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Integrated transcriptomic analysis unveils
molecular mechanisms regulating meat
quality in newly improved black
goat breeds

Check for updates

Yong Long1,2, Naifeng Zhang3, Yanliang Bi3, Tao Ma3, Pramote Paengkoum2, Wen Xiao4, Yanpin Zhao4,
Chao Yuan4, Defeng Wang4, Yang Yang4, Chaozhi Su4 & Yong Han1,4

This study aimed to integrate transcriptomes to reveal the regulatory molecular mechanisms of meat
quality in different black goat breeds. A comparison of Guizhou Black Goats (GBG♂, n = 7), Black
Nubian Goats (NBG♂, n = 7), and their F1 hybrids (FBG♂, GB♀ × NB♂, n = 7) revealed that the FBG
demonstrated notable improvements in meat quality parameters, muscle fiber traits, fatty acid and
amino acid compositions, mineral content, intramuscular fat (IMF), and inosine monophosphate (IMP)
levels. Moreover, transcriptome analysis identified 119, 77, and 82 differentially expressed genes
(DEGs) in the GBG vs NBG, FBG vs GBG, and FBG vs NBG comparisons, respectively. Among these,
111, 74, and 82 DEGs were associated with IMF deposition, and 61, 34, and 32 DEGs were linked to
IMP deposition, respectively. Of particular note, the analysis pinpointed key genes related to IMF
(PFKM and FZD4) and IMP (AMPD3, ENPP1, ENTPD1, ENTPD8, and PRPS2), laying a solid data
groundwork for future research aimed at enhancing the meat quality of black goats.

Goats (Capra hircus) are among the earliest domesticated animals, with a
history exceeding 10,000 years. China currently maintains around 60
indigenous breeds, each with unique characteristics1. Guizhou black goat
(GBG) is one of the three typical goat breeds in Guizhou. It is a Chinese
national geographical indication of specialty agricultural products and has
been included in the list of local fine breeds protected in Guizhou province2.
The unique ecological environment of the karst landscape andharsh natural
selection have made GBG cold-resistant and tolerant to roughage, with
strong walking ability, strong stress resistance, and excellent survival skills.
Additionally, GBG is renowned for its tender meat, low cholesterol, lower
odor, and good gregariousness. So far, the annual stock of GBG is
~500,0003,4.However,GBG faces issues such as small size, slow growth, high
fattening costs, and low slaughter rates, which significantly hinder the high-
quality development of the GBG industry5. Therefore, the question of how
to carry out GBG breeding and improvement to enhance growth perfor-
mance, meat quality, and economic returns remains one of our most
pressing concerns.

At present, the primary approach to improving goat breeding in China
involves introducing excellent foreign breeds and hybridizing them with

local breeds, followed by selection and breeding to ultimately cultivate new
meat-producing goat breeds with superior performance6. In an effort to
improve and breedGBG, It was concluded byMin et al.7 that a high-quality
hybrid goat breed (BKF4) was developed through four generations of
progressive crossbreeding between GBG and South African Kalahari goats
(SKG). The BKF4 exhibited higher lambing rates, daily weight gains, adult
weights, and slaughter rates thanGBG.However, the overallmeat quality of
BKF4 was intermediate between that of SK and GB. Moreover, KBF4 has
greatly improved the production efficiency, tenderness, juiciness, and che-
mical composition of the meat. The amino acid and fatty acid composition
were more similar to those of SK7. However, the excessive focus on hybri-
dization in early breeding efforts, coupled with the neglect of selective
breeding, led to significant issues of disordered hybridization and even
posed a threat to the conservation of local genetic resources. In response to
these issues, Guizhou has recently introduced the excellent Nubian goat
breed, known for its goodmeat production, fast growth, and large size. As a
result, hybridization using Nubian goats (NBG) as sires and GBG as dams
has proven to be an effective method for improving the meat production,
daily weight gain, reproductive rate, and growth rate of GBG2,4.
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Over the years, the hybridization and improvement of NBG and GBG
have yielded positive results in body size, growth performance, and other
traits. However, there are few reports on the tenderness and flavor of GBG
meat after hybridization, and opinions differ on the mechanisms by which
hybridization affects meat quality. The question of whether hybridizing
GBG andNBG can improve themeat quality of the new generation of GBG
is somethingwe are eager to answer.Wehypothesize that hybridizationmay
influence meat quality to varying degrees by regulating the expression of
genes involved in multiple pathways related to GBG meat tenderness and
flavor. Therefore, this study focused on GBG, NBG, and their first-
generation hybrid black goat (FBG) as research subjects, conducting
intensive fattening and comparing the differences in nutritional compo-
nents, intramuscular fat (IMF), inosine monophosphate (IMP), amino
acids, fatty acids, trace elements, and muscle fiber characteristics of the
Longissimus thoracis et lumborum (LTL). Additionally, we conducted
transcriptome sequencing analysis on theLTL to explore the expression and
mechanism of candidate genes related to IMF and IMP, key indicators for
evaluating meat quality. The primary objective is to provide a more com-
prehensive and valuable data foundation that supports the improvement of
meat quality in the FBG (Guiyu black goat).

Results
Differences in meat quality parameters of different black
goat breeds
The pH45min values of FBG and NBG groups were significantly higher
(P < 0.05) than those of the GBG group. However, the a*, L*, and b* values
of the GBG group were significantly higher (P < 0.01) than the NBG group,
while the a*, L*, and b* values of the FBGgroupwere between theGBGand
NBG groups. Moreover, the Warner-Bratzler shear force (WBSF) of the
FBG group was significantly lower (P < 0.05) than that of the GBG group
and showed no statistical significance (P > 0.05) with the NBG group.
Interestingly, the cooking loss of the GBG group was significantly higher
(P < 0.05) than that of the other two groups. (Table 1).

Differences in nutritional and mineral composition of different
black goat breeds
The content of Ash in the GBG group was significantly higher (P < 0.05)
than in theNBGgroup. In the analysis ofmineral composition (Table 2), the
content of Fe in the GBG group was significantly higher (P < 0.01) than in
the other two groups. In comparison, the Zn content in the GBG groupwas
significantly higher (P < 0.01) than that in theNBGgroup. Furthermore, the
content of Mn in the NBG group was significantly higher (P < 0.01) than

that in the GBG group. Notably, the Cu content in the NBG group was
significantly higher (P < 0.05) than in the other two groups.

