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Simple Summary: Milk and dairy products have become the most common and an essential nutrition
in human life, while dairy products with high nutritional value are attracting more and more attention.
Buffalo milk contains higher protein, fat, lactose, and total solid contents and has been considered
as the source of superior dairy products, such as mozzarella cheese, butter, ice cream, and yoghurt.
Moreover, buffalo milk contains more unsaturated fatty acids (UFAs) which are important for
human health owing to their desirable physiological effects. However, the composition of milk
seems to vary among different buffalo species and inadequate information is available about the
underlying mechanism. Therefore, exploring the biomarkers of superior buffalo milk is crucial
for the process of dairy products and buffalo breeding. In the present study, diverse significantly
different metabolites were identified among the Mediterranean, Murrah, and crossbred buffalo, and
the different metabolites were mainly enriched in fat synthesis related pathways which affected the
end fat content in the milk. Moreover, these specific metabolites can be used as candidate biomarkers
in the identification of milk quality and molecular breeding of high milk fat buffalo.

Abstract: Consumers have shown more and more interest in high-quality and healthy dairy prod-
ucts and buffalo milk is commercially more viable than other milks in producing superior dairy
products due to its higher contents of fat, crude protein, and total solids. Metabolomics is one
of the most powerful strategies in molecular mechanism research however, little study has been
focused on the milk metabolites in different buffalo species. Therefore, the aim of this study was
to explore the underlying molecular mechanism of the fatty synthesis and candidate biomarkers
by analyzing the metabolomic profiles. Milk of three groups of buffaloes, including 10 Mediter-
ranean, 12 Murrah, and 10 crossbred buffaloes (Murrah × local swamp buffalo), were collected and
UPLC-Q-Orbitrap HRMS was used to obtain the metabolomic profiles. Results showed that milk
fatty acid in Mediterranean buffalo was significantly higher than Murrah buffalo and crossbred
buffalo. A total of 1837/726 metabolites was identified in both positive and negative electrospray
ionization (ESI±) mode, including 19 significantly different metabolites between Mediterranean and
Murrah buffalo, and 18 different metabolites between Mediterranean and crossbred buffalo. We
found 11 of the different metabolites were both significantly different between Mediterranean vs.
Murrah group and Mediterranean vs crossbred group, indicating that they can be used as candidate
biomarkers of Mediterranean buffalo milk. Further analysis found that the different metabolites were
mainly enriched in fat synthesis related pathways such as fatty acid biosynthesis, unsaturated fatty
acid biosynthesis, and linoleic acid metabolism, indicating that the priority of different pathways
affected the milk fat content in different buffalo species. These specific metabolites may be used
as biomarkers in the identification of milk quality and molecular breeding of high milk fat buffalo.
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1. Introduction

Milk is an important source of nutrition for infants and adults, and buffalo milk seems
to be a better choice due to the higher protein, fat, lactose, and total solid contents in
it [1]. Moreover, the excellent physical and technological properties of buffalo milk make
it more suitable for processing of superior dairy products, such as mozzarella cheese,
butter, ice cream, and yoghurt [2,3]. Buffalo is the world’s second largest dairy animal,
and Mediterranean buffalo, Murrah buffalo, and Nili-Ravi form the main dairy buffalo
species. Studies have found that the values for the composition (milk protein, milk fat, and
total solids) of diverse buffalo milk are significantly different [2]. Meanwhile, milk protein
and fat content in triple-crossbred buffalo is higher than Nili-Ravi buffalo, but lower than
Murrah buffalo [4]. Milk traits among different breeds are different, and genetics is one of
the main factors affecting milk quality [5].

Metabolomics is an emerging discipline developed after genomics and proteomics and
is a powerful platform for studying low molecular weight metabolites (MW < 1000). Nu-
merous rapid and high-throughput techniques, such as nuclear magnetic resonance (NMR),
liquid chromatography tandem mass spectrometry (LC-MS) and gas chromatography
mass spectrometry (GC-MS) have been used in metabolomic studies [6,7]. The application
of metabolomics to scientific research helps researchers gets a global understanding of
physiological alterations in specific organs or tissues [6]. In view of the advantages of
metabolomics, it has attracted more and more research attention and has been applied
in lactation research aiming to develop new nutritional, genetic, and management strate-
gies to improve and identify milk production and quality [8–10]. Applying metabolomic
technology, the Yang group analyzed the differences of metabolites in the milk between
Holstein and other minor dairy animals and found results to show that different metabolic
pathways were involved in the milk synthesis of diverse mammals [7]. The Tian group
screened the differential metabolites between heat stress-free and heat stressed cows by
LC-MS and 1H NMR, and found that those metabolites could be regarded as potential
biomarkers for monitoring the heat stress of lactating dairy cows [11]. Based on the milk
metabolomic data and milk production traits, the Vervoort group obtained models to
estimate the energy balance of early lactation cows [12]. Metabolomics exhibited a better
response to phenotypes [13], and provided extraordinary help for further study in physiol-
ogy and pathology during lactation and other biochemical characteristics of milk [5,9,14].
NMR metabolomic analysis of dairy cows revealed that the milk glycerophosphocholine
to phosphocholine ratio can be used as a prognostic biomarker for the risk of ketosis [15].
However, compared with other methods, LC-MS is a more sensitive technology for global
metabolic profiling of complex biological samples. It can detect most of the metabolites,
especially the low abundance compounds [16], which thus make it suitable for biomarker
identification.

