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and gut microbiota
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a b s t r a c t

This study was to evaluate the effects of different dietary oils in chicken diets on meat quality, lipid
metabolites, the composition of volatile compounds, and gut microbiota. Nine hundred female 817
crossbred broilers at one day old with an average body weight of 43.56 ± 0.03 g were randomly divided
into five treatments, each consisting of 6 replicates of 30 birds. The control group received soybean oil
(SO); other groups received diets supplemented with rice bran oil (RO), lard (LO), poultry fat (PO), and
blended oil (BO), respectively. All diets were formulated as isoenergic and isonitrogenous. Compared
with SO, RO decreased ADG and 42 d BW (P < 0.05). Compared with the RO, BO increased ADG and 42 d
BW and decreased FCR (P < 0.05). Compared with SO, BO increased 24 h redness (a*) value and reduced
the malondialdehyde concentration (P < 0.05), and further improved drip loss of breast muscle (P > 0.05).
The proportions of C18:0 and saturated fatty acid were the highest in LO, and the proportions of C16:1,
C18:1, and monounsaturated fatty acids were the highest in BO. The content of C18:2, C18:3, and
polyunsaturated fatty acids were the highest in SO. The contents of glyceryl triglycerides and total esters
in BO were significantly higher than those in the SO and LO group (P < 0.05). There was a substantial
increment in the relative abundance of peroxisome proliferator activated receptor alpha (PPARa), acyl-
CoA oxidase 1 (ACOX1), and carnitine palmitoyl-transferase 1 (CPT1A) transcripts in breast of chickens
fed BO (P < 0.05). Further, dietary BO increased the relative cecal abundance of Firmicutes phylum,
Ruminococcus_torques and Christensenellaceae_R-7 genera, and decreased that of Campylobacterota,
Proteobacteria, and Phascolarctobacterium (P < 0.05). Genera g_Lactobacillus and Christensenellaceae_R-7
may mainly be involved in the formation of volatile flavor compounds in breast muscle. In conclusion,
dietary BO improved the flavor of chickens by increasing the concentration of triglycerides and volatile
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flavor compounds, improving gut microbiota structure, and suppressing lipid oxidation. The potential
positive effects of BO may be associated with the regulation of lipid metabolism.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Lipids are high-energy density ingredients in feedstuffs, which
make them desirable in feed mills as they reduce dust and aid
pelleting; they are also important in providing specific critical nu-
trients (Oketch et al., 2023). Lipids such as soybean oil (SO), rice
bran oil (RO), pork-derived lard (LO), and poultry fat are commonly
used as raw materials for their high caloric density as well as being
the source of multiple essential fatty acids for growth (Saleh et al.,
2021; Song et al., 2022). To date, it has not been well understood
how dietary fats and oils impact meat quality and flavor, as well as
the nutritional balance of fatty acids.

Palm oil is a relatively stable substance that is rich in medium
chain fatty acids (MCFA) of C6:0 and C8:0. Additionally, it con-
tains antioxidants, including vitamin E, carotenoids, polyphenols,
flavonoids, and coenzyme Q10 (Absalome et al., 2020). Coconut
oil is also rich in MCFA, in particular lauric acid (Deen et al.,
2021), which has been implicated in improving performance,
intestinal absorption, immunity, and altering lipid metabolism,
and the intestinal microbiota in broiler chickens (Wu et al., 2021).
In poultry diets, phospholipids are an ingredient rich in unsatu-
rated fatty acids and are able to suppress body fat deposition and
enhance liver functions including lipid metabolism (Yang et al.,
2017). Although fast-growing broilers have potential for meat
production, the meat tenderness and flavor decline as the
maturation period is accelerated. Compared with individual oils,
blended or mixed oils are thought to be ideal due to their optimal
fatty acid compositions, which potentially help to promote
broiler growth and improve their meat quality and flavor. In this
study we used a novel commercially available blended oil (BO)
lipid product which consists of soybean phospholipids, palm oil
and coconut oil.

The color, tenderness, and flavor of chicken meat greatly in-
fluence consumer choice and preference. Intramuscular fat (IMF)
content and fatty acid composition have a significant influence
on meat quality, especially meat flavor. Volatile organic com-
pounds (VOC) are essential due to their effect on the flavor of
chicken meat. The type and abundance of VOC are closely related
to lipid metabolism in chickens and thus chicken meat fatty acid
compositions (Dinh et al., 2021). The intestinal microbiota is a
complex ecosystem and some communities are thought to affect
meat quality and flavor of chickens (Sun et al., 2018). Until now,
no information has been available regarding the impact of the
most common fat or oil types used commercially in poultry di-
ets, or novel BO on intestinal microbiota or VOC in chicken meat.
To address this gap in knowledge, in the present study, fast-
growing broilers were fed different dietary fats and oils to
investigate the effects of different lipids on meat quality and gut
microbiota. Lipidomics and flavoromics, based on liquid
chromatographyemass spectrometry (LCeMS) and gas chroma-
tography with mass spectrometry (GCeMS), were used to further
explore the dietary fat-induced changes in lipid composition and
volatile flavor compounds, which may help identify the mecha-
nisms of the observed effect of oils on flavor formation.

2. Materials and methods

2.1. Animal ethics statement

The research protocol was approved by the Animal Ethics
Committee of the Institute of Animal Science, Guangdong Academy
of Agriculture Sciences (No. 2022017).

2.2. Animals, experimental design and diets

Nine hundred female 817 Crossbred broilers at one day old, a
commercial hybrid strain, were purchased from Guangdong Wen-
shi Southern Poultry Breeding Co., Ltd (Yunfu, Guangdong, China).
The birds were randomly divided to five groups with 6 replicates
each and 30 birds per replicate. Birds were raised for 50 days from 1
to 50 d old. All birds were kept in a floor pen (length 3.5 m �width
1.5 m) with a standard environment, and had free access to water
and feed. Lighting was provided by incandescent bulbs with a
lighting program of 23 h (23L:1D) of light and 1 h of darkness from
0 to 7 d of age, followed by 18 h (18L:6D) of light for the remainder
of the trial. The temperature of the room was maintained at 32 to
34 �C for the first 3 d and then reduced by 2 to 3 �C per week to a
final temperature at 26 �C from d 1 to 21, and the temperature was
the same for older chickens.

Diets based on cornewheatesoybean meal were formulated
to meet nutrient requirements for chickens according to the
requirements of the yellow-feathered broiler recommended by
the Ministry of Agriculture of China (NY/T 3645-2020) with
adjustment according to the age (1 to 21 d, 22 to 42 d, and 43 to
50 d). The composition and nutrient levels are shown in sup-
plementary material (Tables S1 to S3). The five experimental
diets contained SO, RO, LO, poultry-derived oil (PO), or a BO
(FeiYou, Youbaite Biotechnology Co., Ltd, Guangzhou, China)
which was a mixture of 50% soybean phospholipids, 35% palm
oil, and 15% coconut oil, respectively. All diets were isoenergic
and isonitrogenous at each stage. To ensure freshness, the SO
and RO were purchased from a local grain and oil market and LO,
and PO were purchased from Guangdong Wenshi Feed Co., Ltd.
(Yunfu, Guangdong, China) with known tested acid and peroxide
values. The oil and fat were packaged and stored at 0 �C until
use. Samples of the mixed feeds for these diets and periods were
collected and stored at �80 �C for later analysis of chemical
composition.

Nutrient levels in the experimental diet were analyzed by the
following methods or calculated according to the requirement of
the Yellow-feathered broilers recommended by the Ministry of
Agriculture of China (NY/T 3645-2020). Briefly, the crude protein,
methionine and cystine, other amino acids, crude fat, crude fiber,
Ca, and total P were analyzed according to China National Standard
(GB/T 6432-2018, GB/T 15399-2018, GB/T 18246-2019, GB/T 6433-
2006, GB/T 6434-2022, GB/T 6436-2018, and GB/T 6437-2018).
The fatty acid composition was analyzed as described previously
(Folch et al., 1957) and is shown in Tables S4 to S6.
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2.3. Growth performance

Chickens and remaining feed were weighed by pen at 1, 21, 42,
and 50 d of age. The values for liveweight, average daily feed intake,
average daily gain, and feed conversion ratio were calculated.
Mortality rates were recorded daily for the calculation of mortality.

