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Abstract

Beef is a common staple food in many countries, and there is a growing concern over
misinformation of beef products, such as false claims of origin, species and production methods.
In this study, we used a mass spectrometry-based metabolomics approach to study the
metabolite profiles of beef samples purchased from local retailers in Hong Kong. Using
multivariate analysis, beef samples from different a) geographical origins, namely the United
States (US), Japan and Australia, and b) feeding regimes could be differentiated. We identified
twenty-four metabolites to distinguish beef samples from different countries, ten metabolites
to identify Angus beef samples from others and seven metabolites to discriminate Australian
beef produced by the organic farming from that produced using other farming modes. Based
on results of this study, it is concluded that metabolomics provides an efficient strategy for
tracing and authenticating beef products to ensure their quality and to protect consumer rights.
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1. Introduction

As the third most widely consumed meat (Bijlsma et al., 2006; FAO, 2003), beef constitutes a

major dietary component in many parts of the world and is traded internationally. It has a high

protein content and is a good source of essential vitamins (e.g. vitamin B) (Wood, 2017) and

minerals (e.g. iron) that are frequently deficient in our diet (Ames & Wakimoto, 2002; Pighin

et al., 2016). Beef imports in China have grown by nearly 24% in the past 5 years

(ResearchAndMarkets, 2018). Beef and veal trade also have been projected to have a steady

growth of about 1% per year over the next ten years. (OECD/FAOQO, 2018). By 2027, it has been

projected that the price for beef would increase to USD 4000/t carcass weight equivalent (c.w.e.)
(OECD/FAO, 2018).

Despite the steady growing demands, international beef trade has shown substantial volatility
in the past few decades. For example, the feeding of meat-and-bone meal contaminated with
scrapie to cattle had resulted in a bovine spongiform encephalopathy (BSE) epidemic in cattle
in the United Kingdom. In March 1996, there were ten reported cases of the rare but lethal
Creutzfeldt Jakob disease in humans after their exposure to beef from BSE—infected cattle,
triggering a serious consumer confidence crisis in beef products from the United Kingdom
(Anderson et al., 1996). In December 2003, a single dairy cow was found to be infected with
BSE in the United States (US), which resulted in 53 countries banning beef imports from the
US and an estimated loss of USD 3.2-4.7 billion in 2004 (Coffey, Mintert, Fox, Schroeder &
Valentin, 2005). Beef exports for international trade have recovered after the BSE incidents,
with notable increases in export volumes from countries such as Australia, Brazil and
Argentina. During the absence of US beef in China in the BSE era, Australia gained a large
share of the Chinese beef market. However, most Australian beef was grass-fed, and was thus
unable to fully capture the market share that the US producers had lost due to meat quality
demand (Fields, Therrien, Halstrom, Haggard & Clayton, 2018). An efficient traceability
platform or system may greatly reduce the duration, spread and the adverse economic impact
of disease outbreak or other food safety incidents.

Beet of different qualities, cuts and geographical origins may have substantially different
economic values. Economically motivated food fraud is increasingly subject to public scrutiny.
Food products with high commercial values are very often targeted for fraud and adulteration,
such as the substitution of an expensive product with a cheaper product, incorrect labelling,
and use of illegal additives. For instance, a 2013 report revealed a widespread food fraud of
inclusion of horse meat in beef products (e.g. frozen burgers) (O'Mahony, 2013). Although
meat from different species can be easily detected using DNA-based techniques, the mixing of
meat from different geographical origins is more difficult to detect. Untargeted approaches,
such as mass spectrometry (MS)- and nuclear magnetic resonance (NMR)-based metabolomics,
have been suggested as a promising strategy for this purpose (Sentandreu & Sentandreu, 2014).
Scientific expertise and technologies are constantly being developed to advance the traceability
and authentication of food products. The public is increasingly concerned about the origin and
authenticity of their food not only for safety reasons but also for economic and quality reasons
(Henchion, McCarthy & Resconi, 2017). For instance, the beef industry in the developed
countries is facing increased demand for natural meat, driven in part by public concern on the
environmental impacts of farming, animal welfare and meat quality. A consumer preference
for organic beef has emerged recently because organic beef is considered to be safer as it is
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free of antibiotics. Grass-fed beef contains less saturated fat and more omega-3 fatty acid, and
is considered to be a healthier choice (Deckelbaum & Torrejon, 2012; Klek, 2016).

The geographical origin of beef is most commonly determined using a genomics approach,
stable isotope ratio analysis and multi-elemental analysis. For example, 24 cattle breeds from
seven member states of the European Union (France, Denmark, Italy, the Netherlands,
Switzerland, Spain and the UK) were assigned correctly to their geographical origin with a
success rate of 90% by using single nucleotide polymorphisms (SNP) (Negrini et al., 2008).
Meanwhile, Mannen used mitochondrial DNA to classify Wagyu cattle from Japan (Mannen,
2017). Although these studies demonstrated the utility of the genomics approach in determining
the geographical origin of beef, no studies have compared DNA profiles among beef from
different countries. Therefore, it is unknown whether, for instance, Japanese beef can be
accurately differentiated from European beef by using only molecular markers. To this end, in
China, researchers have successfully distinguished beef produced from Shandong,
Heilongjiang, Yunnan and the Tibet Autonomous Region using carbon isotope ratio, but not
the nitrogen isotope ratio (Zhao, Zhang, Guo, Wang & Yang, 2016). Moreover, elemental
profiles obtained from elemental analyzer continuous flow isotope ratio MS could distinguish
beef from four out of five countries, namely Australia, Brazil, Canada and the US, but
misclassification between Brazilian and Swiss beef was observed in the external validation set
(Franke, Haldimann, Gremaud, Bosset, Hadorn & Kreuzer, 2008). One major limitation of
these approaches is that although the methods may be able to identify the geographic sources
of beef, no information is provided on their quality.

Metabolomics focuses on the measurement of metabolites and identifies changes in metabolites
as aresult of genetic, environmental or dietary factors. (Cevallos-Cevallos, Reyes-De-Corcuera,
Etxeberria, Danyluk & Rodrick, 2009; Cubero-Leon, Penalver & Maquet, 2014). This
approach determines comprehensive metabolite profiles that are not only valuable for
identifying the geographical origin of beef, but also important in understanding how these
factors associated with the nutritional values, quality, and flavor of beef. Thus, metabolomics
provides an efficient technology platform that offers the gathering of essential data for an
effective food traceability system.

MS- and NMR-based metabolomics are new popular techniques that have been developed and
used in the study of food safety, quality and traceability (Capozzi & Bordoni, 2013; Hu & Xu,
2013). For example, Jung et al. (Jung, Lee, Kwon, Lee, Ryu & Hwang, 2010) used proton NMR
to identify beef samples that originated from Australia, Korea, New Zealand and the US.
Carrillo et al. (Carrillo et al., 2016) used integrated metabolomics and transcriptome analysis
to characterize the differences between grass- and grain-fed Angus steer. Finally, Kodani et al.
(Kodani, Miyakawa, Komatsu & Tanokura, 2017) used NMR data to evaluate the degree of
unsaturation in triacylglycerol and fatty acid as well as the ageing duration of Japanese Black
cattle.

Metabolomics studies can be divided into two general approaches, targeted and untargeted
analysis. The targeted approach focuses on identifying and quantifying a number of small
subset of known metabolites, whereas the untargeted approach aims at acquiring as many
metabolites as possible, annotating metabolites and reviewing changes in quantity (Hu & Xu,
2013). Beef'is a complex matrix with thousands of metabolites that may be affected by species,
flavour, nutrient, production and storage. Therefore, the untargeted approach has the advantage

Page | 4



133
134
135
136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

154

155

156

157
158
159
160
161
162

163
164
165
166
167
168
169
170
171

172

of providing a fuller picture of the relationship among these characteristics. In addition, the
sample preparation of the untargeted approach are relatively simple and highly reproducible
profiles with broad coverage of metabolites could be obtained. (Castro-Puyana, Pérez-Miguez,
Montero & Herrero, 2017).

In the present work, we developed an untargeted metabolomics approach, including both ultra-
high-performance liquid chromatography-Orbitrap-mass spectrometry (UPLC-Orbitrap-MS)
and gas chromatography-mass spectrometry (GC-MS) analytical platforms, to evaluate the
geographical origin and species of beef as well as to differentiate beef produced from different
feeding regimes. The entire metabolomics platform was further validated by analyzing its
linearity, accuracy, method precision, limit of quantification (LOQ) and limit of detection
(LOD). The overall objective of this study was to provide a more comprehensive metabolite
map for the identification of potential biomarkers associated with the geographical origin and
production conditions of beef. We believe this method will be particularly useful in end-user
markets, such as Hong Kong, where information on beef production and storage may not be
always fully available or verifiable. Using the developed method, we tested beef purchased in
a local Hong Kong market that originated from Australia, the US, and Japan (the top three
providers of chilled beef in Hong Kong). The prices of beef from these three countries differ
considerably. In 2017, Australia supplied 49.4% of Hong Kong’s imported beef, which
accounted for 41.4% of total beef sales value, the US supplied 26.6%, which accounted for
27.6% of the total sales value, and Japan supplied only 7.3% but accounted for 19.9% of the
total sales value (H.K.S.A.R. C&SD, 2018).

2. Materials and methods
2.1 Reagents

High-performance liquid chromatography (HPLC)-grade acetonitrile, chloroform, isopropanol
and methanol were purchased from Duksan Pure Chemicals (Gyeonggi-do, South Korea) while
HPLC-grade formic acid was commercially obtained from VWR (Radnor, PA, USA). Double-
ionized water was freshly prepared using a Milli-Q water-purification system (Millipore,
Bedford, MA, USA). Deuterated cholic acid (2,2,4,4-d4) was purchased from Cambridge
Isotope Laboratories (Tewksbury, MA, USA).

