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ABSTRACT Here, we examined the effects of cross-
breeding and sex on growth performance, slaughter per-
formance, and meat quality in Xingguo gray (XG) goose,
using transcriptomic and metabolomic techniques. The
experiment was conducted using 400 goslings (1-day old)
of 2 genotypes: the XG breed and its ternary hybrids [F2
geese; (XG Goose< £ Yangzhou Goose,), £ Shitou
Goose<]. The goslings were divided into 4 groups: female
XG, male XG, female F2 geese, and male F2 geese, and
growth parameters were examined at 70 d of age, using
30 birds from each group. Following slaughter, samples of
breast and thigh muscles were collected from each group
for chemical, metabolome, and transcriptome analyses.
Growth rate, live body and slaughter weights, meat
chemical composition, and muscle fiber diameter were
affected by crossbreeding and sex. Crossbreeding signifi-
cantly improved the dressing percentage, semieviscerated
rate, eviscerated yield, and abdominal fat yield of XG
geese. To clarify the potential regulatory network affected
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by crossbreeding and sex, we used RNA-seq and nontar-
geted metabolomics to detect changes in male and female
goose breast muscle. The transcriptome results showed
that there were 534, 323, 297, and 492 differently
expressed genes (DEGs) among the 4 comparison groups
(XG-Female vs. F2-Female, XG-Male vs. F2-Male, F2-
Male vs. F2-Female, and XG-Male vs. XG-Female, respec-
tively) that were mainly related to muscle growth and
development and fatty acid metabolism pathways. A
total of 141 significantly differentially accumulated
metabolites (DAMs) were enriched in serine and threo-
nine, propionate, and pyruvate metabolism. Finally, we
comprehensively analyzed the metabolome and transcrip-
tome data and found that many DEGs and DAMs played
crucial roles in lipid metabolism and muscle growth and
development. In summary, crossbreeding can improve
XG goose production performance and affect breast mus-
cle gene expression and metabolites in both female and
male geese.
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INTRODUCTION

Goose meat is increasingly becoming popular among
consumers owing to its nutritional qualities, such as
high protein and unsaturated fatty acid contents and
low fat content (Gendaszewska-Darmach et al., 2012;
Okruszek et al., 2013; Razmait _e et al., 2022). The Xing-
guo gray (XG) goose, which originates from eastern
China and is distributed in south-central Jiangxi, is
known for its good meat quality and high intramuscular
fat (IMF) content (Liu et al., 2021). However, it has
lower reproductive performance and growth rates than
commercial crossbreeds, resulting in high production
costs and lesser suitability for commercial production. A
previous study showed that crossbreeds perform better
than purebreeds with regard to most important traits,
including body weight (BW) and production perfor-
mance (Wolf and Knizetova, 1994; Padhi, 2010). These
production metrics as well as carcass characteristics are
also influenced by the sex of the goose. Recent research
has found significant differences in muscle and carcass
fat content between male and female geese (Lisiak et al.,
2021). Such differences, including slaughter weight,
were also confirmed in a study on the effect of sex on
slaughter characteristics of heavy Czech and Eskildsen
Schwer hybrid geese (Uhlirova et al., 2018), and similar
results were observed in male and female Lindowskaya
geese (Akbaş et al., 2020).
The Shitou (ST) goose is usually used as a sire breed

because of its high feed conversion ratio (FCR) (Zhao
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et al., 2019), while the Yangzhou (YZ) goose is usually
used as a dam breed because of its high annual egg pro-
duction (Shi et al., 2007). Hence, introducing ternary
crosses between YZ and ST geese and XG geese is a suc-
cessful technique to swiftly enhance the production per-
formance of Xingguo gray geese.

In the past, research on carcass traits and meat qual-
ity were mainly focused on fatty acid and amino acid
contents, meat yield, and meat texture and microstruc-
ture (Geldenhuys et al., 2013; Uhlirova et al., 2018;
Gumulka and Poltowicz, 2020; Kokoszynski et al.,
2022). However, recent advances in molecular technol-
ogy, such as multiomics, have facilitated the study of
molecular mechanisms of complex traits. Gene expres-
sion could be considered an intermediate phenotype
between genotypes and observable characteristics (Hub-
ner et al., 2005) and contributes to phenotypic heterosis
(Stupar et al., 2008). RNA-Seq analysis can be used to
compare the mRNA levels of specific genes in breast
muscle tissues between sex and breeds. Moreover,
metabolome analysis can reveal real-time dynamic
changes in metabolites in meat in response to post-tran-
scriptional regulation, revealing key metabolites and
metabolic pathways related to changes in meat quality
(Wen et al., 2020). These methods have proven to be
effective for understanding meat quality traits (Jung et
al., 2022; Li et al., 2022; Zhan et al., 2022). An inte-
grated metabolome and transcriptome analysis can
reveal differences in meat quality based on gene actions
and metabolites in F2 crosses and XG geese.