2.4. Carcass traits and preparation of tissue samples

On 50 d old, two birds that had average body weight in each
replicate were selected. These birds were fasted before being
stunned and euthanized by exsanguination. The carcass was
weighed both half-eviscerated and fully eviscerated, along with
breast muscle and leg muscle weights which were measured to
calculate their relative weights. The abdominal adipose tissue was
weighed to calculate the abdominal fat rate, as described previously
(Song et al., 2022). The breast muscle samples from the left side of
the carcass were collected to measure pH, drip loss, meat color, and
shear force. The breast muscle sample (about 200 g) from the left
side of the carcass was frozen at �20 �C for later measurements of
muscle fatty acid composition. In addition, samples of each right
breast muscle (12 birds per group) were frozen in liquid nitrogen
for the RNA extraction, and measurement of lipid metabolites and
VOC. Cecal digesta samples were harvested and frozen at�80 �C for
later analysis of gut microbiota.

2.5. Meat quality

Intramuscular pH was measured at 45 min and 24 h after
slaughter by directly inserting a Testo 205 pH meter electrode
(Testo AG, Lenzkirch, Germany) into three locations along the
pectoralis major muscle which was stored in a refrigerator at 4 �C
for 24 h. Meat color variables including lightness (L*), redness (a*),
and yellowness (b*) were measured in triplicate at various loca-
tions at 45 min and 24 h after slaughter using a portable chroma-
meter (CR-300, Minolta, Osaka, Japan). Drip loss was determined by
measuring the amount of fluid lost after storing breast muscle
samples in plastic bags at 4 �C for 24 h. First, the filter paper was
used to blot samples, and then the samples were weighed again.
Drip loss was expressed as percent weight change. Shear force was
measured using a texture analyzer (Model LRX, Lloyd Instruments,
Hampshire, UK) as stated previously (Knight et al., 2019).

2.6. Fatty acid composition analysis

The breast muscle specimens were evaluated for fatty acid
composition using gas chromatography (Agilent, Santa Clara, CA,
USA). Themethod of Folch et al. (1957) was followed to extract total
lipid from breast muscle. The fatty acid methyl esters were sepa-
rated by gas chromatography comprising an Agilent DB-1 fused
silica capillary column (30m� 250 mm� 0.25 mm). Identification of
fatty acids was based on the retention time using a GCeMSQP2010-
Plus (Shimadzu, Kyoto, Japan). The percentage of identified fatty
acids was calculated based on the total fatty acids.

2.7. Untargeted lipidomic analysis

Untargeted lipidomic analysis of chicken breast meat samples
were performed using UPLC-Q-Orbitrap MS/MS (Thermo Fisher
Scientific, Waltham, MA, USA) as outlined by a previous study (Jia
et al., 2022). The 50 mg of sample was homogenized in 500 mL
chloroform and methanol mixture (2:1, v:v), to which 150 mL
aqueous solution was added and vortexed for 2 min followed by

incubation for 10 min at 4 �C. After that, samples were centrifuged
at 3800 � g for 15 min at 4 �C. An equal volume of the lower
chloroform layer was transferred to a 1.5-mL EP tube and dried
under liquid nitrogen and stored at �80 �C. The pellet was mixed
with internal standards, containing phosphatidylcholine (PC, 14:0/
14:0), phosphatidylglycerol (PG, 14:0/14:0), and fatty acid (FA, 18:0)
all at 2 mg/mL, in 200 mL of chloroform and methanol mixture (2:1,
v:v) to facilitate further analysis. Pooled aliquots of such treated
samples were used for quality control. Heating electrospray ioni-
zation (HESI) in positive and negative ion modes was performed on
a Q-Exactive Orbitrap MS linked to a Thermo Fisher Ultimate 3000
UPLC system. A Cortecs C18 column (2.1� 100 mm,1.8 mm;Waters,
Milford, MA, USA) with a binary solvent systemwas used to obtain
lipid extracts. The separation process employed in this study
involved the use of a 60% acetonitrile aqueous solution (solvent A)
and isopropyl alcohol with 10% acetonitrile (solvent B). Both sol-
vents were supplemented with 10 mmol/L ammonium acetate
under the following conditions: in the first 1 min, a linear gradient
was applied, increasing the concentration of solvent B from 30% to
38%. From 1 to 4 min, the concentration of solvent B was further
increased from 38% to 56%. Subsequently, from 4 to 14 min, the
concentration of solvent B was increased from 56% to 98%. From 14
to 15 min, the concentration of solvent B was increased from 98% to
100%. From 15 to 16 min, a brief isocratic step was then performed
at 100% solvent B. From 16 to 16.1 min, the concentration of solvent
B was decreased from 100% to 30%. Finally, from 16.1 to 20 min, the
concentration of solvent B was maintained at 30%. The mobile
phase flow rate was 0.3 mL/min and injection volume 5 mL.

The data was acquired with data-dependent acquisition using
the MS/MS system. The mass spectrometer conditions were: a
spray voltage of 3200 V in positive mode and 2800 V in negative
mode; flow rate of auxiliary gas at 10 arbitrary units; temperature
of capillary at 320 �C; a mass range (m/z) of 240 to 2000 (positive)
and 200 to 2000 (negative); the complete scan resolution at 70,000
dots per inch (dpi) and the fragmentation spectral resolution at
17,500 dpi; duty cycle at 1.2 s. Lipid Search software (v4.2, Mitsui
Knowledge Industry, Tokyo, Japan) was used to identify lipids that
matched precursors and distinctive lipid fragments. The relative
peak areas of the detected lipids were utilized to express the
relative quantification.

2.8. Analysis of volatile compounds

Volatile flavor compounds of the chicken breast samples were
extracted using headspace solid phase microextraction (HS-SPME)
and analyzed by a gas chromatography/mass spectrometry (GC/MS)
system (QP2020 Shimadzu, Kyoto, Japan) with a capillary column
(InertCapWaX, 60mm� 0.25mm� 0.25 mm) asmentioned byWen
et al. (2019). The 5.00-g samples of chicken breast samples were
added with 0.5 mg 2-methyl-3-heptanone (0.05 mg/mL in methanol)
as the internal standard, and deposited in a PTFE-silicone-capped
headspace vial. After 20 min at 55 �C, samples were extracted us-
ing 75 mm divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) (Supelco, Inc., Bellefonte, PA, USA) and exposed to the
HS-SPME vial at 55 �C for 40 min. The extraction head was then
thermally desorbed at 250 �C for 3 min. A GC/MS system (QP2020
Shimadzu, Kyoto, Japan) with an InertCapWaX capillary column
(60 mm � 0.25 mm� 0.25 mm, Agilent) was used to analyze VOC. A
temperature program started at 40 �C andwas held for 2min before
the temperature was ramped up to 230 �C at a rate of 4 �C/min for
5 min. Heliumwas used as a carrier gas at a flow rate of 1.0 mL/min.
The ion source temperature was set at 280 �C. The mass spec-
trometer scanning range was 30 to 450 m/z. Volatile organic
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compounds were qualitatively analyzed by comparing the decon-
voluted mass spectra obtained from NIST 14 mass spectral library
and/or calculated by the linear retention index (LRI) relative to a
mixture of n-alkanes (C6 to C20) under the same analytical con-
ditions. VOCwere quantified on the basis of recovery of the internal
standard.

2.9. Full-length 16S rRNA sequencing of gut microbiota

Total genomic DNA from each cecal digesta sample was
extracted using the Mag-Bind Soil DNA Kit (Omega, Norcross, GA,
USA). All DNA samples were evaluated for purity and concentration
using a Nanodrop ND-2000 (Thermo Fisher Scientific, Waltham,
MA, USA). The V1 to V9 region of the full-length bacterial 16S rRNA
genes were amplified with the 27F/1492R primer. The polymerase
chain reaction (PCR) amplicons were purified using the Qiagen Gel
Extraction Kit (Qiagen, Santa Clarita, CA, USA) and sequenced using
the PacBio Sequel IIe platform (Majorbio Bio-Pharm Technology Co.,
Ltd, Shanghai, China). The bioinformatics analysis was performed
as elucidated by a previous study (Pandit et al., 2018).

2.10. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from breast muscle using TRIZOL re-
agent (TaKaRa, Dalian, China), and cDNAwas synthesized using the
PrimeScript RT reagent kit with gDNA eraser (TaKaRa) following the
manufacturer's instructions. RT-qPCR was performed on a CFX96
Real-time qPCR system (Applied Biosystems, Bio-Rad, Hercules, CA,
USA) with SYBR select Master Mix (Applied Biosystems). Table S7
provides the information on lipid metabolism-related genes and
the primers synthesized and purchased from Sangon Biotech
(Shanghai) Co., Ltd. (China). Gene transcriptionwasmeasured using
the 2�DDCt method (Livak and Schmittgen, 2001). The internal
control, b-actin, was employed to normalize the expression of the
target genes.

