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ABSTRACT As a complex food, meat displays vari-
ous biochemical properties that are determined to a
great extent by physical architecture and lipid metabo-
lites. Pekin duck and Liancheng white duck are elite
breeds with distinct characteristics. Here, we explored
the development of the muscle fibers from embryonic
stage to 10-wk after birth, and muscle fibers grow
slowly after 8-wk. We investigated the meat quality,
ultrastructure, lipidomics profiling, and lipids spatial
distribution of skeletal muscle at 8 wk. Pekin duck has
lower Warner-Bratzler shear force (WBSF) (P <
0.05), high intramuscular fat (IMF) (P < 0.01), longer
and wider sarcomere, and higher mitochondrial density
(P < 0.001). Liancheng white duck with tighter colla-
gen architecture. A total of 950 lipids from 6 lipid
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classes identified with lipidomics were analyzed, the
levels of GP, GL, and PR were significantly higher in
Pekin duck (P < 0.05), SL and ST were significantly
higher in Liancheng white duck (P < 0.05). There were
333 significantly different lipids (|log2(Fold Change)| ≥
1 and FDR < 0.05) screened, most lipids distributed in
the muscle tissue were uniform, but some specifically
distributed in connective tissue. To some extent, the
results demonstrate the high lipid deposition capacity
of Pekin duck and the high medicinal function of Lian-
cheng white duck. Our study provides new insights into
the relationship between skeletal muscle architecture
and meat toughness, which increased the knowledge of
lipidomic characteristics and provide a basis for duck
meat authentication.
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INTRODUCTION

In meat animal agriculture, the primary goal is to pro-
duce as many high-quality protein food sources as possi-
ble with the least input. There has been tremendous
progress in this regard over the past several decades. In
the foreseeable future, improving growth efficiency and
meat quality will continue to be a significant goal of ani-
mal husbandry.

The skeletal muscle accounts for 40 to 50% of the ani-
mal’s body weight (Payne and Bearden, 2006). Albrecht
conclude that the muscle fiber numbers and fascicle num-
bers are fixed during embryonic development in cows
(Albrecht et al., 2006), while the increase in muscle mass
was attributed to postnatal hypertrophy of skeletal mus-
cle fibers (Schiaffino et al., 2013). Heterogeneous muscle
cells determine the muscle’s overall biochemical and
contractile properties, as well as its texture and tender-
ness (Blackburn et al., 2019). Meat tenderness is closely
related to the structural and biochemical properties of
skeletal muscle fibers, especially myofibril and muscle
fibers, as well as intramuscular connective tissue, endo-
mysium, and perimysium, which are composed of collagen
fibrils (Maltin et al., 2003; Matarneh et al., 2021).
Meat has played a crucial role in human evolution due

to its highly abundant nutrients (Pereira and Vicente,
2013). As a complex food, the biochemical properties of
meat are largely determined by a number of metabolites
(Ramanathan et al., 2020). As flavor precursor volatiles,
lipids metabolites in skeletal muscle provide essential
nutrition (Breslin 2013; Li et al., 2021b). Metabolome
analyses have been widely applied to meat phenotype
studies in recent years (Jia et al., 2021; Wang et al.,
2021). However, the meat metabolome has not been
systematically studied, which hinders further research
and improvement of meat nutrition and flavor (Muroya
et al., 2020).
Skeletal muscle microstructure and localization

have been studied using electron microscope, optical
microscope, histochemical, and fluorescence assays (Roy
et al., 2018; Huo et al., 2021). These methods, however,
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were unable to provide accurate information about the
spatial distribution of each molecule. In recent years,
mass spectrometry imaging (MSI) has received increas-
ing attention due to its ability to capture the spatial dis-
tribution of metabolites at the molecular level. It has
been successfully visualized by using matrix-assisted
laser desorption/ionization (MALDI) (Norris and Cap-
rioli, 2013). It has been widely used to reveal the tissue
distribution characteristics of metabolites in food and
plant fields (Li et al., 2018, 2020b). However, the spatial
distribution of metabolites in duck meat has not been
reported.