Differences in fiber properties and IMF parameters of different
black goat breeds
The muscle fiber parameters are shown in Table 3 and Fig. 1A. It could be
concluded that the muscle fiber number in the NBG and FBG groups was
significantly higher (P < 0.01) than that of the GBG group. Moreover, the
total muscle fiber area of the FBG group was significantly higher (P < 0.01)
than that of the GBG and NBG groups. Interestingly, the muscle fiber
diameter in the GBG group was significantly higher (P < 0.05) than that in
the NBG and FBG groups. Among intramuscular fat parameters, the IMF
area,MT area, and IMF/MT ratio were significantly higher (P < 0.01) in the

Table 1 | Differences in LTL meat quality parameters among
different black goat breeds

Items Groups SEM P-value

GBG NBG FBG

pH45min 5.95b 6.20a 6.20a 0.05 0.036

pH24h 5.80 5.93 5.92 0.04 0.406

ΔpH 0.15 0.27 0.28 0.04 0.388

L* 36.10a 28.34c 31.70b 1.15 <0.01

a* 11.04a 8.32b 11.14a 0.49 <0.01

b* 11.40a 7.62b 9.53a, b 0.61 <0.01

WBSF, N 47.02a 44.89a, b 41.70b 0.95 0.036

Cooking
loss, %

38.35a 34.77b 34.65b 0.76 0.046

ΔpH = pH45min - pH24h; L*, lightness; a*, redness; b*, yellowness;WBSFWarner-Bratzler shear
force.
Different letters in thesame row (e.g., a, bandc) indicate significant (P<0.05) or extremelysignificant
(P < 0.01) differences. Please refer to the p values provided in each table for detailed information.
SEM, standard error of the mean.

Table 2 | Differences in the nutritional mineral composition of
LTL in different black goat breeds

Items Groups SEM P value

GBG NBG FBG

Nutritional composition, %

Moisture content 68.14 71.23 70.23 1.23 0.572

CP 20.15 18.78 19.27 0.35 0.315

Ash 4.24a 3.62b 3.92a, b 0.16 0.017

Mineral composition, mg/kg

Fe 75.40a 52.22c 60.87b 3.39 <0.01

Mn 0.99b 1.49a 1.61a 0.10 <0.01

Cu 2.98b 4.24a 3.32b 0.23 0.027

Zn 144.23a 126.3-
1b

145.71a 3.47 <0.01

Se 0.10 0.11 0.12 0.00 0.149

Different letters in thesame row (e.g., a, bandc) indicate significant (P<0.05) or extremelysignificant
(P < 0.01) differences. Please refer to the p values provided in each table for detailed information.
SEM, standard error of the mean.

Table 3 | Differences in LTL muscle fiber and IMF parameters
among different black goat breeds (Observed at 200 times the
field of view)

Items Groups SEM P value

GBG NBG FBG

Muscle fiber parameters

Muscle fiber
number

155.1-
1b

200.00a 212.22a 11.-
14

<0.01

Muscle fiber
diameter (mm)

0.08a 0.06b 0.06b 0.00 0.012

Total muscle
fiber area (mm2)

0.35b 0.33b 0.40a 0.01 <0.01

Muscle fiber
density
(number/mm²)

464.99 600.91 548.08 35.-
28

0.295

Intramuscular fat parameters

IMF 5.67c 9.67a 7.60b 0.59 <0.01

IMF area (mm2) 7.64c 32.80a 16.77b 1.78 <0.01

MT area (cm2) 23.38b 37.27a 32.39a 2.19 <0.01

IMF/MT (%) 0.32b 0.88a 0.53b 0.09 <0.01

IMF intramuscular fat,MT muscle tissue, IMF/MT intramuscular fat/muscle tissue.
Different letters in thesame row (e.g., a, bandc) indicate significant (P<0.05) or extremelysignificant
(P < 0.01) differences. Please refer to the p values provided in each table for detailed information.
SEM, standard error of the mean.
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NBG group than in the GBG group, with FBG values falling in between
(Table 3, Fig. 1B).

Differences in fatty acid profiles of different black goat breeds
It could be concluded from Table 4 that C10:0 and C12:0 in the GBG and
FBG groups were significantly higher (P < 0.01) than those in the NBG
group. Interestingly, the contents of C16:0, C16:1, C17:1, and C18:0 in FBG
LTL were significantly increased (P < 0.01) by hybridization technology.
Similarly, the AI and TI indices of the FBG group were also significantly
higher (P < 0.05) than those of the GBG group. Notably, compared with the
GBG group, the contents of SFA,MUFA, DFA, andUFA in the FBG group
were significantly increased (P < 0.01). Unexpectedly, the Σn-6 value in the
FBG group was significantly higher (P < 0.01) than that in the NBG group.
The ratio of PUFA/SFA in the GBG group was significantly higher
(P < 0.05) than that in the FBG group.

Differences in amino acid profile of different black goat breeds
Compared with the GBG group, the hybridization of GBG and NBG sig-
nificantly increased (P < 0.05) the contents of Leu, Phe, and Arg in the
muscle.However, the improvement effect of Lys,Met, Ile, andArgwasmore
obvious (P < 0.01). Moreover, the contents of EAA, FAA, and BCAA in the
FBG groupwas significantly higher (P < 0.05) than those in the GBG group.
Similarly, the TAA and DAA contents in the FBG group were also sig-
nificantly higher (P < 0.01) than those in the GBG group. Finally, the
EAA/TAAcontent in the FBGgroupwas also significantly higher (P < 0.05)
than that in the GBG group. (Table 5).

Differences in IMP and decomposition products (hypoxanthine,
inosine, AMP, and ADP) of different black goat breeds
The contents of IMP and ADP in the NBG group were significantly higher
(P < 0.05) than those in the GBG group. Furthermore, the Hypoxanthine
content in the NBG and GBG groups was significantly higher (P < 0.05)
than in the FBG group. (Table 6).

Differences in transcriptome analysis of different black
goat breeds
Through transcriptome sequencing, a total of 199,271,617 raw reads were
obtained from all samples. After the quality check of the raw data,
195,589,610 clean reads were obtained, with GC content ranging from
48.63% to 52.60%, Q20 and Q30 values exceeding 97.24% and 92.56%,
respectively, and an error rate of only 0.02–0.03 (Supplementary Table 1). A
comparison of clean reads with the transcriptome reference sequence
assembled by Trinity revealed that the alignment rate of each sample
exceeded 75%, ranging from 76.96% to 78.23% (Supplementary Table 2).

In the Venn diagram (Supplementary Fig. 1), 51794, 54125, and 58512
geneswere identified in theGBG,NBG, andFBGgroups, respectively. From
the cluster heatmap, we observed that among all the genes identified in the
three breeds of black goats, many genes exhibited significant differences
(Fig. 2A). In addition, Principal component analysis (PCA) (Fig. 2B)
showed that the contribution rate of differences between groups was rela-
tively large, indicating that the differences in genes between groups were
significant. 1255 unique DEGs were identified in GBG vs NBG. Moreover,
217 DEGs were shared with FBG vs GBG, and 152 DEGs shared with FBG
vs NBG were identified in GBG vs NBG. 663 and 640 unique DEGs were
identified in FBG vs GBG and FBG vs NBG, respectively (Fig. 2C). Among
the DEGs, FBG vs GBG (Supplementary Data 1) had 723 genes that were
upregulated and 506 genes that were downregulated. FBG vs NBG (Sup-
plementaryData 2) had 789 genes that were upregulated and 352 genes that
were downregulated, GBG vsNBG (SupplementaryData 3) had 1002 genes
that were upregulated and 627 genes were downregulated (Fig. 2D, E).