To date, few studies have investigated the effects of
crossbreeding using an integrated transcriptome and
metabolome analysis. Here, we examined the effects of
crossbreeding and sex on growth performance, carcass
traits, meat quality in XG geese and XG £ ST £ YZ
hybrids. It is anticipated that the findings of this study
will serve as a theoretical basis for the selection and
breeding of geese.
MATERIALS AND METHODS

Ethics Statement

All animal procedures were conducted in accordance
with the Guidelines for the Care and Use of Experimen-
tal Animals by the Ministry of Agriculture of China, and
all protocols were approved by the Animal Ethics Com-
mittee of the Institute of Animal Husbandry and Veteri-
nary, Jiangxi Academy of Agricultural Science (JXAAS
2020-0025).
Experimental Design and Growth
Performance

The experiment was conducted at the XG Goose
Reservation Farm (Ganzhou, Jiangxi Province,
China). A total of 400 one-day-old (100 male and
100 female of each genotype) XG ternary hybrids
[(male XG £ YZ female parent) £ ST male; F2
goose] were grown under the same conditions of
natural light and temperature, with free access to
water and feed. For the first 7 d of rearing, 24-h
lighting was used (4−5 W/m2) and temperature
was maintained in a range of 28°C to 32°C. Rela-
tive air humidity was 60 to 70%. From the 2nd to
the 10th week of age, geese were kept outside in
partially roofed pens that were divided by wire
mesh and covered with netted beds. Each flock was
reared separately.
Animal Handling and Sample Collection

The BWs of the geese were measured every 10 d,
and the average daily feed intake (ADFI) and feed/
gain ratio (FGR) were calculated during this period.
BW of each goose was recorded after fasting over-
night. Sixty geese (30 females and 30 males) from
each group were selected based on the average BW of
birds in the pens and killed by cervical dislocation at
the slaughter facility of the Jiangxi Poultry Breeding
Engineering Laboratory. After bleeding, plucking,
and carcass weight measurement, the carcass was dis-
sected and tissue samples were collected. The left
breast muscle was divided into 2 parts. One part was
fixed with 4% paraformaldehyde for histological anal-
ysis, and the other was frozen in liquid nitrogen and
stored at �80°C for transcriptome and metabolome
analyses. The geese were then eviscerated and the
semieviscerated carcass, eviscerated carcass, breast
muscle, thigh muscle, and abdominal fat were
weighed. The percentage weight of carcass, semievis-
cerated carcass, and eviscerated carcass was calcu-
lated relative to the live BW, whereas that of breast
muscle, thigh muscle, and abdominal fat was calcu-
lated relative to the eviscerated carcass weight.
Meat Quality

The protein, fat, and moisture of roasted goose meat
were determined using AOAC methods (Nalbandov,
1963). Samples of the breast and thigh muscles were sep-
arated from tendons and muscle membranes, cut into
pieces, ground into a paste with a high-speed universal
crusher (FW100, Taisite Ltd., Tianjin, China), and
placed into sample cups. The moisture content (%) was
calculated by weight loss after oven drying of samples
(3 g) at 102°C for 12 h (to constant weight) in a Mem-
mert laboratory dryer (UN 75, Schwabach, Germany).
Crude protein content (%) was determined by the Kjel-
dahl method with an automatic Kjeldahl nitrogen ana-
lyzer (SKD-200, Shanghai Peiou Analysis Instruments
Co., Ltd., Shanghai, China). Fat content (%) was mea-
sured by the Soxhlet method with petroleum ether
extraction using a Hanon Automatic Soxhlet Extractor
(SZF-06A, Shanghai Lichen Instruments Technology
Co., Ltd., Shanghai, China). Measurements were per-
formed on samples from 6 geese in the same group and
repeated 3 times.
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Histological Analysis

Breast muscle was obtained from the same position in
each goose. The samples for histological comparison
were dehydrated and embedded using an automatic
closed tissue dehydrator (Donatello; Diapath, Marti-
nengo, Italy). A JB-P5 tissue-embedding machine
(Wuhan Junjie Electronics Co., Ltd., Wuhan, China)
was used for paraffin embedding at 70°C. The paraffin
blocks were cut into 4-mm-thick sections along the hori-
zontal axis using an RM 2016 microtome (Leica Instru-
ments Ltd., Wetzlar, Germany) and stained with
hematoxylin and eosin according to standard protocols.
The breast muscle was examined using a light micro-
scope (Axio Imager A2; Zeiss, Oberkochen, Germany).

Fiber diameter, cross-sectional area, and fiber density
were calculated using an image analysis system (Image-
Pro Plus; Media Cybernetics, Rockville, MD). The
diameter of the muscle fiber was measured using a
micrometer in a fluorescence imaging microscope (Olym-
pus, Tokyo, Japan), and the measurement was per-
formed under a field of view of 10 £ 40. Five visual fields
were randomly selected to measure the diameter of the
muscle fibers, and 20 muscle fibers were measured in
each visual field. A total of 100 muscle fibers were ran-
domly measured in this experiment, and the average
value was taken as the diameter of the muscle fiber. To
calculate muscle fiber density, 10 visual fields were ran-
domly selected, the number of muscle fibers in each
visual field (approximately 0.07 mm2) was counted
under a 10 £ 40 high-power field of view, and the aver-
age value was converted into the number of muscle fibers
in 1 mm2.
Oil Red O Staining

Breast tissues were embedded in OCT and cut into 10-
mm frozen sections in accordance with standard proce-
dures. The sections were stained with Oil Red O to
detect lipids in the breast tissues. Subsequently, the sec-
tions were dried, fixed in 4% PFA, dehydrated with
absolute propylene glycol, stained in prewarmed Oil Red
O solution (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China), treated with 85% propylene glycol
solution for differentiation, washed, and counterstained
with hematoxylin solution. The sections were photo-
graphed with a Nikon digital camera DS-U3 (Nikon,
Tokyo, Japan). The lipid droplet area was measured
using Image-Pro Plus. The relative percentage of lipid
droplet area was calculated according to the following
equation: Relative lipid droplet area (%) = lipid droplet
area/tissue area £ 100%.
Determination of Antioxidant Activities

