecting FAs associated with the characteristic flavor
of sheep and goat meat.

3.2.1. Natural plant extracts
When utilized as feed additives, natural plant extracts exhibit no

adverse effects on the flavor of sheep and goat meat (Tian et al., 2021).
Moreover, they enhance meat aroma by diminishing unpleasant odors
and introducing volatile flavor compounds, thereby enhancing the
overall flavor profile. As listed in Table 2, the improved flavor of sheep
meat by using plant extracts as feed additives was achieved by affecting
flavor-related FAs and volatile compounds. Tian et al. (2021) reported
that anthocyanin-rich PCPwas introduced into the diets of Qianbei goats
at two different additive rates, namely 0.5 g/d and 1 g/d, reduced total
hydrocarbons, aromatic hydrocarbons, esters, and heterocyclic com-
pounds, while increasing the diversity of flavor compounds and the total
alcohol content of Longissimus thoracis et lumborum (LTL) muscle. This
resulted in an increase in botanical, herbal, oleaginous, and fruity fla-
vors in comparison to the control group. Natural plant extracts, espe-
cially Allium mongolicum Regel (AMR) extract, are rich in flavonoids,
which can change the FA composition of sheep meat and further
improve flavor. The addition of AMR extract to the diets of Small-tailed
Han sheep led to a linear decrease in C18:0 and SFA in LT muscle, a
decline in MOA concentration, and a linear increase in eicosapentaenoic
acid and monounsaturated fatty acid (MUFA) (Liu et al., 2019). The
rational use of plant residues as feed additives can enhance meat flavor
while improving economic efficiency (Wang et al., 2023). Addition of
10 % Jasmine flower residue to Nubian goat diets increased the bene-
ficial n-3 PUFA (C18:3 and C20:5) content in meat, and increased
acetaldehyde and hexanal appropriately to enhance the fruity flavor in
meat (Wang et al., 2023). Hence, plant extracts can enhance the flavor
profile of sheep meat and mitigate unpleasant odors.

3.2.2. Lipid supplements
The addition of lipids to diet can enhance feed energy efficiency,

facilitating the direct utilization of long-chain FAs in the lipid meta-
bolism pathway. Moreover, it can inhibit the biohydrogenation of

unsaturated fatty acid (UFA) by ruminants during digestion, thereby
elevating polyunsaturated lipid levels and enhancing the flavor of sheep
and goat meat. The inclusion of 0.1 % macadamia oil in the diets of
Santa Inês× Dorper male sheep can increase the levels of IMF and C18:3
in the LL muscle (Dias Junior Paulo Cesar et al., 2022). When crossbred
(Santa Ines × Dorper) sheep were fed with diets containing different
levels of Buriti oil (BOIL) – 0, 12, 24, 36, and 48 g/kg dry matter (DM), a
linear reduction in the concentration of 16:0 and C9–18:1 and an in-
crease in the levels of C18:0 and C20:3 was observed in the goat meat as
BOIL intake increased. Notably, addition of BOIL at 24, 36 and 48 g/kg
DM in the sheep diet could improve “goaty” flavor and aroma intensity
of meat based on sensory analysis, while also slightly altering the FA
levels in the meat (Diogenes et al., 2022). Therefore, lipid supplements
mainly alter the FAs of sheep meat and increase volatile compounds, and
reduce unpleasant odors in sheep meat.

3.2.3. Microbial feed additives
Microbial feed additives can modify the composition of volatile

compounds in sheep meat. Liu, Hou, et al., 2022; Liu, Hui, et al., 2022;
Liu, Li, et al., 2022 reported that utilization of dietary probiotic sup-
plementation in sheep resulted in the decreased content of aldehydes,
nonanal, and decanal in LT muscle, and an increase in the concentration
of 1-pentanol, 1-hexanol, and 2,3-octanediones in LT muscle. These al-
terations contributed to a change in the flavor profile of sheep meat,
with a decrease in aldehydes and an increase in alcohols being partic-
ularly favorable to meat flavor. Similarly, probiotics supplementation (1
g/d of Clostridium butyricum) in goats revealed an increased level of
18:3n-3, 20:5n-3 and PUFA and a decrease in 16:0 content in meat
(Zhang et al., 2024). It is worth noting that further research is required
to fully comprehend how dietary probiotic supplementation impacts gut
microbiota and subsequently influences changes in FAs and volatile
compounds.

3.3. Feed management

The variations in feeding systems can lead to diverse outcomes in
terms of FAs and volatile compounds. This depends partly on the type of
pasture and partly on the duration of grazing and the amount of exercise.
The diversity of plant species distribution in grazing pastures affects the
proportion of unsaturated fatty acids in sheep meat, which has the

Fig. 2. The hypothesized pathways and potential mechanisms related to the changes of rumen microbiota, muscle metabolome and meat quality. Note: Red, yellow
and green colors represent high expression in high-energy diet (HS) and blue color represents low expression in medium-energy diet (MS). Path 1 (red), Path 2
(yellow), Path 3 (green), Path 4 (blue). HS: high energy diet; MS: medium energy diet; LS: low energy diet. A: adenine; HAT: hypoxanthine; HxR: inosine; PE:
phosphoethanolamine; GP (2): glycerophosphate (2); GPC: glycerophosphocholine; LA: linoleic acid; G: glycerol (within 24 h after slaughter).
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Table 2
Effects of different feed additives on fatty acids and flavor in sheep and goat meat.

Type Feed additives Species/Muscle type Experimental design Fatty acids and flavor References

Natural plant
extracts

• 3 % Perilla frutescens seeds
Tan sheep/ Longissimus
lumborum (LL) muscle

Forty-five 6-month-old male lambs were randomly
divided into five groups of 15 animals each with
three blocks (pens) of 5 lambs each with a 48-day
feeding cycle.

• Increased levels of acetaldehyde and 1,2,4-trimethylbenzene gave
fruity odor and violet aromas.

(Yu et al., 2024)

• 4 % mimosa (A. mearnsii;
condensed tannins; MI)

• 4 % chestnut (C. sativa;
hydrolysable ellagitannis;
CH)

• 4 % tara (C. spinose;
hydrolysable gallotannins;
TA)

Sarda × Comisana sheep/
Longissimus thoracis et
lumborum (LTL) muscle

Thirty-six 2-month-old male lambs were randomly
divided into four groups of 9 replicates each and fed
in a single pen with a 75-day feeding cycle.

• An inclusion rate of 4 % tannin extracts did not affect the sensory
properties of the meat. (Del Bianco et al., 2021)

11 mg/kg, 22 mg/kg, or 33
mg/ kg Allium mongolicum
Regel extract

Small-tailed Han sheep/
Longissimus thoracis (LT)
muscle

Sixty 6-month-old sheep were randomly divided
into four groups of 15 replicates each with a 60-day
feeding cycle.

• A linear decrease in C18:0 and SFA, a decrease in MOA concentration
was observed.