2.11. Statistical analysis

Data were expressed as means ± standard error of the mean
(SEM). General statistical analysis was conducted using ANOVA
with the GLM procedures of SAS 9.4 (SAS Institute Inc., Cary, NC,
USA) and Duncan's multiple comparison tests were used to deter-
mine the differences between groups. Statistical significance was
defined as P < 0.05. Pearson's correlationwas applied to analyze the
co-occurrence relationship between lipid metabolites and gut
microbiota as well as VOC, and features were considered significant
at P < 0.05.

3. Results

3.1. Growth performance and carcass traits

As shown in Table 1, RO significantly decreased ADG and 42 d
BW (P < 0.05), compared with SO; whereas BO significantly
increased ADG and 42 d BWand decreased FCR (P < 0.05) compared
with the RO. From 1 to 50 d of age, there was a trend of increase in
ADG and 50 d BW (P < 0.10). From 1 to 21 d, there were no sta-
tistically significant differences (P > 0.05) in ADFI, ADG, FCR, or
mortality rates between the treatments.

As shown in Table S8, compared with SO, dietary BO signifi-
cantly increased half-eviscerated yield (P < 0.05). The study did not
reveal any significant variations in the characteristics of carcass,
eviscerated yield, breast muscle, leg muscle, and abdominal fat
among the treatments (P > 0.05).

3.2. Meat quality

The data in Table 2 clearly indicate that there were no significant
changes (P > 0.05) in pH45 min, pH24 h, L* value, b* value, drip loss,
and shear force among SO, RO, LO, PO, and BO. Dietary BO resulted

Table 1
Effects of different dietary oil supplementation on growth performance of broiler chickens.1,2

Item SO RO LO PO BO SEM P-value

1 to 21 d of age
Initial body weight, g 43.53 43.56 43.58 43.57 43.56 0.032 0.913
BW at 21 d, g 366.20 372.39 380.47 373.60 373.95 3.121 0.766
ADFI, g 26.77 27.74 27.52 27.35 27.37 0.359 0.550
ADG, g/d 17.44 17.73 18.12 17.79 17.81 0.286 0.766
FCR 1.57 1.56 1.52 1.54 1.54 0.014 0.116
Mortality rate, % 0.00 1.11 0.00 1.67 0.00 0.476 0.183
22 to 42 d of age
BW at 42 d, g 1014.31ab 985.71c 997.99ab 1022.63ab 1038.43a 15.654 0.022
ADFI, g 72.86 70.80 71.80 73.46 72.30 0.843 0.303
ADG, g/d 30.98ab 29.27c 29.41ab 30.90ab 31.64a 0.677 0.045
FCR 2.32ab 2.42a 2.44a 2.39ab 2.29b 0.039 0.042
Mortality rate, % 2.22 3.39 2.78 2.24 1.11 1.331 0.594
43 to 50 d of age
BW at 50 d, g 1345.12 1308.26 1325.15 1347.34 1378.36 19.211 0.077
ADFI, g 123.68 116.32 122.71 121.72 121.56 2.413 0.355
ADG, g/d 47.26 46.08 46.74 46.39 48.56 1.555 0.855
FCR 2.62 2.53 2.64 2.63 2.52 0.029 0.543
Mortality rate, % 0.60 1.79 0.00 1.73 1.67 0.913 0.622
1 to 50 d of age
Initial body weight, g 43.50 43.50 43.50 43.50 43.50 nd nd
BW at 50 d, g 1345.12 1308.26 1325.15 1347.34 1378.36 19.211 0.077
ADFI, g 74.44 71.46 74.01 74.18 73.74 0.947 0.287
ADG, g/d 26.03 25.44 25.63 26.08 26.70 0.182 0.078
FCR 2.86ab 2.82b 2.89a 2.85ab 2.73c 0.012 0.007
Mortality rate, % 0.94 2.09 0.93 2.06 0.93 0.603 0.321

AFDI ¼ average daily feed intake; ADG ¼ average daily gain; FCR ¼ feed to gain ratio; nd ¼ not detected.
aecMeans within a row with different superscript letters are significantly different (P < 0.05).

1 Mean of 6 replicates (30 chickens per replicate) per treatment.
2 SO, soybean oil group; RO, rice bran oil group; LO, lard group; PO, poultry oil group; BO, blended oil group.
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in a higher a* value at 24 h and lower MDA content (P < 0.05),
compared with SO.

3.3. Fatty acid composition

Fatty acid profiles of breast muscle are shown in Table 3.
Compared with SO, C16:0 and C18:0, C16:1, C18:1 were signifi-
cantly higher (P < 0.05), and C18:2, and C18:3 were significantly
lower (P < 0.05) in RO, LO, PO, and BO. SFA in LO was significantly
higher than that in SO, RO and BO (P < 0.05). Additionally, PUFA, n-6
and n-3 PUFA were the highest in SO, followed by BO, and signifi-
cantly higher than those in other groups (P < 0.05). The n-6/n-3
ratio in RO was the highest, followed by LO, PO, and BO, but that in
SO was the lowest (P < 0.05).

3.4. Untargeted lipidomic profile

Lipid profiling was conducted using Progenesis QI and the LIPID
MAPS Structure Database. A total of 916 peak pairs were detected,
including 666 for the UPLCeMS/MS data sets acquired in positive
electrospray ionization (ESIþ) mode and 250 in negative electro-
spray ionization (ESI-) mode. These lipid molecules can be further
classified into 8 categories, consisting of 259 (28.28%) triglycerides
(TG), 208 (22.71%) phosphatidylcholine (PC), 141 (15.39%) phos-
phatidyl ethanolamine (PE), 59 (6.44%) diglycerol (DG), 52 (5.68%)
lysophosphatidyl choline (LPC), 49 (5.35%) sphingomyelin (SM), 32
(3.49%) dimethyl phosphatidyl ethanolamine (dMePE), 28 (3.06%)
ceramide (Cer), 24 (2.62%) phosphatidylinositol (PI), 19 (2.07%)
lysophosphatidyl ethanolamine (LPE), 13 (1.42%)

Table 2
Effects of different dietary oil supplementation on meat quality of broiler chickens.1,2

Item SO RO LO PO BO SEM P-value

pH45 min 6.09 6.00 6.01 6.09 6.08 0.082 0.752
pH24 h 5.68 5.68 5.57 5.70 5.66 0.056 0.367
L*45 min 63.75 64.40 64.03 63.99 62.60 0.804 0.394
a*45 min 13.24 13.46 13.98 13.55 14.89 0.475 0.147
b*45 min 22.43 22.18 22.23 21.32 21.73 0.835 0.944
L*24 h 67.64 67.25 68.35 67.65 65.63 1.012 0.344
a*24 h 11.98c 11.58c 12.23c 12.58bc 14.02a 0.438 0.002
b*24 h 23.24 22.81 24.45 23.29 23.03 0.082 0.762
Drip loss, % 3.71ab 4.29a 3.65ab 3.60ab 3.14b 0.307 0.042
Shear force, N 32.03 28.29 38.37 35.21 38.16 2.949 0.160
IMF, % 1.69b 1.61b 1.49b 1.54b 1.86a 0.053 0.018
MDA, nmol/mL 2.10a 2.28a 2.32a 2.19a 1.43b 0.085 0.001

L* ¼ lightness; a* ¼ redness; b* ¼ yellowness; IMF ¼ intramuscular fat; MDA ¼ malonaldehyde.
a-cMeans within a row with different superscript letters are significantly different (P < 0.05).

1 Mean of 6 replicates (2 chickens per replicate) per treatment.
2 SO, soybean oil group; RO, rice bran oil group; LO, lard group; PO, poultry oil group; BO, blended oil group.