In Gene Function Classification (Fig. 2F), DEGs weremainly enriched
in cellular process andmetabolic process at the Biological Process (BP) level;
the cellular anatomical entity and intracellular at the Cellular Component
(CC) level; and binding and catalytic activity at the Molecular Function
(MF) level. InKEGGClassification, DEGs aremainly enriched in branch B,
including Protein families: genetic information processing, Protein families:
signaling and cellular processes, and Protein families: metabolism (Fig. 2G).

Fig. 1 | Effects of different black goat breeds on muscle fiber and intramuscular fat parameters of longissimus thoracis et lumborum. A muscle fiber characteristics
analysis; B IMF content analysis. *P < 0.05; **P < 0.01; ns no statistical significance.
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Furthermore, in KOGFunctionClassification (Fig. 2H), DEGsweremainly
distributed in signal transduction mechanisms.

The biological function analysis of target DEGs was performed based
on GO functional enrichment (Fig. 3A, B). In GBG vs NBG, DEGs were

Table 4 | Differences in LTL fatty acid profiles among different
black goat breeds (mg/g)

Items Group SEM P value

GBG NBG FBG

C4:0 1.06 1.03 1.14 0.05 0.721

C6:0 0.32 0.35 0.27 0.03 0.566

C8:0 0.63 0.59 0.65 0.04 0.818

C10:0 0.97a 0.71b 0.97a 0.05 <0.01

C11:0 0.51 0.50 0.48 0.01 0.609

C12:0 0.60a 0.44b 0.66a 0.04 <0.01

C13:0 0.52 0.47 0.48 0.03 0.797

C14:0 2.03 3.19 3.72 0.54 0.070

C14:1 0.54 0.53 0.63 0.04 0.516

C15:0 0.77 0.99 1.10 0.12 0.561

C15:1 0.32 0.34 0.36 0.02 0.661

C16:0 24.59c 32.51b 40.74a 2.47 <0.01

C16:1 1.66b 2.08b 5.13a 0.56 <0.01

C17:0 1.68b 2.78a, b 3.82a 0.37 0.029

C17:1 2.07b 2.77b 4.52a 0.38 <0.01

C18:0 34.67b 49.63a 52.60a 2.91 <0.01

C18:1 7.14b 9.88a 6.34b 0.63 0.020

C18:2 16.73 18.74 16.96 1.10 0.798

C18:3 n-3 0.46 0.42 0.44 0.03 0.870

C20:0 0.56 0.50 0.44 0.03 0.220

C20:1 n-9 1.02 1.08 1.26 0.06 0.197

C21:0 0.32 0.37 0.30 0.24 0.535

C22:1 0.52 0.49 0.41 0.30 0.385

C22:0 0.64 0.76 0.58 0.06 0.481

C20:2 0.95 0.91 0.91 0.05 0.956

C20:3 n-6 0.89 1.01 0.93 0.04 0.589

C20:4 n-6 5.45a, b 4.70b 6.08a 0.18 <0.01

C23:0 0.23 0.29 0.25 0.01 0.384

C20:3 n-3 0.38 0.37 0.41 0.02 0.686

C22:2 0.11 0.09 0.12 0.01 0.312

C24:0 0.62 0.58 0.57 0.02 0.716

C24:1 1.05b 1.41a 1.20a, b 0.06 <0.01

SFA 70.75b 95.68a 108.76a 5.96 <0.01

MUFA 14.32b 18.57a, b 19.86a 0.95 <0.01

PUFA 25.12 26.22 25.84 1.26 0.959

UFA 39.53b 44.80a 45.70a 1.03 <0.01

Σ n-3 0.84 0.78 0.84 0.04 0.797

Σ n-6 6.34a, b 5.7b 7.02a 0.28 <0.01

n-6/n-3 7.64 7.34 8.39 0.33 0.461

PUFA/SFA 0.36a 0.27a, b 0.24b 0.02 0.040

DFA 74.20b 94.42a 98.30a 4.13 <0.01

AI 0.85b 1.02a, b 1.22a 0.07 0.031

TI 0.70b 0.91a, b 1.05a 0.07 0.032

SFA saturated fatty acids,MUFAmonounsaturated fatty acids, PUFA polyunsaturated fatty acids,
UFA unsaturated fatty acids, DFA hypocholesterolemic fatty acids, TI Atherogenicity index, TI
Thrombogenic index.
DFA =MUFA+ PUFA+C18:0;
TI = (C12:0+ 4 × C14:0+C16:0)/ƩUFA;
TI = (C14:0+C16:0+C18:0)/[(0.5 × ΣMUFA)+ (0.5 × Ʃn-6)+ (3 × Ʃn-3)+ (Ʃn-3/Ʃn-6)].
Different letters in thesame row (e.g., a, bandc) indicate significant (P<0.05) or extremelysignificant
(P < 0.01) differences. Please refer to the p values provided in each table for detailed information.
SEM, standard error of the mean.

Table 5 | Differences in LTL amino acid profiles of different
black goat breeds (g/100 g)

Items Group SEM P-value

GBG NBG FBG

Lys 1.65b 1.78a 1.81a 0.02 <0.01

Thr 0.83 0.88 0.89 0.01 0.195

Val 0.84 0.89 0.90 0.01 0.180

Met 0.13b 0.21a 0.22a 0.01 <0.01

Ile 0.81b 0.87a 0.88a 0.01 <0.01

Leu 1.33b 1.45a, b 1.47a 0.03 0.025

Tyr 0.56 0.61 0.62 0.04 0.103

Phe 0.64b 0.70a, b 0.73a 0.02 0.034

Glu 2.51 2.68 2.75 0.05 0.114

Asp 1.83 1.91 1.92 0.02 0.263

Pro 0.63 0.65 0.63 0.01 0.641

Gly 0.80 0.84 0.81 0.01 0.431

Ala 0.90b 0.97a 0.94a, b 0.01 <0.01

Arg 1.08b 1.17a, b 1.22a 0.03 0.023

His 0.80 0.83 0.84 0.02 0.554

Ser 0.71 0.76 0.74 0.01 0.164

TAA 16.08b 17.19a 17.38a 0.19 <0.01

NEAA 9.03 9.58 9.63 0.14 0.142

EAA 7.05b 7.61a, b 7.75a 0.14 0.036

EAA/TAA 0.78b 0.79a, b 0.80a 0.01 0.041

DAA 7.69b 8.21a 8.26a 0.08 <0.01

LAA 1.79b 2.00a 2.03a 0.05 0.030

FAA 4.92b 5.29a, b 5.45a 0.10 0.029

SFAA 3.88 4.10 4.01 0.05 0.233

AFAA 5.14 5.41 5.51 0.08 0.143

BCAA 2.99b 3.21a, b 3.26a 0.06 0.038

NEAA non-essential amino acids, EAA essential amino acids (Lys, Met, Val, Ile, Leu, Phe, His, and
Thr), TAA total amino acids, DAA flavor amino acids (Ala, Gly, Arg, Glu, Asp, and Tyr), LAA limited
amino acids (Lys and Met), SFAA sweet flavor amino acids (Ala, Gly, Thr, Ser, and Pro), AFAA acid
flavor amino acids (Phe, Asp, Glu, and His), BCAA branched-chain amino acids (Val, Ile, and Leu),
FAA functional amino acids (Glu, Leu and Arg).
Different letters in the same row (e.g., a, b) indicate significant (P < 0.05) or extremely significant (P <
0.01) differences. Please refer to the p values provided in each table for detailed information. SEM,
standard error of the mean.