• A linear increase in eicosapentaenoic acid and MUFA was observed.
(Liu et al., 2019)

10 % Jasmine flower residue
(JFR)

Nubian goat/ Longissimus
thoracis (LT) muscle

Twenty-four 4-month-oldmale goats were randomly
divided into 2 groups of 12 replicates each with a
45-day feeding cycle.

• The addition of JFR increased the content of n-3 PUFA (C18:3 and
C20:5) and reduced the content of C24:1 and SFA (C20:0 and C22:0).

• The addition of JFR increased the content of acetaldehyde and
hexanal in the meat and improved the umami, saltiness, and richness
of the meat.

(Wang et al., 2023)

• 0.5 g/d anthocyanin-rich
purple corn pigment (PCP)

• 1 g/d PCP

Qianbei Ma goat/
Longissimus thoracis et
lumborum (LTL) muscle

Eighteen 4-month-old goat kids were randomly
divided into three groups of 6 replicates each and
fed in a single pen for 60 days.

• The addition of PCP increased flavor compound types and total
alcohol level (12.15 %), whereas it decreased total hydrocarbons
(1.99 %), aromatics (1.085 %), esters (4.27 %), and miscellaneous
compounds (4.91 %).

• The addition of PCP to the diet enriched vegetal, herbaceous, greasy,
and fruity flavors.

(Tian et al., 2021)

Lipids
supplements

• 0, 12, 24, 36 and 48 g/kg
dry matter (DM) Buriti oil
(BOIL)

Santa Inês×Dorper sheep/
Longissimus lumborum (LL)
muscle

Forty 120-day-old lambs were randomly divided
into five groups of 8 replicates each and fed in a
single pen for 56 days.

• The addition of BOIL increased the content of C18:0 and decreased
the content of C16:0 in meat.

• Feeding more than 24 g/kg DM of Buriti oil alleviated unpleasant
odor.

(Diogenes et al., 2022)

• 0.1 % Live weight
macadamia oil (MO)

• 0.1 % Live weight MO +

vitamin E (500 mg/kg DM)
(MOVE)

Santa Inês×Dorper sheep/
Longissimus lumborum (LL)
muscle

Thirty 70 ± 10-day-old lambs were randomly
divided into 3 groups of 10 replicates each and fed in
a single pen for 60 days.

• The addition of MO increased IMF by 0.84 %.
• The addition of MO increased C18:3 in meat by 0.08 % and improved

meat flavor.

(Dias Junior Paulo Cesar
et al., 2022)

• 4 % Babassu oil (BAO)
• 4 % Buriti oil (BUO)

Dorper× Santa Inês sheep/
Longissimus lumborum (LL)
muscle

Twenty-one 123 ± 12 day old lambs were randomly
divided into three groups of 7 replicates each and
fed for 60 days.

• The addition of BUO increased IMF content by 1.5 %.
• The addition of BAO increased medium chain fatty acids in sheep

meat.
• Meat sensory characteristics were not affected by babassu oil or

buriti oil.

(Parente et al., 2020)

• 30 g/d Rumen protected fat
(RPF)

Saanen goat/ Longissimus
thoracis (LT) muscle

Thirty-two 3-month-old lambs were randomly
divided into four groups of 8 replicates each and fed
for 60 days.

• The addition of RPF increased IMF content.
• The addition of RPF supplementation increased the content of total

FA, 16:0, 18:1 c9, 20:2n-6, SFA and MUFA.
(Zhang et al., 2024)

Microbial feed
additives

• 10 g Probiotic/d (PRO)
Sunit sheep/ Longissimus
thoracis (LT) muscle

Twenty-four 90-month-old lambs (12 rams and 12
ewes) were randomly divided into three groups of 4
replicates each and fed for 60 days.

• The addition of PRO altered the composition of volatile flavor
compounds, such as nonanal, undecanal, 1-pentanol, 1-hexanol, and
2,3-octanedione.

(Liu, Hou, et al., 2022;
Liu, Hui, et al., 2022;
Liu, Li, et al., 2022)

• 1 g/d Clostridium butyricum
(CB)

Saanen goat/ Longissimus
thoracis (LT) muscle

Thirty-two 3-month-old lambs were randomly
divided into four groups of 8 replicates each and fed
for 60 days.

• CB supplementation increased the content of 18:3n-3, 20:5n-3 and
PUFA, but it decreased the content of 16:0 without altering the
profiles of other FA.

(Zhang et al., 2024)
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potential to influence the content of volatile flavor compounds (Kearns
et al., 2023). Grasses that are dominant in grazed grasslands, such as
Achnatherum splendens, Lolium perenne, all of which reduce the n-6:n-3
ratio in grazing sheep and improve the flavor of sheep meat (Echegaray,
Dominguez, Bodas, et al., 2021; Echegaray, Dominguez, Cadavez, et al.,
2021; Luo et al., 2019). Table 3 summarizes the variations in FAs and
volatile compounds observed in sheep or goat meat when comparing
grazing and housed feeding systems. Grazing-based feeding systems
have consistently provided superior flavor profiles in most studies. Luo
et al. (2019) reported a decline in intramuscular fat (IMF) content from
4.996 % to 3.390 %, accompanied by decreases in aldehydes and ke-
tones (specifically hexanal, nonanal, and 2,3-octanedione) and increases
in C18:3, eicosadienoic acid, and alcohols (1-pentanol and 1-hexanol) in
grazing sheep, as compared to Mongolian sheep fed a basal diet. Meat
from pastured sheep tended to exhibit a better flavor. The reduction in
IMF was attributed to the fact that grazing enhanced physical activity in
sheep and goat, resulting in higher fat utilization and lower IMF levels. A
reduction in IMF also leads to a reduction in volatile flavor compounds,
but an increase in the number of volatile flavor compounds (Luo et al.,
2019). The rise in flavor-related FAs attributed to grazing is intricately
linked with rumen microorganisms. The levels of ALA and conjugated
LA were positively correlated with the abundance of Butyrivibrio_2,
while the relative abundance of Butyrivibririo_2 was increased in the
rumen of Sunit sheep with pasture feeding (Wang, Gao, Wang, et al.,
2021; Wang, Luo, Wang, et al., 2021; Wang, Wang, Chen, et al., 2021;
Wang, Wang, Zuo, et al., 2021). Grazing also results in a reduction in the
relative abundance of the genus RC9_gut_group, a biomarker of lipid
deposition, so it can be inferred that grazing leads to a reduction in lipid

deposition, which in turn affects the content of volatile flavor com-
pounds (Cheng et al., 2022; Wang, Gao, Wang, et al., 2021; Wang, Luo,
Wang, et al., 2021; Wang, Wang, Chen, et al., 2021; Wang, Wang, Zuo,
et al., 2021). Thus, grazing can increase the diversity of rumen bacteria
and feeding pasture may improve meat flavor.