Muscle tissue (0.5 g) was mixed with 4.50 mL saline,
then homogenized in an ice water bath by a
JXFSTPRP-I-02 fast homogenizer (Shanghai Jingxin
Co., Ltd., Shanghai, China) until no particles were visi-
ble in the homogenate solution (approximately 60 s).
The prepared homogenized solution was centrifuged at
3,000 rpm for 10 min at 4°C. The supernatant (10%
stock solution of muscle) was stored at �20°C for further
analysis. The tissue samples were evaluated for total
antioxidant capacity (T-AOC, cat. No. A015-2-1),
superoxide dismutase activity (SOD, cat. No. A001-1),
catalase (CAT, cat. No. A007-1-2), and glutathione
peroxidase activity (GSH-Px, cat. No. A005-1-2), as
described in a previous study (Luo et al., 2022b). The
triglyceride (TG) content was determined using the kits
produced by the Nanjing Institute of Biological Engi-
neering, and absorbance was measured at 450 nm with a
microplate reader (Elx808, Bio-Tek, Winooski, VT).
Total protein (TP, cat. No. A045-3-2) was determined
by the BCA method with a BCA kit (Vazyme, Nanjing,
China). The TG content was adjusted according to the
amount of protein in the sample, following the manufac-
turer’s instructions.
RNA Extraction and Library Construction

Total RNA was isolated using a TRIzol total RNA
extraction kit (TIANGEN, Cat.DP424), which yielded
>2 mg of total RNA per sample. RNA quality was exam-
ined using 0.8% agarose gel electrophoresis and spectro-
photometry. High-quality RNA with 260/280
absorbance ratio of 1.8 to 2.2 was used for Illumina
HiSeq library construction (Illumina, San Diego, CA),
according to the manufacturer’s instructions. Oligo-dT
primers were used to amplify mRNA to obtain cDNA
(APExBIO, cat. No. K1159) and to amplify cDNA for
the synthesis of the second chain of cDNA. Then, cDNA
products were purified using an AMPure XP system
(Beckman Coulter, Beverly, MA). Double-strand cDNA
was subjected to end repair. Adenosine was added to the
end and ligated to adapters. After library construction,
the library fragments were enriched by PCR amplifica-
tion and selected according to a fragment size of 350 to
550 bp. The quality of the library was assessed using an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA),
and the library was sequenced using an Illumina Nova-
Seq 6000 sequencing platform (paired end 150) to gener-
ate raw reads.
RNA-seq Data Analysis

Raw paired-end fastq reads were filtered using Trim-
Galore to discard adapters and low-quality bases using
the Cutadapt tool (Javorka et al., 2019). Clean reads
were aligned against the Anser cygnoides (Swan goose)
genome using HISAT2 (Kim et al., 2015), followed by
reference genome-guided transcriptome assembly and
gene expression quantification using StringTie (Pertea
et al., 2015). Differentially expressed genes (DEGs)
were identified using DEseq2 (for samples with replica-
tions) or edgeR (for samples with no replication) with a
cut-off value of log2|fold change| >1 and P-adjust <0.05
(Love et al., 2014). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG)



Table 1. Primer sequences for RT-PCR.

Gene name Nucleotide sequences (50!30) Tm (°C) Product size (bp)

GAPDH CGTTGCGTTATGTTGTGAAA
CCGACGGAAAGAACTTGGTA

60 280

ALDOA GTGCCAGGGCAAGTACACCC
GACAGGAGTGTCACACGGCG

60 165

GPX3 GGCGGAGGAATTCGGGAACC
CCGCATGTAGGCGACGATGT

60 172

METTL21C CCCGGGGCACTGGCTTTATC
AAGCCTGTTCCAGCGCCAAT

60 98

TRIM63 CACCCCATGTGCAAGGAGCA
CTTCGCAGTCCTTGTGGGCA

60 112

FABP3 AGGGCTATCAGGAGGCACCC
GAGAGAGAGCGAAACCGCCG

60 146

GATM GCTACGATGGGCCTCAGTGC
GTGTTCTGGGAGGCCGTAGC

60 156
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functional enrichment analyses of DEGs were performed
using ClusterProfiler (Robinson et al., 2010), and terms
with P < 0.05 were considered significant. Gene set
enrichment analysis (GSEA) was performed using the
clusterProfiler package (version 3.4.4) (Yu et al., 2012).
Validation of DEGs by Real-Time PCR

Real-time PCR was performed to validate the expres-
sion levels of DEGs. Six genes were selected for valida-
tion using specific primers designed using Primer
Premier 5.0 software (Table 1). The RNA samples were
used for both qPCR and RNA-seq. Reverse transcription
of mRNA to cDNA was performed using HiScript QRT
SuperMix for qPCR (+gDNA wiper) (R123-01;
Vazyme), according to the manufacturer’s instructions.
qPCR was conducted on the Archimed Quantitative
PCR Detection System using the PerfectStart Green
qPCR SuperMix Kit (AQ601; Transgen Biotech). The
relative expression levels of the genes were normalized to
that of GAPDH (internal control) and calculated using
the 2�ΔΔCt method (Livak and Schmittgen, 2001).
Comprehensive 2-Dimensional Gas
Chromatography/Time-of-Flight Mass
Spectrometry (GC £ GC/TOFMS) Analysis

Identification and quantification of metabolites was
performed using an Agilent 7890A GC device (Agi-
lent) and a Pegasus 4D TOF/MS mass spectrometer
(Leco Corporation, St. Joseph, MI). An Agilent DB-
WAX column (30 m £ 250 mm £ 0.25 mm) was used
for all analysis. The temperature program was as fol-
lows: 40°C for 3 min; 5°C/min to 250°C; 250°C for
5 min; helium (99.9999%) 1.0 mL/min. Injections
were made in splitless mode. A 2-dimensional column
was used (DB-17 MS; Agilent), with dimensions of
2 m £ 100 mm £ 0.10 mm, and an initial column
temperature of 255°C. The offset temperature of the
secondary GC oven was set at +5°C relative to the
temperature of the primary GC oven. Remaining set-
tings were as follows: modulation period: 6.0 s; inter-
face temperature: 270°C; ion source: 250°C; electron
impact: 70 eV; detector voltage: 1,680 V; acquisition
rate: 50 spectra/s; scan range: m/z 33 to 500; mass
spectral library: NIST.
GC-TOFMS analysis of 2 mL extracts was conducted.