Table 6 | Differences in the composition of LTL umami
substances in different black goat breeds (μg/g)

Items Groups SEM P-value

GBG NBG FBG

IMP 2027.92b 2580.29a 2307.09a 90.67 0.028

Hypoxanthine 28.36a 28.34a 22.99b 0.96 0.019

Inosine 6.72 6.56 4.45 0.54 0.153

AMP 109.55 118.27 122.38 4.30 0.525

ADP 281.60b 333.03a 302.15a, b 9.24 0.041

AMP Adenosine monophosphate, ADP Adenosine diphosphate.
Different letters in the same row (e.g., a, b) indicate significant (P < 0.05) or extremely significant (P <
0.01) differences. Please refer to the p values provided in each table for detailed information. SEM,
standard error of the mean.
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highly enriched in the plasmamembrane and reproductive process. In FBG
vs GBG, DEGs were highly enriched in cell adhesion, signaling, and
molecular transducer activity. Notably, the functional enrichment of DEGs
was more pronounced in FBG vs NBG, where they were highly enriched in
signaling, programmed cell death, and cell adhesion. Additionally, we
performed a more detailed classification of DEGs through GO analysis, as
shown in Supplementary Fig. 2.

Moreover, we utilized the KEGG pathway analysis to explore the
biological pathways of the target DEGs (Fig. 4A, B). In GBG vs NBG, a
substantial number of genes were significantly enriched in the Parkin-
son’s disease pathway, while in FBG vs GBG, most genes were most
significantly enriched in MicroRNAs in cancer, cytokine−cytokine
receptor interaction, and ABC transporters. Notably, in FBG vs NBG,
DEGs were significantly enriched in Influenza A, Epstein−Barr virus

Fig. 2 | Expression profile ofDEGs in different breeds of LTL in black goat breeds.
ACluster heatmap of differentially expressed genes (DEGs);B Principal component
analysis (PCA) plots;CVenn diagram of differentially expressed genes;D Statistical
bar graph of the number of DEGs in the difference comparison combination.
E Volcano plot of DEGs; F GO annotation classification statistics; G KEGG

metabolic pathway classification statistics (O, organismal systems; N, not Included
in Pathway or Brite; M, metabolism; G, genetic Information processing; E, envir-
onmental Information processing; C, cellular processes; B, Brite hierarchies);
H KOG annotation classification statistics.
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infection, Cell adhesion molecules (CAMs), and NOD−like receptor
signaling pathway.

Based onKEGGpathway analysis, all enrichedDEGs related to IMF
and IMPwere selected and uploaded to the STRINGwebsite to construct
the PPI network (interaction score ≥ 0.7) (Supplementary Data 4). The
STRING data were exported to Cytoscape to visualize the PPI network
and identify key hub genes based on color variations (Fig. 5). In the PPI

network related to IMF formation (Fig. 5A), the genes with the highest
network weights included AKT1, PIK3R3, MET, PFKM, TPI1, FOXO1,
MDM2, and IL1B, which may play an important role in IMF formation.
In the PPI network diagram affecting IMP (Fig. 5B), we speculated that
genes such as ND4L, CYTB, COX1, ND2, NDUFB11, NDUFA6,
NDUFB1, UQCRQ, COX6A2, and GADL1 may play an important role
in IMP.

Fig. 3 | Functional annotation analysis of DEGs in different breeds of LTL in black goat breeds. A The top 20 KEGG enrichments of target DEGs compared among three
different black goats; B Bubble diagram of the top 20 KEGG for the GBG vs NBG, FBG vs GBG, and FBG vs NBG comparisons.

Fig. 4 | KEGG analysis of DEGs in different breeds of LTL in black goat breeds. A The top 20 KEGG enrichments of target DEGs compared among three different black
goats; B Bubble diagram of the top 20 KEGG for the GBG vs NBG, FBG vs GBG, and FBG vs NBG comparisons; *P < 0.05.
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qRT-PCR validation of DEGs in different breeds of black goats
Ten differentially expressed genes were randomly selected for qRT-PCR
validation and the results are shown in Fig. 6. The analysis of relative
expression levels for 10 randomly selected differentially expressed genes by
qRT-PCR was consistent with the trends observed in the RNA-Seq data,
indicating the 0reliability of the transcriptome sequencing results.

Discussion
In this study, the pH values in the three groups were higher. This is
attributed to the goat’s excitable nature and susceptibility to postmortem
stress, which typically results in a higher pH value (5.7–6.3)8. Generally, the
a* value is positively correlated with meat quality, whereas the L* and b*
values are negatively correlated with meat quality9. In well-bled animals,
myoglobin constitutes ~90%of the total pigment inmeat, while hemoglobin
and cytochromes account for the remaining 10%10. However, the Fe2+ in
myoglobin is easily oxidized to Fe3+, forming yellowish-brown to gray
denaturedmetmyoglobin, a key factor inmeat color change11. In this study,

compared to the GBG group, the L* value of FBGmeat after crossbreeding
decreased, while the a* value of the FBG group significantly increased
compared to the NBG group. This suggests that FBG may partially inhibit
the oxidation of Fe2+ in myoglobin to Fe3+, thereby improving meat color.
Moreover, we found that the tenderness and water holding capacity of the
meat in the FBG groupwere significantly improved comparedwith those in
the GBG group. This suggests that FBG goat meat may exhibit higher IMF
deposition and improved water retention. Such meat is likely to be more
tender and juicy, making it more appealing to consumers9,12.

Generally,Ash content inmeat is inversely related to quality; lowerAsh
content may indicate less inorganic matter and better meat quality13. In this
study, the Ash content in mutton could be reduced through hybridization
technology, which can further improve the quality of the meat. However,
regarding the influence of mineral content on meat quality, the redox bal-
ance in thebody is affectedby the content ofminerals such asZn,Cu, andFe.
Compared with Fe, Zn is a moderate antioxidant and competes with Fe
during absorption in the body14. Fe is a catalyst for fat oxidation, and too

Fig. 5 | Protein-protein interaction (PPI) network analysis related to IMP and
IMF and identification of their major effect genes. A Protein-protein interaction
(PPI) network diagram of DEGs enriched in IMF-related pathways; B Protein-
protein interaction (PPI) network diagram of DEGs enriched in IMP-related

pathways The node represents DEGs and lines represent interactions between two
genes. The larger the node and the darker the color, the larger the degree value in
Cytoscape.