Currently, little is known about the difference of metabolome in the milk between
different buffalo species. Therefore, study on the metabolites in the milk of diverse buffalo
species may provide further understanding about the process of milk production. In this
study, we obtained the metabolome in milk of the Mediterranean buffalo, Murrah buffalo
and crossbred buffalo using UPLC-Q-Orbitrap HRMS. The differences in metabolite profiles
may provide novel understanding about the molecular mechanism of milk production,
and the specific metabolites in different buffalo species may be used as biomarkers in the
identification of milk quality and molecular breeding.
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2. Materials and Methods
2.1. Sample Collection

In this study, Buffalo milk samples were collected from purebred Mediterranean
buffalo (n = 10), Murrah buffalo (n = 12) and crossbred buffalo (Murrah × local swamp
buffalo, n = 10) in the Buffalo Breeding Farm in the Buffalo Research Institute, Chinese
academy of agricultural sciences, Nanning, Guangxi, China. The Mediterranean buffalo
and the Murrah buffalo are locally bred from imported purebred breeds. The crossbred
buffalo in this study refers to a hybrid of Murrah buffalo and local swamp buffalo. All of
the selected animals were of similar parity (2 or 3) during mid-lactation (100–200 d). All of
the buffalos were maintained and reared under the same feeding and management regime
in the farm. Buffalo milk samples separated into 1.5 mL centrifugal tubes were transported
to the laboratory at low-temperature and stored at −80 ◦C until further experiment. The
rest of the buffalo milk samples were collected in 50 mL centrifugal tubes and used for milk
composition analysis.

2.2. Milk Composition Determination and Metabolite Extraction

The protein, fat, lactose, and total solids contents of milk from Mediterranean buffalo
(n = 10), Murrah buffalo (n = 12) and crossbred buffalo (n = 10) were analyzed by a
multifunction analyzer for dairy products (MilkoScan FT-120, FOSS Electric A/S, Hillerod,
Denmark). Statistical analyses were performed by using Duncan’s multiple comparison
with SPSS 19.0 software (IBM-SPSS Statistics, IBM Corp., Armonk, NY, USA). Variations in
milk protein, fat, lactose, and total solids (TS) of researched buffalos were analyzed using
one-way analysis of variance (ANOVA). Results were expressed as mean ± standard error
(SEM), and differences of p < 0.05 were considered to be significant.

For methods of metabolite extraction from buffalo milk refer to several previous
studies [11,17]. In brief, the milk samples were placed in the refrigerator at 4 ◦C to
unfreeze. Then 50 µL of buffalo milk was mixed with 350 µL of the solvents, methanol
(Sigma-Aldrich, Steinheim, Germany) and methyl-tert-butyl-ether (MTBE, Sigma-Aldrich,
Steinheim, Germany) in a ratio of one to one. In this study, vitamin E acetate (Solarbio
Science & Technology Co., Ltd., Beijing, China) was added as an internal standard (IS), at a
final concentration of 25 ppm. The mixture was subjected to a vortex for 3 min, then stood
for 10 min and finally centrifuged at 12,000 rpm for 15 min at 4 ◦C. The supernatant was
put in a 0.22 µm filter (MilliporeSigma, St. Louis, MO, USA) and centrifuged at 12,000 rpm
for 5 min at 4 ◦C. The collected filtrate in the centrifuge tube was stored at −80 ◦C until the
experiment. Quality Control (QC) samples were prepared by pooling an equal volume of
milk metabolite extract of each sample from Mediterranean buffalo, Murrah buffalo, and
crossbred buffalo.

2.3. LC-MS/MS Analysis

LC-MS/MS analyses were performed by a Dionex UltiMate 3000 UHPLC (Thermo
Fisher Scientific Inc., Waltham, MA, USA) system coupled with a Q Exactive mass spectrom-
eter (Thermo Fisher Scientific Inc., Waltham, MA, USA). In on-line UPLC-MS applications,
data-dependent acquisition was applied. In order to detect as many compounds as possi-
ble, both positive and negative ion modes were performed for each sample with a heated
electrospray interface (HESI-II). Each sample was injected twice, with one injection in
positive ion mode and another one in negative ion mode. Every sample was injected onto
a Hypersil GOLD HPLC column (50 × 2.1 mm2 × 1.9 µm, Thermo Fisher Scientific Inc.,
Massachusetts, USA) at a linear gradient at a flow rate of 0.3 mL/min and a total run time
of 25 min. The mobile phase in both positive and negative ion modes was constituted
as solution A (10 mM ammonium formate in water) and solution B (10 mM ammonium
formate in methanol). The solvent gradient was set as follows: 0–2 min, 5% B; 2–5 min,
5–30% B; 5-19 min, 30–99% B; 19–22 min, 99% B; and 22–25 min, 5% B.