The natural pasture inhibited rumen biohydrogenation and con-
tained higher levels of flavor-imparting PUFA, especially n-3 PUFA,
which can improve the flavor of sheep meat. Although the flavor of
grazing has been found to be superior to that of indoor feeding, grazing
can cause nutritional imbalances, indoor feeding is characterized by
complete nutrition. Indoor feeding is characterized by a full range of
nutrients, resulting in improved flavor (Wang, Gao, Wang, et al., 2021).
Therefore, strategically combining grazing and indoor feeding, along
with appropriate pasture and concentrate management, can optimize
the flavor of sheep meat. Wang, Gao, Wang, et al. (2021) divided Tan
sheep into five groups based on grazing time, including 12 h/d, 8 h/d, 4
h/d, 2 h/d, and 0 h/d. It was observed that grazing sheep effectively
reduced the level of aldehydes, which can contribute to unpleasant
odors.

Grazing for 2 h/d not only increased the variety of volatile flavor
compounds but also resulted in higher levels of IMF in the LT muscle of
the sheep. This grazing duration can be adjusted based on consumer
preferences. Therefore, a combination of optimal grazing time and
appropriate concentrate supplementation represents a more effective
strategy for managing the quality of sheep and goat meat.

Table 3
Effects of forage and pasture types under different feeding management on fatty acid composition and flavor of sheep and goat meat.

Species/ Muscle Experimental design Fatty acids and flavor References

Mongolian sheep/
Longissimus thoracis
(LT) muscle

Twenty-four 3-month-old lambs were randomly
divided into 2 groups of 12 replicates each. Pasture
grass (PG group) was fed in an enclosure and mixed
diet group (M group) was free-ranging in a semi-arid
desert savannah, and both groups were fed for 6
months.

• PG group contained higher C18:3 and C22:3 than the
mixed diet.

• The levels of hexanal, nonanal, and 2,3-octanedione
were significantly lower in meat of PG group.

• The levels of 1-pentanol and 1-hexanol were higher in
meat of M group.

(Luo et al., 2019)

Tan sheep/ Longissimus
lumborum (LL)
muscle

Twenty-four lambs, 120 days old, were randomly
divided into three groups of eight replicates each.
They were divided into indoor feeding group twice;
4 h artificial pasture grazing with once a day indoor
feeding group; and full-time artificial pasture
grazing group. A total of 90 days were fed.

• Pure artificial pasture grazing and artificial pasture
grazing with indoor feeding increased the level of
PUFA, especially the concentration of n-3 PUFA.

(Wang, Gao, Wang, et al., 2021)

Sunit sheep/
Longissimus thoracis
(LT) muscle

Twenty-four 9-month-old sheep were randomly
divided into 2 groups of 12 replicates each. Sheep in
the Pasture feeding group (6 rams and 6 ewes) were
left to graze freely for 3 months, and sheep in the
barn feeding group (5 rams and 7 ewes) were housed
for 3 months.

• Pasture feeding group sheep meat contained higher
content of n-3 PUFA than meat of barn feeding group
sheep.

(Wang, Gao, Wang, et al., 2021;
Wang, Luo, Wang, et al., 2021; Wang,
Wang, Chen, et al., 2021; Wang,
Wang, Zuo, et al., 2021)

Tan sheep/ Longissimus
thoracis (LT) muscle

Fifty 3-month-old lambs were randomly divided into
5 groups with 10 replicates each. The 52 ha of
grassland was fenced into four equal areas and
grazing time 12 h/d, 8 h/d, 4 h/d, 2 h/d were grazed
on 13 ha of natural grassland, and the rest of the
time and the no-grazing group were fed individually.
A total of 120 days were fed.

• Sheep grazing for 2 h/d with supplement and indoor
supplementary feeding sheep meat had a higher level
of intramuscular fat (IMF).

• Grazing sheep meat had a wider range of volatile
compounds, compared to indoor supplementary
feeding sheep, but lower levels of aldehydes and total
volatile compounds.

(Wang, Z. Z. Wang, et al., 2021a)

Erlangshan white
velvet goat/
Longissimus thoracis
(LT) muscle

Eighteen 5-year-old male goats were divided into
two groups (grazing on flatland and mountain
range) with 9 replicates per group from two areas
with about 0 % and 40 % inclination and fed on
natural pasture.

• Grazing on flatland group increased the contents of
monounsaturated fatty acids (MUFA), PUFA and
volatile compounds, but decreased the content of
saturated fatty acid (SFA).

• The key flavor compounds in both groups included
hexanal, heptanal, (E)-2-octenal, octanal, nonanal,
decanal, (E)-2-nonenal, and 1-octen-3-ol.

• 1-Octen-3-ol and (E)-2-nonenal were the most
contributing flavor compounds in the grazed on
flatland and mountain range groups.

(Dou et al., 2023)
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3.4. Sex and age

Both age at slaughter and sex can affect the proportion of IMF, lipids,
FAs, and volatile compounds, which can exert an impact on the flavor of
sheep and goat meat. Sex can indeed affect the FA composition and
flavor intensity associated with the flavor of sheep and goat meat. It has
been shown that female sheep tend to have higher IMF content and FAs
associated with the flavor of sheep meat, compared to male sheep
(Yousefi et al., 2019). Compared to Gluteus medius muscle of male
Romanov sheep meat, the contents of 10-heptadecenoic acid (C17:1),
C18:2 and total PUFA in female sheep meat were 72.5 %, 16.0 % and
10.7 % higher, respectively, which are conducive to the overall flavor of
sheep meat (Klupsaite et al., 2022). However, male sheep exhibit a
higher flavor intensity, characterized by unpleasant odors, primarily due
to hormonal secretions. In the case of Rubia de El Molar Autochthonous
sheep, male sheep meat had a higher flavor intensity score of 5.52,
compared to female sheep meat of 5.06 (total 10.00) (Miguel et al.,
2021b). It can be proposed that this intensity of flavor is mainly related
to the “gamy” flavor, so it is possible to improve the unpleasant odor of
male sheep and goat by modifying the IMF content and fatty acid cat-
egories in the meat of sheep and goat through castration, thus affecting
the volatile compounds in the sheep and goat meat (Miguel et al.,
2021b). In Hu sheep, IMF increased in castrated sheep and a similar
trend was observed in IMF of castrated Angora goat (Erol & Unal, 2022;
Li et al., 2020). The levels of 1-octen-3-ol and hexanol, volatiles asso-
ciated with the flavor of sheep, exhibited a significant increase in the
meat of castrated Hu sheep, with 1-octen-3-ol content being 1.57 times
higher than that observed in uncastrated Hu sheep (Li et al., 2020). In
addition, the variation in FAs due to sex differences was also reflected
across different muscle parts. For example, in Rubia de El Molar sheep,
there was a significant difference between males and females in the
quadriceps femoris muscle and biceps femoris muscle, with FA contents
of 2.4 % and 2.9 %, respectively. In contrast, in the biceps femoris
muscle and supraspinatus muscle, these differences were only associated
with weight gain (Miguel et al., 2021a). And all of these changes have
the potential to ultimately affect the flavor profile of sheep and goat
meat.