L-alanine, ammonium formate, L-aspartic acid, cis-11-eicosenoic acid (FA 20:1), galactose,
glucose, glutamic acid, L-glycine, L-isoleucine, 2-isopropylmalic acid, L-leucine, L-
methionine, methoxyamine hydrochloride, ornithine, proline, palmitic acid (FA 16:0), L-serine,
stearic acid (FA 18:0), threonine, tyrosine, and L-valine were commercially obtained from
Sigma-Aldrich (St. Louis, MO, USA). N-Methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) and pyridine were purchased from Acros Organics (Morris Plains, NJ, USA). 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC (16:0/18:1)) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (PE (16:0/18:1)) were commercially obtained from Avanti
Polar Lipids (Alabaster, AL, USA).

2.2 Sample collection
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Thirty-nine well-labelled imported beef samples from Australia (n= 20), Japan (n= 5) and the
US (n= 14) were purchased from local retailers in Hong Kong (supplementary material, Figure
S1). The samples were stored at 4°C during transportation to the laboratory. The samples were
separated into different portions and stored in a -80 °C freezer until use. All beef samples were
labelled with information such as country of origin, species, feeding regimen, sample weight
and price. This information is summarized in the supplementary material (Table S1). The
samples from Australia were further classified into organic beef (n=8), Angus beef (n= 4),
Wagyu beef (n= 3) or conventional beef (n=5) according to feeding and breeding.

2.3 Metabolomics analysis
2.3.1 Quality control sample preparation method

For quality assurance and quality control purposes, a small portion of all individual beef
samples were pooled and mixed to form a pooled quality control (QC) sample which was stored
at -80°C until use. For each analytical batch, a small sample (hereafter, QC samples) was taken
from the pooled QC sample and subject to sample preparation in the same manner as all other
samples, as described in Section 2.3.2. Before chemical analysis, five repeated injections of the
same QC sample were used to verify the working condition of the instruments. In addition, a
QC sample was injected to monitor the stability of the instruments after every four sample runs.

QC samples were also used to optimize the sample preparation. Due to the wide chemical
diversity of metabolites, the sample extraction procedure employed herein used minimal
sample treatment and was expected to be non-selective in order to reveal as much information
as possible. Different extraction solvent systems and sample-to-solvent ratios were compared
and optimized so as to detect the maximum number of metabolites in beef samples.

2.3.2 Sample preparation

Around 20 g of each beef sample was homogenized, from which a 100 + 5 mg sample was
obtained and stored at -80 °C immediately to inhibit enzyme activities until extraction. A
modified Bligh and Dyer’s liquid-liquid extraction (LLE) method (Bligh & Dyer, 1959; Dunn
et al., 2011) was used to study the lipids and small molecules in beef. Briefly, 800 puL pre-
chilled homogenization solvent (50% v/v chloroform: 50% v/v methanol) and beef samples
were mixed into a glass test tube, which was then homogenized for 1 minute using an Ultra
Turrax T10 homogenizer (IKA, Wilmington, NC, USA). For liquid-liquid extraction, the same
volume of double-deionized water was added, and the sample was vortex mixed for 30 s, and
then centrifuged at 8000 rpm at 4 °C for 10 min. Next, 200 pL of the organic layer and 200 pL
of the aqueous layer were transferred to a glass test tube and a silanized vial, respectively. The
aqueous and the organic layer, which contained 100 ppm internal standard (IS) of 2-
isopropylmalic acid and 1 ppm IS of cholic acid-d4, respectively, were then evaporated until
dryness under a nitrogen stream. Both dried layers were immediately stored at -80 °C until
UPLC-Orbitrap-MS and GC-MS analysis.

For the lipid profile analysis, the dried organic layer was re-dissolved in 150 pL solvent (65%
v/v acetonitrile: 30% v/v isopropanol: 5% v/v water, pre-chilled in an ice water bath). After
centrifugation at 14000 rpm at 4 °C for 15 min, the supernatant was transferred into an HPLC
vial for UPLC-Orbitrap-MS analysis.
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For the aqueous profile analysis, two-stage silylation (Dunn et al., 2011) was chosen to
derivatize small non-volatile metabolites. The dried aqueous layer was re-dissolved in 75 uL
methoxyamine hydrochloride in pyridine (15 mg/mL) under nitrogen protection and
subsequently shaken at 30 °C for 1.5 h. After adding 75 uL. MSTFA, the mixture was incubated
at 70 °C for 1 h, then cooled to room temperature and diluted by adding 150 pL pyridine. This
solution was injected into the GC-MS system.

2.3.3 UPLC-orbitrap-MS data acquisition

For UPLC-Orbitrap-MS analysis, a Thermo Orbitrap Fusion Lumos Tribrid Mass Spectrometry
(Thermo Fisher Scientific, Waltham, MA, USA) was connected to a Waters ACQUITY UPLC
System (Waters Corp., Milford, USA) via heated electrospray ionization (H-ESI) as the
interface. The separation was performed on a Waters ACQUITY UPLC HSS T3 column (2.1
mm % 100 mm, 1.8um) with an HSS T3 pre-column (2.1 mm x 5 mm, 1.8um) at 40 °C. Based
on Cajka and Bird’s study (Cajka & Fiehn, 2016), a gradient elution of solvent A (60% v/v
water: 40% v/v acetonitrile containing 10 mM ammonium formate and 0.1% formic acid) and
solvent B (90% v/v isopropanol: 10% v/v acetonitrile containing 10 mM ammonium formate
and 0.1% formic acid) was applied with a modified elution program as follows: 0—1.5 min, 30%
B; 1.5-8 min, 30—65% B; 8—10 min, 65-70% B; 10-14 min, 70-75% B; 14—17 min, 75-97%
B; 17-21 min, 97% B; 21-24 min, 97-30% B; 24-25 min, 30% B. The flow rate was 0.3
mL/min, and the injection volume was 3 pL. The sample chamber temperature was 4 °C. The
H-ESI-MS spectra were acquired in both positive and negative ion modes. The H-ESI
parameters were as follows: Spray voltage, 3600V for positive ESI and 2300V for negative
ESI; sheath gas, 35 arbitrary units; nebulizer auxiliary gas, 20 arbitrary units; sweep gas, 0
arbitrary units. General instrumental parameters were set as follows: ion transfer tube
temperature, 350°C; vaporizer temperature, 200°C. For full scan MS, the mass range was set
at 100 - 2000 m/z with 120,000 mass resolutions. The automatic gain control (AGC) target was
set as 2.0x10° with a maximum injection time of 100 ms.

2.3.4 UPLC-orbitrap-MS data pretreatment and analysis

The UPLC-orbitrap-MS data obtained in both positive and negative ion modes were pretreated
using Progenesis QI (version 2.3; Nonlinear Dynamics) for peak picking and peak alignment.
The data matrices were imported into Matlab (MathWorks, Natick, MA, USA) for further
processing. Data with a high missing rate (>20% in control) were excluded from subsequent
analysis because of unreliable missing value imputation (Wei et al., 2018). Batch correction
was then performed by smoothing through QC samples in the injection sequence using cubic
spline smoothing to align systemic variations at different injection times (Van der Kloet,
Bobeldijk, Verheij & Jellema, 2009). The resulting data were filtered to remove unstable
signals with a coefficient of variation (CV%) > 30% across the QC samples.

2.3.5 GC-MS data acquisition

For GC-MS analysis, an Agilent 6890N GC/5975C VL MSD system (Agilent Technologies,
Inc., Santa Clara, CA, USA) was connected to an Agilent 7683 Automatic Liquid Sampler. The
separation was performed on a HP-5MS column (30 m % 0.25 mm, 0.25 pm; Agilent J&W
Scientific, Folsom, CA, USA). The temperature of the inlet was set at 250 °C. In the split-less
mode, a 1uL aliquot was injected in helium at a constant flow rate of 1.0 mL/min. The
temperature program optimized for GC was as follows: initial oven temperature as 70 °C, held
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for 1 min; 4 °C /min to 100 °C; 5 °C /min to 200 °C; 30 °C /min to 250 °C; 250 °C held for 5
min. The MS parameters were as follows: solvent delay, 5 min; ionization energy, 70 eV;
temperatures of the ion source and transfer line, 230 °C; full scan mode in m/z range 70-550.

2.3.6 GC-MS data pretreatment

The GC-MS raw data were pretreated using the AMDIS software (version 2.70) in batch mode
for peak deconvolution and metabolite identification. The data matrices were imported into
Matlab (MathWorks, Natick, MA, USA) for further processing. Baseline correction procedure
was the same as in Section 2.3.4 and the resulting data were filtered to remove unstable signals
with a CV > 20% across the QC samples.

2.3.7 Validation of metabolomics analytical platform

UPLC-orbitrap-MS and GC-MS methods used in this study were validated in the beef extract
in terms of linearity, accuracy, precision (both with standards and samples), LOQ and LOD in
UPLC-orbitrap-MS and GC-MS, according to the validation guide for untargeted
metabolomics (De Paepe et al., 2018; Naz, Vallejo, Garcia & Barbas, 2014; Wiklund et al.,
2008).

The linearity of the response for samples was studied by triplicate assay of at least five
concentrations, which covered all expected values ranging from 0.2% to 300% of mean values
in QC samples. Dilution and re-concentration of the QC samples were carried out by stepwise
increase and decrease of the ratio of solvent to the amount of QC sample after centrifugation.
Accuracy studies were performed by spiking known amounts of sixteen standards, alanine,
aspartic acid, galactose, glutamic acid, glycine, isoleucine, leucine, methionine, proline, serine,
valine, fatty acid (FA) 16:0, FA 18:0, FA 20:1, PC(16:0/18:1) and PE(16:0/18:1) into the QC
samples before extraction. As for the limits of detection (LOD) and limits of quantification
(LOQ), sixteen standard compounds, which resembled the main chemical classes in the beef
samples including fatty acid, amino acid, organic acid, glucose, PE and PC, were chosen. LOD
and LOQ were measured as the lowest concentrations of each standard with a signal-to-noise
(S/N) ratio of 3 and 10, respectively. Instrumental precision was tested by checking for a
consistent response to the sixteen selected standards in the mid-range of the calibration curve,
evaluated by multiple injection (n=10) of homogeneous standard solution and CV was used to
measure the instrumental stability. Inter- and intra-day precision of the method was also
evaluated the consistency of analytical platform response for sixteen standards at a specific
concentration (midrange of linear curve) and QC samples with ten replications on three
different days. Finally, recovery (n=10) was examined by comparing sixteen standard values
obtained in spiked samples, within the linearity working range of QC samples. The recoveries
were calculated by the formula: recovery (%) = (amount found — original amount) / amount
spiked % 100%.