The Q-Exactive mass spectrometer was operated in positive or negative polarity mode
with spray voltage 3.5 kV and capillary temperature of 320 ◦C. The flow rate of sheath
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gas was 30 psi and aux gas was 10 arb. The full scan mode scanned from m/z 100–1000,
maximum IT was 100 ms and the AGC target was 3 × 106. The scanning mode of mass
spectrometry was data-dependent acquisition (DDA), and the dd-MS2’s AGC target was
105, maximum IT was 50 ms, and isolation window was 2.0 m/z.

2.4. Data Analysis

Compound Discoverer 3.0 (CD 3.0) software (Thermo Fisher Scientific Inc., Mas-
sachusetts, America) was applied to process and analyze the mass spectrum data, for
instance, selection of spectra, peak picking and retention times alignment, molecular for-
mula assignment, and candidate comparison with the mz-Cloud database. The p values were
also obtained by CD 3.0 software with Student’s t test. The parameters of peak alignment
were set as follows: retention time tolerance = 0.2 min, mass tolerance = 5 ppm. The other
parameters of peak picking and peak area quantification were set as follows: mass tolerance =
5 ppm, intensity tolerance = 30%, S/N = 3 and minimum peak intensity = 100,000.

Then multivariate statistical analysis including unsupervised principal component
analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA)
was performed using SIMCA-P 14.1 software package (Umetrics, Umeå, Sweden). The
permutation test (200 times) was performed to further validate the OPLS-DA model. The
variable importance in the projection (VIP) was obtained by OPLS-DA. In this report, we
define significant differential metabolites with VIP-value > 1 and p-value ≤ 0.05 [7,18].
Hierarchical cluster analysis (HCA) was carried out via TBtools v1.046 (TBtools: An
Integrative Toolkit Developed for Interactive Analyses of Big Biological Data).

2.5. Metabolic Pathway Analysis

MetaboAnalyst 4.0 [19] were used for the pathway analysis based on database source
including the Kyoto Encyclopedia of Genes and Genomes [20], the human metabolome
database [21], the Chemical Entities of Biological Interest [22], the metabolite and tandem
MS database [23] and the PubChem database [24,25].

3. Results
3.1. Routine Analysis of Milk Composition

Milk composition of Mediterranean buffalo (defined as group D, n = 10), Murrah
buffalo (defined as group M, n = 12) and crossbred buffalo (Murrah × local swamp buffalo,
defined as group Z, n = 10) were analyzed and are presented in Table 1. Results showed
that the fat and total solids (TS) content in group D is significantly higher than that of the
other two groups, while the protein content in group D is significantly lower than that of
group Z, and of comparable level with group M. The milk composition of Murrah buffalo
was similar to that of crossbred buffalo and no significant difference was found in the
lactose content of the three buffalo species.

Table 1. Comparation of the main milk composition of Mediterranean, Murrah, and crossbred buffalo.

Breeds Fat/% Protein/% Lactose/% Total Solids/%

Mediterranean 8.40 ± 0.27 a 4.32 ± 0.13 a 5.12 ± 0.07 a 19.05 ± 0.38 a

Murrah 7.37 ± 0.32 b 4.69 ± 0.12 ab 5.13 ± 0.07 a 17.26 ± 0.51 b

Crossbred 6.87 ± 0.31 b 4.82 ± 0.15 b 5.24 ± 0.04 a 17.44 ± 0.39 b

Note: Different superscript letter indicates significantly different (p < 0.05).

3.2. Milk Metabolome Profiles

Metabolites profiling of Mediterranean buffalo, Murrah buffalo, and crossbred buffalo
milk was performed by UPLC-Q-Orbitrap HRMS, and 1837/726 metabolites were identified
in ESI± mode, respectively (Supplementary Materials Tables S1 and S2). The representative
spectra obtained in ESI± modes gave an overview of the metabolic profiles from milk
samples (Supplementary Materials Figure S1). The principal component analysis (PCA)
of the metabolome data showed that group D was clearly separated from other groups
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in positive ion mode, while no distinctive separation trend among groups was found
in the negative ion mode (Figure 1). Further analysis found that the correlation of QCs
in both ESI± modes, calculated by Pearson correlation coefficient, showed that both of
the coefficients were above 0.9 (Supplementary Materials Figure S2), indicating the good
stability, repeatability, and accuracy of the mass spectrometry data. However, the PCA of
QCs showed that the separation was also only found in the ESI+ modes, demonstrating
that PCA is not enough to evaluate the difference among the groups (Figure 1). Therefore,
we performed the orthogonal partial least squares discriminate analysis (OPLS-DA) and
distinctive separation among groups was found in both ESI± modes (Figure 2). Almost
all of the samples in the score plots were within the 95% Hotelling’s T-squared ellipse,
indicating that few outliers were present in samples.
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Figure 1. The principal component analysis (PCA) scores plot of metabolomic data in both positive (A) and negative (B)
ionization modes. D indicates milk samples from Mediterranean buffalo; M indicates milk samples from Murrah buffalo;
QC means samples of Quality control; Z indicates milk samples from crossbred buffalo.