Fig. 6 | Validation of DEG-measured genes from
RNA-seq using RT-qPCR, with FPKM value was
used to represent the RNA-Seq result (left bar), 2
−(ΔΔCt) representing the RT-qPCR result (right bar).
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high a content will reduce meat quality, particularly when it interacts with
Cu, which is already a catalyst for oxidation reactions. Their interaction will
aggravate lipid peroxidation and produce a large amount of reactive oxygen
species (ROS)15–17. Toour knowledge, Zn can reduce cellmembrane damage
fromoxidative stress by removing Cu and Fe from their binding sites on the
membrane17. Additionally, Mn is a trace element with crucial physiological
roles. It boosts antioxidant capacity by activating manganese superoxide
dismutase (MnSOD). Interestingly, Mn also is a component of metalloen-
zymes like arginase, glutamine synthetase, and pyruvate carboxylase18,19. In
our study, compared with the GBG group, Fe in crossbred goat muscle was
significantly reduced, while Zn and Cu contents remained almost
unchanged. On the contrary, the Mn content in the FBG group was sig-
nificantly increased.

Muscle tenderness is closely related to muscle fiber content. The
number, area, and diameter of muscle fibers are negatively correlated with
the tenderness ofmeat20–22. In this study, comparedwith theGBGgroup, the
muscle fiber number and total muscle fiber area in the FBG group were
significantly improved. Unexpectedly, the WBSF of the FBG group was
significantly lower than that of the GBG group, which appears somewhat
contradictory.We speculate that this result may be due to the change in the
muscle fiber type composition of FBG caused by hybridization. Specifically,
hybridization may increase the proportion of type I (slow-twitch oxidative
fibers) and type IIA muscle fiber (fast-twitch oxidative-glycolytic fibers) in
FBG, which are positively correlated with meat tenderness23–25. Regrettably,
this study did not include a more detailed analysis of the composition of
muscle fiber types. Of course, these current speculations will need further
research and verification. Additionally, the FBG group had a significantly
smaller myofiber diameter than the GBG group, which would further
explain its lower WBSF.

IMF deposition largely determines fat content, and changes in IMF are
closely linked to the tenderness and juiciness of mutton26,27. Currently, the
ideal IMF content in mutton is debated. Many researchers, such as Lambe
et al.28 andPannier et al.29 argued that it should range from3.5% to 5%,while
others, including Hopkins et al.30 believed it should exceed 5% for better
consumer preference. However, Realini et al.27 investigated the consumer
preference response to increasing levels of IMFmutton. They found that the
consumerpreference response followeda linearpatternwith increasing IMF
levels, withmost consumers preferringmuttonwith higher IMF content. In
this study, the IMF content and area of FBG were significantly improved,
which was between GBG and NBG. As anticipated, the IMF content in all
three groupswas above 5%,which is strongly correlatedwith improvements
in meat tenderness and juiciness.

In molecular biology, the glycolysis pathway is one of the important
pathways regulating fat deposition31. When the activity of the glycolytic
pathway increases, muscle cells are more inclined to obtain energy through
glucose metabolism, thereby reducing their reliance on fatty acid oxidation.
In this state, the availability of glucose and its conversion to acetyl-CoA
inhibits the entry of fatty acids into the mitochondria as described in the
glucose-fatty acid cycle (also known as the Randall cycle). The cycle
emphasizes how increased glucosemetabolism inhibits fatty acid oxidation,
allowing for more efficient use of glucose as a primary energy source and
thus reducing the conversion of glucose to the fatty acid synthesis
pathway32–34. Phosphofructokinase (PFK, EC 2.7.1.11), also called 6-phos-
phofructokinase, catalyzes the MgATP-dependent phosphorylation of
fructose-6-phosphate to produce ADP and fructose-1,6-bisphosphate. It
serves as the key rate-limiting enzyme in glycolysis and the primary control
point for glucose metabolism35. Muscle phosphofructokinase (PFKM) is a
key isoform of PFK. It catalyzes the irreversible conversion of fructose-6-
phosphate into fructose-1,6-bisphosphate in the glycolysis pathway and is
positively correlated with elevated rates of glycolysis35,36.

In this study, PFKM (log2 FC = 3.53) was significantly upregulated in
GBG vs NBG, while it was significantly downregulated in FBG vs GBG
(log2 FC =−2.82). Moreover, our results showed that the contents of IMF,
SFA, MUFA, and UFA in the FBG group were significantly higher than
those in the GBG group. We speculate that this result is due to increased

PFKM expression accelerating the glycolysis rate, causing the glucose
metabolism pathway to compete with the lipogenesis pathway for energy
resources. This accelerates glucose utilization and reduces the efficiency of
its conversion to fatty acids, thereby decreasing fat deposition. However,
when PFKM expression is reduced, glycolysis efficiency will be affected. At
this time, insulin sensitivity may also be impaired, leading to insulin resis-
tance.This impairment is largely attributable todecreasedglycolytic enzyme
activity in the liver and reduced glucose transport inmuscle37,38. The reduced
glucose metabolism rate may cause unused glucose to be converted into fat
for storage through pathways such as gluconeogenesis, which can indirectly
promote increased fat deposition. Notably, our results showed that the
insulin resistance pathway was upregulated and glycolysis/gluconeogenesis
was downregulated in black goats after hybridization (Supplementary Data
3), which further supports our speculation. Additionally, interestingly,
Moeller et al. demonstrated that increased glycolytic potential raises the pH,
L*, and b* values in meat39. However, previous studies have shown that an
increase in the glycolysis rate will lead to lactic acid accumulation and a
decrease in muscle pH, increasing the oxidation reaction of heme iron
(Fe2+→Fe3+), thereby reducing a* value40,41. This would well explain our
results that FBG obtains lower L* and higher a* values.

The Wnt signaling pathway is crucial in the regulation of muscle
adipogenesis. The Wnt signaling pathway inhibits muscle adipogenesis
by suppressing the expression of the CCAAT/enhancer binding proteins
α (C/EBPα) and peroxisome proliferator-activated receptor γ (PPARG)
genes42,43. Additionally, theWnt signaling pathway will inhibit adipocyte
differentiation by suppressing the expression of C/EBPα and PPARG,
two transcription factors essential for adipogenesis44. Notably, the Wnt
signal transduction primarily involves three pathways: canonical Wnt
(Wnt/β-catenin), non-canonical planar cell polarity (PCP), and non-
canonical Wnt/Ca2+. All three pathways require binding to the trans-
membrane receptor frizzled (FZD) to regulate intracellular responses45.
However, FZD4 is a key member of the frizzled family46. When Wnt
binds to FZD4 and low-density lipoprotein receptor-related protein
(LRP) co-receptors, it triggers an intracellular signaling cascade that
promotes the stabilization and nuclear translocation of free cytoplasmic
β-catenin, thereby inhibiting adipogenesis by blocking the expression of
PPARγ and C/EBPα43,47. We found that the Wnt pathway was sig-
nificantly upregulated in GBG vs NBG. However, theWnt pathway was
significantly downregulated in FBG vs GBG. Importantly, we also found
that the expression of FZD4 (log2 FC =−5.2097) in the muscles of FBG
compared to GBG was significantly downregulated, indicating that
hybridization inhibited FZD4 expression, subsequently downregulating
the Wnt pathway. Finally, the deposition of IMF in goat muscles was
indirectly promoted.