To account for the complexity and heterogeneity of beef tissue, sample homogeneity tests were
conducted as follows: Fluctuations in metabolites within the pooled beef and non-pooled beef
from the same samples were examined in ten replicates. Preparation of pooled and non-pooled
samples followed a previous sampling strategy (Lamichhane et al., 2017) and the CV calculated
between one pooled sample and two non-pooled samples from the same beef was used to
measure the consistency of the metabolites across the experiments.

2.4 Multivariate analysis
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The pretreated UPLC-orbitrap-MS and GC-MS data were combined into a single data set for
multivariate analysis. Data were subjected to zero-mean unit-variance scaling to eliminate the
influence of high-abundance metabolites for principal component analysis (PCA) and pareto
scaling for partial least squares-discriminant analysis (PLS-DA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA). All the above chemometrics tools were
implemented in house (available at https://github.com/DongElkan/pypls.git) by Python
(version 3.7) to visualize differences among groups and to find out potential markers. In order
to avoid the overfitting of the model during development, leave-one-out cross-validation
(Westerhuis et al., 2008) designed for untargeted metabolomics was employed in this study. S-
plot and loading plot with jackknife confidence intervals were used to identify reliable potential
markers after multivariate analysis. Finally, all potential markers in both aqueous and lipid
profiles were identified by external standard, matched with the NIST 11 library, METLIN
(http://metlin.scripps.edu) and the Lipidmaps (http://www.lipidmaps.org/), and MS/MS
fragments .

2.5 Statistics

Statistically significant differences of the potential markers between groups were analyzed by
one-way analysis of variance (ANOVA) with least significance difference test using SPSS
PASW Statistics (version 23; IBM).

3. Result and Discussion
3.1 Optimization of metabolomics platform

According to literature review, several extraction methods such as single organic solvent
extraction, liquid-liquid extraction and solid phase extraction are available for different types
of tissue (Jurowski, Kochan, Walczak, Baranska, Piekoszewski & Buszewski, 2017; Teo,
Chong, Tan, Basri, Low & Ho, 2015). Liquid-liquid extraction is a common technique used to
extract metabolites from tissue, and was applied in this work. For the extraction solvent, we
compared three commonly used solvent systems, namely chloroform: methanol: water (1:1:2),
chloroform: methanol: water (2:1:0.5) and methyl tert-butyl ether: methanol: water (5:1:1)
based on the abundance of ions and the number of metabolites detected. Chloroform: methanol:
water (1:1:2) and chloroform: methanol: water (2:1:0.5) provided the maximum number of
metabolites with the highest ion abundance. We selected chloroform: methanol: water (1:1:2)
on the basis of the green chemistry principles. To optimize the sample quantity, the sample-to-
solvent ratios 1:10 and 1:20 were compared. Because the chromatogram acquired using the
ratio of 1:10 was saturated under MS measurement, the sample-to-solvent ratio was set at 1:20
(0.1gin 2 mL).

3.2 Reliability of the metabolomics models

The metabolomics analytical methods we developed were evaluated and validated based on
linearity, precision and recovery (De Paepe et al., 2018; Naz, Vallejo, Garcia & Barbas, 2014)
and the results are shown in Table 1. Good recoveries were obtained for all standards, varying
between 93.9% and 104.5%. The CVs of instrumental precision (n=10) ranged from 1.48% to
3.32% for UPLC-Orbitrap-MS and 2.04% to 4.80% for GC-MS. Evaluation of the inter-day (n
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= 10) and intra-day (3 days, n = 30) repeatability of the QC samples resulted in CVs from 2.75
to 10.44% and from 2.75 to 17.43%, respectively. In addition, the inter-day and intra-day
repeatability of the sixteen selected standards were from 2.39 to 6.58% and from 3.83 to
12.85%, respectively. The LOQs and LODs of sixteen selected standards were in the range of
30.0ppb to 8.0ppm and 3.9ppb to 4.3ppm, respectively. Finally, good linearity (R? > 0.995)
was obtained for the sixteen selected standards after serial dilution and re-concentration of the
QC samples.

As for the beef sample homogeneity tests, the CVs calculated from thirty-four metabolites
detected via UPLC-Orbitrap-MS and GC-MS are shown in the supplementary material (Figure
S4). A high CV value would reflect inconsistency among the samples. In this work, the CV
values of the thirty-four metabolites were nearly less than 30%. Thus, the metabolite profile of
the beef extracts from the pooled samples did not show any pronounced changes within the
same beef samples compared with that of the non-pooled beef samples.

In untargeted metabolomics analytical platform, the use of QC samples for assessing data
quality is a common practice. In this study, the instrument precisions of the UPLC-Orbitrap-
MS and the GC-MS were monitored by a series of pooled QC samples injected after every four
samples throughout the data collection process. There was no significant retention time and
my/z drift (CV less than 20% on UPLC-Orbitrap-MS and 30% on GC-MS) for internal standards
added in the lipid and aqueous profiles of all QC samples (Bijlsma et al., 2006). In addition,
the metabolomics profiles obtained from positive and negative electrospray ionization (ESI)
modes of UPLC-Orbitrap-MS and GC-MS were plotted using PCA and are shown in the
supplementary material (Figure S5a). PCA was used to explore general interrelations among
groups. High degree of aggregation in all QC samples for both UPLC-Orbitrap-MS and GC-
MS data was observed in the PCA score plots, indicating excellent stability of the two analytical
platforms throughout the experiment. The good robustness of the metabolomics model
guaranteed the differences among groups resulted from biological variations, such as
geographical origin, farming, breeding and feeding regimen.

3.3 Metabolomic profiles of beef

Representative MS chromatograms of beef samples obtained from positive and negative
ionization modes of UPLC-Orbitrap-MS and GC-MS are provided in the supplementary
material (Figure S2). The GC-MS chromatograms exhibited simpler peak complexity than the
UPLC-Orbitrap-MS results. In terms of identification of metabolites, most peaks detected by
GC-MS after derivatization were identified by library searching with high matching scores.
The derivatized aqueous extracts of beef mainly consisted of amino acids, short chain fatty
acids, tricarboxylic acids and simple sugars such as monosaccharides, disaccharides and
glucose-phosphate. The selected metabolites in aqueous extracts of beef after multivariance
analysis were further confirmed with commercially available standards. In the lipidomic
profiles, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), were the major classes
found in our beef samples. Other lipid metabolites including medium and long chain fatty acids,
eicosanoids, sterols and sphingolipids were also detected in lower abundance.
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Beef was composed of significant amounts of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), which ranged between 78 and 95% of total phospholipid
content (Lordan, Tsoupras & Zabetakis, 2017). Our results were consistent with literatures and
significant amounts of PC and PE were detected in the collected beef samples. Some of the PC
and PE were found to be important in beef produced from different geographical locations
(details please refers to the next section). Identification of PC and PE species is a challenging
task even with the use of high-resolution MS. One of the complications is the vast number of
isomeric molecular species present in the chromatogram, which makes complete structural
assignment extremely difficult (Cajka & Fiehn, 2014). In this work, we used detailed mass
fragmentation analysis of the mass spectra and MS2 data to confirm the identity of the PC and
PE metabolites. In the following, PC(16:0/18:1) and PE(16:0/18:1) were two examples used to
illustrate how the fragmentation in the mass spectra leading to confirmation of the identity of
the species. The standards of these two were used to further confirm the assignment.

The typical representative mass spectra of standard PC (16:0/18:1) and QC sample and PE
(16:0/18:1) standard and QC sample are provided in the supplementary material (Figure. S3a).
Due to the presence of ammonium formate in the mobile phase system, PC yielded the
predominant adduct ion [M+HCOO]" and its fragment ion [M-15]" ([M+HCOO-CH3:HCOO]")
in full scan MS under negative ionization mode (Han, 2016; Hsu, Lodhi, Turk & Semenkovich,
2014). For example, standard PC (16:0/18:1) formed the adduct ion [M+HCOO] and
fragmented ion [M-15] at m/z 804.5786 and 744.5560, respectively. In the MS/MS spectrum
of the [M+HCOQY] ion of standard PC (16:0/18:1), the predominant fragment ions were
carboxylate ions at m/z 255.2333 (sn-1 fatty acid, 16:0) and 281.2492 (sn-2 fatty acid, 18:1).
One of the characteristic PC headgroup fragment ions was observed as a very low signal for
both the deprotonated demethylated phosphocholine ion at m/z 168.0431 and demethylated
phosphocholine dehydrated glycerol ester at m/z 224.0696. Fatty acid chain related ions,
including demethylated lysophosphatidylcholines [M-FA-15]" at m/z 462.2996 and 488.3141,
and [M-15-FA ketene]” at m/z 480.3100 and 506.3253, were observed under high energy
collision-induced dissociation. The MS data showed good agreement between the PC
(16:0/18:1) and QC samples.