Duck is an important economic poultry, which derived
from the mallard in 500 BC in central China, the meat is
popular in the meat industry (Hitosugi et al., 2007).
Pekin duck is a world-famous dish that is roasted (Zhou
et al., 2018). Liancheng white duck is an elite indigenous
breed, deeply loved by consumers due to its highly
delicious flavor (Huo et al., 2021). Our study identified
differences between different duck breeds in terms of
physical architecture and chemical properties of skeletal
muscle, which provided new insights into the skeletal
muscle. Moreover, this study also contributes to the
understanding of muscle development and improves
meat production and quality in livestock.
MATERIALS AND METHODS

Ethics Statements

Chinese National Research Council regulations were
followed and the Science Research Department of
the Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences, China (IAS2022-103) approved
the animal experiments. Experimental procedures and
methods were conducted in accordance with approved
guidelines to ensure animal welfare.
Sampling

Ducks were injected with duck viral hepatitis vaccine
at 1-day old after hatching, and injected with avian
Figure 1. The sampling from the breast muscle of duck and phenotyp
Blocks A used for H&E, and blocks B used for sarcomere, mitochondria, an
used for lipid profiling and MALDI. (B, C) Myofiber phenotype collection,
fiber area, fiber density, and perimysial thickness.
influenza virus vaccine at 15-days old after hatching.
Individuals with similar body weight and well health
were selected for breast muscle collection. Breast
muscles were collected from the right sides of Pekin duck
and Liancheng white duck in different growth stages, as
well as 9 growth stages from the 14-d and 21-d (embry-
onic stage), 1-d, 1-wk, 3-wk, 5-wk, 6-wk, 8-wk, and 10-
wk after hatching, and the gender consistency (,). In
this study, 14 samples were selected at each stage used
to hematoxylin and eosin staining (H&E). Cut from
designated blocks of each breast muscle to determine
muscle fiber phenotype (Figure 1, blocks A).
Hematoxylin and Eosin Staining

The breast muscles were decalcified, dehydrated,
embedded in paraffin blocks, and sectioned after being
preserved in 4% paraformaldehyde. Specimens were
stained using H&E and examined by light microscopy,
total 3 visual fields were selected for each section to take
pictures. A total of 6 muscular histological traits were
collected, which include muscle bundle diameter, muscle
bundle area, fiber diameter, fiber area, fiber density, and
perimysial thickness (Figure 1B and C). Image-Pro Plus
6.0 software (Media Cybernetics, Silver Spring, MD)
was used to calculate the histological traits at least
30 fragments in each sample for histological feature
calculation.
Meat Quality Traits Analysis

Cut from designated of each breast muscle used for
meat quality traits analysis (Figure 1A, number 1, 2, 3).
Meat color was evaluated according to the CIE scale:
lightness (L*), redness (a*), and yellowness (b*). Using
Minolta CR-400 Chroma meter (8 mm aperture, 2° view-
ing angle, D65 illuminant, Konica Minolta Sensing Inc.,
Osaka, Japan) to measure the CLE L*, a*, b* light
reflectance, and calibrate using a standard whiteboard
(Y = 84.4, x = 0.3195, y = 0.3368). After 45 min of expo-
sure to air, determine the color parameters of the meat
e collection. (A) Sample of 1, 2, 3 used for meat quality traits analysis.
d collagen architecture observation by TEM and SEM. Blocks C and D
including muscle bundle diameter, muscle bundle area, fiber diameter,
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at 3 different locations on the freshly cut surface. The
pH was measured at 24 h using a portable pH meter
(HI99163, HANNA Instruments Inc., RI, Italy) at 3 dif-
ferent locations of breast muscle, calibrated with stan-
dard buffers (pH 4.0 and pH 7.0). Warner-Bratzler shear
force (WBSF) value at 24 h postmortem was deter-
mined as previously described (Yuan et al., 2012).
Breast muscles samples (2 cm £ 2 cm £ 2 cm) were
placed in ziplock plastic bags, samples were bathed in
80°C water to a core temperature of the sample reaches
70°C, cooled to room temperature for 30 min and stored
at 4°C overnight. Cut cooked samples into 3 strips (1
cm£ 1 cm£ 2 cm) for WBSF measurement, and 4 strips
(1 cm £ 1 cm £ 1 cm) parallel to muscle-fiber direction
for texture profile analysis (TPA). TPA and WBSF
were estimated by texture analyzer (Stable Micro Sys-
tems Ltd., UK). The TPA textural parameters are as
follows: trigger force and crosshead speed (5.0 g, 1 mm/
s); working distance (5% strain), time interval (5.0 s)
between the first and the second compressions.
Determination of Intramuscular Fat Content