Age exerts a significant impact on both FA composition and aroma
profile of sheep and goat meat. Distinctive age-related differences are
distinguished in the FA composition, particularly in the leg muscle
(M. biceps femoris), in male Polish Carpathian native goats aged 9 and 12
months. Specifically, meat from 9-month-old goats exhibited higher
levels of palmitic acid and C22:1, whereas meat from 12-month-old
goats contained elevated quantities of PUFA, including C18:2, ARA,
and docosanoic acid (Kawecka & Pasternak, 2022). These variations in
fatty acid composition influence the categories of volatile flavor com-
pounds. Flavor compounds can serve as distinguishing factors among
sheep of the same breed but differing in age. Specifically, five volatile
compounds pentanal, 3-ethyl-2-methyl-1,3-hexadiene, 2-octenal, hexa-
nal, and hexadecanal have demonstrated the ability to distinguish be-
tween 7-month-old and 9-month-old native Polish sheep of the
Wrzosówka breed (Gasior et al., 2021). The presence of different volatile
compounds at 2, 6, and 12 months of age can be used as markers to
differentiate Jingyuan sheep at different ages (Wang, Han, et al., 2022;
Wang, Li, et al., 2022; Wang, Luo, & Wang, 2022; Wang, Zhao, et al.,
2022). Their significant volatile compounds were mainly 2-amyl furan,
1-octen-3-ol, 1-hexanol, and heptanol at the age of 2 months, cis-3-
hexenol, 2-methyl-1-propanol, (E)-2-hexen-1-ol, and (E)-2-pentenal at
6 months of age and 2-pentanone, valeraldehyde, and heptanal at 12
months of age (Wang, Gao, Wang, et al., 2021; Wang, Luo, Wang, et al.,
2021; Wang, Wang, Chen, et al., 2021; Wang, Wang, Zuo, et al., 2021).
These markers allow a clearer distinction between sheep and goats of
different ages and an understanding of the effect of changes in volatile
flavor compounds on flavor of sheep and goat meat in that age group.

Age plays a significant role in the presence of unpleasant odor in
sheep and goat meat. Specifically, flavors characterized as “goaty” and

“gamy” flavor have been linked to the elevated levels of BCFA in sheep
and goat meat, with these flavors becoming more pronounced as the
animals age. In Dorset × Hampshire breed ewes fed the same diet,
mature sheep had a greater intensity of “goaty” flavor than lamb and
yearling sheep (Jaborek et al., 2020). Similarly, the castrated “Mestiço”
male goats slaughtered at 175, 210, 265 and 310 days were found to
have the highest flavor scores but the lowest number of volatile com-
pounds based on sensory evaluation. The intensity of the “goaty” flavor
increases with the age at slaughter (Madruga et al., 2000). BCFAs have
been found to have little or no effect on the odor of sheep meat until
sheep are older than one year, but it has a greater effect on odor of sheep
and goat meat after 2 years (Young et al., 2003). BCFAs associated with
unpleasant odors were not detected in 4-month-old Mongolian sheep
(Luo et al., 2019). However, MOA was identified in the LT muscle of 6-
month-old Small-Tailed Han sheep, which may be breed-related (Liu
et al., 2019). Thus, BCFAs associated with undesirable odors can in-
crease with age, leading to a more pronounced “goaty” and “gamy”
flavor in sheep and goat meat after one year. However, some breeds may
manifest these flavors before one year, indicating a breed-dependent
variation. Thus, BCFA associated with undesirable odors can increase
with age, with most sheep and goat meat with more pronounced “goaty”
and “gamy” flavor in sheep and goat meat after one year, but some
breeds may exhibit these characteristics before reaching one year of age.

3.5. Species and breeds

Substantial variations can be observed in the IMF content, FA
composition and flavor compounds among different species or breeds of
sheep and goats. Compared to goat meat, sheep meat is more intense in
aroma and has a higher IMF content (Babiker et al., 1990). As a result, it
is abundant in FAs and has a greater variety of volatile flavor com-
pounds. Madruga et al. (2013) reported that flavor differences between
Saanen goats and cross Suffolk lambs, indicating that lambs exhibited a
more intense flavor than goat meat due to a higher content of lipid-
derived volatile compounds. Volatile compounds resulting from the
oxidation of LA were found at elevated levels in lamb meat, due to its
higher concentration of LA, whereas compounds formed from ALA were
more abundant in goat meat. This fact suggested that sheep meat may
contain a higher concentration of volatile flavor compounds compared
to goat meat, resulting in a potentially more complex flavor profile.
However, the majority of volatile compounds in both sheep and goat
meat belong to the categories of aldehydes, alcohols, and ketones, with
aldehydes being particularly influential. Notably, the key volatile com-
pounds in Inner Mongolian goat meat encompass hexanal, heptanal,
octanal, nonanal, decanal, (E)-2-octenal, (E)-2-nonenal, and 1-octen-3-
ol (Dou et al., 2023). Similarly, the meat of Inner Mongolian sheep
primarily contains hexanal, heptanal, octanal, nonanal, decanal, and
(E)-2-decenal as the characteristic volatile compounds (Liu, Hou, et al.,
2022; Liu, Hui, et al., 2022; Liu, Li, et al., 2022). Hexanal, heptanal,
octanal, nonanal and decanal are common volatile compounds in Inner
Mongolian sheep and Inner Mongolian goat meat. However, 1-octen-3-
ol, (E)-2-nonenal, and (E)-2-octenal in Inner Mongolian goat meat can
impart additional mushroom, smoky, and fatty flavors to the meat (Dou
et al., 2023). Due to the higher fat content in sheep, which leads to a
higher content of volatile flavor compounds, the flavor of sheep meat is
more intense at equal thresholds (Schonfeldt et al., 1993). Consequently,
variations in the concentration and types of volatile compounds serve as
the fundamental cause for the flavor difference in sheep and goat meat.

There were some differences in FA and volatile compounds between
different breeds of sheep or goats. By comparing the metabolism of
Lubei white goats (LBB), Boer goats (BE) and Jining grey goats (JNQ),
Wang et al. (2019) found that there were significant differences in FAs,
aldehydes, ketones and lactones in the meat of these three goats (e.g.
compared with BEs, JNQs contain significantly higher amyl salicylate
and hexyl salicylic acid, both described as “floral”), which may underlie
their flavor nuances. The variations in volatile compounds can serve as
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distinguishing factors for identifying sheep breeds. Zhang et al. (2020)
reported that involving three different sheep breeds, Tan and Hu sheep
had higher accumulations of IMF and SFA compared to Dorper sheep.
However, Tan had a lower proportion of C18:2, ALA, and PUFA
compared to Dorper sheep. Notably, (E)-2-hexenal was exclusively
found in Tan sheep, while (E)-2-nonenal and (E,E)-2,4-nonenal were
exclusively found in Dorper sheep, with Hu sheep containing the lowest
amount of volatile compounds. In another study comparing Hu and Tan
sheep, no significant difference was found in their IMF content. How-
ever, Tan sheep had lower levels of SFAs, (E)-2-nonenal, and no signif-
icant differences were observed in the 18 major flavor-active volatile
compounds (Li, Tang, Yang, et al., 2023; Li, Zhao, Dai, et al., 2023; Li,
Zhao, Jian, et al., 2023).