PE is a class of phospholipids found in cell and biological membranes, and is abundant in beef
(Patel & Witt, 2017; Van der Veen, Kennelly, Wan, Vance, Vance & Jacobs, 2017). In contrast
to PC, the predominant ion of PE in negative ionization mode was the deprotonated parent ion
[M-H]". Structural information related to fragment ions of PE was deduced from the MS/MS
spectra of the standard PE (16:0/18:1) (Han, 2016; Hsu & Turk, 2009), for example, the
MS/MS spectrum of deprotonated parent ion [M-H]- of standard PE (16:0/18:1) at m/z
716.5236 (Figure S3b). The nature of PE was reflected by a group of PE headgroup fragment
ions, a deprotonated PE ion at m/z 140.0316 and a deprotonated doubly dehydrated glycerol-
phosphocholine at m/z 196.0023. The length of fatty acid chains of PE was determined from
the carboxylate ions at m/z 255.2290 and 281.2270. In contrast to PC, the lyso form of PE, [M-
FA] and [M-FA ketene]” was absent in the MS/MS spectrum. Thus, the metabolite ion at m/z
716.5236 in the QC samples was determined to be PE (16:0/18:1). The MS data showed good
agreement between the PE (16:0/18:1) standard and QC samples (Figure S3b). However, there
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423  were still some limitations in deducing the structure of fatty acids in PC and PE, such as
424 location of double bonds on the fatty acid chain (Cajka & Fiehn, 2014).

425 3.4 Markers selection from the multivariate analysis

426  As some beef samples from Japan partially overlapped with those from the US under PCA
427  analysis, as shown in the supplementary material (Figure S5), PLS-DA was applied to identify
428  the major difference in metabolic profiles among groups and facilitate the identification of
429  unique metabolites. Three sets of data matrices were subjected to PLS-DA procedure
430  individually or in combination to build the best possible classification model. The results
431  showed that the combination of UPLC-Orbitrap-MS in positive mode and GC-MS resulted in
432  the best separation of the beef samples among Australia, the US and Japan (Figure S5b).

433 Even though PLS-DA method provided better classification than PCA in our obtained results,
434 it is a supervised learning method and may suffer from overfitting (Westerhuis et al., 2008;
435  Worley & Powers, 2013). In order to minimize overfitting during model development, we
436  searched for potential markers using OPLS-DA with leave-one-out cross-validation among
437  groups, which was followed by an S-plot to identify the metabolites with high covariance and
438  correlation within the model. The jackknife confidence interval was also examined as a
439  complementary tool for identification of metabolites with high correlation with the model and
440  small variability within the group.

441  Figure la presents a cross-validated score plot (R2X = 0.37, RoY = 0.80, Q2Y = 0.62, p-value
442 = 0.0005) of the discriminating model between Australian beef and US beef using data from
443  UPLC-Orbitrap-MS in positive ionization mode and GC-MS. 90% of the Australia samples
444  were correctly assigned while 100% of US samples were correctly assigned. To further identify
445  metabolites associated with the group’s separation, an S-plot was generated and several
446  potential biomarkers were highlighted (Figure 1b). In addition, the loading plot with the
447  jackknife confidence intervals was shown in Figure 1c and metabolites with high statistical
448  reliability were clearly indicated. In general, discriminated metabolites had a high covariance
449  combined with a high correlation, resulting in a small confidence interval. Some unique
450  markers such as PC (15:0/18:1), 9-HODE, myo-inositol and FA 22:4 were screened out by the
451  jackknife confidence intervals and their relative intensities of the beef samples between two
452  countries were depicted in Figure 1d. Since OPLS-DA is designed for classification of two
453  groups only (Brereton & Lloyd, 2014), pairwise comparison of OPLS-DA with leave-one-out
454  cross-validation among groups was performed.

455 3.5 Discrimination of geographical origins

456  Cross-validated score plots, S-plots and loading plots with jackknife confidence intervals
457  among beef from Australia, the US and Japan are shown in supplement material (Figure S6).
458  90% and 92.8% of Australian and US samples were correctly assigned, respectively while 100%
459  of Japanese samples were correctly assigned. Ultimately, twenty-four metabolites with
460  significant differences were identified; their relative concentrations in Australian, Japanese,
461  and US beef samples are shown in Figure 2.
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The multivariate analysis in our model revealed that metabolites from amino acids played an
important role in differentiating beef samples from different countries. Amino acids and their
derivatives contributed to 8 out of 24 metabolites that could be used to differentiate the
geographical origin of beef. The relative levels of three related amino acids (leucine, isoleucine
and valine) in a branched-chain amino acid biosynthesis module showed similar trends among
the three countries. In addition, Australian beef had the highest relative level of tyrosine among
the three countries. A previous study reported significant differences between the Australian
and US beef samples in terms of the absolute content of isoleucine, tyrosine and valine (Jung,
Lee, Kwon, Lee, Ryu & Hwang, 2010). This might be a result of the differences in cattle
husbandry practices in these countries. In Saleem’s metabolomics study on the effect of feeding
on cattle (Saleem et al., 2012), rumen fluid was collected and analyzed from dairy cows that
were fed four diets with varying ratios of barley grain and silage (i.e., 0, 15, 30, and 45% barley
grain in diet dry matter), cows that consumed more barley grain had higher rumen fluid tyrosine,
methionine, threonine, leucine, and valine content. In the present study, these amino acids
showed a similar trend in the Australian, Japanese, and US beef samples, which might be the
result of the feedlot diet formulation. The fact that the length of time cattle spend in the feedlot
varied among the three countries was another possible influencing factor (Drouillard, 2018;
Gotoh, Nishimura, Kuchida & Mannen, 2018; Greenwood, Gardner & Ferguson, 2018;
Koutsidis, Elmore, Oruna-Concha, Campo, Wood & Mottram, 2008).

Cyclitols, also called sugar alcohol, are cycloalkanes with at least three hydroxyls, each on a
different ring carbon. Cyclitols are widely distributed in the plant kingdom and other living
cells and display a broad range of biological activities (Al-Suod, Ligor, Ratiu, Rafinska,
Gorecki & Buszewski, 2017). In the present study, two cyclitols, scyllo-inositol and myo-
inositol, showed similar trends in beef from the three countries. Both scyllo-inositol and myo-
inositol were significantly more abundant in US beef than in Australian and Japanese beef.
Scyllo-inositol is common in seeds, grains and vegetables with varying degrees of esterification
(Al-Suod, Ligor, Ratiu, Rafinska, Gorecki & Buszewski, 2017). Therefore, the relative
differences in scyllo-inositol content among the Australian, Japanese, and US beef samples
were likely to be due to differences in feed. Most Japanese cattle are forced fed a ration to
improve their fatty acid composition and flavor (Gotoh, Nishimura, Kuchida & Mannen, 2018).
Beef cattle in Australia are primarily grass-fed for most of their life (Ponnampalam, Mann &
Sinclair, 2006), so feed requirements focus on the efficient production of pasture, and the
conversion of pasture into meat. About one-third of the Australian cattle are eventually
‘finished’ in feedlots where they are fed a largely grain-based diet from 70 to 360 days until
they meet the specifications for a particular market (Deblitz, Dhuyvetter & Davies, 2012).

In this study, we identified eight PCs, one Lyso PE, three PEs and one free fatty acid
metabolites as suitable biomarkers for discriminating the geographical origins of beef samples.
It has been reported that PC and PE are the predominant species of glycerophospholipids in
beef, contributing 58-65% and 20-30% of total glycerophospholipids, respectively (Lordan,
Tsoupras & Zabetakis, 2017). These findings indicated that the metabolomics approach might
be useful for assessing the origin of beef samples. Total fatty acid and the fatty acid omega-6/
omega-3 ratio in beef samples are often reported and compared from the prospective of
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geographical origin, feeding regimen, and nutrition and sensory evaluation. However, as we
did not include acid hydrolysis in the extraction protocol, it would be difficult to directly
compare our results with those from other works (Horcada, Polvillo, Juarez, Avilés, Martinez
& Peiia, 2016; Jung, Lee, Kwon, Lee, Ryu & Hwang, 2010; Mezgebo et al., 2017; Scollan et
al., 2014). We tried to obtain estimated total fatty acid profiles from our data and the results
were shown in section 3.8.

One unique metabolite, 9-hydroxy-octadecadienoic acid (9-HODE), was identified in all the
beef samples, albeit only existed in low concentration in the Australian samples. 9-HODE has
been proposed as an excellent marker for lipid peroxidation in vitro (Spiteller & Spiteller, 1997).
Lipid oxidation has a high impact on the overall quality of beef since it adversely affects the
colour, texture, nutritional value and safety of the meat. Storage conditions such as repeated
freezing-thawing, photooxidation, and a higher degree of fatty acid unsaturation favor meat
oxidation (Boselli, Rodriguez-Estrada, Fedrizzi & Caboni, 2009; Chen et al., 2018). Therefore,
9-HODE might be a good indicator for the assessment of the quality or freshness of beef.

3.6 Discrimination between Australian organic and non-organic beef

Cross-validated score plots, S-plots and loading plots with jackknife confidence intervals
between Australian organic and non-organic beef are shown in supplement material (Figure
S7). 100% of Australian organic beef were correctly assigned while 83.3% of Australian non-
organic beef were correctly assigned. Ultimately, seven metabolites that differed significantly
among the samples were identified; their relative concentrations among beef from different
farming modes are shown in Figure 3.

Three identified lipid metabolites, including two PCs and one PE were suitable as biomarkers
for differentiating between Australian beef from organic and from non-organic farming modes.
In addition, Australian organic beef had the highest relative levels of L-alanine and L-valine,
as well as a high nicotinamide content. Nicotinamide is a component of various biological
systems, including vitamin B metabolism, and is a critical part of the structures of NADH and
NAD". Therefore, a higher nicotinamide content may enhance the functional value of beef
(Muroya, Oe, Ojima & Watanabe, 2019).

3.7 Discrimination between Angus beef from the US and Australia

Cross-validated score plots, S-plots and loading plots with jackknife confidence intervals
between Angus beef from the US and that from Australia are shown in supplement material
(Figure S8). 100% of Angus beef from Australia were correctly assigned while 80% of Angus
beef from the US were correctly assigned. Ultimately, ten metabolites that showed significant
differences among samples were identified; and their relative concentrations in beef from
different countries are shown in Figure 4.