3.3. Identification of Differential Metabolites

Metabolites with variable importance in the projection (VIP) values above 1, p-value < 0.05
and Fold change (FC) value > 2 or <0.5 were screened as significant different metabolites.
Combining the ESI± LC-MS/MS data, 19 significant different metabolites were found be-
tween D and M, and 18 were found between D and Z. However, no significantly different
metabolites were screened between M vs. Z (Supplementary Materials Tables S1 and
S2). Among the differential metabolites, 11 were found to be both significantly different
between D vs. M group and D vs. Z group (Supplementary Materials Figure S3), indicating
that the 11 metabolites can be used as candidate biomarkers of Mediterranean buffalo milk.
Further investigation indicated that most of the differential metabolites were glycerides
or fatty acids. Moreover, unsupervised hierarchical clustering analysis also showed a
clear separation of M, D, and Z buffaloes (Figure 3). The milk from D group had a higher
level of MG (16:1(9Z)/0:0/0:0), ricinoleic acid and MG (14:0/0:0/0:0) compared to the Z
group. While higher levels of ricinoleic acid, 3-hydroxyhexadecanoyl carnitine, and MG
(14:0/0:0/0:0) in D group were found compared to the Z group (Figure 3).
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from crossbred buffalo.
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3.4. Integration of Key Different Metabolic Pathways

In order to further investigate the function of the differential metabolites, MetaboAn-
alyst 4.0 was used to obtain the relevant pathways. Results showed that the differential
metabolites were mainly involved in fatty acid metabolism pathways, such as fatty acid
biosynthesis, unsaturated fatty acid biosynthesis, and linoleic acid metabolism (Table 2). In
addition, differential metabolites were also enriched in the primary bile acid biosynthesis
between D vs. Z group. A schematic diagram showing the metabolic network of the
potential biomarkers which were different among the groups is shown by combining the
identified differential metabolites and enriched pathways (Figure 4).

Table 2. Metabolic pathways of differential metabolites of D vs. M.

Pathway Name KEGG Map ID

Biosynthesis of unsaturated fatty acids map01040
Fatty acid biosynthesis map00061

Primary bile acid biosynthesis ∗ map00120
Linoleic acid metabolism map00591

∗ indicates pathway only found in D vs. Z group.
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4. Discussion

Buffalo milk is commercially more viable for producing high fat-based and solids non-
fat based dairy products due to its high contents of fat, crude protein, and total solids [2].
Studies have found that milk traits are different among different buffalo species and can
be affected by diverse factors [26–28]. Metabolomics has been used in many fields in
recent years and reveals that the metabolome of buffalo milk may provide further un-
derstanding about the buffalo lactation mechanism. In this study, we analyzed the milk
composition of Mediterranean, Murrah, and crossbred buffalo and found that the fatty acid
in Mediterranean milk was significantly higher than Murrah buffalo and crossbred buffalo,
while the protein and total solid content in Mediterranean milk were lower than the other
groups. This result is consistent with the previous reports [29,30]. We further identified the
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metabolites in the milk by LC-MS/MS, and multiple strategies were used to analyze the
data, including the construction of PCA and OPLS-DA models and permutation analysis.
It was interesting to find that the differential metabolites between Mediterranean and
Murrah or crossbred milk were mainly enriched in glycerides and fatty acids, such as oleic
acid, 9(Z),11(E)-conjugated linoleic acid, MG (14:0/0:0/0:0), and MG(18:0/0:0/0:0), which
are crucial in the process of milk fat synthesis. These differential metabolites are widely
distributed in the milk fat synthesis pathways, including fatty acid biosynthesis, unsatu-
rated fatty acid biosynthesis, and linoleic acid metabolism, indicating that the priority of
different pathways affect the milk fat content in different buffalo species. Therefore, the
higher abundance of lipid metabolism related metabolites in Mediterranean milk resulted
in its higher fat content. No significant differences of milk content were found between
Murrah and crossbred buffalo milk, as for the differential metabolites in this study. These
results indicated that the hybrid buffalo inherited the milk-producing traits of Murrah
buffalo, and also provide evidence on the effect of the hybrid buffalo in improving the
milk-producing traits of local buffalo.