In this study,we identified several pathways involved in regulating IMF
deposition, including the ABC transporter pathway, glycolysis/gluconeo-
genesis, Wnt signaling pathway, FOXO signaling pathway, insulin resis-
tance, PI3K-Akt signaling pathway, and PPAR signaling pathway.
Collectively, 61, 27, and 15 downregulated DEGs and 58, 50, and 67 upre-
gulated DEGs related to IMF deposition were identified through tran-
scriptome screening in the comparison groups GBG vs NBG, FBG vs GBG,
and FBG vs NBG, respectively (Supplementary Data 4).

Typically, we pursue higher PUFA inmeat because it plays a dominant
role in human health and meat flavor, earning it the label of healthier
meat48,49. Oleic acid is themost representative fatty acid inmutton, followed
by stearic and palmitic acids50. However, C18:0 has the function of
improving the flavor of meat51. Unlike previous studies, our results show
that C16:0, C18:0, andC18:2 are the predominant fatty acids. particularly in
the FBG group, where their levels are significantly higher than in the GBG
group. Asmentioned above, this phenomenonmay be due to hybridization
technology promoting increased IMF deposition, which results in higher
SFA and MUFA content in muscle since intramuscular phospholipid
content remains relatively constant and ismainly rich inPUFA,whereas the
neutral lipids are mainly formed by SFA and MUFA, increase as intra-
muscular fat content rises52. However, as fat content increases, SFA and
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MUFA levels risemore rapidly than PUFA production, ultimately reducing
the PUFA/SFA ratio in our results53.

Additionally, we believe that another key reason may be that hybri-
dization technology has altered the composition of rumenmicroorganisms
in goats, promoting biohydrogenation and converting more PUFA into
SFA. Once this process is completed in the rumen, these fatty acids enter
systemic circulation through the cells lining the small intestine and subse-
quently enter the bloodstream for transport to various tissues, including
muscle. Therefore, they are ultimately increasing the SFA content in
FBG54–56. However, under the conditions of the present study, the precise
mechanism underlying this effect requires further investigation and vali-
dation. It is worth noting that a high intake of n-6 fatty acids in the human
body is considered harmful andmay lead to thrombosis and inflammation.
Consequently,Ahighn-6/n-3 ratio inmeat is considered pro-inflammatory
and pro-thrombotic, contributing to diseases such as atherosclerosis and
obesity57,58. Unexpectedly, in the current study, the FBG group showed the
highest n-6 content,AI index, andTI index,withnoobserved improvement.
However, the PUFA content and the n-6/n-3 ratio among the three groups
were not statistically significant. From the fatty acid profile results we
obtained, it appears that the fatty acids in the muscles of the hybrid goats
have not improved much, and the quality even seems to have declined.
Taken together, these seemingly unexpected results make our study more
interesting and mysterious, indicating that there is still a long way to go in
studying hybridization to improve fatty acids in black goats.

As we all know, EAA, BCAA, and LAA are essential for animal growth
and development. It is also significant that Phe plays a significant role in
regulating central nervous system function59,60. In this study, the EAA,
BCAA, LAA, and Phe contents in the FBG group were significantly higher
than in the GBG group, indicating that hybridization technology improved
the key amino acid composition in black goats. Furthermore, the levels of
amino acids with glucogenic, ketogenic, and glucogenic-ketogenic effects
are also key factors in assessing meat quality. Glucogenic amino acids are
those that can be converted into glucose through gluconeogenesis
(including Ser, His, Arg, Cys, Pro, Ala, Glu, glutamine, Asp, asparagine, and
Met); Ketogenic amino acids (including Leu and Lys) can be converted into
ketone bodies during the process of ketogenesis, serving as alternative oxi-
dation products of free fatty acids in the liver; glucogenic-ketogenic amino
acids can produce both glucose and ketones (including Iso, Thr, Phe, Tyr,
and Try)61. In this study, the Arg and Met contents among the glucogenic
amino acids in the FBG group were significantly higher than in the GBG
group but not statistically different from the NBG group. Similarly, the
contents of Leu, Lys, and Phe in the FBG group among the ketogenic and
glucogenic-ketogenic amino acids showed comparable results. Notably, the
same was true for the FAA content in the FBG group. Additionally, it is
important to note that amino acids are also key contributors to meat flavor,
as they react with reducing sugars through theMaillard reaction to produce
a variety offlavor compounds62. It iswell known thatDAAplays a key role in
forming flavor compounds in meat, particularly Glu and Asp2,63. In this
study, the DAA content in the FBG group was significantly higher than in
the GBG group, while no difference was observed between the FBG and
NBG groups. In conclusion, our current data support the possibility that
hybridization can improve the quality and composition of amino acids in
black goat meat, as well as improve meat flavor.

After the animal is slaughtered, ATP rapidly degrades under anaerobic
conditions. It is hydrolyzed intoADPbyATPase, then further broken down
into AMP, and finally converted into IMP through deamination by AMP
deaminase (AMPD)64,65. IMP is an intermediate product of nucleotide
metabolism, with an umami taste 40 times stronger than that of sodium
glutamate (MSG). As a result, it is recognized as the primary umami
compound inmeat and plays a crucial role in enhancing its umami flavor66.
Moreover, IMP breakdown products also react with certain amino acids in
Maillard reactions, producing various flavor compounds that influence
meat’s umami profile2. However, this series of degradation processes does
not stop at IMP, it will be further degraded into inosine and hypoxanthine67.
Reports indicate that hypoxanthine increases the bitterness ofmeat68. In this

study, IMP levels in the NBG group were significantly higher than those in
GBG, as was ADP. However, the AMP levels in each group were not sta-
tistically significant. We speculate that this may be due to the fastest ATP
degradation rate in the NBG group after slaughter, resulting in the highest
ADP levels. At this stage, AMPD activity in the NBG group may also have
been elevated, thereby accelerating the conversion of AMP to IMP, ulti-
mately leading to higher levels of both IMP and hypoxanthine. Unfortu-
nately, we did not detect ATP in our study, further indicating that ATP
degrades rapidly after slaughter.