Eight identified lipid metabolites, which belonged to the PC class, were found to be suitable
biomarkers for discriminating between US and Australian Angus beef. These findings indicate
that the lipidomics approach might be applicable to assess the origin of Angus beef samples.
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Regarding the amino acid metabolism, US Angus beef sample had the highest relative levels
of proline. Surprisingly, Australian Angus beef had a higher glucose content than US Angus
beef. Glucose in meat products may serve as a precursor of volatile compounds such as 3-
methylbutanal and 2-methylbutanal (Kosowska, A. Majcher & Fortuna, 2017).

3.8 Comparison of fatty acid contents of the beef samples

Lipid is a major factor determining the quality of beef including its flavor, palatability and
nutritive value. Fatty acid profiles, saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA) content are commonly used to evaluate meat
quality in the industry (Pighin et al., 2016). In the literature, the fatty acid profiles were usually
determined by hydrolysis of the samples followed by derivatization (e.g. methylation) before
the GC-MS analysis. A large number of studies have been reported in the literature relating
fatty acid profiles, SFA, MUFA and PUFA contents with the quality of beef (Cifuni,
Napolitano, Riviezzi, Braghieri & Girolami, 2004; Elmore, Mottram, Enser & Wood, 1999;
Ponnampalam, Mann & Sinclair, 2006). To better understand the characteristics of the beef
samples collected in this study with findings from literatures, we tried to estimate the
hydrolyzed fatty acid profiles from the UPLC-Orbitrap-MS data collected. Many of the lipids
are compounds of fatty acids and more than one lipid species may contain the same fatty acid
chain length. For example, PC(16:0/18:0), PC(16:0/18:1) and PE(16:0/18:0) consist of a FA
16:0 that would result in a FA16:0 fragment during MS detection. Therefore, the total peak
area in the ion chromatogram extracted at the m/z of FA 16:0 would be an estimate of the
content of FA 16:0 in beef. The ion chromatograms at m/z values of different fatty acid
fragments shown in Table S2 were extracted from the UPLC-Orbitrap-MS data. Based on the
contents of individual fatty acid, the SFA, MUFA and PUFA were determined and compared
using ANOVA

Japanese beef contained a higher ratio of MUFA/SFA when compared with that from the US
and Australia (shown in Figure 5a). The trend of MUFA/SFA ratios obtained in the present
study showed good agreement with a previous report about the beef samples from Japan and
the US (Smith, 2015). Meanwhile, US beef had the highest omega-6/omega-3 ratio while
Australian beef had the lowest omega-6/omega-3 ratio. A high omega 6 to omega 3 ratio may
be associated with a higher risk of cardiovascular diseases and other chronic diseases
(Simopoulos, 2008). By investigating the potential markers using S-plot and loading plot, FA
18:3 was found as a characteristics marker to differentiate between beef from the US and beef
from Australia. A similar trend was observed in the model of Angus beef between the US and
Australia (shown in Figure 5b). It was understood that the feeding regime had a major impact
on the individual fatty acids of the intramuscular fat in beef. The major feeding diet of the cattle
in the US and Australia are grain-fed and grass-fed, respectively (Drouillard, 2018;
Ponnampalam, Mann & Sinclair, 2006). A study on the fatty acid compositions between grass
silage and barley straw showed significant differences in their summation of omega-6 and
omega-3 of the contents. (Horcada et al., 2017)

Figure 5c shows a comparison between Australian beef samples from organic farming and
those from other farming modes. Organic beef had a higher ratio of PUFA/SFA and
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surprisingly, there were significant differences in one of the characteristic markers, FA 22:6,
among the samples. An increase in the proportion of PUFA, particularly n-3 PUFA, would
improve the nutritional quality of beef and contribute to a healthy human diet in reducing the
risk of human diseases such as CVD (Siri-Tarino, Sun, Hu & Krauss, 2010) . However, the
omega-6/omega-3 ratio did not differ significantly between Australian organic and non-organic
beef. Taken together, organic beef is a healthier choice than beef produced under other faming
modes (Turner et al., 2014).

Obviously, the metabolomics analysis is capable of identifying chemical profiles in far more
detail compare to the fatty acid profiles. Beef from different countries and different feeding
regimen would result in significantly different lipid and amino acids profiles. Some sugar
metabolites are also found to be different among samples. However, metabolomics is still an
emerging technique in this area and the relationship of the metabolites identified in this study
with the quality, the nutritional values as well as the health implications of beef produced in
different ways are yet to be explored.

4. Conclusion

We used MS-based untargeted metabolomics analysis to analyze beef samples collected from
local retailers in Hong Kong. Two multi-class analytical platforms were successfully used to
assess metabolites with different polarities to differentiate the geographical origin feeding and
regimen of the samples. The MS-based approach employed here provided detailed chemical
profiles for samples. Potential biomarkers for beef from different countries included amino
acids, several sugar metabolites, and a number of PCs and PEs. Thus, the approach adopted in
this study offers a method to identify the geographical origin of beef at any point along the
supply chain and could be used to develop a verifiable traceability system. However, analysis
of more samples is needed to confirm the reliability of the potential biomarkers. With the
analysis of more samples and the establishment of a sample database, metabolomics could
represent an important technique in a verifiable food traceability system. Our results
demonstrated that untargeted metabolomics would be a valuable analytical platform for
researchers to obtain comprehensive chemical profiles and to investigate the effects of different
farming practices and environmental factors on the quality and nutritional values of beef. More
studies are clearly needed to fully understand the implications of the potential biomarkers
identified in here on the quality and nutritional values.

Acknowledgement

This project was supported by Shenzhen Science and Technology Innovation Commission
(JCYJ20160229173844278 and JCYJ20160330171116798), the Research Grant Council of the
Hong Kong Special Administrative Region (Grant No. 153027/18P), the Food Safety and
Technology Research Centre and internal funding (Grant No. YBUO) of the Hong Kong
Polytechnic University, and the Hong Kong Chinese Materia Medica Standards Project. We

Page | 16



622
623
624
625
626
627
628
629

are also grateful for the Large Equipment Funds and the University Research Facility in
Chemical and Environmental Analysis of the Hong Kong Polytechnic University for providing
us the experimental facilities. We would also like to thank Dr. Ray Cooper and Ms. Sonja
Campbell for reviewing the manuscript.

Conflict of Interest Statement
The authors have no conflict of interests to declare.

Page | 17



630

631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

Reference:

Al-Suod, H., Ligor, M., Ratiu, I.-A., Rafinska, K., Gérecki, R., & Buszewski, B. (2017). A window on
cyclitols: Characterization and analytics of inositols. Phytochemistry Letters, 20, 507-519.
https://doi.org/10.1016/j.phytol.2016.12.009.

Ames, B. N., & Wakimoto, P. (2002). Are vitamin and mineral deficiencies a major cancer risk?
Nature Reviews Cancer, 2, 694-704. http://doi.org/10.1038/nrc886.

Anderson, R. M., Donnelly, C. A., Ferguson, N. M., Woolhouse, M. E. J., Watt, C. J., Udy, H. J., et al.
(1996). Transmission dynamics and epidemiology of BSE in British cattle. Nature, 382, 779-
788. http://doi.org/10.1038/382779a0.

Bijlsma, S., Bobeldijk, 1., Verheij, E. R., Ramaker, R., Kochhar, S., Macdonald, I. A, et al. (2006). Large-
scale human metabolomics studies: A strategy for data (pre-) processing and validation.
Analytical Chemistry, 78, 567-574. http://doi.org/10.1021/ac051495].

Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Canadian
Journal of Biochemistry and Physiology, 37, 911-917. http://doi.org/10.1139/059-099.

Boselli, E., Rodriguez-Estrada, M. T., Fedrizzi, G., & Caboni, M. F. (2009). Cholesterol photosensitised
oxidation of beef meat under standard and modified atmosphere at retail conditions. Meat
Science, 81, 224-229. https://doi.org/10.1016/j.meatsci.2008.07.023.

Brereton, R. G., & Lloyd, G. R. (2014). Partial least squares discriminant analysis: taking the magic
away. Journal of Chemometrics, 28, 213-225. https://doi.org/10.1002/cem.2609.

H. K. S. A. R. C&SD. (2018). Hong Kong Merchandise Trade Statistics- Imports (December 2017).
Retrieved from H. K. S. A. R. C&SD website:
https://www.censtatd.gov.hk/hkstat/sub/sp230.jsp?productCode=B1020001

Cajka, T., & Fiehn, O. (2014). Comprehensive analysis of lipids in biological systems by liquid
chromatography-mass spectrometry. TrAC Trends in Analytical Chemistry, 61, 192-206.
https://doi.org/10.1016/j.trac.2014.04.017.

Cajka, T., & Fiehn, O. (2016). Increasing lipidomic coverage by selecting optimal mobile-phase
modifiers in LC-MS of blood plasma. Metabolomics, 12, 34.
https://doi.org/10.1007/s11306-015-0929-x.

Capozzi, F., & Bordoni, A. (2013). Foodomics: a new comprehensive approach to food and nutrition.
Genes & Nutrition, 8, 1-4. https://doi.org/10.1007/s12263-012-0310-x.

Carrillo, J. A., He, Y., Li, Y., Liu, J., Erdman, R. A,, Sonstegard, T. S., et al. (2016). Integrated
metabolomic and transcriptome analyses reveal finishing forage affects metabolic pathways
related to beef quality and animal welfare. Scientific Reports, 6, 25948.
https://doi.org/10.1038/srep25948.

Castro-Puyana, M., Pérez-Miguez, R., Montero, L., & Herrero, M. (2017). Reprint of: Application of
mass spectrometry-based metabolomics approaches for food safety, quality and traceability.
TrAC Trends in Analytical Chemistry, 96, 62-78. https://doi.org/10.1016/j.trac.2017.08.007.

