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ABSTRACT 

This study was aimed at assessing the pigment and lipid stability and characterising the microbial 

ecology by classical methods and metagenetics in beef with an extremely long shelf-life. Bovine 

longissimus thoracis et lumborum subprimals from different origins (Australia, Brazil, Ireland, and 

United Kingdom), displaying a shelf-life from 35 to 140 days in vacuum packaging, were aged at -1 

(subzero storage) or a -1/+4°C two-level stepwise scheme. At different times, samples were 

repackaged under a high-oxygen atmosphere (70/30% O2/CO2) and stored at 4°C for two days and 

then 8°C for five days to simulate retail distribution. Subzero storage inhibited the growth of total 

aerobic mesophilic flora and Enterobacteriaceae during ageing in vacuum (p < 0:001). During 

simulated retail distribution, the shelf-life was limited by metmyoglobin formation and excessive 

lactic acid bacteria growth. Classical microbiological methods underestimated the lactic acid 

bacteria count. Nonetheless, metagenetics evidenced, specifically in Australian samples, high 

proportions of Carnobacterium maltaromaticum, a lactic acid bacterium that may have contributed 

to the extremely long shelf-life of Australian beef. 
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1. Introduction 

The production of living animals is increasingly driven by a shift in diet and food consumption 

patterns towards livestock products [1]. Growth in the demand for meat will stem mainly from an 

increase in population, income, and urbanisation, especially in regions with large middle classes, 

such as Asia, Latin America, and the Middle East. However, beef production continues to be 

concentrated in a few countries, including Brazil, the United States, and Australia [2]. In this way, the 

meat trade becomes more globalised, forcing supply chains to get larger and more complex. One of 

the critical challenges for today’s meat export industry is delivering a superior-quality fresh product 

to distant markets, considering that several weeks of chilled transportation must be anticipated to 

supply these markets by sea [3]. As such, fresh beef, typically a highly perishable product, is required 

to stay stable for extended periods. 

Vacuum packaging and storage at subzero temperatures prevent the growth of oxygen-requiring 

spoilage bacteria and provide oxidative stability and long-term shelf-life without recourse to 

freezing [4]. As a result, beef-producing countries have consolidated an export market over the past 

decades for chilled vacuum-packaged beef, and shipping and cold storage at -1°C permitted them to 

achieve a shelf-life superior to 100 days for this product. Nonetheless, the arrival of chilled beef with 

an extremely long shelf-life in the European market has triggered intense reactions by the Belgian 

meat sector, which mistakenly suspected the use of methods banned by European legislation to 

maintain the stability of these meats. 

The shelf-life of fresh meat is mainly limited due to microbial growth and oxidation phenomena. As 

reviewed by Coombs, Holman, Friend and Hopkins [5], an increase in the spoilage bacteria 

population of meat, including lactic acid bacteria (LAB), Enterobacteriaceae (EB) and Brochothrix 

thermosphacta (BT), is associated with the development of undesirable flavours and discolouration. 

Besides, oxidative processes are the primary nonmicrobiological factor implicated in the quality 

deterioration of meat during chilled storage. Lipid oxidation results in the formation of several 

products, leading to off-flavours and off-odours [6]. Moreover, the oxidation of myoglobin to 

metmyoglobin (MMb) induces a brown appearance in the meat. Hence, the meat industry’s control 

of microbial, pigment, and lipid stability is essential to maintaining the freshness of this product. 

Several studies investigated the oxidative stability of beef with long shelf-life [4, 7] and the 

microbiota associated with these meats, either by culture-dependent [8] or molecular methods [9]. 

Nevertheless, the scientific literature lacks studies combining the assessment of the oxidative 

stability and microbial communities by culture-independent methods in beef with extended shelf-

life [10]. In this context, this study was aimed at evaluating the oxidative and microbial stability, as 

well as the microbial diversity by a culture-independent high-throughput sequencing method, of 

beef with extended shelf-life at two ageing temperatures (-1°C and two-level stepwise -1/+4°C) in two 

types of packaging (under vacuum and in a high-oxygen atmosphere). 
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2. Material and Methods 

2.1. SAMPLES. Eighteen vacuum-packaged bovine longissimus thoracis et lumborum (LTL) 

subprimals from four different origins (six from Australia, three from Brazil, three from Ireland, and 

six from the United Kingdom (UK)), with significant differences in shelf-life, were supplied by a 

Belgian food wholesaler. Throughout one year, we collected three samples from the same origin as 

soon as a load of imported meat was delivered to the food wholesaler. During this period, only one 

batch of Brazilian and Irish meat corresponding to our criteria (storage time < 2/3 of the shelf-life) 

was supplied. The shelf-life was labelled 140 days at <2°C for Australian, 120 days at 0°C for Brazilian, 

35 days at 0-3°C for Irish, and 45 days for UK meat. The UK meat cutting plant set no storage 

temperature. The Belgian supplier reported storage at maximum 0°C throughout distribution. 

Samples were transported to the laboratory in polystyrene isothermal boxes, and the transport time 

never exceeded 30 minutes. At the laboratory, they were stored at -1°C until 2/3 of their shelf-life 

(SL2/3) when they were cut into six 2 to 3 cm thick steaks. Three steaks were used to evaluate meat 

packaged in vacuum (wholesale market simulation) and were handled as follows. One was analysed 

immediately after LTL was cut into steaks (SL2/3). The other two were vacuum packaged and stored 

at -1 or 4°C until the end of the shelf-life (SL-1°C and SL-1/+4°C, respectively) to simulate sub-zero (-1°C) 

and conventional storage (4°C). Vacuum bags (Cryovac, Charlotte, NC, US) were 60 μm thick, and the 

oxygen permeability was 13 cm3/m2 per day at 1 bar, 23°C, and 0% relative humidity (RH). 