Using anhydrous ether as the solvent, the content of
IMF was determined using soxhlet extraction method.
Samples were processed by a vacuum freeze-dryer to
obtain meat powder for subsequent testing. The IMF
content was quantified as a percentage of muscle tissue
by weight. IMF was determined as previously described
(Tang et al., 2023).
Transmission Electron Microscopy

The skeletal muscle cut from Figure 1A (blocks B)
used for observing organelles by transmission electron
microscopy (TEM). TEM was used to check the micro-
structure of breast muscle. Briefly, the skeletal muscle
samples were fixed in 2.0% glutaraldehyde at 4°C.
Approximately 1 mm3 small cubes from the fixed muscle
samples were excised and postfixed in osmium tetroxide
(1.5%) for 1 h at room temperature. These samples were
dehydrated with a graded series of ethanol (30, 50, 70,
90, 95, and 100%) and embedded in epoxy resin. Ultra-
thin (50−70 nm) longitudinal sections (parallel to the
myofibers direction) were stained with uranyl acetate
and lead citrate and examined under a TEM (HITACHI,
HT7700, Japan).
Scanning Electron Microscopy

The skeletal muscle cut from Figure 1A (blocks B)
was used for observing perimysium collagen architecture
by scanning electron microscopy (SEM). The samples
were fixed in glutaraldehyde (2.0%) at 4°C. The perimy-
sium collagen architecture of skeletal muscle was
observed by Ohtani method (Ohtani et al., 1988), and
Roy et al. (Roy et al., 2018). Briefly, the fixed sample
block was cut into small pieces measuring 1 to 1.5 mm
thickness (transverse with muscle fibers direction),
washed with PBS, and put into in 0.2 M phosphate
buffer saline solution by immersion for 1 h. Then
immerse in a 2 N (8%) NaOH solution at room tempera-
ture (25°C) for 5 to 7 d with at least 2 to 3 changes of
fresh NaOH. The tissue will be like jelly and handle
properly. The muscle samples were then placed into
aqueous tannic acid (1%) for 4 h, rinsed with DI water
with at least 3 changes, and fixed in aqueous osmium
tetroxide (1.5%) for 2 h. Then, dehydrated the muscle
samples by graded ethanol (30, 50, 70, 90, 95, and
100%). Remove ethanol and add t-butyl alcohol
[(CH3)3COH, FW: 74.12] at least 3 changes, then keep
the vials with sample in refrigerator to freeze for 15 to
20 min and do freeze drying. Finally, samples are ready
for SEM (HITACHI, SU3500, Japan).
Lipid Profiling of Skeletal Muscle

The skeletal muscle cut from Figure 1A (blocks C)
was used for lipid profiling. The samples were thawed at
4°C, weighed 20 § 1 mg and added to a numbered
homogenized centrifuge tube. One milliliter of lipid
extract (methyl tert-butyl ether: methanol = 3:1) was
added and homogenized with steel balls to extract lipids.
Swirl the mixture for 5 min after removing the steel
balls. Then, add 200 mL water, and the mixture was
swirled for 5 min, centrifuged at 12,000 rpm at 4°C for
10 min. After, 300 mL of supernatant was pipetted and
concentrated. We dissolved the dried supernatant in 200
mL of mobile phase B (acetonitrile/isopropanol, 10/90,
0.1% acetic acid, and 10 mmol/L ammonium formate)
for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. The LC analysis conditions
were as follows: column is Thermo Accucore C30
(2.6 mm, 2.1 mm £ 100 mm), flow rate is 0.35 mL/min,
temperature is 45°C and injection volume is 2 mL;
mobile phase includes A: acetonitrile/water (60/40, V/
V), B: acetonitrile/isopropanol (10/90, V/V); gradient
program (20% B/0 min, 30% B/2.0 min, 60% B/4 min,
85% B/9 min, 90% B/14 min, 95% B/15.5 min, 95%
B/17.3 min, 20% B/17.5 min, 20% B/20 min). Analysis
using LC-ESI-MS/MS system (QTRAP), and equipped
with an ESI Turbo Ionspray interface controlled by Ana-
lyst 1.6.3 software (ABSciex). The ESI source operation
parameters were as follows: electrospray ion source tem-
perature is 500°C; ion source gas I (GSI), gas II (GSII),
and curtain gas (CUR) were 45 psi, 55 psi, and 35 psi,
respectively; ion spray voltage (IS) (+) 5,500 V and (�)
4,500 V; collision gas (CAD) was medium. Each ion
pair is scanned and detected according to the decluster-
ing potential (DP) and collision energy (CE).
MALDI Imaging Sample Preparation