At present, metabolomics has been applied to the screening of biomarkers and
metabolic changes in various studies, such as heat stress in dairy cows [31] and pregnancy
prediction of buffaloes [32], while few reports have focused on the metabolic differences
between different buffalo species. In this study, we identified 19 and 18 significant different
metabolites between the Mediterranean buffalo milk and Murrah or crossbred buffalo
milk, respectively. Further analysis found that most of the screened differential metabolites
were glycerides, and glyceride metabolism constitutes the final step of milk fat synthesis.
The synthesis and secretion of milk fat is regulated by a complex network, and direct or
indirect influence exists among the regulatory factors, while the specific mechanism still
needs to be further explored [33]. The physiological phenomenon reflected by the change
of metabolites is beneficial to the study of the mechanism of the biological process [34].
In mammary epithelial cells, glycerides are synthesized by combining the fatty acids and
glycerol 3-phosphate under the sequential action of three enzyme families (glycerol-3-
phosphate acyltransferases, GPATs; 1-acylglycerol-3-phosphate acyltransferases, AGPATs;
and diacylglycerol acyltransferases, DGATs), and the accumulation of glycerides forms
lipid droplets which finally secrete into the milk [35–37]. As an important precursor of
milk fat synthesis, the difference in fatty acids lays the foundation for the difference of fat
content among different buffalo species. Previous studies have found that the expression
of SCD1 can directly or indirectly regulate the synthesis of fatty acid and triglyceride in
the mammary epithelial cells by exploiting diverse metabolites [38,39]. Oleic acid (OA) is
one of the principal UFAs in buffalo milk and an important substrate of enzymes such as
diacylglycerol acyltransferase (DGAT) [40]. Astrocytes present a vital role in neural lipid
metabolism for the regulation of energy balance to supply fatty acids and ketone bodies to
other neural cells, and OA has been shown to be a potent inducer of astrocytic lipid droplet
accumulation among various fatty acids [41]. OAs can promote morphology changes and
lipid accumulation in the process of 3T3-L1 preadipocytes differentiation, and impact the
methylation of transcription factors involved in lipid synthesis (Pparγ and C/ebpα) as
well as motivate their expression in a dose-dependent manner [42]. 9(Z),11(E)-CLA is a
major conjugate linoleic acid (CLA) and plays an important role in human health [43,44].
It can inhibit the transcription of pro-inflammatory cytokines by motivating the expres-
sion of Peroxisome proliferator-activated receptor gamma (PPARγ) and finally reduce
the inflammation in mammary epithelial cells [45]. Studies have shown that UFAs can
promote the deposition of TAG by regulating the fat synthesis related gene expression
in mammary epithelial cells [37,46,47]. Comparing with Murrah buffalo milk, greater
enrichment of MG (16:1(9Z)/0:0/0:0), ricinoleic acid, and MG (14:0/0:0/0:0) were found
in Mediterranean milk in the present study. While a higher abundance of ricinoleic acid,
3-hydroxyhexadecanoyl carnitine, and MG (14:0/0:0/0:0) were found compared to the
crossbred buffalo milk. Moreover, the higher abundance of glycerides is consistent with the
result that Mediterranean milk contains more fat content in this study. Therefore, we can
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speculate that pathways such as fatty acid biosynthesis, unsaturated fatty acid biosynthesis,
and linoleic acid metabolism in Mediterranean buffalo were more effective than in Murrah
and crossbred buffalo.

5. Conclusions

Overall, we obtained the metabolite profiles of the milk from Mediterranean buffalo,
Murrah buffalo, and crossbred buffalo (Murrah buffalo × local swamp buffalo) by UPLC-
Q-Orbitrap HRMS. We identified 11 significantly different metabolites among the milks of
the three buffalo species. These differential metabolites were found enriched mainly in the
lipid synthesis pathway and may provide an explanation of the higher fat abundance in
Mediterranean buffalo milk. The results provide further understanding of the mechanism
of milk fat synthesis and may be used as candidate biomarkers in the breeding of high milk
fat buffalo. Further experiments are underway. In general, our study provides practical
information for the development of buffalo genetic improvement and the foundation for
future research on specific milk nutrients.
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analysis of QCs in positive (A) and (B) negative ion mode. Figure S3: Venn analysis of the differential
metabolites. Table S1: Significantly different metabolites between milk samples of Mediterranean
buffalo and Murrah buffalo. Table S2: Significantly different metabolites between milk samples of
Mediterranean buffalo and crossbred buffalo.

Author Contributions: Conceptualization, Q.L.; Data curation, W.S. and X.Y.; Formal analysis, W.S.,
X.Y., and Z.L.; Funding acquisition, Q.L.; Investigation, H.L., P.F., and Q.L.; Methodology, X.Y.; Project
administration, K.C. and Z.L.; Resources, D.S. and Q.L.; Software, X.Y.; Validation, K.C.; Visualization,
W.S. and Z.L.; Writing—original draft, W.S.; Writing—review and editing, S.-U.R. and Z.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 31860638, Guangxi Key Research and Development Plan, grant number AB18221120 and
Guangxi Distinguished Scholar program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tomassini, A.; Curone, G.; Solè, M.; Capuani, G.; Sciubba, F.; Conta, G.; Miccheli, A.; Vigo, D. NMR-based metab-olomics to

evaluate the milk composition from Friesian and autochthonous cows of Northern Italy at different lactation times. Nat. Prod. Res.
2019, 33, 1085–1091. [CrossRef]

2. Wang, J.; He, Y.; Pang, K.; Zeng, Q.; Zhang, X.; Ren, F.; Guo, H. Changes in milk yield and composition of colos-trum and regular
milk from four buffalo breeds in China during lactation. J. Sci. Food Agric. 2019, 99, 5799–5807. [CrossRef]

3. Han, B.-Z.; Meng, Y.; Li, M.; Yang, Y.-X.; Ren, F.-Z.; Zeng, Q.-K.; Nout, M.R. A survey on the microbiological and chemical
composition of buffalo milk in China. Food Control 2007, 18, 742–746. [CrossRef]

4. Zhou, L.; Tang, Q.; Iqbal, M.W.; Xia, Z.; Huang, F.; Li, L.; Liang, M.; Lin, B.; Qin, G.; Zou, C. A comparison of milk protein, fat,
lactose, total solids and amino acid profiles of three different buffalo breeds in Guangxi, China. Ital. J. Anim. Sci. 2018, 17, 873–878.
[CrossRef]

5. Goldansaz, S.A.; Guo, A.C.; Sajed, T.; Steele, M.A.; Plastow, G.S.; Wishart, D.S. Livestock metabolomics and the livestock
metabolome: A systematic review. PLoS ONE 2017, 12, e0177675. [CrossRef]