Further crossbreeding between different breeds has the potential to
enhance sheep production and improve the flavor of sheep meat.
Crossbreeding has an impact on the quality of sheep by influencing FA
profiles and volatile compounds of meat. Lu et al. (2022) reported that
compared to Hu × Hu (HH) sheep, Southdown× Hu (NH) and Suffolk ×

Hu (SH) crossbred sheep contained a higher content of SFA, C18:2, and
C18:3, and lower content of MUFA. The distinctive FA profile enabled
the differentiation of HH sheep from SH sheep by developing flavor
fingerprints and employing principal component analysis models. These
findings suggested that sheep and goats exhibit significantly higher
levels of IMF, FA, and volatile compounds compared to different breeds
of sheep and goats. Combination of superior traits can be used as an
important factor to improve the flavor of sheep and goat meat through
crossbreeding. Different volatile compounds can also be used as markers
to differentiate between different sheep or goat breeds, and the effect of
crossbreeding on meat quality is achieved through changing FA
composition and volatile compounds.

3.6. Other factors

Different muscle types and cuts of sheep and goat also affect their FA
composition and flavor. The PUFA content in LL muscle of fattened
Polish Merino breed sheep was significantly lower than that of GM
muscle. Different volatile compounds were observed in different muscle
parts of sheep meat. By observing the characteristic volatile compounds
in sheep brisket (SBT), sheep loin (SLN), sheep rib (SR) and sheep leg
(SLG) in the Small-tailed Han Sheep × Mongolian Sheep crossbreed. Qi
et al. (2023) found that hexanal was the highest in SBT, followed by
nonanal, and the lowest was octanal; octanal was the highest in SLG, and
the least was (E)-2-heptanal; however, dodecanal was only present in
the SLG. Therefore, the variations in the aroma characteristics of
different muscle parts of sheep meat are due to the variations in the
amount and content of volatiles. Trained sensory panelists can distin-
guish between animals of varying body weights. Miguel et al. (2021b)
reported that the flavor profiles of Rubia de El Molar sheep with
different body weights (10, 15, 20, and 25 kg) by a panel of trained
experts found that fattening lamb had higher sensory scores. This may be
because heavy sheep contain more IMF and thus more volatiles and a
richer flavor.

In grazing conditions, Tsigai and Suffolk crossbreed lamb exhibited
variations in the proportions of specific FAs in their IMF when
comparing weaned and unweaned lamb. Weaned lamb demonstrated
higher proportions of C18:2, C20:4, C18:3, C20:5, C22:5, C22:6, and
total PUFA in their IMF compared to unweaned lamb. Conversely, un-
weaned lamb displayed higher proportions of SFA and MUFA. These
differences in FA composition suggested that weaned lamb may have a
better flavor profile due to the presence of a greater number of FAs
associated with flavor of sheep meat (Janíček et al., 2021). Therefore, in
addition to significant nutritional factors, differences in various muscle
parts, weaning status, and body size at similar age also influence the FAs
associated with meat flavor.

4. Post-mortem factors affecting the flavor of sheep and goat
meat

Post-mortem factors primarily include non-thermal processing ac-
tivities, such as aging, freezing, dry curing, and packaging, as well as
thermal processing methods. These post-mortem factors collectively
exert a substantial influence on the overall flavor of sheep and goat meat
(Tibaoui et al., 2020). Different factors such as temperature, light, and
oxygen can speed up meat oxidation during storage, leading to the
declined quality associated with rancidity and off-flavors, while a low
degree of lipid oxidation and dry curing treatment can enhance the
flavor of meat (Kanokruangrong et al., 2018). The generation of flavor in
sheep and goat meat is predominantly related to thermal processing.
This process entails the thermal degradation of UFA present in sheep and
goat meat, leading to lipid oxidation and the release of various volatile
compounds, such as aldehydes, ketones, alcohols, acids, and furans,
which constitute a significant component of the flavor profile of sheep
and goat meat (Bleicher et al., 2022; Fu et al., 2022).

4.1. Non-thermal processes

The flavor of goat and sheep meat can be influenced by various non-
thermal processing methods, including aging, freezing, dry curing,
fermentation, and packaging. These processes impact lipid oxidation,
which in turn affects the flavor of sheep and goat meat. As lipid oxida-
tion typically exerts an adverse impact on meat and meat products, in
some cases, it contributes to desirable aromas (Guo et al., 2019; Xu et al.,
2023). Lipid oxidation-derived compounds formed during aging or dry
curing play a pivotal role in shaping the distinctive aromas of these types
of meat products, a highly valued attribute among consumers
(Dominguez et al., 2019).

4.1.1. Aging
Lipid oxidation, which involves the aging process of meat after

slaughter, can significantly contribute to the flavor development of goat
and sheep meat, but due to the difference in the intramuscular fat, the
degree of lipid oxidation and the optimal aging time are different. The
content of aldehydes (e.g. hexanal, heptanal, octanal, nonanal, and
decanal) as well as alcohols (e.g. 1-octanol) in sheep muscle stored at
4 ◦C progressively increased with extended aging time, particularly from
0 to 4 days after slaughter, where aldehydes contributed to the devel-
opment of green grass, nutty, and fatty flavor, while 1-octanol influ-
enced the flavor during post-mortem aging, imparting fatty, waxy, oily,
walnut-like, and burnt aroma to the flavor of meat (Dou et al., 2022).
The extended aging time has a negative effect on sheep meat flavor. A
recent study on 7-month-old Tan sheep meat stored at 4 ◦C has revealed
two phases in aroma development. The short-term aging (0–3 days) was
influenced by acyl carnitine and DGs, with key volatile compounds
including heptanol, 1-octen-3-ol, 6-methyl-2-heptanone, 3-heptanone,
2-pentylfuran, and octanol. In the later stage of aging (3–7 days), the
reduction of hexanal, glutaraldehyde, hexanol, octanol, 6-methyl-2-hep-
tanone, heptanol, 1-octanol-3-ol, styrene, and benzaldehyde was the
main reason for the altered flavor profile, and lipid metabolism regu-
lated the volatile compounds to a lesser extent at this stage (Xu et al.,
2023). The flavor of sheep meat can decrease in the later stage of aging
(3–7 days). Therefore, a comprehensive analysis of the aging stages of
sheep meat is optimal at 3–4 days.