The sample cut from Figure 1A (blocks D), freezing
breast muscle of ducks were embedded in 10% gelatin
(wt/vol) solutions. Briefly, breast muscle were kept in
silastic mold (2 cm £ 2 cm £ 2 cm), then transferred
to �80°C freezer, after 30 min, the sections of 10 mm



4 TANG ET AL.
thickness were performed at �20°C using a freezing micro-
tome equipped (Leica Biosystems, Germany). The imaging
mass spectrometer (iMScope TRIO, Shimadzu, Shimadzu,
Japan) was used in negative and positive ion mode for
data acquisition, and using IMAGEREVEAL version 1.01
and Imaging MS Solution version 1.30 software to analy-
sis. In this study, the mass range of ion distribution in pos-
itive and negative ion detection modes is m/z 400−900
(resolution set to 50 mm £ 50 mm, 10 mm £ 10 mm).
Laser irradiation was applied to the tissue surface, laser
irradiation diameter was set 2 (approximately 25 mm).
The constant voltages of the microchannel plate detector
and the sample stage were 3.50 Kv/positive, 3.0 Kv/nega-
tive, and 1.75 Kv, and the laser intensity was maintained
at 60. The laser is calibrated with ink, before conducting
experiments using MSI instruments, initial calibration of
the precise mass was performed using the DHB matrix.
Quantitative PCR Analysis of Collagen
Marker Genes

To study the expression of collagen marker genes
(COL1A1, COL2A1, COL3A1) and muscle fiber type
marker genes (MYH7B, MYHIA, MYH1B) in Pekin
duck and Liancheng white duck, extracting the total
RNA from the breast muscle. The RNA concentration
and integrity were estimated using NanoDrop spectro-
photometer (Thermo Fisher Scientific), and using the
agarose gel method to verify. The qualified samples were
used for further analysis. The cDNA synthesis was per-
formed using a HiScript III All-in-one RT SuperMix Per-
fect (Vazyme) for qPCR. Then, qPCR was performed on
QuantStudio 5 (Applied Biosystems, US), the qPCR
conditions were as follows: initial denaturation (95°C for
30 s); followed by 40 cycles (95°C for 8 s, 60°C for 20 s),
melting curve (95°C for 15 s, 60°C for 1 min, 95°C for
15 s). The relative quantifications of marker genes were
analyzed by the 2�DDCt. And primers were listed in
Table 1, GAPDH was used as the reference gene.
Statistical Analysis

Data are presented as mean § standard error of the
mean (SEM). The Student t test was performed by
Table 1. Primers for qRT-PCR of MyHC-related genes and collagen-r

Gene name Primer sequence (50 ! 30) Produ

COL1A1 F:GATGGGCTCACGTACAACGA
R: CGCTTTCTGGGTAGACTGGG

COL2A1 F:CGGCCCTAATGGTAACCCAG
R: AGTCTCACCTTTGTCACCGC

COL3A1 F:CTACGATGTGAAGGCTGGCT
R: CACGGTCTCCATTTCTGCCT

MYH7B F:GCTGCGGTGTAACGGTGTC
R: CTGGAATGGCTGCTGGGT

MYH1A F:GAACCCTCCCAAGTATGA
R: GAGACCCGAGTAGGTGTAG

MYH1B F:GAACCCTCCCAAGTATGA
R: GAGACCCGAGTAGGTGTAG

GAPDH F: GGTAGTGAAGGCTGCTGCTGATG
R: CGGTTGCTGTATCCATACTCGTTG
SPSS 24.0 software (SPSS standard version 24.0, SPSS
Inc., Chicago, IL). P < 0.05 indicated a significant differ-
ence. Principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) using
Metaboanalyst 4.0. The filtering criteria for statistical
significance were variable importance in |log2(Fold
Change)| ≥ 1, FDR < 0.05 and P < 0.05.
RESULTS