6. Li, Z.; Jiang, M. Metabolomic profiles in yak mammary gland tissue during the lactation cycle. PLoS ONE 2019, 14, e0219220.
[CrossRef]

7. Yang, Y.; Zheng, N.; Zhao, X.; Zhang, Y.; Han, R.; Yang, J.; Zhao, S.; Li, S.; Guo, T.; Zang, C. Metabolomic bi-omarkers identify
differences in milk produced by Holstein cows and other minor dairy animals. J. Proteom. 2016, 136, 174–182. [CrossRef]

8. Li, S.; Wang, Q.; Lin, X.; Jin, X.; Liu, L.; Wang, C.; Chen, Q.; Liu, J.; Liu, H. The use of “Omics” in lactation research in dairy cows.
Int. J. Mol. Sci. 2017, 18, 983. [CrossRef]

https://www.mdpi.com/2076-2615/11/2/560/s1
https://www.mdpi.com/2076-2615/11/2/560/s1
http://doi.org/10.1080/14786419.2018.1462183
http://doi.org/10.1002/jsfa.9849
http://doi.org/10.1016/j.foodcont.2006.03.011
http://doi.org/10.1080/1828051X.2018.1443288
http://doi.org/10.1371/journal.pone.0177675
http://doi.org/10.1371/journal.pone.0219220
http://doi.org/10.1016/j.jprot.2015.12.031
http://doi.org/10.3390/ijms18050983


Animals 2021, 11, 560 10 of 11

9. Ceciliani, F.; Lecchi, C.; Urh, C.; Sauerwein, H. Proteomics and metabolomics characterizing the pathophysiology of adaptive
reactions to the metabolic challenges during the transition from late pregnancy to early lactation in dairy cows. J. Proteom. 2018,
178, 92–106. [CrossRef]

10. Rau, J.; Korte, N.; Dyk, M.; Wenninger, O.; Schreiter, P.; Hiller, E. Rapid animal species identification of feta and mozzarella cheese
using MALDI-TOF mass-spectrometry. Food Control 2020, 117, 107349. [CrossRef]

11. Tian, H.; Zheng, N.; Wang, W.; Cheng, J.; Li, S.; Zhang, Y.; Wang, J. Integrated Metabolomics Study of the Milk of Heat-stressed
Lactating Dairy Cows. Sci. Rep. 2016, 6, 24208. [CrossRef]

12. Xu, W.; Vervoort, J.; Saccenti, E.; van Hoeij, R.; Kemp, B.; van Knegsel, A. Milk metabolomics data reveal the en-ergy balance of
individual dairy cows in early lactation. Sci. Rep. 2018, 8, 15828. [CrossRef]

13. Fontanesi, L. Metabolomics and livestock genomics: Insights into a phenotyping frontier and its applications in ani-mal breeding.
Anim. Front. 2016, 6, 73–79. [CrossRef]

14. Boudonck, K.J.; Mitchell, M.W.; Wulff, J.; Ryals, J.A. Characterization of the biochemical variability of bovine milk using
metabolomics. Metabolomics 2009, 5, 375–386. [CrossRef]

15. Klein, M.S.; Buttchereit, N.; Miemczyk, S.P.; Immervoll, A.-K.; Louis, C.; Wiedemann, S.; Junge, W.; Thaller, G.; Oefner, P.J.;
Gronwald, W. NMR Metabolomic Analysis of Dairy Cows Reveals Milk Glycerophosphocholine to Phosphocholine Ratio as
Prognostic Biomarker for Risk of Ketosis. J. Proteome Res. 2011, 11, 1373–1381. [CrossRef] [PubMed]

16. Ren, D.; Zou, C.; Lin, B.; Chen, Y.; Liang, X.; Liu, J. A Comparison of Milk Protein, Amino Acid and Fatty Acid Profiles of River
Buffalo and Their F1 and F2 Hybrids with Swamp Buffalo in China. Pak. J. Zool. 2015, 47, 1459–1465.

17. Villaseñor, A.; Garcia-Perez, I.; Garcia, A.; Posma, J.M.; Fernández-López, M.; Nicholas, A.J.; Modi, N.; Holmes, E.; Barbas, C.
Breast Milk Metabolome Characterization in a Single-Phase Extraction, Multiplatform Analytical Approach. Anal. Chem. 2014, 86,
8245–8252. [CrossRef] [PubMed]

18. Zhang, H.; Tong, J.; Zhang, Y.; Xiong, B.; Jiang, L. Metabolomics reveals potential biomarkers in the rumen fluid of dairy cows
with different levels of milk production. Asian-Australas. J. Anim. Sci. 2020, 33, 79–90. [CrossRef]