Cevallos-Cevallos, J. M., Reyes-De-Corcuera, J. |, Etxeberria, E., Danyluk, M. D., & Rodrick, G. E.
(2009). Metabolomic analysis in food science: a review. Trends in Food Science &
Technology, 20, 557-566. https://doi.org/10.1016/].tifs.2009.07.002.

Chen, Q,, Xie, Y., Xi, J., Guo, Y., Qian, H., Cheng, Y., et al. (2018). Characterization of lipid oxidation
process of beef during repeated freeze-thaw by electron spin resonance technology and
Raman spectroscopy. Food Chemistry, 243, 58-64.
https://doi.org/10.1016/j.foodchem.2017.09.115.

Cifuni, G. F., Napolitano, F., Riviezzi, A. M., Braghieri, A., & Girolami, A. (2004). Fatty acid profile,
cholesterol content and tenderness of meat from Podolian young bulls. Meat Science, 67,
289-297. https://doi.org/10.1016/j.meatsci.2003.10.017.

Coffey, B., Mintert, J., Fox, J. A., Schroeder, T. C., & Valentin, L. (2005). The economic impact of BSE
on the U.S. beef industry: product value losses, regulatory costs, and consumer reactions. In,
vol. 2019). Manhattan, KS: Kansas State University.

Page | 18


https://doi.org/10.1016/j.phytol.2016.12.009
http://doi.org/10.1038/nrc886
http://doi.org/10.1038/382779a0
http://doi.org/10.1021/ac051495j
http://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.meatsci.2008.07.023
https://doi.org/10.1002/cem.2609
https://www.censtatd.gov.hk/hkstat/sub/sp230.jsp?productCode=B1020001
https://doi.org/10.1016/j.trac.2014.04.017
https://doi.org/10.1007/s11306-015-0929-x
https://doi.org/10.1007/s12263-012-0310-x
https://doi.org/10.1038/srep25948
https://doi.org/10.1016/j.trac.2017.08.007
https://doi.org/10.1016/j.tifs.2009.07.002
https://doi.org/10.1016/j.foodchem.2017.09.115
https://doi.org/10.1016/j.meatsci.2003.10.017

680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

Cubero-Leon, E., Pefialver, R., & Maquet, A. (2014). Review on metabolomics for food
authentication. Food Research International, 60, 95-107.
https://doi.org/10.1016/j.foodres.2013.11.041.

De Paepe, E., Van Meulebroek, L., Rombouts, C., Huysman, S., Verplanken, K., Lapauw, B., et al.
(2018). A validated multi-matrix platform for metabolomic fingerprinting of human urine,
feces and plasma using ultra-high performance liquid-chromatography coupled to hybrid
orbitrap high-resolution mass spectrometry. Analytica Chimica Acta, 1033, 108-118.
https://doi.org/10.1016/j.aca.2018.06.065.

Deblitz, C., Dhuyvetter, K., & Davies, L. Beef and Sheep Network: Benchmarking Australian and US
Feedlots (Working Paper 2012/4). (2012).
www.agribenchmark.org/fileadmin/Dateiablage/B-Beef-and-Sheep/Working-Paper/bs-05-
USEU-neu.pdf Accessed 28 August 2019.

Deckelbaum, R. J., & Torrejon, C. (2012). The omega-3 fatty acid nutritional landscape: Health
benefits and sources. The Journal of Nutrition, 142, 5875-591S.
http://doi.org/10.3945/jn.111.148080.

Drouillard, J. S. (2018). Current situation and future trends for beef production in the United States
of America - A review. Asian-Australasian Association of Animal Production Societies, 31,
1007-1016. https://doi.org/10.5713/ajas.18.0428.

Dunn, W. B., Broadhurst, D., Begley, P., Zelena, E., Francis-Mclintyre, S., Anderson, N., et al. (2011).
Procedures for large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass spectrometry. Nature
Protocols, 6, 1060. https://doi.org/10.1038/nprot.2011.335.

Elmore, J. S., Mottram, D. S., Enser, M., & Wood, J. D. (1999). Effect of the polyunsaturated fatty acid
composition of beef muscle on the profile of aroma volatiles. Journal of Agricultural and
Food Chemistry, 47, 1619-1625. https://doi.org/10.1021/if980718m.

FAO. (2003). World agriculture: Towards 2015/2030: An FAO perspective.

Fields, K. H., Therrien, D. A,, Halstrom, D., Haggard, J., & Clayton, P. (2018). International beef trade:
A value proposition. Animal Frontiers, 8, 16-22. http://doi.org/10.1093/af/vfy013.

Franke, B. M., Haldimann, M., Gremaud, G., Bosset, J.-O., Hadorn, R., & Kreuzer, M. (2008). Element
signature analysis: its validation as a tool for geographic authentication of the origin of dried
beef and poultry meat. European Food Research and Technology, 227, 701-708.
http://doi.org/10.1007/s00217-007-0776-8.

Gotoh, T., Nishimura, T., Kuchida, K., & Mannen, H. (2018). The Japanese Wagyu beef industry:
current situation and future prospects - A review. Asian-Australasian Association of Animal
Production Societies, 31, 933-950. http://doi.org/10.5713/ajas.18.0333.

Greenwood, P. L., Gardner, G. E., & Ferguson, D. M. (2018). Current situation and future prospects
for the Australian beef industry - A review. Asian-Australasian Association of Animal
Production Societies, 31, 992-1006. https://doi.org/10.5713/ajas.18.0090.

Han, X. (2016). Lipidomics: Comprehensive mass spectrometry of lipids. Hoboken, New Jersey: John
Wiley & Sons, Inc.

Henchion, M. M., McCarthy, M., & Resconi, V. C. (2017). Beef quality attributes: A systematic review
of consumer perspectives. Meat Science, 128, 1-7.
https://doi.org/10.1016/j.meatsci.2017.01.006.

Horcada, A., Lépez, A., Polvillo, O., Pino, R., Cubiles-de-la-Vega, D., Tejerina, D., et al. (2017). Fatty
acid profile as a tool to trace the origin of beef in pasture- and grain-fed young bulls of
Retinta breed. Spanish Journal of Agricultural Research, 15, e0607.
https://doi.org/10.5424/sjar/2017154-11032.

Horcada, A., Polvillo, O., Juarez, M., Avilés, C., Martinez, A. L., & Pefia, F. (2016). Influence of feeding
system (concentrate and total mixed ration) on fatty acid profiles of beef from three lean
cattle breeds. Journal of Food Composition and Analysis, 49, 110-116.
https://doi.org/10.1016/].jfca.2016.04.008.

Page | 19


https://doi.org/10.1016/j.foodres.2013.11.041
https://doi.org/10.1016/j.aca.2018.06.065
www.agribenchmark.org/fileadmin/Dateiablage/B-Beef-and-Sheep/Working-Paper/bs-05-USEU-neu.pdf
www.agribenchmark.org/fileadmin/Dateiablage/B-Beef-and-Sheep/Working-Paper/bs-05-USEU-neu.pdf
http://doi.org/10.3945/jn.111.148080
https://doi.org/10.5713/ajas.18.0428
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1021/jf980718m
http://doi.org/10.1093/af/vfy013
http://doi.org/10.1007/s00217-007-0776-8
http://doi.org/10.5713/ajas.18.0333
https://doi.org/10.5713/ajas.18.0090
https://doi.org/10.1016/j.meatsci.2017.01.006
https://doi.org/10.5424/sjar/2017154-11032
https://doi.org/10.1016/j.jfca.2016.04.008

731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781

Hsu, F.-F., Lodhi, I. J., Turk, J., & Semenkovich, C. F. (2014). Structural distinction of diacyl-, alkylacyl,
and alk-1-enylacyl glycerophosphocholines as [M — 15](-) ions by multiple-stage linear ion-
trap mass spectrometry with electrospray ionization. Journal of the American Society for
Mass Spectrometry, 25, 1412-1420. http://doi.org/10.1007/s13361-014-0908-x.

Hsu, F.-F., & Turk, J. (2009). Electrospray ionization with low-energy collisionally activated
dissociation tandem mass spectrometry of glycerophospholipids: Mechanisms of
fragmentation and structural characterization. Journal of Chromatography B, 877, 2673-
2695. http://doi.org/10.1016/j.jchromb.2009.02.033.

Hu, C., & Xu, G. (2013). Mass-spectrometry-based metabolomics analysis for foodomics. TrAC Trends
in Analytical Chemistry, 52, 36-46. http://dx.doi.org/10.1016/].trac.2013.09.005.

Jung, Y., Lee, J., Kwon, J., Lee, K.-S., Ryu, D. H., & Hwang, G.-S. (2010). Discrimination of the
geographical origin of beef by 1H NMR-based metabolomics. Journal of Agricultural and
Food Chemistry, 58, 10458-10466. http://doi.org/10.1021/jf102194t.

Jurowski, K., Kochan, K., Walczak, J., Baranska, M., Piekoszewski, W., & Buszewski, B. (2017).
Comprehensive review of trends and analytical strategies applied for biological samples
preparation and storage in modern medical lipidomics: State of the art. TrAC Trends in
Analytical Chemistry, 86, 276-289. https://doi.org/10.1016/j.trac.2016.10.014.

Klek, S. (2016). Omega-3 fatty acids in modern parenteral nutrition: A review of the current
evidence. Journal of Clinical Medicine, 5, 34. https://doi.org/10.3390/jcm5030034.

Kodani, Y., Miyakawa, T., Komatsu, T., & Tanokura, M. (2017). NMR-based metabolomics for
simultaneously evaluating multiple determinants of primary beef quality in Japanese Black
cattle. Scientific Reports, 7, 1297. https://doi.org/10.1038/s41598-017-01272-8.