The Development of Skeletal Muscle

Breast muscles were collected from Pekin duck and
Liancheng white duck in different growth stages
(embryonic stage of 14-d to 10-wk after hatching)
used for H&E. The analysis results have shown that
from embryonic stage of 14-d to 1-wk after hatching,
the growth rate of muscle bundle area and muscle
bundle diameter was relatively slow (Figure 2A and
B). The growth rate of muscle bundle area and diame-
ter, muscle fiber area and diameter were faster from 3
wk to 8 wk, and slower after 8 wk (Figure 2A−D). In
addition, the above 4 phenotypic values (muscle bun-
dle area and diameter, muscle fiber area and diameter)
of Pekin duck were significantly higher. There was a
negative correlation between muscle fiber density and
the above 4 phenotypes (Figure 1E). The perimysial
thickness of Liancheng white duck was higher than
that of Pekin duck at the early growth stage, but it
was opposite at the late growth stage (Figure 1F).
Therefore, the above results indicate that the breast
muscle grows faster from 3 wk to 8 wk, and relatively
slow growth after 8 wk.
Meat Quality Traits and IMF Content

Meat quality traits and IMF content for Pekin
duck and Liancheng white duck were listed in Table 2.
The WBSF of Liancheng white duck was higher than
that of Pekin duck (P < 0.05). The hardness was sig-
nificantly higher in Liancheng white duck than in
Pekin duck (P < 0.05). The IMF content in Pekin
duck was significantly higher than that in Liancheng
white duck (P < 0.001).
elated genes.

ct size (bp) Annealing temperature (℃) Accession number

196 60 XM_038168724.1

640 60 XM_038172253.1

260 60 XM_027462007.2

119 60 NM_204587.2

124 60 NM_001013396.1

140 60 NM_204228.3

189 60 XM_038180584.1



Figure 2. Myofiber development process. (A−F) The results of muscle bundle area, muscle bundle diameter, fiber area, fiber diameter, fiber den-
sity, and perimysial thickness at different growth stages, respectively.
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Skeletal Muscle Under Transmission
Electron Microscopy

The organelle architecture of muscle fiber is closely
related to the physiological function and meat quality of
skeletal muscle. To further investigate the differences in
the microstructure of breast muscle between Liancheng
white duck and Pekin duck, TEM was performed in this
study (Figure 3A−D). Through TEM, we can clearly see
the sarcomere, Z-line, M-line (Figure 3A) and mitochon-
dria (Figure 3C). Statistical analysis of the length and
width of sarcomere showed that Pekin duck was signifi-
cantly greater than Liancheng white duck (Figure 3E,
P < 0.001), the mitochondria in Pekin duck muscle fiber
cells also significantly more than Liancheng white duck
(Figure 3F, P < 0.001).
Skeletal Muscle Under Scanning Electron
Microscope

The difference in skeletal muscle physical architecture
is an important factor affecting meat quality, such as
Table 2. Meat quality attributes of Pekin duck and Liancheng
white duck.

Items PK LC P value

pH24h 5.82 § 0.08 5.84 § 0.03 0.527
L* 34.01 § 3.85 40.24 § 3.02 0.053
a* 17.44 § 2.72 16.04 § 1.98 0.127
b* 4.69 § 0.76 5.43 § 0.14 0.056
Warner-Bratzler shear
force (N)

2625.62 § 499.80 3220.39 § 417.95 0.036

Texture profile analysis
Hardness (g) 423.34 § 173.61 743.60 § 232.95 0.038
Springiness (ratio) 0.58 § 0.06 0.64 § 0.05 0.957
Cohesiveness (ratio) 0.56 § 0.01 0.59 § 0.02 0.052
Gumminess (g) 252.57 § 75.51 434.14 § 108.23 0.116
Chewiness (g) 163.35 § 61.24 281.96 § 82.95 0.172
Intramuscular fat content
(%)

3.41 § 0.26 2.37 § 0.34 <0.001
the perimysium and endomysium are the main intra-
muscular connective tissues (IMCT) for the toughness
of meat. Under SEM, it can be observed that the muscle
fibers of Liancheng white duck were more closely
arranged, and the muscle fibers and myogenic fibers
were smaller than Peking duck (Figure S1a−f), which
was also consistent with the results of H&E. In order
observation perimysium collagen architecture of skeletal
muscle by SEM, we explored the digestion time of sam-
ples in NaOH, the muscle architecture at different diges-
tion time was shown in Figure S2. On the seventh day,
the tissue was like jelly and handle properly, and the
architecture of collagen was cleanly. The perimysium
collagen architecture of the breast muscle of Liancheng
white duck and Pekin duck was shown in Figure 4A, B,
D, and E, the collagen architecture of Liancheng white
duck were arranged thicker and tighter. Furthermore,
we investigated the expression of myosin heavy chain-
related genes (MYH7B, MYH1A, and MYH1B) and col-
lagen-related genes (COL1A1, COL2A1, and COL3A1),
the results showed that the expression of MYH1A,
COL1A1, and COL3A1 in breast muscle of Liancheng
white duck were significantly higher than Pekin duck
(Figure 4C and F).
Lipidomics Profiling