19. Metaboanalyst 4.0 Software. Available online: http://www.metaboanalyst.ca (accessed on 21 July 2020).
20. The Kyoto Encyclopedia of Genes and Genomes Database. Available online: https://www.kegg.jp (accessed on 21 July 2020).
21. The Human Metabolome Database. Available online: http://www.hmdb.ca (accessed on 1 September 2020).
22. The Chemical Entities of Biological Interest. Available online: https://www.ebi.ac.uk (accessed on 5 June 2020).
23. The Metabolite and Tandem MS Database. Available online: https://metlin.scripps.edu (accessed on 2 October 2020).
24. The PubChem database. Available online: https://pubchem.ncbi.nlm.nih.gov (accessed on 16 July 2020).
25. Chong, J.; Soufan, O.; Li, C.; Caraus, I.; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: Towards more transparent

and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486–W494. [CrossRef] [PubMed]
26. Haile, A.; Hilali, M.; Hassen, H.; Lobo, R.N.B.; Rischkowsky, B. Estimates of genetic parameters and genetic trends for growth,

reproduction, milk production and milk composition traits of Awassi sheep. Animals 2019, 13, 1374. [CrossRef] [PubMed]
27. Selvaggi, M.; D’Alessandro, A.G.; Dario, C. Environmental and genetic factors affecting milk yield and quality in three Italian

sheep breeds. J. Dairy Res. 2016, 84, 27–31. [CrossRef]
28. Laben, R. Factors Responsible for Variation in Milk Composition. J. Dairy Sci. 1963, 46, 1293–1301. [CrossRef]
29. Pasquini, M.; Osimani, A.; Tavoletti, S.; Moreno, I.; Clementi, F.; Trombetta, M.F. Trends in the quality and hy-giene parameters of

bulk Italian Mediterranean buffalo (Bubalus bubalis) milk: A three year study. Anim. Sci. J. 2018, 89, 176–185. [CrossRef]
30. Yang, T.X.; Li, H.; Wang, F.; Liu, X.L.; Li, Q.Y. Effect of cattle breeds on milk composition and technological char-acteristics in

china. Asian Austral. J. Anim. 2013, 26, 896.
31. Yue, S.; Ding, S.; Zhou, J.; Yang, C.; Hu, X.; Zhao, X.; Wang, Z.; Wang, L.; Peng, Q.; Xue, B. Metabolomics Approach Explore

Diagnostic Biomarkers and Metabolic Changes in Heat-Stressed Dairy Cows. Animals 2020, 10, 1741. [CrossRef]
32. de Nicola, D.; Vinale, F.; Salzano, A.; D Errico, G.; Vassetti, A.; D Onofrio, N.; Balestrieri, M.L.; Neglia, G. Milk Metabolomics

Reveals Potential Biomarkers for Early Prediction of Pregnancy in Buffaloes Having Undergone Artificial Insemination. Animals
2020, 10, 758. [CrossRef]

33. Osorio, J.S.; Lohakare, J.; Bionaz, M. Biosynthesis of milk fat, protein, and lactose: Roles of transcriptional and post-transcriptional
regulation. Physiol. Genom. 2016, 48, 231–256. [CrossRef]

34. Guijas, C.; Montenegro-Burke, J.R.; Warth, B.; Spilker, M.E.; Siuzdak, G. Metabolomics activity screening for iden-tifying
metabolites that modulate phenotype. Nat. Biotechnol. 2018, 36, 316–320. [CrossRef] [PubMed]

35. Takeuchi, K.; Reue, K. Biochemistry, physiology, and genetics of GPAT, AGPAT, and lipin enzymes in triglyceride synthesis. Am.
J. Physiol. Metab. 2009, 296, E1195–E1209. [CrossRef]

36. Bernard, L.; Leroux, C.; Chilliard, Y. Expression and nutritional regulation of lipogenic genes in the ruminant lactating mammary
gland. In Bioactive Components of Milk; Springer: Berlin/Heidelberg, Germany, 2008; pp. 67–108.

37. Yonezawa, T.; Yonekura, S.; Kobayashi, Y.; Hagino, A.; Katoh, K.; Obara, Y. Effects of Long-Chain Fatty Acids on Cytosolic
Triacylglycerol Accumulation and Lipid Droplet Formation in Primary Cultured Bovine Mammary Epithelial Cells. J. Dairy Sci.
2004, 87, 2527–2534. [CrossRef]

38. Li, Z.; Lu, S.; Cui, K.; Shafique, L.; Rehman, S.U.; Luo, C.; Wang, Z.; Ruan, J.; Qian, Q.; Liu, Q. Fatty acid biosynthe-sis and
transcriptional regulation of Stearoyl-CoA Desaturase 1 (SCD1) in buffalo milk. BMC Genet. 2020, 21, 23. [CrossRef]

http://doi.org/10.1016/j.jprot.2017.10.010
http://doi.org/10.1016/j.foodcont.2020.107349
http://doi.org/10.1038/srep24208
http://doi.org/10.1038/s41598-018-34190-4
http://doi.org/10.2527/af.2016-0011
http://doi.org/10.1007/s11306-009-0160-8
http://doi.org/10.1021/pr201017n
http://www.ncbi.nlm.nih.gov/pubmed/22098372
http://doi.org/10.1021/ac501853d
http://www.ncbi.nlm.nih.gov/pubmed/25058331
http://doi.org/10.5713/ajas.19.0214
http://www.metaboanalyst.ca
https://www.kegg.jp
http://www.hmdb.ca
https://www.ebi.ac.uk
https://metlin.scripps.edu
https://pubchem.ncbi.nlm.nih.gov
http://doi.org/10.1093/nar/gky310
http://www.ncbi.nlm.nih.gov/pubmed/29762782
http://doi.org/10.1017/S1751731118001374
http://www.ncbi.nlm.nih.gov/pubmed/29954467
http://doi.org/10.1017/S0022029916000765
http://doi.org/10.3168/jds.S0022-0302(63)89264-4
http://doi.org/10.1111/asj.12916
http://doi.org/10.3390/ani10101741
http://doi.org/10.3390/ani10050758
http://doi.org/10.1152/physiolgenomics.00016.2015
http://doi.org/10.1038/nbt.4101
http://www.ncbi.nlm.nih.gov/pubmed/29621222
http://doi.org/10.1152/ajpendo.90958.2008
http://doi.org/10.3168/jds.S0022-0302(04)73377-9
http://doi.org/10.1186/s12863-020-0829-6