Interestingly, compared with sheep meat, goat meat exhibited
improved flavor during extended aging periods. In the meat of goat fed
with red orange and lemon extract (RLE), the flavor quality exhibited a
progressive improvement over extended periods of time (1, 3, and 7
days). Notably, the addition of RLE did not have a significant impact on
the flavor of goat meat. Given the precise reasons remain uncertain, this
improvement in flavor could be attributed to the antioxidant activity in
the feed (Sgarro et al., 2022). However, it is worth noting that no
antioxidant assays were conducted on goat meat in this study, so the
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antioxidant activity possessed by RLE may extend the aging time and
thus enhance flavor in the later stages of aging, or it may be an inherent
difference between the two species, with goats having lower levels of
IMF and less lipid oxidation than sheep. These findings suggested that
the optimal chilling time for sheep is 3–4 days at 4 ◦C, while for goats,
the chilling time can be extended up to 7 days at 4 ◦C. Therefore, an
appropriate aging time has a positive effect on the flavor of sheep and
goat meat.

The variations in volatile compounds in sheep meat attributed to
different feeding methods were no longer discernible after 24-h refrig-
eration. Both grazing and indoor housing led to elevated levels of al-
cohols, aldehydes, and ketones in Sunit sheep meat. However, the
numbers of volatile compounds in grazed sheep consistently remained
fewer than those found in indoor feeding sheep (Yang, Li, et al., 2022;
Yang, Liu, et al., 2022). Notably, the distinctions in volatile compounds
resulting from these two feeding methods disappeared after 24-h aging.
Therefore, aging has effectively mitigated or even eliminated the dif-
ferences in sheep flavor caused by different feeding methods and has
accelerated the transition from traditional grazing to indoor feeding.

Various aging methods can exert distinct impacts on the volatile
compounds and flavor of sheep meat. Sheep meat patties were aged for
19 days using both dry (Dry ager® cabinet, 80–85 % relative humidity,
0–2.5 ◦C) and wet (vacuum-packed in Cryovac ultra-high leak-proof
bags, 0–2 ◦C) methods. Dry aging led to higher levels of most aldehydes,
alcohols, and alkanes, while wet aging resulted in elevated concentra-
tions of (E)-2-heptanal, 2-ethyl-1-hexanol, and 1-octen-3-one. Check-all-
that-apply analysis revealed distinct flavor profiles, with dry-aged sheep
meat patties conferring roasted, fried, and cooked meat flavor, while
wet-aged sheep meat patties conferring “goaty”, “fecal”, “animal”, and
“barnyard” flavor (Hastie et al., 2022). The overall flavor of the wet-
aged patties was more intense compared to that of the dry-aged pat-
ties, likely due to the greater impact of certain volatile compounds, such
as 1-octen-3-one, which was three times more concentrated in the wet-
aged patties and contributed to a more metallic taste. Although dry
aging exposed the meat to air, resulting in increased lipid oxidation, this
process may not have produced sufficient rancid flavors. Instead, it
likely enhanced caramelized and roasted flavors through the formation
of pyrazines resulting from protein browning. Additionally, preferences
for the two aging methods varied among individuals.

4.1.2. Frozen storage
The duration and temperature of frozen storage can have a certain

influence on the flavor of meat. A recent study comparing convention-
ally frozen (CF, − 18 ◦C), low-temperature frozen (LF, − 40 ◦C), and
ultra-low-temperature frozen (ULF, − 80 ◦C) over a period of 0–180
d revealed that a significantly decreased concentration of aldehydes,
alcohols, ketones, acids, and olefins occurred with an extended storage
time, although the levels of retained volatile compounds were higher in
both LF and ULF method, compared to CF (He et al., 2022). This phe-
nomenon was due to the faster freezing rate. Therefore, it is recom-
mended to use LF or ULF storage methods to prolong the storage time
while preserving the meat flavor.

The ideal period of frozen storage can be determined by monitoring
alterations in flavor compounds. He et al. (2022) refrigerated sheep
meat at − 18 ◦C for varying durations, ranging from 3 to 90 days, and
found that the highest concentration of volatile compounds was detec-
ted after 60 days of refrigeration, including (E)-2-octene, 3-cyclohexa-
diene, styrene, trans-2-hexenal, 2-octanone, 2,6-dimethylpyrazine, and
2-heptanone. Additionally, volatile compounds, such as 2,4-heptadie-
nal, which imparts grassy, fatty, and spine-like flavors, and furanol,
known for its sweet bread aroma, existed only in the samples stored for
60 days. Consequently, frozen storage for 60 days at − 18 ◦C is optimal
for achieving the ideal flavor in sheep meat.

4.1.3. Fermentation and dry curing
Microbial fermentation can remove unpleasant odor and improve the

flavor of sheep and goat meat. The leg meat of 1.5-year-old sheep was
sliced, inoculated with Lactobacillus and Staphylococcus carnosus, and
fermented for 36 h. Subsequently, it was dried at 60 ◦C for 6 h and finally
baked at 180 ◦C for 5 min to prepare dried sheep meat, thereby elimi-
nating unpleasant odors, such as MOA, MNA, and EOA (Zhou et al.,
2022). A mixture of Pediococcus acidilactici and Rhizopus oryzae strains
was employed in the inoculated fermentation of dried sheep meat sau-
sages, resulting in increased types of volatiles and higher total content of
aldehydes and esters by the end of fermentation, thus achieving superior
flavor compared to traditional methods (Jiang et al., 2023). Dry curing
can be used to preserve and enhance the flavor of sheep meat. Unlike
direct microbial fermentation, this method involves several stages, such
as salt curing, drying, and ripening, which can promote lipid oxidation.
During the processing of ham at varying temperature and humidity
conditions, the IMF content decreased from 22.33 % in green ham to
5.43 % in the final product, while the contents of volatiles increased.
Notably, dry-cured ham contained compounds, such as glutaraldehyde,
hexanal, and heptanal, which contributed to a sweet and fruity aroma,
and alcohols that endow hams with cheesy, nutty, and salty notes (Guo
et al., 2019).

4.1.4. Packaging
The impact of packaging on the aroma of sheep meat is primarily

associated with the gas composition within the packaging environment.
The effects of different packaging methods on the aroma and flavor
scores of sheep meat have been reported. Vacuum packaging and gas-
conditioned packaging (80 % N₂ + 20 % CO₂) at 4 ◦C extended the
storage duration of Kamieniec sheep LTL muscle. During the study
spanning 0 to 30 days of storage, sensory evaluation revealed that the
meat exhibited its highest aroma intensity on the 10th day (Zabek et al.,
2021). For instance, vacuum packaging with 20 % CO₂ and 80 % N₂
outperformed high oxygen (HiOx-MAP) packaging with 80 % O₂ and 20
% CO₂. This study simulated different cold chain conditions for trans-
porting meat to overseas retail markets. LT muscle of sheep meat was
stored at − 1.5 ◦C for 9 weeks, followed by display under light at 4 ◦C for
7 days. The aroma of LT muscle in HiOx-MAP packaging (rated 2.43)
was lower (with a rating of >2.5 considered optimal) compared to the
aroma of LT muscle from CO₂-MAP packaging (rated 2.57) (P = 0.004)
(Kim et al., 2013). Hence, different packaging methods can lead to
varying degrees of lipid oxidation due to differences in the gases used,
ultimately affecting the flavor of sheep meat.