Table 3
Effects of different dietary oil supplementation on fatty acid composition of breast muscle in broiler chickens (% total fatty acids).1

Item SO RO LO PO BO SEM P-value

C12:0 0.31b 0.14c 0.30b 0.18c 0.83a 0.048 <0.001
C14:0 0.83c 0.70c 1.00b 0.82c 1.21a 0.038 <0.001
C15:0 0.13 0.12 0.11 0.12 0.12 0.003 0.259
C16:0 23.06b 25.62a 26.22a 25.34a 25.64a 0.289 0.001
C17:0 0.16 0.13 0.15 0.16 0.15 0.004 0.183
C18:0 6.10c 5.85c 8.73a 6.75b 6.58c 0.093 0.001
C20:0 0.15c 0.19ab 0.15bc 0.22a 0.17bc 0.006 0.002
C21:0 0.33d 0.48b 0.53a 0.50ab 0.40c 0.015 <0.001
C22:0 0.26a 0.21c 0.21c 0.23bc 0.25ab 0.006 0.001
SFA2 31.62c 33.72b 35.66a 34.67ab 31.36c 0.344 <0.001
C14:1 0.16 0.17 0.18 0.17 0.20 0.007 0.205
C16:1 3.31b 4.77a 4.97a 5.02a 4.63a 0.158 <0.001
C18:1 29.26c 34.81b 34.94a 36.07a 34.94a 0.639 <0.001
MUFA3 32.72c 39.75b 40.09a 41.26a 40.37a 0.766 <0.001
C18:2 28.80a 22.17c 16.54d 18.14d 24.13b 0.857 <0.001
C18:3 2.17a 0.87c 0.67d 0.77cd 1.44b 0.107 <0.001
C20:3 0.29bc 0.29bc 0.26c 0.37a 0.32b 0.008 <0.001
C20:4 1.06a 0.96a 0.67b 1.14a 1.03a 0.040 <0.001
C20:5 0.14b 0.05d 0.22a 0.07cd 0.09c 0.012 <0.001
C22:6 0.24a 0.23a 0.11b 0.25a 0.19a 0.014 0.002
PUFA4 32.70a 24.56c 18.46e 20.74d 27.19b 0.972 <0.001
n-6 PUFA5 30.14a 23.42c 17.47e 19.64d 25.47b 0.872 <0.001
n-3 PUFA6 2.56a 1.15c 0.99c 1.09c 1.72b 0.114 <0.001
n-6/n-3 PUFA ratio 11.81d 20.99a 17.71b 18.18b 14.83c 0.673 <0.001

SO ¼ soybean oil group; RO ¼ rice bran oil group; LO ¼ lard group; PO ¼ poultry oil group; BO ¼ blended oil group.
a-dMeans within a row with different superscript letters are significantly different (P < 0.05).

1 Mean of 6 replicates (2 chickens per replicate) per treatment.
2 SFA ¼ C10:0 þ C12:0 þ C13:0 þ C14:0 þ C15:0 þ C16:0 þ C17:0 þ C18:0 þ C20:0 þ C21:0 þ C22:0.
3 MUFA ¼ C14:1 þ C15:1 þ C16:1 þ C17:1 þ C18:1n9 þ C20:1n9 þ C22:1n9 þ C24:1n9.
4 PUFA ¼ C18:2n6 þ C20:2 þ C18:3n6 þ C18:3n3 þ C20:3n3 þ C20:3n6 þ C20:5n3 þ C22:2 þ C22:6n3.
5 n-6 PUFA ¼ C18:2n6 þ C20:3n6 þ C20:4n6.
6 n-3 PUFA ¼ C18:3n3 þ C20:3n3 þ C20:5n3 þ C22:6n3.
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phosphatidylglycerol (PG), and 32 (3.51%) others (Fig. S1). The PLS-
DA model was used to analyze the lipidome data generating
different cuts of SO, LO, and BO breast muscle samples (Fig. 1A and
B). The R2 and Q2 values in positive ion mode are 0.733 and 0.546
(Fig. 1C), respectively, and those in negative ion mode are 0.440 and
0.289 (Fig. 1D), respectively, indicating that the model is stable and
able to explain and predict sample differences. The lipids having
PLS-DA variable importance in projection (VIP) > 1, fold change
(FC) > 2.0 or < 0.5 and ANOVA P < 0.05 were considered to have

significant potential for separation of the 3 different breast muscles.
A total of 136 lipid metabolites with significant differences were
selected under ESIþ and ESI- ion modes, including 33 PC, 29 TG,
22 PE, 11 dMePE, 11 LPC, 6 LPE, 6 PG, 5 SM, 4 PI, 2 ceramide, 2 PS, 2
DG,1 LdMePE,1 LPG, and 1 PIP (Fig. S1B). The heatmap of the top 20
differential lipid metabolites is shown in Fig. 1E. There were 12 TG,
2 PE, 3 LPC, 1 PI, 1 SM and 1 PC. Blended oil significantly increased
10 TG in TG (12:0/18:2/18:3) þ Na, TG (15:1/16:0/18:1) þ NH4, TG
(16:0/10:0/16:0) þ Na, TG (16:0 12:0/12:0) þ Na, TG (16:0/12:0/

Fig. 1. Effects of different dietary oil supplementation on lipid metabolites of breast muscle in broiler chickens (n ¼ 6). (A) Partial least squares discriminant analysis (PLS-DA) score
of lipid metabolites in positive ion mode; (B) PLS-DA score of lipid metabolites in negative ion mode; (C) lipid metabolite replacement test diagram in positive ion mode; (D) lipid
metabolite replacement test diagram in negative ion mode; (E) abundance of top 20 differential lipid metabolites by variable importance in the projection (VIP) ranking. SO, soybean
oil group; LO, lard group; BO, blended oil group. LPC ¼ lysophosphatidyl choline; PC ¼ phosphatidylcholine; PE ¼ phosphatidyl ethanolamine; PI ¼ phosphatidylinositol;
SM ¼ sphingomyelin; TG ¼ triglycerides.
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16:0) þ Na, TG (16: 0/12:0/16:0) þ NH4, TG (16:0/12:0/16:1) þ Na,
TG (16:0/12:0/18:3) þ H, TG (18:1/12:0/12:0) þ Na, and TG (18:4/
12:0/16:0) þ H.

3.5. Compositions of volatile organic compounds

Volatile organic compounds in breast muscle are shown in
Table 4. An obvious separation among the samples of SO, LO, and BO
based on PCA is shown in Fig. 2. The volatolomics identified a total
of 41 VOC, including 5 aldehydes, 3 alcohols, 2 ketones, 8 esters, 21
alkanes and 2 heterocyclic compounds in breast muscle. The con-
tents of hexanal, octanal, nonanal, and total aldehyde in SO were
significantly higher than those in LO and BO (P< 0.05). The contents
of 1-octen-3-ol,2-ethyl-1-hexanol and total alcohol in SO were
significantly higher than those in LO and BO (P< 0.05). The contents
of dodecanoic methyl ester, decanoic methyl ester, and total esters
in BO were significantly higher than those in SO and LO (P < 0.05).
The contents of heptadecane and total alkanes in LO were

significantly higher than those in SO and BO (P < 0.05). In addition,
the contents of total heterocyclic substances in SO were signifi-
cantly higher than those in LO and BO (P < 0.05).

3.6. Gut microbiota structure

As shown in Table S9, there were no significant differences in a-
diversity including Species observed, Shannon, Simpson, ACE, Chao,
and Good's coverage among SO, LO, and BO lipid treatments
(P > 0.05). Distinct clustering of microbiota in each treatment was
exposed by PCoA (Fig. 3A). As shown in Fig. 3B, Firmicutes, Bac-
teroidota, Campilobacterota, Cyanobacteria, Proteobacteria, Verru-
comicrobiota, Actinobacteria, Synergistota, and others were the top
10 major phyla by relative abundance. At the phylum level, BO
increased Firmicutes and Firmicutes to Bacteroidota ratio (P < 0.05),
but decreased Campylobacterota, Cyanobacteria, and Proteobac-
teria (P < 0.05), compared with SO and LO. Figure 3C displays the
top 20 primary genera and their relative abundances across all

Table 4
Effects of different dietary oil supplementation on volatile organic compounds (VOC) composition of breast muscle in broiler chickens.1

No. VOC RT SO LO BO SEM P-value

1 Hexanal 1.079 0.94a 0.25b 0.27b 0.013 0.001
2 Octanal 15.522 0.30a 0.15b 0.16b 0.022 <0.001
3 Nonanal 25.532 2.20a 1.41b 1.25b 0.131 <0.001
4 Benzaldehyde 11.708 2.81 2.23 2.32 0.108 0.063
5 Benzeneacetaldehyde 19.337 0.70b 1.34a 1.19a 0.089 0.007

Total aldehyde 6.95a 5.37b 5.19b 0.282 0.009
6 1-Octen-3-ol 13.727 4.02a 1.80b 1.98b 0.276 <0.001
7 2-Ethyl-1-hexanol 18.370 2.28a 0.54b 0.72b 0.271 0.006
8 1-Decanol 50.004 0.35 0.41 0.38 0.022 0.487