Volatile components were detected based on the data
processing system of MassLynx V4.1 Chemical Worksta-
tion, Nist2008, and WILYL standard spectrum libraries,
and spectrum analyses from the related literature.
Quantitative analysis was conducted using the area nor-
malization method, and the relative percentage contents
of volatile components were obtained.
DATA ANALYSIS

Carcass traits, meat quality parameters, muscle char-
acteristics, and antioxidant capacity were analyzed
using an independent-sample t test in SPSS 16.0 soft-
ware. Differences in mean values were considered statis-
tically significant at P < 0.05. Pearson’s correlation test
was performed to determine the relationships between
important DEG and DMs. Metabolites with variable
importance in projection (VIP >1.0, P < 0.05) were
screened.
RESULTS

Growth Performance

The effects of crossbreeding on the growth perfor-
mance of the geese are shown in Table 2. The XG
goose is an indigenous breed with an average BW of
3,400 to 3,800 g; however, the F2 goose had a larger
body size and a fast growth rate, and its market
weight at 70 d of age was in the range of 3,700 to
4,300 g. Regardless of sex, the initial BW of F2 goose
was slightly higher than that of XG goose. However,
F2 goose had a lower FCR, higher relative growth
rate (RGR), and a 10% higher average final BW
compared with XG goose, indicating a better growth
performance.
Slaughter Performance

The effects of sex and crossbreeding on slaughter per-
formance at 70 d are shown in Table 3. The live BW,
slaughter weight, dressing percentage, semieviscerated



Table 2. Comparison of growth performance among the XG and F2 goose.

XG goose F2 goose

Age (d) BW (g) RGR (%) FCR BW (g) RGR (%) FCR P value

0 90.11 § 4.82 100.53 § 8.62 1.14 0.865
10 345.26 § 27.73 283.1 2.73 400.22 § 50.3 298.1 1.33 0.322
20 932.00 § 111.46a 169.9 1.24 1125 § 125.21b 181.1 3.28 0.045
30 1593.50 § 181.72a 70.98 3.04 1695.55 § 210.75b 50.72 3.12 0.048
40 2321.31 § 250.00a 45.67 3.49 2754.41 § 240.68b 62.45 4.30 0.031
50 3068.57 § 319.10a 32.19 4.18 3410.62 § 403.15b 23.82 4.80 0.025
60 3478.99 § 420.37a 13.37 4.23 3789.45 § 501.19b 11.11 3.75 0.000
70 3661.54 § 442.26a 5.25 4.63 4120.20 § 80.23b 8.73 3.11 0.001

Abbreviations: BW, body weight; FCR, feed conversion rate; F2 goose, ternary hybrid goose; RGR, relative growth rate; XG goose, Xingguo gray
goose.

Values with different superscript letters (a, b) within the same row per fixed effect (age of slaughter) differ significantly (P < 0.05); ns, not significant.
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yield, and eviscerated yield of F2 goose were significantly
higher (P < 0.05) than those of XG goose. There were no
significant differences in pectoral and leg muscle weights
between geese of different sexes. Notably, male geese
had higher (P < 0.05) live BW and slaughter weight
than female geese in both groups.
Chemical Composition

Moisture, protein, and IMF contents were analyzed
to compare the chemical composition of goose meat
among the different groups (Table 4). All determined
indices differed significantly among the groups. The
breast and thigh muscles of XG goose had signifi-
cantly lower (P < 0.01) moisture content and signifi-
cantly higher (P < 0.05) IMF and protein contents
Table 3. Comparison of slaughter performance between the XG and F

XG goose

Items Male (n = 15) Female (n = 15) M

Live body weight (kg) 4.06 § 0.28A 3.26 § 0.30B 4
Slaughter weight (kg) 3.46 § 0.23A 2.78 § 0.12B 3
Dressing-out percentage (%) 85.06 § 1.87a 85.18 § 1.17a 86
Semieviscerated yield (%) 78.06 § 1.93a 76.57 § 2.41a 78
Eviscerated yield (%) 68.84 § 1.43a 67.83 § 0.03a 70
Breast yield (%) 12.17 § 0.56 12.72 § 1.25 12
Thigh yield (%) 13.35 § 1.52 13.41 § 0.88 14
Abdominal fat yield (%) 2.77 § 0.65a 3.55 § 1.21a 2

Abbreviations: F2 goose, ternary hybrid goose; XG goose, Xingguo gray goo
a,bRows marked with different superscript letters differ significantly between
A−DRows marked with different superscript letters differ extremely significan

Table 4. Chemical composition in breast and thigh muscle from XG a

XG goose

Items Male (n = 6) Female (n = 6) Male

Breast Moisture 71.90 § 0.50A 72.30 § 0.34B 73.90
CP 18.93 § 0.20A 18.77 § 0.23B 18.10
CF 2.40 § 0.12A 2.22 § 0.10B 2.21