Kosowska, M., A. Majcher, M., & Fortuna, T. (2017). Volatile compounds in meat and meat products.
Food Science and Technology, 37, 1-7. http://doi.org/10.1590/1678-457x.08416

Koutsidis, G., Elmore, J. S., Oruna-Concha, M. J., Campo, M. M., Wood, J. D., & Mottram, D. S. (2008).
Water-soluble precursors of beef flavour: I. Effect of diet and breed. Meat Science, 79, 124-
130. https://doi.org/10.1016/j.meatsci.2007.08.008.

Lamichhane, S., Sundekilde, U. K., Bleedel, T., Dalsgaard, T. K., Larsen, L. H., Dragsted, L. O., et al.
(2017). Optimizing sampling strategies for NMR-based metabolomics of human feces:
pooled vs. unpooled analyses. Analytical Methods, 9, 4476-4480.
http://doi.org/10.1039/C7AY01465A.

Lordan, R., Tsoupras, A., & Zabetakis, I. (2017). Phospholipids of animal and marine origin: Structure,
function, and anti-inflammatory properties. Molecules, 22, 1964.
https://doi.org/10.3390/molecules22111964.

Mannen, H. (2017). The genetic diversity of Japanese Wagyu using molecular markers. Journal of
Animal Breeding and Genomics, 1, 17-22. https://doi.org/10.12972/jabng.20170002.

Mezgebo, G. B., Monahan, F. J., McGee, M., O'Riordan, E. G., Richardson, I. R., Brunton, N. P., et al.
(2017). Fatty acid, volatile and sensory characteristics of beef as affected by grass silage or
pasture in the bovine diet. Food Chemistry, 235, 86-97.
https://doi.org/10.1016/j.foodchem.2017.05.025.

Muroya, S., Oe, M., Ojima, K., & Watanabe, A. (2019). Metabolomic approach to key metabolites
characterizing postmortem aged loin muscle of Japanese Black (Wagyu) cattle. Asian-
Australasian Association of Animal Production Societies, 32, 1172-1185.
https://doi.org/10.5713/ajas.18.0648.

Naz, S., Vallejo, M., Garcia, A., & Barbas, C. (2014). Method validation strategies involved in non-
targeted metabolomics. Journal of Chromatography A, 1353, 99-105.
https://doi.org/10.1016/j.chroma.2014.04.071.

Negrini, R., Nicoloso, L., Crepaldi, P., Milanesi, E., Marino, R., Perini, D., et al. (2008). Traceability of
four European Protected Geographic Indication (PGl) beef products using Single Nucleotide
Polymorphisms (SNP) and Bayesian statistics. Meat Science, 80, 1212-1217.
https://doi.org/10.1016/j.meatsci.2008.05.021.

Page | 20


http://doi.org/10.1007/s13361-014-0908-x
http://doi.org/10.1016/j.jchromb.2009.02.033
http://dx.doi.org/10.1016/j.trac.2013.09.005
http://doi.org/10.1021/jf102194t
https://doi.org/10.1016/j.trac.2016.10.014
https://doi.org/10.3390/jcm5030034
https://doi.org/10.1038/s41598-017-01272-8
http://doi.org/10.1590/1678-457x.08416
https://doi.org/10.1016/j.meatsci.2007.08.008
http://doi.org/10.1039/C7AY01465A
https://doi.org/10.3390/molecules22111964
https://doi.org/10.12972/jabng.20170002
https://doi.org/10.1016/j.foodchem.2017.05.025
https://doi.org/10.5713/ajas.18.0648
https://doi.org/10.1016/j.chroma.2014.04.071
https://doi.org/10.1016/j.meatsci.2008.05.021

782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

O'Mahony, P. J. (2013). Finding horse meat in beef products—a global problem. Q/JM: An
International Journal of Medicine, 106, 595-597. http://doi.org/10.1093/qjmed/hct087.

OECD/FAQ. OECD-FAO Agricultural Outlook 2018-2027. (2018).
https://doi.org/10.1787/agr outlook-2018-en Accessed 30 June 2019.

Patel, D., & Witt, S. N. (2017). Ethanolamine and Phosphatidylethanolamine: Partners in Health and
Disease. Oxidative medicine and cellular longevity, 2017, 4829180.
https://doi.org/10.1155/2017/4829180.

Pighin, D., Pazos, A., Chamorro, V., Paschetta, F., Cunzolo, S., Godoy, F., et al. (2016). A contribution
of beef to human health: A review of the role of the animal production systems. The
Scientific World Journal, 2016, 8681491. http://doi.org/10.1155/2016/8681491.

Ponnampalam, E., Mann, N., & Sinclair, A. (2006). Effect of feeding systems on omega-3 fatty acids,
conjugated linoleic acid and trans fatty acids in Australian beef cuts: Potential impact on
human health. Asia Pacific Journal of Clinical Nutrition, 15, 21-29.

ResearchAndMarkets. (2018). Research Report on Beef Import in China, 2019-2023.

Saleem, F., Ametaj, B. N., Bouatra, S., Mandal, R., Zebeli, Q., Dunn, S. M., et al. (2012). A
metabolomics approach to uncover the effects of grain diets on rumen health in dairy cows.
Journal of Dairy Science, 95, 6606-6623. https://doi.org/10.3168/jds.2012-5403.

Scollan, N. D., Dannenberger, D., Nuernberg, K., Richardson, I., MacKintosh, S., Hocquette, J.-F., et al.
(2014). Enhancing the nutritional and health value of beef lipids and their relationship with
meat quality. Meat Science, 97, 384-394. https://doi.org/10.1016/j.meatsci.2014.02.015.

Sentandreu, M. A., & Sentandreu, E. (2014). Authenticity of meat products: Tools against fraud. Food
Research International, 60, 19-29. http://doi.org/10.1016/j.foodres.2014.03.030.

Simopoulos, A. P. (2008). The Importance of the Omega-6/0mega-3 Fatty Acid Ratio in
Cardiovascular Disease and Other Chronic Diseases. Experimental Biology and Medicine, 233,
674-688. http://doi.org/10.3181/0711-mr-311.

Siri-Tarino, P. W., Sun, Q., Hu, F. B., & Krauss, R. M. (2010). Meta-analysis of prospective cohort
studies evaluating the association of saturated fat with cardiovascular disease. The American
Journal of Clinical Nutrition, 91, 535-546. https://doi.org/10.3945/ajcn.2009.27725.

Smith, S. (2015). The Production of High-Quality Beef with Wagyu Cattle.

Spiteller, P., & Spiteller, G. (1997). 9-Hydroxy-10,12-octadecadienoic acid (9-HODE) and 13-hydroxy-
9,11-octadecadienoic acid (13-HODE): excellent markers for lipid peroxidation. Chemistry
and Physics of Lipids, 89, 131-139. https://doi.org/10.1016/S0009-3084(97)00070-4.

Teo, C. C.,, Chong, W. P. K., Tan, E., Basri, N. B., Low, Z. J., & Ho, Y. S. (2015). Advances in sample
preparation and analytical techniques for lipidomics study of clinical samples. TrAC Trends in
Analytical Chemistry, 66, 1-18. https://doi.org/10.1016/j.trac.2014.10.010.

Turner, T. D., Jensen, J., Pilfold, J. L., Prema, D., Donkor, K. K., Cinel, B., et al. (2014). Comparison of
fatty acids in beef tissues from conventional, organic and natural feeding systems in western
Canada. Canadian Journal of Animal Science, 95, 49-58. https://doi.org/10.4141/cjas-2014-
113.

Van der Kloet, F. M., Bobeldijk, I., Verheij, E. R., & Jellema, R. H. (2009). Analytical error reduction
using single point calibration for accurate and precise metabolomic phenotyping. Journal of
Proteome Research, 8, 5132-5141. https://doi.org/10.1021/pr900499r.

Van der Veen, J. N., Kennelly, J. P., Wan, S., Vance, J. E., Vance, D. E., & Jacobs, R. L. (2017). The
critical role of phosphatidylcholine and phosphatidylethanolamine metabolism in health and
disease. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1859, 1558-1572.
https://doi.org/10.1016/j.bbamem.2017.04.006.

Wei, R., Wang, J., Su, M., lia, E., Chen, S., Chen, T., et al. (2018). Missing Value Imputation Approach
for Mass Spectrometry-based Metabolomics Data. Scientific Reports, 8, 663.
https://doi.org/10.1038/s41598-017-19120-0.

Page | 21


http://doi.org/10.1093/qjmed/hct087
https://doi.org/10.1787/agr_outlook-2018-en
https://doi.org/10.1155/2017/4829180
http://doi.org/10.1155/2016/8681491
https://doi.org/10.3168/jds.2012-5403
https://doi.org/10.1016/j.meatsci.2014.02.015
http://doi.org/10.1016/j.foodres.2014.03.030
http://doi.org/10.3181/0711-mr-311
https://doi.org/10.3945/ajcn.2009.27725
https://doi.org/10.1016/S0009-3084(97)00070-4
https://doi.org/10.1016/j.trac.2014.10.010
https://doi.org/10.4141/cjas-2014-113
https://doi.org/10.4141/cjas-2014-113
https://doi.org/10.1021/pr900499r
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1038/s41598-017-19120-0

831
832
833
834
835
836
837
838
839
840
841
842
843
844
845

846

Westerhuis, J. A., Hoefsloot, H. C. J., Smit, S., Vis, D. J., Smilde, A. K., van Velzen, E. J. J,, et al. (2008).
Assessment of PLSDA cross validation. Metabolomics, 4, 81-89.
https://doi.org/10.1007/s11306-007-0099-6.

Wiklund, S., Johansson, E., Sjostrom, L., Mellerowicz, E. J., Edlund, U., Shockcor, J. P., et al. (2008).
Visualization of GC/TOF-MS-based metabolomics data for identification of biochemically
interesting compounds using OPLS class models. Analytical Chemistry, 80, 115-122.
https://doi.org/10.1021/ac0713510.