4.2. Thermal processing

The generation of volatile compounds in processed meat products
primarily occurs during thermal processing, which encompasses tech-
niques such as frying, deep-frying, baking, boiling, and other methods
leading to lipid thermal degradation reactions, ultimately producing
lipid-derived compounds. As summarized in Table 4, various factors,
such as processing duration, processing method, specific cut, equipment,
and the incorporation of natural additives can all influence the volatile
profile of sheep and goat meat, consequently altering the flavor profile.

4.2.1. Thermal processing time and temperature
Since raw and cooked sheep meat contain essentially the same vol-

atile flavor compounds but in different concentrations, and thermal
processing methods are needed to facilitate the release of flavor com-
pounds from the sheepmeat, these differences may not become apparent
until later phase in the process. When back strap muscles of small-tailed
Han sheep × Mongolian sheep were roasted using the traditional char-
coal method for 0, 2.5, 5, 7.5, 10, and 15 min, it was found that 10 min
was the optimal roasting time based on sensory evaluation. At this time,
core and surface temperatures of the back strap muscle were
78.4–80.5 ◦C and 86.3–96.5 ◦C, respectively. Therefore, the concentra-
tion of volatile flavor compounds (e.g., 1-octen-3-ol, nonanal, and
hexanal) in the roasted lamb meat changed significantly after only 10
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min (Liu, Hou, et al., 2022; Liu, Hui, et al., 2022; Liu, Li, et al., 2022).
Furthermore, disparities in the concentrations of volatile compounds
during electric roasting were shown to be lower compared to charcoal
roasting. Wang, Han, et al., 2022; Wang, Li, et al., 2022; Wang, Luo, &
Wang, 2022; Wang, Zhao, et al., 2022 electrically roasted the hind leg of
Tam sheep and found that the highest concentrations of hexanal and 1-
octen-3-ol were found in samples taken between 2 and 8 min. Only in
samples electrically roasted for 20 min was it possible to differentiate
between raw and electrically roasted meat by the concentration of vol-
atile compounds. This phenomenon may be attributed to factors, such as
the low surface temperature of sheep under electric roasting conditions,
the relatively confined space in contact with air, and the higher moisture
content in the air. Moreover, volatile compounds were less abundant in
sheep subjected to electric roasting compared to the traditional charcoal

roasting process, indicating that roasting temperature, environmental
conditions, and the roasting method employed have a notable influence
on the volatile flavor compounds in meat (Liu, Hou, et al., 2022; Liu,
Hui, et al., 2022; Liu, Li, et al., 2022).

4.2.2. Processing methods
The aroma profiles of sheep meat can significantly differ based on the

specific thermal processing methods employed. Liu et al. (2023) re-
ported that Black Tibetan sheep were subjected to four distinct thermal
treatments, including frying, deep-frying, roasting, and boiling. It has
been shown that pan-frying and deep-frying resulted in notably higher
aroma scores (17.00 and 16.10) and a more diverse range of volatile
compounds in comparison to roasting and boiling (15.20 and 12.90).
Notably, pan-frying demonstrated the highest aroma scores, primarily

Table 4
Effects of thermal processing (cooking) on the flavor of sheep and goat meat.

Species Muscle type (cut) Processing method Results References

Black Tibetan
Sheep Hind leg meat

• Pan-frying (226–228 ◦C for 3 min)
• Deep-frying (226–228 ◦C for 4 min)
• Baking (180 ◦C for 20 min)
• Boiling (2.5 L boiling water for 60 min)

• Pan-fried meat contained the highest amounts of
monounsaturated fatty acid (MUFA) and
polyunsaturated fatty acid (PUFA), such as oleic,
linoleic, and α-linolenic acids.

• Aldehydes were the key aroma compounds in pan-
fried meat.

(Liu et al., 2023)

Tan sheep Hind leg meat
• Industrial stir-frying mutton sao zi (80 ◦C

for 0–35 min)

• The most PUFA in stir-frying sheep meat was
linoleic acid, and the least was docosahexaenoic
acid.

• 4-Nonanol and 2,3-dimethyl-2,3-butanediol were
only observed in the stir-fried sample for 0–10 min
at a low temperature stage.

• For 15-min treatment, aldehyde was highest; for
the last 10 min, hexanal was highest.

(Bai et al., 2021)

Tan sheep Hind leg meat • Electric roasting (roasting for 0–20 min)

• The highest concentrations of hexanal and 1-octen-
3-ol were found in samples roasted for 2 to 8 min.

• Meat roasted for 20 min can be distinguished by
the concentration of volatile compounds.

(Wang, Luo, & Wang,
2022)

Small-tail sheep
× Mongolian
sheep

Sheep brisket (SBT),
sheep loin (SLN), sheep
rib (SR) and sheep leg
(SLG)

• Stewing (boiler heating for 2 h)

• SLN showed the strongest intensity in fatty and
delicate fragrance attributes.

• SBT, SR and SLG had higher scores for roasting
attribute.

(Qi et al., 2023)

Tamarix Sheep Silversides • Charcoal roasting and electric roasting
(500–550 ◦C for 0–8 min)

• Charcoal-roasted sheep had higher contents of
alcohols, aldehydes, ketones, alkanes, and
aromatics, while the electric had higher contents of
nitrogen oxides, terpenes, aromatics, and organic
sulfur.

• At 2 min, both taste and odor of charcoal and
electric-roasted sheep were close to each other.

(Xu et al., 2021)

Small-tail sheep
× Mongolian
sheep

Back strap muscle
• Roasting for 0–15 min (core temperature

and surface temperature were
78.4–80.5 ◦C and 86.3–96.5 ◦C)

• Hexanal, heptanal and 1-octen-3-ol are character-
istic odors in roasted sheep.

(Liu, Hou, et al., 2022;
Liu, Hui, et al., 2022; Liu,
Li, et al., 2022)

Rambouillet
sheep Loin chop and leg

• Roasting loin chops at 232 ◦C
• Roasting leg at 171 ◦C
• 20 % ground juniper diet for 40 days

• The addition of 20 % juniper increased the
contents of benzaldehyde, 1-heptanol, and 1-octa-
nol concentrations and decreased decanal and
nonenal concentrations in loin chop.

• The 2-pentyl-furan concentrations were highest in
leg roasts from 20 % juniper.

• Yearling sheep fed 20 % juniper for up to 40 days
with no negative impact on volatile compounds of
meat.

(Kerth et al., 2019)

Small-tail sheep Tenderloin
• Marination with blended cumin/

zanthoxylum essential oil (BEO) for 30 min
before heat 180 ◦C for 10 min

• The increased content of volatile organic
compounds including cyclohexanone, ethyl
acetate-D and linalool in blended cumin/zanthox-
ylum essential oil with ethyl acetate-D enriched the
flavor of roasted mutton.