Thigh Moisture 71.52 § 0.61A 71.83 § 0.33A 73.50
CP 19.47 § 0.25A 18.890 § 0.214B 18.55
CF 2.80 § 0.21A 2.72 § 0.12A 2.70

Abbreviations: CF, crude fat; CP, crude protein; F2 goose, ternary hybrid go
A−DRows marked with different superscript letters differ extremely significan
than those of F2 goose. The crude protein and crude
fat contents of the breast muscle of male goose were
higher (P < 0.05) than those of female goose, whereas
the moisture content of the breast muscle of male
goose was lower (P < 0.05) than that of female goose.
The crude protein content of the thigh muscle of
male goose was higher (P < 0.05) than that of female
goose.
Muscle Characteristics

Oil Red O staining was used to observe the concentra-
tion of lipid droplets in pectoral muscle sections of the
XG and F2 goose. The distribution area of lipid droplets
in the breast muscle of XG goose was significantly higher
(P < 0.01) than that of F2 goose (Table 5 and Figure 1).
2 goose.

F2 goose P value

ale (n = 15) Female (n = 15) Breed (B) Sex (S) B*S

.44 § 0.32C 3.82 § 0.47D 0.000 0.000 0.360

.84 § 0.33C 3.23 § 0.87D 0.000 0.000 0.655

.44 § 1.95b 87.08 § 3.60b 0.031 0.602 0.721

.79 § 2.11b 80.14 § 2.92b 0.006 0.929 0.063

.61 § 2.12b 71.37 § 0.01b 0.004 0.662 0.174

.73 § 1.47 12.28 § 1.21 0.738 0.058 0.340

.15 § 1.66 13.23 § 0.68 0.464 0.310 0.256

.61 § 0.87b 2.51 § 1.22b 0.047 0.245 0.140

se.
groups.
tly between groups. ns, not significant.

nd F2 geese.

F2 goose P value

(n = 6) Female (n = 6) Breed (B) Sex (S) B*S

§ 0.31C 74.70 § 0.23D 0.000 0.005 0.293
§ 0.13C 17.37 § 0.30D 0.000 0.000 0.294
§ 0.12B 1.62 § 0.13C 0.000 0.000 0.200
§ 0.32B 74.31 § 0.10B 0.000 0.062 0.262
§ 0.16C 17.78 § 0.372D 0.000 0.000 0.473
§ 0.13A 2.43 § 0.11B 0.001 0.002 0.086

ose; XG goose, Xingguo gray goose.
tly between groups. ns, not significant.



Figure 1. Oil red O stained of pectoral muscle of Xingguo gray (XG) goose and its ternary hybrid (F2 goose); Scale bars, 100 mm; magnification:
200£.

Table 5. Comparison of lipid droplets in the breast muscles of XG and F2 goose.

Items

XG goose F2 goose P value

Male (n = 6) Female (n = 6) Male (n = 6) Female (n = 6) Breed (B) Sex (S) B*S

Lipid drops area 17.03 § 6.32A 16.32 § 7.12A 9.55 § 4.23B 8.68 § 3.84B 0.000 0.147 0.632

Abbreviations: F2 goose, ternary hybrid goose; XG goose, Xingguo gray goose.
A,BRows marked with different superscript letters differ extremely significantly between groups. ns, not significant.
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The muscle fiber characteristics of the breast muscle
were not significantly affected by crossbreeding (Table 6
and Figure 2). However, sex had a significant influence
on the characteristics of the breast muscle, with the mus-
cle fiber diameter and muscle cross-sectional area signifi-
cantly higher (P < 0.05) in male than in female goose.
Biochemical Indices

The effects of sex and crossbreeding on the antioxida-
tive capacity of goose muscle are shown in Table 7.
Regardless of sex, the TG, GSH-Px, and T-AOC levels
of breast and thigh muscles from XG goose were higher
(P < 0.05) compared with those of F2 goose. The sex sig-
nificantly affected the TG, GSH-Px, and SOD levels of
XG goose and F2 goose. The breast and thigh meat from
Table 6. Muscle fiber characteristics of breast muscle in XG and F2 ge

XG goose

Items Male (n = 6) Female (n = 6)

Muscle fiber diameter (mm) 0.025 § 0.006A 0.021 § 0.006B

Muscle fiber density (n/mm2, £ 103) 1.386 § 0.460 1.423 § 0.345
Cross-sectional area (mm2, £ 10�3) 0.615 § 0.200 0.494 § 0.202

Abbreviations: F2 goose, ternary hybrid goose; XG goose, Xingguo gray goo
A−DRows marked with different letters differ extremely significantly between

Figure 2. Hematoxylin and eosin (H&E)-stained breast muscle tissue s
Scale bars, 50 mm; magnification: 400£.
the male goose had a higher (P < 0.05) TG, GSH-Px,
and SOD levels. The breast and thigh meat from the
male XG goose had a higher (P < 0.05) T-AOC level,
and breast meat from the male F2 goose had a higher
(P < 0.05) T-AOC level. However, the CAT activities of
breast and thigh muscles were not significantly affected
(P > 0.05) by sex or crossbreeding.
RNA Sequencing of Breast Muscle Tissue
and Data Analysis

Differential expression analysis identified 492, 297,
323, and 534 DEGs in the 4 comparison groups: XG-
M vs. XG-F, F2-M vs. F2-F, XG-M vs. F2-M, and
XG-F vs. F2-F, respectively. Overall, 294 upregulated
and 198 downregulated DEGs were identified in the
ese.