To explore the differences of lipid profiles between
Pekin duck and Liancheng white duck in more detail,
lipid profiles were analyzed using LC-MS/MS. We
detected 950 lipids were annotated and contained 6 cate-
gories, which included glycerophospholipid (GP), glyc-
erolipid (GL), sphingolipid (SL), fatty acyl (FA), sterol
lipid (ST), and prenol lipid (PR) (Figure 5A,
Table S1). The PCA and PLS-DA plots showed that a
clear distinction between the 2 batches of samples, indi-
cating that good reliability of the analytical method



Figure 3. Myofibers under TEM. Longitudinal (A) and transverse sections (C) of Pekin duck breast muscle samples under TEM. Longitudinal
(B) and transverse sections (D) of Liancheng duck breast muscle samples under TEM. Statistical analysis of sarcomere phenotype (E) and mitochon-
drial density (F) in Pekin duck and Liancheng white duck.
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(Figure 5B and C). The correlation plot of lipids indi-
cates a high correlation between similar lipids
(Figure 5D). A heatmap analysis of lipids was conducted
between Pekin duck and Liancheng white duck
(Figure 5E), and the changes in the relative levels of
lipids can be visually seen.

By analyzing and comparing the lipids in both breeds,
it was found that the levels of GP, GL, and PR were sig-
nificantly higher in Pekin duck than in Liancheng white
duck, but the levels of SL and ST were significantly higher
Figure 4. SEM of perimysium collagen architecture. SEM images show
gen architecture. (C) The expression of myosin heavy chain-related genes (M
duck and Liancheng white duck. (F) The expression of collagen-related gen
Pekin duck and Liancheng white duck.
in Liancheng white duck (Figure 5F). |log2(Fold Change)|
≥ 1 and FDR < 0.05 as criteria, a total of 333 differential
lipids were identified, and 269 were significantly upregu-
lated and 64 were significantly downregulated in Pekin
duck (Figure 5G, Table S2). Comprehensive 3 index |log2
(Fold Change)|≥1, FDR < 0.05 and VIP > 1, differences
lipids included 113 GPs, 80 GLs, 15 SLs, 9 FAs, 1 PR,
and 1 ST (Figure 5H and I, Table S2). The lipid molecules
with the highest change were summarized in Figure 6A
to G.
Pekin duck (A, B) and Liancheng white duck (D, E) perimysium colla-
YH7B, MYH1A, and MYH1B) by qPCR in the breast muscle of Pekin

es (COL1A1, COL2A1, and COL3A1) by qPCR in the breast muscle of



Figure 5. Lipidomic analysis revealed that the lipid profiles greatly differed between Pekin duck and Liancheng white duck. (A) A total of 950
lipids from 6 lipid classes identified with lipidomics. (B) Principal component analysis score plots. (C) Partial least squares discriminant analysis
score plots. (D) Heat map of the correlation between lipids. (E) Cluster heat map of Pekin duck and Liancheng white duck breast muscle lipidome.
(F) Comparison of lipid classes between Pekin duck and Liancheng white duck. (G) Volcano map of the different lipids of Pekin duck and Liancheng
white duck. The number of increased (H) and decreased (I) lipid molecules in the Pekin duck. (The lipid molecules with |log2(Fold Change)|≥1,
FDR < 0.05 and VIP > 1.) *P < 0.05; **P < 0.01, ***P < 0.001.
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Spatial Distribution of Lipids