In molecular biology, purine metabolism is widely recognized as a key
pathway influencing IMP generation, primarily regulated positively by the
AMPD, Ectonucleotide Pyrophosphatase/Phosphodiesterase (ENPP), Ecto-
nucleoside Triphosphate Diphosphohydrolase (ENTPD), Phosphoribosyl
Pyrophosphate Synthetase (PRPS) gene families65,66,69. As previously men-
tioned,AMPis converted to IMPthrough thedeaminationactivity ofAMPD,
an enzymewith three isoforms (AMPD1,AMPD2, andAMPD3). This highly
regulated and versatile enzyme plays a key role in the adenylate catabolism
pathway65. Li et al.69 indicated that ENPP1, amember of theENPP family, is a
type II transmembrane glycoprotein expressed in various tissues. It has dual
nucleotide pyrophosphatase and phosphodiesterase activities and is involved
in the hydrolysis of purine nucleotides across a range of physiological pro-
cesses. ENPP1 can hydrolyze extracellular ATP to produce AMP, which
subsequently participates in the purine metabolic pathway to generate IMP.
Likewise, ENTPD1 is an ectonucleotidase that metabolizes ATP and ADP in
the extracellular environment into AMP and phosphate70. Notably, ENTPD8
is involved in the salvage pathway of IMP synthesis, broadly regulating
multiple genes associated with IMP metabolism and promoting IMP
production71. Previous studies have shown that PRPS, comprising three
subtypes (PRPS1, PRPS2, and PRPS3), is a crucial enzyme for the production
of Phosphoribosyl pyrophosphate (PRPP). PRPP serves as the fundamental
substrate for the biosynthesis of purine and pyrimidine nucleotides and is a
key precursor for IMP synthesis, playing a vital role in the purine metabolic
pathway72–74. In this study, the purine metabolism pathway was down-
regulated in GBG vs NBG, including a significant downregulation in the
expression of theAMPD3 gene (log2 FC =−0.9172) from theAMPD family
and theRNPP1 gene (log2FC =−0.7960) fromtheENPP family. In contrast,
in FBG vs GBG, the purine metabolism pathway was upregulated, with a
significant upregulationof theAMPD3 gene (log2FC = 0.9172) in theAMPD
family, the ENPP1 gene (log2 FC = 1.9017) in the ENPP family, the ENTPD1
(log2 FC = 1.5685) and ENTPD8 (log2 FC = 4.8374) genes in the ENTPD
family, and the PRPS2 gene (log2 FC = 1.7144) in the PRPS family. This
suggests that FBG may increase the expression of related genes by upregu-
lating the purine metabolism pathway and other pathways associated with
IMP deposition in muscles, ultimately leading to greater IMP accumulation
in muscle tissue.

Additionally, based on KEGG pathway analysis of the transcriptome
data, we identified several pathways related to IMP deposition, including
purine metabolism, the cGMP-PKG signaling pathway, alanine, aspartate,
and glutamate metabolism, and the arginine biosynthesis pathway. Con-
sequently, we identified many genes related to IMP deposition from these
KEGG pathways, including 61 DEGs in GBG vs NBG (41 upregulated and
20 downregulated), 34 DEGs in FBG vs GBG (22 upregulated and 12
downregulated), and 32 DEGs in FBG vs NBG (6 upregulated and 26
downregulated). All identified genes directly or indirectly influence muscle
IMP deposition (Supplementary Data 4).

In conclusion, under the conditions of this study, this study demon-
strated that the meat quality of FBG (F1 hybrid of GBG and NBG), was
significantly improved,withbetter IMFand IMPdeposition, contributing to
greater tenderness and flavor than GBG. Importantly, transcriptome ana-
lysis revealed a substantial number of genes associated with IMF and IMP
deposition. Taken together, PFKM and FZD4 were significantly and
strongly associated with IMF deposition, whereas AMPD3, ENPP1,
ENTPD1, ENTPD8, and PRPS2 exhibited a significant and strong correla-
tion with IMP deposition. This study offers important data for the future
regulation of IMF and IMP deposition in GBG and breed improvement.
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Nevertheless, the influence of key gene expression on the regulatory
mechanisms of IMF and IMP still requires further comprehensive
validation.

While this study has extensively revealed the effect of hybridization
technology in significantly improving FBGmeat quality, it is not without its
limitations. For instance, environmental factors, genetic variation, and
variations in the varieties and growth conditions of feedmaterials could also
affect the observed traits differently. Future research and further validation
are necessary. In the future, we will aim to use the confirmed target genes as
molecular markers following additional verification. Additionally, by uti-
lizing the genomic and phenotypic data ofGBG,NBG, and their hybrids, we
aim to construct a referencepopulationwith bothphenotypic and genotypic
information on meat quality traits. Through multi-generational selection,
we will optimize themeat quality traits of this population over time. Finally,
as a local specialty breed,GBGwill be improved through the combination of
marker-assisted andgenomic selectionprograms, resulting in superiormeat
quality. The objective is to create a high-end mutton brand, similar to the
“Guizhou black goat high-end goat meat,” to enhance regional agricultural
competitiveness.

Methods
Animal ethics statement
All animal procedures strictly followed animal welfare guidelines and reg-
ulatory oversight by the Experimental Animal Ethics Committee of Guiz-
hou University in Guizhou, China (EAE-GZU-2022-E052).

Experimental design, diet, and management
Three goat genotypes, GBG (♂), NBG (♂), and GBG (♀) × NBG (♂)
crossbred F1 blackgoats (FBG♂)were used.A total of 21male goatswith an
initial body weight of 39.13 ± 1.65 kg were selected and divided into 3
groups (7 goatsof eachgenotype,n = 7)byCompletelyRandomizedDesign.
Eachgoatwas feda fermented totalmixedration (FTMR)as abasal diet.The
experimental period spanned 90 days, comprising 15 days of adaptation
followed by 75 days dedicated to data and sample collection.

The composition and nutrient levels of the total mixed ration based
diet, formulated according to the NRC’s75 nutritional requirements are
shown in Table 7. The FTMR production method is as follows: the mixed
fermentation agent (composedof various beneficial bacteria such asBacillus
subtilis, yeast, lactic acid bacteria, Bacillus licheniformis, Enterococcus
faecalis, and biological enzyme preparations, the number of live bacteria is
≥2.0 × 109 CFU/g) was purchased from Haowangnong Biotechnology Co.,
Ltd., Zhengzhou, China, and it was then thoroughly mixed with all the raw
materials, packed into silage fermentation bags (70 cm × 130 cm× 22 cm),
ferment them at room temperature for 20 days. Each goat was housed
individually in a 2m²metabolic cage. The experiment goatswere fed at 9:00
and 17:00 every day on schedule.

Meat quality trait parameters
The goatswere slaughtered on the last day of the experiment. Black goatwas
stunned by the electric shock and hung up. The jugular vein and carotid
arterywere cut, and the organs, forelimbknee joints andhind limb toe joints
were removed. The LTLwas collected to analyze themeat quality traits. The
method for detecting pH, lightness (L*), redness (a*), and yellowness (b*)
values in meat follows the approach outlined by Long et al.2. Moreover,
Samples were steamed in a preheated water bath to analyze the cooking loss
according to the method of Abhijith et al.76. The WBSF of cooked meat
samples (cooked to a peak internal temperature of 71 °C) was analyzedwith
a TAXT2 texture analyzer (Texture Technologies Corp) with a crosshead
speed of 3.5mm/s. Each muscle sample (1 cm × 1 cm× 2 cm) was cut as
parallel to the muscle fiber direction as possible in 3 replicates77.

Sample collection, IMF content, nutritional and mineral compo-
sition, IMP and decomposition products
The petroleum ether Soxhlet extraction method for analyzing IMF
content in muscle follows the approach outlined by Li et al.78. Regarding

the chemical composition of meat, the CP (Method No. 981.10) and Ash
(Method No. 938.08) were analyzed according to methodologies
described by the AOAC79. Trace elements were analyzed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, 7900, Agilent, America)
according to the method described by Wang et al.80. The sample pre-
paration method for analyzing IMP and decomposition products
(hypoxanthine, inosine, AMP, and ADP) in LTL follows the approach
outlined by Long et al.2.