F2 goose P value

Male (n = 6) Female (n = 6) Breed (B) Sex (S) B*S

0.028 § 0.004A 0.023 § 0.004B 0.021 0.012 0.664
1.369 § 0.489 1.461 § 0.462 0.911 0.471 0.767
0.708 § 0.279 0.587 § 0.224 0.045 0.010 1

se.
groups. ns, not significant.

ections of Xingguo gray (XG) goose and its ternary hybrid (F2 goose);



Table 7. Biochemical indices of muscle in XG and F2 geese.

XG goose F2 goose P value

Items Male (n = 6) Female (n = 6) Male (n = 6) Female (n = 6) Breed (B) Sex (S) B*S

Breast TG 4.55 § 0.45a 4.17 § 0.59b 3.96 § 0.83c 3.82 § 0.30d 0.012 0.038 0.678
T-AOC 24.99 § 1.46a 21.22 § 0.84b 19.28 § 1.32 20.61 § 1.64 0.001 0.097 0.003
CAT 166.83 § 11.38 150.97 § 6.99 160.52 § 4.63 160.52 § 13.23 0.743 0.127 0.127
GSH-Px 327.96 § 13.17a 304.13 § 20.58b 267.4 § 14.01c 236.63 § 21.49d 0.000 0.011 0.738
SOD 331.37 § 55.38a 312.57 § 48.37b 254.74 § 26.43c 236.22 § 32.32d 0.004 0.042 0.995

Thigh TG 5.16 § 0.44a 4.79 § 0.64b 4.61 § 0.82b 4.25 § 0.28c 0.008 0.037 0.970
T-AOC 25.81 § 1.85a 22.4 § 2.64b 19.47 § 1.10c 22.07 § 2.03b 0.006 0.687 0.010
CAT 168.55 § 7.42 152.88 § 6.15 160.14 § 5.46 161.1 § 13.89 0.983 0.124 0.086
GSH-Px 339.52 § 18.63a 301.99 § 22.1b 277.85 § 25.76c 245.47 § 14.34d 0.000 0.008 0.236
SOD 331.64 § 59.93a 253.6 § 31.73b 315.27 § 34.87a 246.93 § 18.64b 0.568 0.003 0.809

Abbreviations: F2 goose: ternary hybrid goose; XG goose, Xingguo gray goose.
a−dRows marked with different superscript letters differ significantly between groups.
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XG-M vs. XG-F group; 149 upregulated and 148
downregulated DEGs in the F2-M vs. F2-F group;
190 upregulated and 133 downregulated DEGs in the
XG-M vs. F2-M group; and 281 upregulated and 253
downregulated DEGs in the XG-F vs. F2-F group.
The top 10 up- and downregulated genes are shown
in Figure 3.

KEGG pathway analysis of DEGs in the 4 comparison
groups was performed, and the top 10 significantly
enriched pathways in each group are shown in Figure 4.
The important enriched pathways include glycine, serine,
Figure 3. Heatmap of top 20 differentially expressed genes in breast m
used to represent downregulated DEGs (blue), upregulated DEGs (red). Th
vs. F2-F, (B) XG-M vs. F2-M, (C) F2-M vs. F2-F, and (D) XG-M vs. XG-F
and threoninemetabolism, the calcium signaling pathway,
oxidative phosphorylation, and pyruvatemetabolism.
Validation DEGs by qRT-PCR

To verify the reliability of the transcriptome data,
DEGs related to growth performance and muscle devel-
opment were selected for qRT-PCR analysis. The qRT-
PCR data were consistent with the RNA-seq data, con-
firming the validity of the transcriptome data (Figure 5).
uscle tissue from XG and its ternary hybrid (F2). Different colors were
e color scale indicates fold changes (log10) in gene expression. (A) XG-F
groups. M: male; F: female.



Figure 4. Top 20 significantly enriched KEGG pathways by differentially expressed genes (DEGs). (A) XG-F vs. F2-F, (B) XG-M vs. F2-M,
(C) F2-M vs. F2-F, and (D) XG-M vs. XG-F groups. M: male; F: female.

Figure 5. Validation of transcriptome data using quantitative real-time-PCR. Gene expression level was calculated using the 2�DDCt method,
and different letters indicate significant difference at P < 0.05.
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Figure 6. Heatmap of top 20 differentially accumulated metabolites (DAMs) in breast muscle samples from Xingguo gray (XG) goose and its
ternary hybrid (F2). (A) DAMs in XG-F vs. F2-F, (B) XG-M vs. F2-M, (C) XG-M vs. XG-F, and (D) F2-M vs. F2-F groups. M: male; F: female.
The heatmaps are drawn according to the metabolomics data. Columns and rows in the heatmap represent samples and metabolites, respectively.
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Differentially Accumulated Metabolites
(DAMs) in Breast Muscle From XG and F2

Geese

Annotated flavor compounds in breast muscle sam-
ples from XG and F2 goose were detected by GC £ GC-
TOFMS. A total of 38, 43, 28, and 32 DAMs were
detected in the XG-F vs. F2-F, XG-M vs. F2-M, XG-F
vs. XG-M, and F2-F vs. F2-M groups, respectively
(Figure 6). Some of the most significant metabolites
were short-chain fatty acids (SCFAs), including penta-
noic acid,
3-methyl-, ethyl ester, propanoic acid, 2-methoxy-, vinyl
butyrate, and cyanoacetic acid. KEGG pathway enrich-
ment analysis was performed to elucidate the biological
functions of the metabolites. However, several metabo-
lites were not enriched in the KEGG pathway. The can-
didate biomarkers were enriched across different
metabolic pathways, including serine and threonine
metabolism (2-ketobutyric acid), propionate metabo-
lism (2-ketobutyric acid), glycolysis/gluconeogenesis
(L-glutamic acid), and pyruvate metabolism (lactic
acid).
Integrated Analysis of the Breast Muscle
Transcriptome and Metabolome Data