Visualizing the spatial distribution of lipids in skeletal
muscle by MALDI mass spectrometry imaging.
Figure 7A showed the schematic of muscle section of
Pekin duck and Liancheng white duck. We have shown
the spatial distribution of several representative differ-
ential lipids (Figure 7B−F), the mass spectra were
shown in Figure 7G−I, and it can be visually seen that
these lipids distributed in the muscle tissue. In addition,
the lipids in the figure were all significantly different in
the above lipidomics. MALDI could obtain accurate
information on the spatial distribution of all detected
individual molecules in the sample, but no specific spa-
tial distribution of lipids was found, they were uniformly
distributed. Therefore, we increase the spatial resolution
to 10 mm £ 10 mm, the results were shown in Figure 8,
we found some lipids were specifically distributed in
connective tissue, SM (d18:1_19:1), PS (17:0_22:5),
and PE (20:2_18:0) were shown as representative lipid
molecules.
DISCUSSION

Meat played a crucial role in human life and with
highly abundant nutrients (Pereira and Vicente, 2013).
Myofibers and IMCT are the 2 main structural compo-
nents that contribute to the toughness of skeletal mus-
cle, and study reported that meat with short sarcomeres
is tougher than that with long sarcomeres (Wheeler et
al., 2000; Maltin et al., 2003). In addition, intramuscular
adipocytes closely related to meat tenderness as well
(Nishimura, 2015). In this study, the determination of
meat phenotype revealed that the intramuscular fat con-
tent of Pekin duck was significantly higher than Lian-
cheng white duck (P < 0.01), and the WBSF was
significantly lower (P < 0.05). By observing and analyz-
ing the microstructure of skeletal muscle, it was found
that the sarcomere length, width, and mitochondrial
density of Pekin duck were significantly greater than
Liancheng white duck (P < 0.05). The dynamic interac-
tion between lipids and mitochondria controls the mobi-
lization of long-chain fatty acids from lipids for



Figure 6. Significantly different representative lipid molecules. (A−C) Representative lipid molecules significantly upregulated in Pekin duck.
(D−G) Representative lipid molecules significantly downregulated in Pekin duck. **P < 0.01, ***P < 0.001.
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mitochondrial b-oxidation in skeletal muscle in response
to energy stress (Rambold et al., 2015; Ouyang et al.,
2023). Because the growth rate and weight of Pekin
duck are significantly faster and larger than Liancheng
white duck, which requires more energy supply during
their growth and development, and therefore, the intra-
muscular fat content and mitochondrial density in skele-
tal muscle are greater.

As the constituent unit of muscle, the effects of muscle
fibers on meat quality are self-evident. By observing the
skeletal muscle in 3-dimensional morphology through
SEM, we can see the morphological characteristics and
differences of the muscle tissue more visually. IMCT
forms a series of continuous networks that integrate
muscle fibers and fascia into a whole organ (Purslow,
2014). Much literature has been reported about the
architecture, composition, development, and functional
properties of IMCT (Kragstrup et al., 2011; Purslow,
2014). IMCT generally consists of fibrous network of col-
lagen, which is considered to be the main contributor to
the strength and stiffness of the tissue, studies found
difference in collagen fiber architecture between different
myofiber types (Wojtysiak, 2013). Accordingly, the con-
tribution of IMCT to meat toughness is often referred to
as the collagenous component. SEM observed the colla-
gen architecture of breast muscle and found that Lian-
cheng white duck was tighter and thicker. Study found
that intramuscular fat may dilute collagen fibers and
decrease shear resistance (Moloney et al., 2001), which
contribute to meat tenderness (Sasaki et al., 2012). This
is consistent with our study that the intramuscular fat
content of Pekin duck was significantly higher than
Liancheng white duck, while the WBSF was signifi-
cantly lower. Study in pork has found that type II myo-
fibers could affect the WBSF of the longissimus muscle
(Orzechowska et al., 2008). Our results showed that the
expression of MYH1A, COL1A1, and COL3A1 in Lian-
cheng white duck were significantly higher in the breast
muscle of Pekin duck. Collagen, which mainly exists in
muscle, bone, skin, and other tissues, widely used in bio-
medical, cosmetic, skincare, and other fields (Albu et al.,
2014; Fan et al., 2014). Our study also explained the



Figure 7. Spatial distribution of lipids. (A) The schematic of muscle section of Pekin duck and Liancheng white duck. (B−F) The most repre-
sentative spatial distribution differences of lipid molecules. (G−I) Mass spectra corresponding to lipid molecules with different spatial distribution.
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medicinal and health functions of Liancheng white duck
from a certain perspective, but the molecular mecha-
nisms by which they affect meat quality and toughness
still need further investigation.