Total alcohol 6.64a 2.74b 3.08b 0.522 <0.001
9 4-Octanone 12.631 0.50a 0.15b 0.18b 0.048 0.001
10 1-(3,5-Dimethylpyrazinyl)- ethanone 31.999 0.41b 0.88ab 1.04a 0.102 0.021

Total ketones 0.91 1.04 1.21 0.083 0.319
11 Hexanoic acid, methyl ester 8.899 2.81a 1.40b 1.25b 0.221 0.001
12 Octanoic acid, methyl ester 27.451 1.28a 0.68b 1.26a 0.088 0.003
13 Decanoic acid, methyl ester 45.151 0.81b 0.71b 1.76a 0.163 0.007
14 Dodecanoic acid, methyl ester 57.190 2.19b 1.15b 8.82a 1.033 <0.001
15 Sulfurous acid,2-propyl tetradecyl ester 58.352 0.66 0.83 0.67 0.052 0.358
16 Methyl tetradecanoate 60.940 0.49b 0.82a 0.88a 0.051 0.001
17 Hexadecanoic acid, methyl ester 62.785 11.43b 18.68a 16.13a 0.980 0.002
18 Methyl stearate 64.228 0.02b 0.07a 0.07a 0.012 <0.001

Total esters 19.70b 24.34ab 30.85a 1.541 0.004
19 Octane 0.946 0.71a 0.17b 0.15b 0.079 0.001
20 (E)-5-Undecene 23.899 0.46a 0.19b 0.32ab 0.052 0.048
21 Undecane 24.937 3.78a 1.18b 1.31b 0.374 0.001
22 3-Methyl-undecane 31.770 0.16a 0.05b 0.05b 0.022 0.004
23 Dodecane 34.686 0.71a 0.35b 0.33b 0.062 0.001
24 Heptacosane 41.066 1.43a 0.61b 0.62b 0.123 <0.001
25 Tridecane 43.256 2.13a 1.36b 1.96a 0.112 0.005
26 2,6,10-Trimethyl-dodecane 45.785 0.57a 0.34b 0.35b 0.034 0.001
27 9-Methyl-nonadecane 46.042 0.78 0.56 0.40 0.083 0.135
28 10-Methyl-eicosane 48.428 4.30 3.69 3.51 0.216 0.323
29 Tetradecane 50.561 0.44 0.46 0.45 0.024 0.952
30 Tetratetracontane 54.261 0.37a 0.40a 0.18b 0.042 0.017
31 Pentadecane 56.175 1.41 1.00 0.90 0.133 0.275
32 3-Methyl-pentadecane 58.514 2.02 2.82 2.88 0.178 0.093
33 Hexadecane 59.147 0.60 0.60 0.54 0.033 0.654
34 2,6,10-Trimethylpentadecane 59.914 3.33 5.22 4.09 0.341 0.063
35 Heptadecane 60.641 10.87b 16.29a 12.79b 1.113 0.013
36 Octadecane 61.707 2.68 3.79 2.92 0.212 0.064
37 2,6,10,14-Tetramethyl-hexadecane 61.768 5.24 8.66 5.80 0.653 0.060
38 Nonadecane 62.572 2.81 4.04 3.00 0.262 0.113
39 Eicosane 63.314 0.03 0.05 0.03 0.002 0.057

Total alkanes 44.80b 51.82a 42.57b 1.903 0.012
40 2-Pentyl-furan 14.080 7.97a 3.69b 3.46b 0.696 0.004
41 2,6-Diethyl-pyrazine 22.418 0.42b 1.04a 0.85ab 0.102 0.021

Total heterocyclic compounds 8.39a 4.74b 4.30b 0.633 0.006

SO ¼ soybean oil group; RO ¼ rice bran oil group; LO ¼ lard group; PO ¼ poultry oil group; BO ¼ blended oil group.
a,bMeans within a row with different superscript letters are significantly different (P < 0.05).

1 Mean of 6 replicates (2 chickens per replicate) per treatment.
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groups. Comparedwith SO, BO increased Ruminococcus_torques and
Christensenellaceae_R-7 and decreased Phascolarctobacterium, nor-
ank_f__norank_o__Clostridia_vadinBB60, and norank_f_nor-
ank_o_Gastranaerophilales (P < 0.05). LO had higher
Faecalibacterium and Megamonas compared with SO and BO
(P < 0.05).

3.7. mRNA expression of genes related to lipid metabolism in breast
muscle

As shown in Fig. 4, BO increased the transcript abundance of
peroxisome proliferator activated receptor alpha (PPARa), acyl-CoA
oxidase 1 (ACOX1), and carnitine palmitoyl-transferase 1 (CPT1A) in
breast muscle compared to SO (P < 0.05). There were no differences
in the transcript abundance of peroxisome proliferator activated
receptor gamma (PPARg), fatty acid binding protein 3 (FABP3) and
acyl-CoA synthetase long-chain family member 5 (ACSL5) among
the treatments (P > 0.05).

3.8. Correlations between breast muscle metabolites, volatile
organic compounds, and microbial communities

Pearson's correlations testing associations between lipid me-
tabolites, VOC, and the primary intestinal bacterial genera revealed
that the relative abundance of g_Lactobacillus and Christensenella-
ceae_R-7 were positively correlated with the content of TG (16:0/
12:0/16:0)þNa, TG (16:0/12:0/18:3)þH, TG (18:1/12:0/12:0)þNa,
TG (16:0/12:0/16:1) þ Na, TG (18:4/12:0/16:0) þ H, TG (16:0/10:0/
16:0) þ Na, TG (16:0/12:0/12:0) þ Na, TG (16:0/12:0/16:0) þ NH4,
TG (12:0/18:2/18:3) þ Na, and TG (15:1/16:0/18:1) þ NH4 in breast
muscle (Fig. 5A). In addition, the relative abundance of Mega-
sphaera was positively correlated with hexanal, 2-ethyl-1-hexanol,
4-octanone, (E) -5-undecene (P < 0.05), and 3-methyl-undecane,
octane and undecane (P < 0.01). The relative abundance of both
Lactobacillus and R-7 Christensenaceae were positively correlated
with methyl laurate (P < 0.05). Campylobacter was positively
correlated with 3-methyl-undecane, undecane, octane and tetra-
decane (P < 0.01) (Fig. 5B).

4. Discussion

Lipids are important constituents in poultry diets, and they are
high density forms of dietary energy density and improve the
productive performance of chickens (Saleh et al., 2021; Song et al.,
2022). Fat and oils differ in their fatty acid composition, which may
be responsible for the different effects theymay have on chickens. It
has been reported that replacing dietary SO with RO improves
growth performance in chickens (Selim et al., 2021). Furthermore,
it has been demonstrated that feeding chicken diets supplemented
with PO instead of SO reduced abdominal fat deposition without
changing growth performance and carcass characteristics (Saleh
et al., 2021). In performance and carcass traits measurements,
FCR alone was improved when dietary corn oil was replaced with
coconut oil in chickens (Kim et al., 2020). In the present study, there
was a trend toward improved growth of chickens feeding diets
containing PO or BO, but not RO, which is consistent with the
previous studiesmentioned above. Previous studies have suggested
that BO generate better weight gain in chickens than a single oil
(Long et al., 2018; Wang et al., 2013; Zhong et al., 2014). It has been
revealed that diets supplemented with flaxseed oil and palm oil
increase the average daily gain in chickens compared with lard,
flaxseed oil and palm oil (Zhong et al., 2014). A previous study
showed that adding mixed oils (15% corn oil, 10% coconut oil, 15%
flax oil, 20% palm oil, 15% peanut oil, and 25% soybean oil) improved
growth performance in chickens (Long et al., 2018). In the present
experiment, chickens fed the diet containing BO increased average
daily gain and reduced feed to gain ratio from 22 to 42 d of age.
These results indicated that BOmay have amore balanced fatty acid
composition, in terms of improvement in the utilization efficiency
of fatty acids in chickens. The favorable effect may be due to fatty
acid composition of the fat source (Deng et al., 2022; Rodriguez-
Sanchez et al., 2019).