Based on Pearson’s correlation analysis, a clustering
correlation heatmap was generated to illustrate the
relationships between DAMs and DEGs (Figure 7).
2-Ketobutyric acid was significantly positively corre-
lated with GATM and was negatively correlated with
ALAS1 and LOC106036048. L-lactic acid was signifi-
cantly positively correlated with PGM2, GATM,
GAMT, P2RX5, LOC106030553, LOC106039326, and
LOC106039360 (CARNMT1) and negatively correlated
with ALDOA, LOC106049487 (GPX1), EGF, and
PGAM1. L-glutamic acid was significantly positively
correlated with EGF and LOC106049487 (GPX1), and
negatively correlated with P2RX5.
DISCUSSION

In the present study, we examined the effect of cross-
breeding and sex on growth performance and meat qual-
ity of XG goose. Crossbreeding (XG £ ST £ YZ)
significantly (P < 0.05) improved the BW and growth
rate of geese. Additionally, early growth rate and final
BW were significantly higher in F2 goose than in native
XG goose, indicating that F2 goose had better growth
performance than XG goose. This conforms to previous
reports that crossbreeding can improve the growth per-
formance of indigenous breeds (Heo et al., 2015; Sung-
khapreecha et al., 2022). Furthermore, the effects of sex
and crossbreeding on slaughter performance at 70 d
were examined. F2 goose had significantly higher (P <
0.01) live BW, slaughter weight, dressing-out percent-
age, semieviscerated yield, and eviscerated yield than



Figure 7. Heatmaps showing the correlations between differentially accumulated metabolites (DAMs) and differentially expressed genes
(DEGs). (A) Correlations between DAMs and DEGs in XG-F vs. F2-F; (B) XG-M vs. F2-M; (C) XG-M vs. XG-F groups. Each row in the figure rep-
resents 1 DAM and each column represents 1 DEG. The colors red and blue represent positive and negative correlations, respectively, and the depth
of the color indicates correlation strength. * 0.01 < P< 0.05; **P< 0.01.
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XG goose, indicating that F2 goose had relatively higher
meat yield and was therefore preferable for intensive
meat production. Similarly, previous studies have shown
that crossbreeding significantly increased dressing-out
percentage and slaughter and carcass weights in Czech
goose, and that these effects were genotype- and sex-
dependent (Uhlirova et al., 2018, 2019).

The chemical composition of goose meat is mainly
affected by age and sex. IMF is often recognized as a key
quality factor because of its positive correlation with
tenderness, juiciness, and flavor (Madeira et al., 2013).
Interestingly, geese in the XG group had higher breast
and thigh muscle fat contents than those in the F2
group, which may increase the flavor of the meat.

Poultry breast meat is highly susceptible to oxidation
owing to its relatively high unsaturated fatty acid con-
tent, leading to a higher risk of rancidity in muscle tis-
sues in stored and processed meat products (Pecjak et
al., 2022). The body is equipped with an antioxidant sys-
tem, which scavenges free radicals; however, low antioxi-
dant capacity promotes oxidative stress-induced lipid
peroxidation and tissue damage (Akinyemi and Ade-
wole, 2022). T-AOC, SOD, GSH-PX, CAT, and MDA
are important indicators of the antioxidant capacity of
the body, and T-AOC represents the antioxidant
defense capacity of the muscle (Dou et al., 2022; Luo et
al., 2022b). SOD is an important antioxidant enzyme in
animals and its activity indirectly reflects the ability of
the body to prevent muscle lipid oxidation, which in
meats used for human consumption affects quality and
shelf life (Wang et al., 2017; Chen et al., 2019). GSH-PX
protects cell membranes from damage by specifically
catalyzing the reduction of peroxides through reduced
glutathione content (Muhlisin et al., 2016; Luo et al.,
2022b). In the present study, crossbreeding decreased
the GSH-Px activity and T-AOC of the breast and thigh
muscles of geese, which was consistent with previous
findings (Surai et al., 2019; Mahmoudi et al., 2022).
Muscle fiber characteristics strongly influence meat

quality because skeletal muscle mainly consists of muscle
fibers, which can be characterized by morphological
traits, contractile properties, and metabolic properties
(Lee et al., 2010). In the present study, the muscle fiber
characteristics of the breast muscle were not affected by
crossbreeding. However, sex significantly affected the
characteristics of the breast muscle, with male goose
having significantly higher muscle fiber diameter and
cross-sectional area than female goose. This was consis-
tent with previous findings (Kucharska-Gaca et al.,
2022) and indicates that meat from female goose may be
more tender than that from male goose.
Furthermore, transcriptome and metabolome analy-

ses were performed to elucidate the potential mecha-
nisms of muscle development in XG and hybrid goose.
Correlation analysis was performed to investigate the
relationship between changes in gene expression in
response to crossbreeding or sex and changes and the
metabolic profile of goose meat. The analysis of DEGs
and DAMs at various stages of muscle development
revealed significant changes in energy metabolism.
METTL21C acts as a skeletal muscle-specific lysine

methyltransferase that promotes myoblast
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differentiation and inhibits muscle atrophy (Wiederstein
et al., 2018). Recent studies have found that
METTL21C promotes the development and differentia-
tion of skeletal muscle in poultry (Huang et al., 2014;
Wang et al., 2022). In the present study, METTL21C
was upregulated in the breast muscle of F2 goose, and its
expression in the breast muscle was positively correlated
with final live BW, breast muscle weight, and muscle
fiber diameter. Based on these findings, we hypothesize
that METTL21C is a vital growth-promoting gene in
geese. TRIM63 is essential for controlling muscle atro-
phy (Taillandier and Polge, 2019), and its upregulation
is often associated with the loss of muscle mass, espe-
cially in the presence of muscle or nutrient deficiencies
(Ayuso et al., 2015). In the present study, TRIM63
expression in the breast muscle was negatively related to
final live weight, breast muscle weight, and muscle fiber
diameter, indicating that the TRIM63 gene may act as a
negative regulator of muscle growth and development.