IMF deposition is closely related to lipid composition.
Studies have shown that changes in IMF content led to
changes the lipid profiles of meat (Li et al., 2020a,
2021a). Present study found that the IMF content in
breast muscle of Pekin duck was significantly higher
than that of Liancheng white duck (P < 0.01). The
results of lipidomic analysis showed that GPs and GLs
may be the reasons for differences in IMF deposition
between varieties. The study reported that compared to
Duroc pigs the GPs were upregulated in Luchuan pigs
Figure 8. MS images of representative li
which containing higher IMF and GL, and the difference
in GPs may be related to glycerophosphate metabolism
(Zhang et al., 2021).
It was reported that the contents of TG, PC, PE, and

SM were changed during the processing of dry-cured
mutton ham, in which the metabolism of glycerophos-
pholipid and sphingolipid played a critical role (Guo et
al., 2022). Therefore, the variations in lipids between
Peking duck and Liancheng white duck may be a reason
for the difference in meat flavor and nutrition. Further-
more, among the lipids with significant differences, TG
had the most number, and all of them were significantly
upregulated in Pekin duck breast muscle, TG is a neu-
tral lipid that accumulates in lipid droplets to store fat
pid metabolites in breast muscle of duck.



10 TANG ET AL.
(Kuerschner et al., 2008; Tsai et al., 2017), the above
results demonstrate the high lipid deposition capacity of
Pekin duck. Long-chain polyunsaturated fatty acids
(LCPUFA), such as docosahexaenoic acid (C22:6,
DHA), which more abundant in Liancheng white duck.
Studies have shown that LCPUFA has a positive effect
on physiological function such as in neurodevelopment,
immune system, as well as in hypertension, arthritis,
depression, myocardial infarction, thrombosis, and other
diseases (Janssen and Kiliaan, 2014; Miles et al., 2021),
this to some extent explains the high medicinal function
of Liancheng white duck.

The distribution of lipids in meat was probed by spa-
tial metabolomics (spatial resolution: 50 mm £ 50 mm)
and they were found to be uniformly distributed in the
meat. Interestingly, after further improving spatial reso-
lution (10 mm £ 10 mm), it was found that some lipid
molecules are specifically distributed on the connective
tissue membrane. Such SM (d18:1_19:1), as a sphingoli-
pid, it is mainly enriched in the connective tissue mem-
brane. Sphingolipid is not only an important constituent
of membranes, but a dietary component, its metabolites
include ceramide (Cer), sphingosine (Sph), and sphin-
gosine-phosphate (S1P) (Fayyaz et al., 2014), which are
involved in the regulation of a variety of physiologic
functions, such immune and inflammatory reactions
(Hern�andez-Corbacho et al., 2017; Tan-Chen et al.,
2020). Recent studies have found that sphingolipid and
its metabolites play an essential role in muscle develop-
ment (Nagata et al., 2006; Ishida et al., 2016). Therefore,
the breast muscle of Liancheng white duck with thicker
perimysium contains higher sphingolipid, which
explained from physical structure, lipomics, and spatial
metabolomics that Liancheng white duck has medicinal
and health functions.

In summary, we first investigated the development
pattern of duck breast muscle and analyzed the meat
quality of Pekin duck and Liancheng white duck, and
found significant differences in IMF content and WBSF.
Based on this, we analyzed the ultrastructure of skeletal
muscle by SEM and TEM and further explained that
collagen architecture had a certain effect on meat tough-
ness. In addition, a total 333 significantly different lipid
molecules might be affected by IMF through targeted
lipidomics analysis. Among the lipids with significant
differences, TGs had the most number and were signifi-
cantly upregulated in Pekin duck, it is a neutral lipid
that accumulates in lipid droplets to store fat, which
demonstrates the high lipid deposition capacity of Pekin
duck. LCPUFAs were more abundant in Liancheng
white duck, which to some extent explains the high
medicinal function of Liancheng white duck. Spatial
metabolomics found that most lipid molecules were uni-
formly distributed in meat, but some were specifically
distributed in connective tissue. Our findings could con-
tribute to a better understanding the relationship
between skeletal muscle architecture and meat tough-
ness, increased the knowledge of the lipidomic character-
istics and provide a basis for duck meat authentication.
However, meat quality research is complex. The taste,
texture, juiciness, appearance, and odor are all impor-
tant factors affecting the quality of meat. Our research
is still superficial, and further in-depth and more system-
atic research should be carried out.
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