Objective indices of meat quality include meat color, pH, drip
loss and shear force. Meat color is the main index reflecting muscle
appearance and water-holding capacity. A lower L* value means
darker meat color, a higher a* value means higher redness, and
higher b* value means higher yellowness. It has been reported that
broilers fed mixed oil had increased a* value in thigh muscle, as
well as a decrease in drip loss in both the breast and thigh muscles
(Long et al., 2018). Previous research showed that broilers fed
glycerol monolaurate could maintain meat color (Valentini et al.,
2020). Furthermore, chickens fed diets supplemented with anti-
oxidants showed higher deposition of antioxidants in their meat,
which caused enhanced meat redness through reducing lipid and
protein oxidation (Adeyemi, 2021). The mechanism for improved
meat color involves the fact that glycerol monolaurate has direct
and indirect antioxidant action leading to decreased meat lipid
peroxidation. The present experiment showed that dietary provi-
sion of BO increased 24 h a* value and decreased content of MDA in
breast muscle, which may be due to increased content of MCFA in
palm and coconut oil and its deposition into muscle, and it in turn
increases anti-oxidative stability and reduces the oxidation of
myoglobin, thereby maintaining meat color.

The fatty acid composition of the diet is the most significant
factor that determines the profile of fatty acids in the tissue of
chickens (Cortinas et al., 2004). A diet supplemented with flax oil
increased n-3 PUFA in breast muscle, while the addition of corn oil
increased n-6 PUFA (Kanakri et al., 2018). Similar results were also
obtained where dietary supplementation with palm oil increased
C18:1 and MUFA in breast muscle (Khatun et al., 2017). In the
present study, the SO diet increased C18:2 and C18:3 PUFA in the
breast muscle, while LO, PO diets increased C16:0 and C18:0 and BO
diets increased C16:1 and C18:1, indicating that the fatty acid
composition of chicken meat reflects dietary fatty acid

Fig. 2. Score plots of principal component analysis derived from GCeMS data showing
the volatile organic compounds (VOC) differences of breast muscle samples among
different treatment groups of broiler chickens. SO, soybean oil group; LO, lard group;
BO, blended oil group.
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Fig. 3. Effects of different dietary oil supplementation on the gut microbiota of broiler chickens (n ¼ 6). (A) Principal coordinate analysis (PCoA) at the OTU level. (B) Stacked bar
chart representing the relative abundance of colonic bacteria at the phylum level (top 10) in the different dietary groups. (C) Stacked bar chart representing the relative abundance
of colonic bacteria at the genus level (top 20) in the different dietary groups. OTU ¼ operational taxonomic unit. SO, soybean oil group; LO, lard group; BO, blended oil group.
*P < 0.05; **P < 0.01, ***P < 0.001.
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composition. As an essential nutrient, unsaturated fatty acids are
also important precursors of chicken meat flavor (Dinh et al., 2021;
Han et al., 2023; Khan et al., 2015; Zhao et al., 2017). It has been
found that C16:1 and C18:1 were positively correlated with meat
flavor, flavor preference, and overall acceptability. However, PUFA
such as C18:2 and C18:3 were negatively correlated with the flavor
(Cameron et al., 2000) because C18:2 and C18:3 affect volatile lipid
oxidation products in the Maillard reaction during roasting, which
directly or indirectly affect meat flavor (Alfaia et al., 2019).

Lipidomics is a means of large-scale high-throughput
sequencing of lipid metabolites in samples, and this technique
greatly increases the breadth and depth of investigation of meat
lipids (Chiesa et al., 2022). We selected SO, LO and BO as references
to analyze the lipid structure in breast muscle. In this study we
found that TG (16:0/12:0/16:0) þ Na, TG (16:0/12:0/18:3) þ H, TG
(16:0/10:0/16:0)þNa, TG (16:0 12:0/12:0)þNa, and TG (16:0/12:0/
16:0) þ NH4 in breast muscle were positively correlated with the
proportion of SFA, while PC (42:12) þ H and PI (18:3/20:4) þ NH4
were positively correlated with the proportion of PUFA such as
C18:2, C18:3 and C22:6. We also found that most of the top 20 lipid
molecules in breast were TG, and the relative abundance of TG in
meat from BOwas generally higher than that inmeat from birds fed
SO and LO. The triglycerides TG (12:0/18:2/18:3) þ Na, TG (16:0/
12:0/12:0) þ Na, TG (16:0/12:0/16:0) þ Na, TG (16:0/12:0/
16:0)þ NH4, TG (16:0/12:0/16:1)þ Na, TG (16:0/12:0/18:3)þ H, TG
(18:1/12:0/12:0) þ Na, TG (18:4/12:0/16:0) þ H all contain C12:0,
which may be due to the high content of methyl laurate in BO.
Triglycerides are deposited as a caloric store (Aleidi et al., 2022)

which are mobilized, or simply oxidized when energy supply is
insufficient. The synthesis and decomposition of TG play a crucial
role in the energy metabolism of muscle (Liu et al., 2019). Deposi-
tion of TGwas higher in birds fed BO, whichmay indicate that more
TG from balanced oil accurately deposited in muscle, rather than
simply playing a role in energy supply. As the main component of
IMF, TG derives from the synthesis or the de novo synthesis of fatty
acids in the circulatory system and plays an essential role in muscle
lipid deposition and meat quality improvement. It is closely related
to the expression of lipid metabolism-related genes such as PPARs,
FABPs, LPL, SCD, ACSL1, ACOX1, and SLC16A7 (Liu et al., 2019; Knight
et al., 2019; Wang et al., 2022). Positive correlation exists between
PPARa expression and IMF in both breast and thigh muscle (Liu
et al., 2022; Wang et al., 2022; Ye et al., 2014). Activation of
PPARa upregulates the expression of genes involved in fatty acid
synthesis and lipid metabolism (CPT1 and ACOX1) and enhances
IMF deposition in muscle (Chen et al., 2022). In the present study,
there was substantial increment in the relative abundance of
PPARa, ACOX1 and CPT1A transcripts in breast of chickens fed BO.
More extensive investigation is warranted for creating a better
understanding of how BO in chicken diets increases synthesis of
fatty acids and promotes synthesis and deposition of TG in muscle.

The complex populations of gut microbiota harbored by in-
dividuals have impact on nutrient utilization, growth and health
(Yadav and Jha, 2019). In the present study, PCoA and ANOSIM
analysis revealed that chickens fed a diet supplemented with BO
had a different composition of the cecal microbiota, distinct from
that in SO and LO. Compared with the controls, there were more

Fig. 4. Effects of different dietary oil supplementation on the relative gene expression of breast muscle in broiler chickens (n ¼ 6). SO, soybean oil group; LO, lard group; BO, blended
oil group. PPARa ¼ peroxisome proliferator-activated receptor a; PPARg ¼ peroxisome proliferator-activated receptor g; ACOX1 ¼ acyl-CoA oxidase 1; CPT1A ¼ carnitine palmitoyl-
transferase 1; FABP3 ¼ fatty-acid binding protein 3; ACSL5 ¼ acyl-CoA synthetase long chain family member 5; ns ¼ not significant. *P < 0.05; **P < 0.01, ***P < 0.001.
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Firmicutes and less Proteobacteria and Campilobacterota. Firmi-
cutes, as the main dominant bacterial community in the cecum,
accounted for more than 80% of the overall microbial community.
Firmicutes contribute to the synthesis of short-chain fatty acids
such as butyrate and propionic acid, which play many beneficial
roles in the intestine, such as serving as an energy supply through
gluconeogenesis, reducing undesirable flora in the cecum, stimu-
lating the proliferation and differentiation of intestinal epithelial

cells, and thus increasing the absorption and utilization of nutrients
in the intestine (Sun et al., 2022). At the genus level, BO increased
Ruminococcus_torques and Christensenellaceae_R-7 and decreased
Phascolarctobacterium. Ruminococcus_torques, a subgroup of Rumi-
nococcus, which is capable of producing butyrate and other SCFA
through glucose metabolism and cellulose degradation (Crost et al.,
2023). A previous study reported that Ruminococcus_torques was
one of the important bacterial genera for predicting IMF deposition

Fig. 5. Correlations between breast muscle metabolites, volatile organic compounds, and microbial communities. (A) Correlation heat map between intestinal microbial community
(top 20 at genus level abundance) and breast muscle differential lipid metabolites (top 20 at significant difference). (B) Correlation heat map between gut intestinal microbial
communities (top 20 at genus level abundance) and breast muscle VOC (VIP＞1). *P < 0.05; **P < 0.01.
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(Wen et al., 2023). Christensenellaceae_R-7 is a newly discovered
microbial community and it has been shown to play an important
role in intestinal health (Tavella et al., 2021; Waters and Ley, 2019).
Studies have shown that Christensenellaceae_R-7 can improve the
development of gastrointestinal tract, thereby improving the
digestion and absorption capacity of nutrients in animals (Ma et al.,
2022).