IMF is a mixture of several lipids, including TG, phos-
pholipid (PLIP), and total cholesterol (TCHO), which
play an important role in determining the flavor, tender-
ness, and water-holding capacity of meat (Luo et al.,
2022a). Some of these gene products may participate in
lipid metabolism and the conversion of carotenoids. For
example, the expression of the PPARa gene was signifi-
cantly reduced in the breast muscle of male XG goose.
PPARa regulates lipid transport and metabolism
through the peroxisome fatty acid b-oxidation pathway
(Aoyama et al., 1998). It has been found that PPARa
plays a key role in fat accumulation and binding (Abdel-
megeed et al., 2011). Therefore, we hypothesize that
PPARa is involved in regulating abdominal fat deposi-
tion.

ALDOA is a glycolysis enzyme that has been shown to
be negatively correlated with brightness (L*) of flesh col-
ors and may be used as a marker for different meat
regions or colors (Wiederstein et al., 2018). ALDOA has
been reported to be associated with tenderness and IMF
content (Kim et al., 2019). The GPX family is a group of
important antioxidant enzymes in the animal body, and
glutathione peroxidase 1 (GPX1) is highly sensitive to
oxidative stress in the body. Several studies have shown
that GPX1 overexpression can protect cells from perox-
ide-induced damage and hydrogen peroxide-induced
apoptosis (Lubos et al., 2007). The GPX1 gene has been
reported to be involved in IMF deposition by regulating
pyruvate and citric acid metabolism (Luo et al., 2022a).
In the present study, a positive correlation was observed
between ALDOA, GPX1, and fat content and TG con-
tent, and a negative correlation was observed between
ALDOA and GPX1 and L-lactic acid content in muscle
tissues. L-lactic acid, an intermediate product of pyru-
vate metabolism in animals, plays an important role in
glycolysis and gluconeogenesis of the muscle, and its con-
tent is the main factor affecting the pH value of meat
(Gonzalez-Rivas et al., 2020). Moreover, previous stud-
ies have indicated that sodium pyruvate supplementa-
tion enhances fat loss by increasing the activity of
enzymes related to lipid catabolism and hormone levels,
and promotes muscle growth by promoting protein
deposition (Chen et al., 2011; Zhao et al., 2017). Those
results showed that IMF deposition in geese was nega-
tively associated with pyruvate and lactic acid metabo-
lism.
Along with excessive fat deposition, poor meat quality

has attracted increasing consumer concern, and protein
synthesis is an important determinant of meat quality
and yield in poultry. Glycine amidinotransferase
(GATM) is the rate-limiting enzyme in creatine pro-
duction, which plays an important role in muscle energy
metabolism and defense against diet-induced obesity
(Sandell et al., 2003; Kazak et al., 2017; Li et al., 2018).
Mutation or knockout of GATM can affect creatine bio-
synthesis, leading to developmental delays (Battini et
al., 2002; Nouioua et al., 2013; Snow, 2013; Stockebrand
et al., 2016). Creatine is one of the most important nitro-
gen-containing compounds involved in protein and
energy metabolism (Navratil et al., 2010). Creatine sup-
plementation has been shown to increase muscle mass
and protein synthesis in primary myotubes (Vanden-
berghe et al., 1997; Young et al., 2007). In the present
study, GATM expression was positively correlated with
final live BW and breast muscle weight, and metabolo-
mic analysis showed that the accumulation of 2-ketobu-
tyric acid and lactic acid was positively related with
GATM expression. 2-Ketobutyric acid is an intermedi-
ate product of cysteine and methionine metabolism in
animals, and is related to protein deposition and
improves the growth performance of animals (Lesner et
al., 2020). In ovo methionine injection has been reported
to increase the relative weight of the pectoral muscle as
well as Myf-5 and MSTN expression in the breast muscle
of geese at hatching (Dang et al., 2022a,b). Moreover,
L-methionine was more abundant in a low IMF content
group (L_IMF) than in a high IMF content group
(H_IMF) in sheep (Zhang et al., 2022). The results of
the present study indicate that GATM gene can increase
breast muscle yield and goose muscle growth.
In summary, we elucidated the effect and mechanisms

of crossbreeding and sex on carcass characteristics and
meat quality in XG goose. Sex and crossbreeding
affected carcass characteristics, muscle fiber diameter,
and muscle biochemical indices in this goose breed. The
meat of both XG and F2 goose exhibited good physical
and chemical properties; however, F2 goose had larger
carcass weight. Transcriptome analysis revealed that
METTL21C is a vital growth-promoting gene and that
TRIM63 may act as a negative regulator of muscle
growth and development. An integrated transcriptome
and metabolome analysis revealed that ALDOA and
GPX1 promoted IMF accumulation by positively regu-
lating pyruvate and lactic acid synthesis, and that
2-ketobutyric acid and L-lactic acid metabolism path-
ways may be key pathways associated with goose muscle
development. These findings provide novel insights and
data supporting the molecular regulatory network of
IMF and muscle growth and development.
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