(Li, Tang, Yang, et al.,
2023; Li, Zhao, Dai, et al.,
2023; Li, Zhao, Jian,
et al., 2023)

Boer goat Hind leg meat

• Stewed mutton with 0.6 g thyme using
different utensils contained casserole, wok,
pressure cooker, and pressure-resistant
bottle (stewed for 1 h after boiling)

• Different utensils had little effect on the aroma
profile of stewed mutton with thyme.

• Nonanal, (E)-2-octenal, and (E,E)-2,4-decadienal
had the greatest contribution to the aroma profile
of stewed mutton with thyme.

(Qi et al., 2022)

Saanen goat Leg

• Marination of goat meat using juices
(ginger and pineapple) and 0, 1, 3, 5 %
sodium bicarbonate (SB)

• Roasting at 180 ◦C for 6 min

• The meat marinated with pineapple juice for 60
min and then marinated with barbecue sauce
containing 3 % SB for 60 min had the highest
sensory score.

(Kaewthong et al., 2020)
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characterized by the presence of aldehydes, which substantially
contributed to a fat-like and umami aroma profile (Liu et al., 2023). Xu
et al. (2021) reported that electric roasting led to a reduction in the
number and concentration of various volatile markers, particularly al-
dehydes, alcohols, and ketones. For instance, the content of 3,2-octane-
dione, a compound responsible for a sweet and buttery flavor that
significantly impacts the overall flavor of sheep meat, decreased when
compared to the results obtained from charcoal roasting. Therefore,
effective processing methods of sheep meat can enhance its flavor.

4.2.3. Processing vessel and natural additives
Stewing goat meat using various containers was observed to have a

minimal impact on goat aroma. When Boer goat meat was stewed for an
hour using different vessels (casserole, wok, pressure cooker, and
pressure-resistant bottle), along with 3 g of salt and 0.6 g of thyme
(Thymus vulgaris L.), there was no significant variation in aroma com-
pounds among the vessels. Notably, nonanaldehyde, (E)-2-octanal, and
(E,E)-2,4-decenal emerged as the key aroma compounds contributing to
the overall aroma of thyme-stewed goat meat. This suggested that the
choice of stewing vessel exerts a limited impact on aroma, with the
primary influence stemming from the ingredients and spices used in the
preparation (Qi et al., 2022). Consequently, the utilization of natural
additives can significantly influence the flavor of sheep meat.

Natural additives, such as cumin (Cuminum cyminum) essential oil,
Zanthoxylum essential oil, and blended cumin/zanthoxylum essential
oil, have been utilized to enhance both the flavor and shelf life of
thermally processed sheep meat. These oils were applied to the surface
of sheep meat tenderloin, marinated over four stages (1, 2, 3, and 4 days)
for 30 min, and then heated at 180 ◦C for 10 min. The effect of blended
cumin/zanthoxylum essential oil on increasing the contents of volatile
compounds was more pronounced. Notably, the presence of cyclohex-
anone, ethyl acetate D, and linalool, known for their antimicrobial and
antioxidant properties, contributed to the enriched flavor of roasted
sheep meat (Li, Tang, Yang, et al., 2023; Li, Zhao, Dai, et al., 2023; Li,
Zhao, Jian, et al., 2023). Roasted Saanen goat meat marinated first in
pineapple juice for 60 min and then with barbecue sauce containing 3 %
sodium bicarbonate for 60 min achieved the highest score of 7.8 out of a
possible sensory attribute score of 9 points, suggesting that the process
improved flavor and enhanced consumer acceptability (Kaewthong
et al., 2020). Consequently, the addition of spices to thermally processed
sheep and goat meat not only mitigates undesired flavors but also en-
hances the overall flavor, which is the most direct way to improve the
flavor of sheep and goat meat.

5. Conclusions and future perspectives

The flavor formation of sheep and goat meat can be influenced by a
combination of several factors, including influences in IMF (especially
phospholipids), lipid and FA content through pre-mortem and post-
mortem factors, which further lead to changes in volatile flavor com-
pounds ultimately affecting flavor formation. Pre-mortem factors, such
as feeding practices and feed composition, can affect IMF content during
sheep and goat growth, which is closely related to rumen microorgan-
isms. Post-mortem factors, such as non-thermal processing (chilling,
freezing, packaging, etc.) as well as thermal processing, can also affect
the degree of lipid oxidation and the stability of volatile flavor com-
pounds. This review provides recommendations for meat producers or
processors on how to optimize pre- and post-mortem conditions to
enhance meat flavor, making these strategies more actionable. Opti-
mizing these factors can contribute to enhancing the flavor quality and
meeting consumer demand for high-quality sheep and goat meat.
Nevertheless, further in-depth studies on the relationship between these
factors are needed in the future to provide more scientific support for the
sustainable development of the sheep and goat meat industry.

i. There is a dearth of studies on the effect of rumen and gut micro-
organisms in ruminants on the flavor of sheep and goat meat. Most of

these studies have focused on the effect of rumen microorganisms on the
flavor of sheep and goat meat, while few have focused on intestinal
microorganisms. Even so, the specific mechanisms by which rumen
microbes affect flavor have not been fully elucidated. Therefore, it is
particularly important to investigate the mechanisms by which gut mi-
crobes and rumen microbes co-regulate the flavor of sheep and goat
meat. In order to fully understand this process, it is possible to combine
Metagenomic/16S sequencing, metabolomic, proteomic, and tran-
scriptomic multi-omics of rumen and intestinal combined flavor of sheep
and goat meat, revealing the integrated regulatory mechanisms affecting
the flavor of IMF.

ii. The effect of thermal processing on the flavor of sheep and goat
meat is biased towards the study of individual factors. The combined
effects of multiple factors, such as processing method, temperature,
time, ingredients, and seasonings, are important in our comprehensive
understanding of all key factors affecting the flavor of sheep and goat
meat. Similarly, different seasonings with sheep and goat meat can be
mixed and reacted at different temperatures and times to analyze the
changes in the flavor components in sheep and goat meat samples.
Furthermore, two-dimensional gas chromatography mass spectrometry
(GC × GC–MS), comprehensive two-dimensional gas chromatography
coupled to time-of-flight mass spectrometry (GC × GC-TOF-MS), gas
chromatography-ion mobility spectrometry (GC-IMS), and GC-
olfactometry (GC-O) are robust in revealing the molecular mecha-
nisms responsible for the effect of thermal processing on the flavor of
sheep and goat meat.

iii. The study onmeat flavor needs a more comprehensive integration
of omics technologies. Employing foodomics coupled with lipidomics to
analyze meat flavor can further elucidate its complexity. Foodomics
enables the characterization and quantification of biomacromolecules in
meat and correlates this information with the composition of lipid
molecules, thereby delineating the impact of lipid components on flavor.
Investigating how lipidomics influences meat flavor properties provides
a deeper understanding of the molecular mechanisms underlying the
effects of both non-thermal and thermal processing on the flavor of
sheep and goat meat.
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