In addition, studies have shown that certain intestinal bacteria
can increase flavor precursors in muscle by regulating lipid meta-
bolism, thus affecting meat flavor. Studies have shown that the
relative abundance of intestinal UCG-010_unclassified is closely
related to the production of nonanal, (E, E)-2, 4-nonadienal, total
aldehyde and inosine monophosphate in pork, which help improve
flavor of pork (Liu et al., 2023). Lactobacillus reuteri 1 may improve
pork flavor by increasing inosinic acid and glutamic acid (Tian et al.,
2021). Dietary Clostridium butyricum supplementation resulted in
higher levels of total aldehydes, alcohols, ketones, furans, and
sulfur-containing compounds in chicken breast muscle (Liu et al.,
2017). It has been reported that flavor precursors are affected by
the structure of intestinal flora. For example, PUFA such as C20:5
and C22:6 in muscle were positively correlated with the abundance
of intestinal Bifidobacterium and Lactobacillus (Wang et al., 2017). In
the present study, g_Lactobacillus and Christensenellaceae_R-7
showed strong positive correlation with TG, which may indicate
that g_Lactobacillus and Christensenellaceae_R-7 could change the
lipid structure of chicken meat by promoting deposition of TG.
Furthermore, the relative abundance of g_Lactobacillus and Chris-
tensenellaceae_R-7was positively correlated with the proportion of
methyl laurate. These results suggest that the gut microbial com-
munity may regulate lipid metabolism and further influence the
formation of volatile flavor compounds in chicken breast muscle.

5. Conclusions

The present study showed that dietary BO could improve meat
quality, and modulate gut microbiota. Blended oil accelerated
glyceryl phospholipid deposition and total ester flavor substances
formation, but inhibited the deposition of heterocyclic compounds.
Genera g_Lactobacillus and Christensenellaceae_R-7 may influence
the formation of volatile flavor compounds in chicken breast
muscle. These results suggest that the potential beneficial effects of
BO may be associated with the regulation of lipid metabolism and
gut microbiota structure.

Credit Author Statement

Dong Ruan: Conceptualization, Methodology, Data curation,
Formal analysis, Original draft writing, Funding acquisition.
Jiashuai Jiang: Data curation, Formal analysis, Validation. Wenjie
Huang: Data curation, Formal analysis, Validation. Ahmed
Mohamed Fouad and Hebatallah Kasem El-Senousey: Method-
ology, Data curation, Validation, Writing-review & editing. Xiajing
Lin and Sai Zhang: Methodology, Data curation, Validation. Lihua
Sun, Shijuan Yan and Zongyong Jiang: Supervision. Shouqun
Jiang: Conceptualization, Funding acquisition, Methodology.

Declaration of competing interests

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.

Acknowledgments

We sincerely thank Prof. Dayong Wu (Tufts University, Boston,
MA) for the assistance in presentation of the manuscript. This study
was supported by Collaborative Innovation Center of GDAAS (XTXM
202205), Science and Technology Planning Project of Guangdong
Province (2023A0505050104), China Agricultural Research System
of MOF and MARA (CARS-41), Science and Technology Plan from
Guangzhou (202201011186), Supporting Program for the Research
of State Key Laboratory of Swine and Poultry Breeding Industry, Key
Laboratory of Animal Nutrition and Feed Science in South China,
Ministry of Agriculture and Rural Affairs, Guangdong Key Labora-
tory of Animal Breeding and Nutrition.

Appendix supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aninu.2024.04.024.

References

Absalome MA, Massara CC, Alexandre AA, Gervais K, Chantal GGA, Ferdinand D,
Rhedoor AJ, Coulibaly I, George TG, Brigitte T, Marion M. Biochemical proper-
ties, nutritional values, health benefits and sustainability of palm oil. Biochimie
2020;178:81e95.

Adeyemi KD. Comparative effect of dietary Morinda lucida leaf and butylated
hydroxyanisole (BHA) on carcass traits, meat quality, and oxidative stability of
broiler chickens. J Food Sci Technol 2021;58:4359e69.

Aleidi SM, Al-Ansari MM, Alnehmi EA, Malkawi AK, Alodaib A, Alshaker M,
Benabdelkamel H, Abdel Rahman AM. Lipidomics profiling of patients with low
bone mineral density (LBMD). Int J Mol Sci 2022;23:12017.

Alfaia CM, Lopes PA, Madeira MS, Pestana JM, Coelho D, Toldra F, Prates JAM. Cur-
rent feeding strategies to improve pork intramuscular fat content and its
nutritional quality. Adv Food Nutr Res 2019;89:53e94.

Cameron NM, Enser M, Nute GR, Whittington FM, Penman JC, Fisken AC, Perry AM,
Wood JD. Genotype with nutrition interaction on fatty acid composition of
intramuscular fat and the relationship with flavour of pig meat. Meat Sci
2000;55:187e95.

Chen J, You R, Lv Y, Liu H, Yang G. Conjugated linoleic acid regulates adipocyte fatty
acid binding protein expression via peroxisome proliferator-activated receptor
a signaling pathway and increases intramuscular fat content. Front Nutr
2022;9:1029864.

Chiesa LM, Cesare FD, Mosconi G, Pavlovic R, Campaniello M, Tomaiuolo M,
Mangiacotti M, Chiaravalle E, Panseri S. Lipidomics profile of irradiated ground
meat to support food safety. Food Chem 2022;375:131700.

China National Standard. Determination of crude fat in feeds-Kjeldahl method.
Beijing: Standards Press of China; 2006. GB/T 6433e2006.

China National Standard. Determination of crude protein in feeds-Kjeldahl method.
Beijing: Standards Press of China; 2018a. GB/T 6432e2018.

China National Standard. Determination of calcium in feeds. Beijing: Standards
Press of China; 2018b. GB/T 6436e2018.

China National Standard. Determination of phosphorus in feedsdspectropho-
tometry. Beijing: Standards Press of China; 2018c. GB/T 6437e2018.

China National Standard. Determination of crude fiber in feeds-Kjeldahl method.
Beijing: Standards Press of China; 2022. GB/T 6434e2022.

Cortinas L, Villaverde C, Galobart J, Baucells MD, Codony R, Barroeta AC. Fatty acid
content in chicken thigh and breast as affected by dietary polyunsaturation
level. Poult Sci 2004;83:1155e64.

Crost EH, Coletto E, Bell A, Juge N. Ruminococcus gnavus: friend or foe for human
health. FEMS Microbiol Rev 2023;47:1e23.

Deen A, Visvanathan R, Wickramarachchi D, Marikkar N, Nammi S, Jayawardana BC,
Liyanage R. Chemical composition and health benefits of coconut oil: an over-
view. J Sci Food Agr 2021;101:2182e93.

Deng S, Xing T, Li C, Xu X, Zhou G. The effect of breed and age on the growth
performance, carcass traits and metabolic profile in breast muscle of Chinese
indigenous chickens. Foods 2022;11:483.

Dinh TT, To KV, Schilling MW. Fatty acid composition of meat animals as flavor
precursors. Meat Muscle Biol 2021;5:1e16.

Folch J, Lees M, Sloane-Stanley GH. A simple method for the isolation and purifi-
cation of total lipids from animal tissues. J Biol Chem 1957;226:497e509.

Han D, Deng S, Wang H, Huang F, Fauconnier M, Li H, Zheng J, Meng L, Zhang C, Li X.
Lipid oxidation and flavor changes in saturated and unsaturated fat fractions
from chicken fat during a thermal process. Food Funct 2023;14:6554e69.

Jia W, Wu X, Zhang R, Shi L. UHPLC-Q-Orbitrap-based lipidomics reveals molecular
mechanism of lipid changes during preservatives treatment of Hengshan goat
meat sausages. Food Chem 2022;369:130948.

D. Ruan, J. Jiang, W. Huang et al. Animal Nutrition 19 (2024) 453e465

464



Kanakri K, Carragher J, Hughes R, Muhlhausler B, Gibson R. The effect of different
dietary fats on the fatty acid composition of several tissues in broiler chickens.
Eur J Lipid Sci Technol 2018;120:1700237.

Khan MI, Jo C, Tariq MR. Meat flavor precursors and factors influencing flavor
precursors e a systematic review. Meat Sci 2015;110:278e84.

Khatun J, Loh TC, Akit H, Foo HL, Mohamad R. Fatty acid composition, fat deposition,
lipogenic gene expression and performance of broiler fed diet supplemented
with different sources of oil. Anim Sci J 2017;88:1406e13.

Kim YB, Kim DH, Jeong SB, Lee JW, Kim TH, Lee HG, Lee KW. Black soldier fly larvae
oil as an alternative fat source in broiler nutrition. Poult Sci 2020;99:3133e43.