Wood, J. D. (2017). Chapter 20 - Meat composition and nutritional value. In F. Toldra” (Ed.), Lawrie’s
Meat Science (Eighth Edition), (pp. 635-659). Woodhead Publishing.
http://www.sciencedirect.com/science/article/pii/B9780081006948000200

Worley, B., & Powers, R. (2013). Multivariate Analysis in Metabolomics. Current Metabolomics, 1, 92-
107. https://doi.org/10.2174/2213235X11301010092.

Zhao, Y., Zhang, B., Guo, B., Wang, D., & Yang, S. (2016). Combination of multi-element and stable
isotope analysis improved the traceability of chicken from four provinces of China. CyTA -
Journal of Food, 14, 163-168. https://doi.org/10.1080/19476337.2015.1057235.

Page | 22


https://doi.org/10.1007/s11306-007-0099-6
https://doi.org/10.1021/ac0713510
http://www.sciencedirect.com/science/article/pii/B9780081006948000200
https://doi.org/10.2174/2213235X11301010092
https://doi.org/10.1080/19476337.2015.1057235

847

848
849

850

A list of Table

Table 1: Validation data for selected metabolites in QC beef samples with the UPLC-
Orbitrap-MS and GC-MS

23



851  Table 1: Validation data for selected metabolites in QC beef samples with the UPLC-Orbitrap-MS and GC-MS
Type of Compounds Linearity Correlation Standard Sample Recovery
instruments coefficient (%, n=10)
used for 3
detection LOD LOQ Instrumental Intra-day Inter-day Intra-day Inter-day
(ppm) (ppm) precision repeatability repeatability repeatability repeatability
(n=10) (n=10) (3 days, n=30) (n=10) (3 days, n=30)
UPLC-Orbitrap- PE (16:0/18:1) 0.02 — 2 QC times 0.9983 3.90x 10 | 7.80 x 102 1.48% 3.96% 6.10% 7.23% 9.07% 98.72 +8.13
MS () PC (16:0/18:1) 0.002 — 2 QC times 0.9997 7.50x 10 | 3.00 x 10 1.57% 6.58% 7.90% 6.82% 8.08% 101.29 £9.61
UPLC-Orbitrap- FA 16:0 0.002 — 2 QC times 0.9992 5.57x10% | 1.95x 10" 3.32% 3.54% 5.02% 5.11% 8.77% 96.40 + 9.45
MS (-) FA 18:0 0.002 — 2 QC times 0.9983 2.03x10° | 3.90x 10 3.08% 3.37% 4.07% 6.20% 8.05% 98.05+£6.51
FA 20:1 0.05 — 2 QC times 0.9974 1.01 x 102 | 1.01 x 10! 1.52% 2.44% 5.60% 7.55% 8.50% 93.92 +7.61
PE (16:0/18:1) 0.01 — 2 QC times 0.9995 2.60x 102 | 7.80 x 10 1.53% 2.29% 8.33% 6.57% 9.46% 101.63 £9.86
PC (16:0/18:1) 0.002 — 2 QC times 0.9968 7.80x 10°2 | 1.50 x 107! 1.97% 2.95% 4.88% 3.83% 5.67% 102.84 £11.10
GC-MS Alanine 0.1 -3 QC times 0.9985 1.00 8.00 4.69% 5.50% 10.44% 6.04% 11.10% 100.43 + 6.03
Valine 0.1 -3 QC times 0.9953 1.00 5.00 3.00% 5.05% 8.92% 10.44% 11.58% 99.58 + 6.94
Leucine 0.05 — 3 QC times 0.9966 1.00 4.20 2.97% 3.18% 7.55% 3.39% 8.83% 95.98 £4.61
Isoleucine 0.1 -3 QC times 0.9958 1.00 4.30 3.41% 3.51% 5.91% 4.78% 9.22% 96.83 +3.05
Glycine 0.002 — 3 QC times 0.9951 0.50 2.00 2.42% 4.38% 4.40% 4.46% 16.90% 102.03 +4.17
Serine 0.05 — 3 QC times 0.9972 3.00 5.00 4.76% 4.93% 5.35% 5.52% 16.50% 98.02 + 6.60
Methionine 0.2 -3 QC times 0.9994 4.30 6.25 4.63% 5.83% 10.18% 7.14% 17.43% 97.18 £5.52
Proline 0.005 — 3 QC times 0.9960 4.20 6.50 2.04% 2.39% 4.79% 2.75% 5.09% 104.58 £ 3.30
Aspartic acid 0.1 -3 QC times 0.9969 2.00 6.25 3.77% 4.17% 9.23% 4.54% 15.60 102.12 £ 6.62
Glutamic acid 0.2 -3 QC times 0.9992 2.00 6.00 4.80% 5.52% 12.85% 6.11% 13.79% 102.74 +6.78
Galactose 0.002 — 3 QC times 0.9991 0.50 1.50 2.47% 2.71% 4.10% 3.15% 13.53% 103.05 + 6.57
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A list of Figure:

Figure 1: a) Cross-validated score plot of beef samples between Australia and the US, b) S-plot
for potential markers selection, c) loading plot with jackknife confidence intervals, d) Bar
graphs of the normalized peak area of 4 identified markers, PC(15:0/18:1), 9-HODE, myo-
inositol and fatty acid 22:4

Figure 2: Bar graphs of the normalized peak area of differential metabolites for beef samples
from different countries: AUS, Australian beef, US, US beef and JPN, Japanese beef. Data are
expressed as mean = SD; * p <0.05, ** p<0.01, *** p<0.001 vs AUS, * p<0.05, #*p <0.01,
## p<0.001 vs US

Figure 3: Bar graphs of the normalized peak area of differential metabolites for Australian beef
samples with different feeding modes. AUS Organic, Australian organic beef; AUS Others,
beef from non-organic feeding modes in Australia. Data are expressed as the mean=+ SD.
* p<0.05, ** p<0.01, *** p<0.001 vs. AUS Organic

Figure 4: Bar graphs of the normalized peak area of differential metabolites for Angus beef
samples obtained from different countries. AUS Angus, Australian Angus beef; US Angus, US
Angus beef. Data are expressed as mean = SD. #p <0.05, #p <0.01, #* p <0.001 vs. US Angus

Figure 5: Bar graphs of the normalized estimated fatty acid profiles for a) different countries,
b) Australian and US Angus beef. and c) feeding regimens in Australia, Data are expressed as
the mean=+ SD. AUS, Australian beef; AUS Angus, Australian Angus beef; AUS Organic,
Australian organic beef; AUS Others, beef from non-organic feeding modes in Australia; JPN,
Japanese beef; US, US beef; US Angus, US Angus beef. ** p <0.01, *** p <0.001 vs. AUS,
# p<0.01vs US. a); » p<0.05 vs. AUS organic b); * p<0.05, * p<0.01 vs. US Angus c).
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Figure 1: a) Cross-validated score plot of beef samples between Australia and the US, b) S-
plot for potential markers selection, ¢) loading plot with jackknife confidence intervals, d)
Bar graphs of the normalized peak area of 4 identified markers, PC(15:0/18:1), 9-HODE,
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myo-inositol and fatty acid 22:4

a) s Us = s b)
0.4 & 0.75 N
[]
031 o = . b5 02
-
0.2 " a L1
» —_
- = 0.25 01
0.1 .
a
A e
S 00 - l- =- -.E 0.00 1 an
o
-0.1 A - Yo_oas
-0.1
i = ” i rgr-sanfiadl o
=02 A La 0.50
-03 x M [] | Py =03
- —0.75 o Mroinsinl Faliyark ©334 POk
-0.4 A st =03
-0.6 0.4 -0.2 0.0 0.2 0.4 0.6 -0.3 -0.2 -01 0.0 01 02 03
ty cav(ty, X)
<)
a4
0.020
034 .
S 0,015
oz i .00
% 01 H 0.008.
& 5 0.000+
B TV R—
> F’...\—-——
o 1 1
PR (/1! Al 0.040
Zoz § o.08 5 0.030-
! 3 0.08 H
5
-03 5004 E 0.020
5 0.010
3 om 3
0.00 Sl 0.000- -
o 50 100 150 200 50 Myo-Inositol FA2Z:4
Variable

Data are expressed as the mean & S0. *p < 0.05, *** p«< 0.001 vs. AUS
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Figure 2: Bar graphs of the normalized peak area of differential metabolites for beef samples
from different countries: AUS, Australian beef, US, US beef and JPN, Japanese beef. Data are
expressed as mean = SD; * p <0.05, ** p<0.01, *** p <0.001 vs AUS, *p <0.05, #p <0.01,

¥ p <0.001 vs US
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Figure 3: Bar graphs of the normalized peak area of differential metabolites for Australian beef
samples with different feeding modes. AUS Organic, Australian organic beef; AUS Others,
beef from non-organic feeding modes in Australia. Data are expressed as the mean+ SD.

*p<0.05, ** p<0.01, *** p<0.001 vs. AUS Organic
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Figure 4: Bar graphs of the normalized peak area of differential metabolites for Angus beef
samples obtained from different countries. AUS Angus, Australian Angus beef; US Angus, US
Angus beef. Data are expressed as mean + SD. *p < 0.05, *# p <0.01, " p <0.001 vs. US Angus
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Figure 5: Bar graphs of the normalized estimated fatty acid profiles for a) different countries,
b) Australian and US Angus beef. and c) feeding regimens in Australia, Data are expressed as
the mean+ SD. AUS, Australian beef;, AUS Angus, Australian Angus beef; AUS Organic,
Australian organic beef; AUS Others, beef from non-organic feeding modes in Australia; JPN,
Japanese beef; US, US beef; US Angus, US Angus beef. ** p<0.01, *** p<0.001 vs. AUS,
#p <0.01vs US. a); » p<0.05 vs. AUS organic b); * p<0.05, # p <0.01 vs. US Angus c).
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