IMF and muscle fiber properties
Themuscle fiber propertiesmethod followed themethod outlined by Deng
et al.2. We utilized the PANNORAMIC panoramic slice scanner (PAN-
NORAMIC DESK/MIDI/250/1000, 3DHISTECH, Hungary) to scan and
image the muscle tissue slices. Afterward, CaseViewer2.4 scanning and
browsing software (3DHISTECH, Hungary) was used to measure the
number and diameter of muscle fibers in five fields of view per slice at 400x
magnification. Additionally, after the muscle was stained with oil red O
(ORO), the Indica Labs - Area Quantification v2.1.3 module (Indica Labs
USA) inHalo v3.0.311.314 analysis softwarewas used toquantify the areaof
muscle tissue in each slice, and the tissue area and IMF areaweremeasured.
IMF area was calculated using the following equation (1):

IMF area ð%Þ ¼ positive area=tissue area× 100%:

Fatty acid profiles and amino acid profiles
A precise 1.7 g of the sample was weighed and hydrolyzed using the acid
hydrolysis method. Then the fatty acid components in the sample were
extractedusing a chloroform-methanol solution according to themethodof
Tian et al.81. n-Hexane was used as an internal standard, and gas chroma-
tography (GCMS-SQ8T, PECompany)was used to analyze 37 fatty acids of
samples quantitatively.

Table 7 | Approximate composition and nutritional levels of
diet (%, air-dry basis)

Ingredient Basal diet

Corn 56.5

Soybean meal 5.30

Yeast 3.60

NaCl 0.60

1% composite premixa 0.80

Soybean Oil 4.20

NaHCO3 0.50

Sugarcane molasses 2.00

Peanut vine 12.50

Whole-plant corn silage 14.00

Total 100.00

Chemical compositionb

Dry matter, DM 67.29

Neutral detergent fiber, NDF 22.41

Crude Protein, CP 13.90

Ether extract, EE 5.22

Lysine 0.63

Methionine 0.20

Methionine+Cysteine 0.37

Metabolizable Energy, ME/(MJ/kg) 15.36
aPremix provides per kg of ration: Vitamin A, 1.35 × 106 IU; Vitamin D, 4.16 × 105 IU; Vitamin E, 3000
IU; Zinc, 14.5 g; Iron, 17.0 g; Copper, 1.4 g; Manganese, 13.5 g; Iodine, 270.0mg; Selenium,
170.0mg; Cobalt, 40.0mg; Ca, 12% and P, 6%.
bExcept for lysine, methionine, methionine+ cysteine, and energy value, the remaining chemical
components are actual measured values.
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100mg of muscle sample was accurately weighed into a 20ml glass
hydrolysis tube and the sample was hydrolyzed by acid hydrolysis. The
method for detecting the amino acid composition of the extracted sample
follows the approachoutlined by Long et al.2, and the content of each amino
acid was analyzed by an amino acid analyzer (L-8900, Hitachi,
Tokyo, Japan).

RNA extraction, gene library construction and qRT-PCR ver-
ification of differentially expressed genes
RNA extraction, cDNA reverse transcription, and Quantitative PCR (qRT-
PCR) were performed according to the method described by Long et al.2.
Briefly, total RNAwas extracted from theLTLof black goats using theTrizol
method. The integrity and concentration of the extracted RNA were eval-
uated using a NanoDrop One 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Subsequently, cDNA synthesis was performed with
the cDNA Reverse Transcription Kit (Beijing Kangwei Century Bio-
technology Co., Beijing, China). The reverse transcription reaction was
conducted in a total volume, including 1 μL of HiFiScript (200 U/μL), 1 μL
of PrimerMix, and 4 μLof 5× ScriptRTBuffer,withRNase-freewater added
to reach the final volume of 20 μL. The reaction conditions were set as
follows: incubation at 42 °C for 15min, followed by 85 °C for 5min. The
synthesized cDNAwas then stored at−20 °C for subsequent analyses. qRT-
PCR reactions were performed in triplicate for each sample type/primer set
combination. The expression level of each gene relative to GAPDH was
evaluated using the 2−ΔΔCtmethoddescribed by Livak and Schmittgen82. The
gene series used to verify the reliability of transcriptomic sequencing are
shown in Table 8.

Transcriptome sequencing
The de novo transcriptome sequencing for this study was completed by
Beijing Novogene Technology Co., Ltd. The image data converted from the
sequencing fragments are converted into sequence data (reads) after Illu-
mina Casava (v1.8) software base recognition. To ensure the quality and
reliability of subsequent data analysis, Trinity software (v2.6.6) was used to
assemble clean reads into transcript sequences, and then BUSCO software
(v3.0.2) was used to evaluate the accuracy and completeness of the assembly

results. Finally, the alignment RSEM software (v1.3.3) was used to map the
clean reads of each sample to the reference sequence, filter out unqualified
reads, and obtain the read countsmapped to each gene. After the evaluation
was qualified, clean reads for subsequent analysis could be obtained.

To control the proportion of false positives, the Padj value was intro-
duced to correct theP value. The expression levels of differentially expressed
genes betweenGBG vsNBG, FBG vsGBG, and FBG vsNBGwere analyzed
byDESeq2 software (v1.26.0).Wehavegrouped the samples in advance and
calculated the FoldChange value based on the average read counts.Next, we
used |Fold Change| ≥ 0 and pval <0.05 as the DEGs screening criteria to
evaluatewhether there is a significant difference in gene expression between
groups.

To clarify the biological functions in which differentially expressed
genes are involved, we used GOSeq (v1.32.0) and topGO (v2.32.0) software
to analyze gene functions at three levels according to the Gene Ontology
(GO) database (http://www.geneontology.org/): BP, CC, andMF83. The top
20most significant terms are selected todrawahistogram.The threshold for
significant enrichment was set at padj < 0.05.

Furthermore, to clarify the main metabolic and signaling pathways
involving thedifferentially expressed genes,weused theKyotoEncyclopedia
of Genes and Genomes (KEGG, http://www.genome.jp/kegg/pathway.
html)84 method for elaboration. KOBAS software (v3.0) was used to find
pathways with significantly enriched differential genes. The threshold for
significant enrichment was set at padj <0.05. Notably, in this study, all
transcriptome-related data analyses, including DEG screening and the
generation of all graphics, were performed using the cloud tool option in the
NovoMagic platform system (https://magic.novogene.com/) independently
developed by Novogene Co., Ltd.

Statistical analysis
All rawdatawere compiled using Excel 2022 and statistically analyzed using
SPSS 23.0 software. First, the Shapiro-Wilk test was used to determine the
normal distribution of all raw data. Next, all raw data that met normal
distribution were subjected to one-way ANOVA and the general linear
model (GLM module) of multivariate ANOVA. Finally, we used the LSD
method and Duncan test for multiple comparisons and significant differ-
ence testing. The table in the text shows themean and standard error (SEM)
of each group. P < 0.05 was considered significant and P < 0.01 was con-
sidered extremely significant, and the degree of significance can be obtained
based on the specific P value in the table.

Data availability
The sequencing data of this study are deposited in the NCBI repository,
accessionnumberPRJNA1178003.Otherdataused to support the results of
this study can be provided at the request of the corresponding author.
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