Knight MI, Linden N, Ponnampalam EN, Kerr MG, Brown WG, Hopkins DL, et al.
Development of VISNIR predictive regression models for ultimate pH, meat
tenderness (shear force) and intramuscular fat content of Australian lamb. Meat
Sci 2019;155:102e8.

Liu L, Liu X, Cui H, Liu R, Zhao G, Wen J. Transcriptional insights into key genes and
pathways controlling muscle lipid metabolism in broiler chickens. BMC Genom
2019;20:863.

Liu S, Tu Y, Sun J, Cai P, Zhou Y, Huang Y, Zhang S, Chen W, Wang L, Du M, You W,
Wang T, Wang Y, Lu Z, Shan T. Fermented mixed feed regulates intestinal mi-
crobial community and metabolism and alters pork flavor and umami. Meat Sci
2023;201:109177.

Liu X, Li S, Wang Z, Zhang B. Effects of dietary lipids and Clostridium butyricum on
chicken volatile flavour compounds. Indian J Anim Res 2017;52:1167e73.

Liu Y, Liang S, Wang K, Zi X, Zhang R, Wang G, Kang J, Li Z, Dou T, Ge C. Physico-
chemical, nutritional properties and metabolomics analysis fat deposition
mechanism of Chahua chicken No. 2 and Yao chicken. Genes 2022;13:1358.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-DDCT method. Methods 2001;25:402e8.

Long S, Xu Y, Wang C, Li C, Liu D, Piao X. Effects of dietary supplementation with a
combination of plant oils on performance, meat quality and fatty acid deposi-
tion of broilers. Asian Australas J Anim Sci 2018;31:1773.

Ma Y, Deng X, Yang X, Wang J, Li T, Hua G, Han D, Da L, Li R, Rong W, Deng X.
Characteristics of Bacterial microbiota in different intestinal segments of Aohan
fine-wool sheep. Front Microbiol 2022;13:874536.

Ministry of Agriculture of the People's Republic of China. Nutrient requirements of
yellow chickens (NY/T 3645-2020). Beijing, China: China Agriculture Press; 2020.

Oketch EO, Wickramasuriya SS, Oh S, Choi JS, Heo JM. Physiology of lipid digestion
and absorption in poultry: an updated review on the supplementation of
exogenous emulsifiers in broiler diets. J Anim Physiol Anim Nutr 2023;107:
1429e43.

Pandit RJ, Hinsu AT, Patel NV, Koringa PG, Jakhesara SJ, Thakkar JR, Shah TM,
Limon G, Psifidi A, Guitian J, Hume DA, Tomley FM, Rank DN, Raman M,
Tirumurugaan KG, Blake DP, Joshi CG. Microbial diversity and community
composition of caecal microbiota in commercial and indigenous Indian
chickens determined using 16s rDNA amplicon sequencing. Microbiome
2018;6:115.

Rodriguez-Sanchez R, Tres A, Sala R, Guardiola F, Barroeta AC. Evolution of lipid
classes and fatty acid digestibility along the gastrointestinal tract of broiler
chickens fed different fat sources at different ages. Poult Sci 2019;98:1341e53.

Saleh AA, Alharthi AS, Alhotan RA, Atta MS, Abdel-Moneim AE. Soybean oil
replacement by poultry fat in broiler diets: performance, nutrient digestibility,
plasma lipid profile and muscle fatty acids content. Animals 2021;11:2609.

Selim S, Hussein E, Abdel-Megeid NS, Melebary SJ, AL-Harbi MS, Saleh AA. Growth
performance, antioxidant activity, immune status, meat quality, liver fat con-
tent, and liver histomorphology of broiler chickens fed rice bran oil. Animals
2021;11:3410.

Song M, Zhao F, Ye X, Xie J, Sa R, Zhang G, Wang Y. A comparative evaluation on the
energetic values and digestibility of fatty acids in rice bran oil and palm oil for
broilers. Poult Sci 2022;101:101954.

Sun J, Wang Y, Lin N, Zhong H, Xu H, Zhu Q, Liu Y. Comparative analysis of gut
microbial composition and meat flavor of two chicken breeds in different
rearing patterns. BioMed Res Int 2018:4343196.

Sun Y, Zhang S, Nie Q, He H, Tan H, Geng F, Ji H, Hu J, Nie S. Gut Firmicutes: rela-
tionship with dietary fiber and role in host homeostasis. Crit Rev Food Sci Nutr
2022:1e16.

Tavella T, Rampelli S, Guidarelli G, Bazzocchi A, Gasperini C, Pujos-Guillot E,
Comte B, Barone M, Biagi E, Candela M, Nicoletti C, Kadi F, Battista G, Salvioli S,
O0Toole PW, Franceschi C, Brigidi P, Turroni S, Santoro A. Elevated gut micro-
biome abundance of Christensenellaceae, Porphyromonadaceae and Rike-
nellaceae is associated with reduced visceral adipose tissue and healthier
metabolic profile in Italian elderly. Gut Microb 2021;13:e1880221.

Tian Z, Cui Y, Lu H, Wang G, Ma X. Effect of long-term dietary probiotic Lactobacillus
reuteri 1 or antibiotics on meat quality, muscular amino acids and fatty acids in
pigs. Meat Sci 2021;171:108234.

Valentini J, Da Silva A, Fortuoso B, Reis JH, Gebert RR, Griss LG, Boiago MM,
Lopes LQS, Santos RCV, Wagner R, Tavernari FC. Chemical composition, lipid
peroxidation, and fatty acid profile in meat of broilers fed with glycerol mon-
olaurate additive. Food Chem 2020;330:127187.

Wang J, Zhu Q, Ahmad H, Zhang X, Wang T. Combination of linseed and palm oils is
a better alternative than single oil for broilers exposed to high environmental
temperature. J Poult Sci 2013;50:332e9.

Wang Y, Liu L, Liu X, Tan X, Zhu Y, Luo N, Zhao G, Cui H, Wen J. SLC16A7 promotes
triglyceride deposition by de novo lipogenesis in chicken muscle tissue. Biology
2022;11:1547.

Wang Y, Sun J, Zhong H, Li N, Xu H, Zhu Q, Liu Y. Effect of probiotics on the meat
flavor and gut microbiota of chicken. Sci Rep 2017;7:6400.

Waters JL, Ley RE. The human gut bacteria Christensenellaceae are widespread,
heritable, and associated with health. BMC Biol 2019;17:1e11.

Wen C, Gou Q, Gu S, Huang Q, Sun C, Zheng J, Yang N. The cecal ecosystem is a great
contributor to intramuscular fat deposition in broilers. Poult Sci 2023;102:
102568.

Wen R, Hu Y, Zhang L, Wang Y, Chen Q, Kong B. Effect of NaCl substitutes on lipid
and protein oxidation and flavor development of Harbin dry sausage. Meat Sci
2019;83:239e45.

Wu Y, Zhang H, Zhang R, Cao G, Li Q, Zhang B, Wang Y, Yang C. Serum metabolome
and gut microbiome alterations in broiler chickens supplemented with lauric
acid. Poult Sci 2021;100:101315.

Yadav S, Jha R. Strategies to modulate the intestinal microbiota and their effects on
nutrient utilization, performance, and health of poultry. J Anim Sci Biotechnol
2019;10:2.

Yang F, Ruan J, Wang T, Luo J, Cao H, Song Y, Huang J, Hu G. Improving effect of
dietary soybean phospholipids supplement on hepatic and serum indexes
relevant to fatty liver hemorrhagic syndrome in laying hens. Anim Sci J 2017;88:
1860e9.

Ye Y, Lin S, Mu H, Tang X, Ou Y, Chen J, Ma Y, Li Y. Analysis of differentially expressed
genes and signaling pathways related to intramuscular fat deposition in skeletal
muscle of sex-linked Dwarf chickens. BioMed Res Int 2014:724274.

Zhao J, Wang M, Xie J, Zhao M, Hou L, Liang J, Wang S, Cheng J. Volatile flavor
constituents in the pork broth of black-pig. Food Chem 2017;226:51e60.

Zhong X, Gao S, Wang J, Dong L, Huang J, Zhang L, Wang T. Effects of linseed oil and
palm oil on growth performance, tibia fatty acid and biomarkers of bone
metabolism in broilsers. Br Poult Sci 2014;55:335e42.

D. Ruan, J. Jiang, W. Huang et al. Animal Nutrition 19 (2024) 453e465

465