Animals 2021, 11, 560 11 of 11

39. Tian, H.; Luo, J.; Zhang, Z.; Wu, J.; Zhang, T.; Busato, S.; Huang, L.; Song, N.; Bionaz, M. CRISPR/Cas9-mediated Stearoyl-CoA
Desaturase 1 (SCD1) Deficiency Affects Fatty Acid Metabolism in Goat Mammary Epithelial Cells. J. Agric. Food Chem. 2018, 66,
10041–10052. [CrossRef]

40. Keating, A.F.; Kennelly, J.J.; Zhao, F. Characterization and regulation of the bovine stearoyl-CoA desaturase gene promoter.
Biochem. Bioph. Res. Commun. 2006, 344, 233–240. [CrossRef]

41. Nakajima, S.; Gotoh, M.; Fukasawa, K.; Murakami-Murofushi, K.; Kunugi, H. Oleic acid is a potent inducer for lipid droplet
accumulation through its esterification to glycerol by diacylglycerol acyltransferase in primary cortical as-trocytes. Brain Res.
2019, 1725, 146484. [CrossRef] [PubMed]

42. Malodobra-Mazur, M.; Cierzniak, A.; Dobosz, T. Oleic acid influences the adipogenesis of 3T3-L1 cells via DNA Meth-ylation and
may predispose to obesity and obesity-related disorders. Lipids Health Dis. 2019, 18, 230. [CrossRef] [PubMed]

43. Khan, I.T.; Nadeem, M.; Imran, M.; Asif, M.; Khan, M.K.; Din, A.; Ullah, R. Triglyceride, fatty acid profile and an-tioxidant
characteristics of low melting point fractions of Buffalo Milk fat. Lipids Health Dis. 2019, 18, 59. [CrossRef] [PubMed]

44. Bhattacharya, A.; Banu, J.; Rahman, M.; Causey, J.; Fernandes, G. Biological effects of conjugated linoleic acids in health and
disease. J. Nutr. Biochem. 2006, 17, 789–810. [CrossRef] [PubMed]

45. Dipasquale, D.; Basiricò, L.; Morera, P.; Primi, R.; Tröscher, A.; Bernabucci, U. Anti-inflammatory effects of conju-gated linoleic
acid isomers and essential fatty acids in bovine mammary epithelial cells. Anim. Int. J. Anim. Biosci. 2018, 12, 2108–2114.
[CrossRef]

46. Zhang, H.; Dan, N.; Ao, C.; Wang, S.; Erdene, K.; Ashraf, M.U. Effects of exogenous C18 unsaturated fatty acids on milk lipid
synthesis in bovine mammary epithelial cells. J. Dairy Res. 2020, 87, 344–348. [CrossRef] [PubMed]

47. Sheng, R.; Yan, S.M.; Qi, L.Z.; Zhao, Y.L. Effect of the ratios of unsaturated fatty acids on the expressions of genes related to fat
and protein in the bovine mammary epithelial cells. Vitr. Cell. Dev. Biol. Anim. 2015, 51, 381–389. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.jafc.8b03545
http://doi.org/10.1016/j.bbrc.2006.03.133
http://doi.org/10.1016/j.brainres.2019.146484
http://www.ncbi.nlm.nih.gov/pubmed/31562840
http://doi.org/10.1186/s12944-019-1173-6
http://www.ncbi.nlm.nih.gov/pubmed/31883537
http://doi.org/10.1186/s12944-019-0995-6
http://www.ncbi.nlm.nih.gov/pubmed/30851732
http://doi.org/10.1016/j.jnutbio.2006.02.009
http://www.ncbi.nlm.nih.gov/pubmed/16650752
http://doi.org/10.1017/S1751731117003676
http://doi.org/10.1017/S0022029920000722
http://www.ncbi.nlm.nih.gov/pubmed/32893769
http://doi.org/10.1007/s11626-014-9847-x
http://www.ncbi.nlm.nih.gov/pubmed/25592082

	Introduction 
	Materials and Methods 
	Sample Collection 
	Milk Composition Determination and Metabolite Extraction 
	LC-MS/MS Analysis 
	Data Analysis 
	Metabolic Pathway Analysis 

	Results 
	Routine Analysis of Milk Composition 
	Milk Metabolome Profiles 
	Identification of Differential Metabolites 
	Integration of Key Different Metabolic Pathways 

	Discussion 
	Conclusions 
	References