The three remaining steaks from each LTL were used to evaluate meat packaged in a modified 

atmosphere (retail display and distribution simulation). First, they were vacuum- packed, as 

described above. Then, at SL2/3, SL-1°C, and SL-1/+4°C, they were repacked in polypropylene 

(PP)/ethylene-vinyl alcohol copolymer /PP trays (ES-Plastic, Hutthurm, Germany, dimensions: 187 x 

137 x 50 mm, oxygen permeability: 4 cm3/ m2 per day at 1 bar, 23°C and 0% RH) containing a modified 

atmosphere of 70/30% O2/CO2 (Air Liquide, Brussels, Belgium), obtained with a KM 100-3 ME gas 

mixing and delivery system (Witt) and sealed with a polyethylene terephthalate /PP film (Wipak, 

Sittard, Netherlands, oxygen permeability: 8 cm3/m2 per day at 1 bar, 23°C and 0% RH) with a gas 

headspace-to-meat ratio of approximately 4: 1. Next, modified atmosphere packaged (MAP) samples 

were stored for seven days (SL2/3/MAP, SL-1°C/MAP, and SL-1/+4°C/MAP). A temperature of 4°C was used during 

the first two days, and 8°C was applied during the last five days of storage. The latter temperature 

was chosen to simulate domestic preservation conditions, according to the Association Française de 

Normalisation (AFNOR) NF V01-003 standard [11]. Three climatic chambers (model MIR 254, Sanyo) 

were set at -1, 4, and 8°C, and samples were transferred from one chamber to another each time a 

temperature change was applied. Lightning conditions were not controlled. 

In total, six treatments were applied to steaks of each origin (Figure 1), and each steak was assigned 

randomly to a different treatment. Analyses were performed on samples at SL2/3, SL2/3/MAP, SL-1°C, SL-

1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP, except for α-tocopherol content (only at SL2/3) and metagenetics (only 

at SL2/3 and SL-1/+4°C). The corresponding time in days for the six treatments is shown in Table 1. 
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2.2. PH MEASUREMENT. pH was measured using a Knick 765 pH meter equipped with a 

combined pH electrode (model 104063123, Ingold), according to the International Organisation for 

Standardisation (ISO) 2917 procedure [12]. Measurements were performed in five zones of each 

sample, and the values were averaged. 

2.3. COLOUR MEASUREMENT AND METMYOGLOBIN PERCENTAGE. The instrumental 

colour of vacuum-packaged samples was evaluated at 1.5 h after removal from vacuum bags and 

exposure to atmospheric air at 4°C (bloom time) using a Labscan II spectrophotometer (HunterLab). 

The colour of samples in MAP was measured immediately after removal from trays using the same 

equipment. Measurement conditions were 25 mm diameter aperture, D65 illuminant and 10° 

observation angle. CIE LABvalues(L* : luminance, a* : redness, b* : yellowness)were measured in five 

zones of each sample and averaged. The colour difference between samples before and after MAP 

display (ΔE) was calculated using the equation √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2. Higher ΔE values mean 

more significant total colour changes over time. 

The metmyoglobin percentage (MMb%) was determined by measuring the absorbance of an 

aqueous meat extract at selected wavelengths as described elsewhere [13]. Briefly, after colour 

measurement, samples were cut into 3 mm thick slices. Five grams of sliced meat was used for 

myoglobin extraction in 20 mL phosphate buffer (0.1 M, pH = 6:0). The extracts were filtered through 

a 0.2 μm syringe filter (Macherey-Nagel, Düren, Germany). The absorbance of the aqueous meat 

extracts was measured by spectrophotometry at 503, 525, 557, and 582 nm (Spectronic Genesys 2PC 

UV-Vis, Thermo Fisher Scientific). MMb% was calculated using the following equation: 

MMb% = [−0.159(
𝐴582

𝐴525
) − 0.085(

𝐴557

𝐴525
) + 1.262(

𝐴503

𝐴525
) − 0.520] × 100  (1) 

 

Figure 1. Experimental scheme. The yellow rounded squares show the six different treatments applied to 

samples. MAP: modified atmosphere packaging (70/30% O2/CO2) for 2 days at 4°C +5days at 8°C. 
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Table 1: Corresponding time (days after deboning and cutting) for the six treatments applied to samples of 

different origins. 

Treatment 
Origin 

Australia Brazil Ireland United Kingdom 

SL2/3 93 80 23 30 

SL2/3/MAP 93+7 80+7 23+7 30+7 

SL-1°C 140 120 35 45 

SL-1°C/MAP 140+7 120+7 35+7 45+7 

SL-1/+4°C 140 120 35 45 

 140+7 120+7 35+7 45+7 

SL2/3: vacuum storage at -1°C until 2/3 of the shelf-life. SL2/3/MAP: vacuum storage at -1°C until 2/3 of the shelf-life with 

subsequent modified atmosphere storage for seven days. SL-1°C: vacuum storage at -1°C until the end of the shelf-life. SL-

1°C/MAP: vacuum storage at -1°C until the end of the shelf-life with subsequent modified atmosphere storage for seven days. 

SL-1/+4°C: vacuum storage at -1°C until 2/3 of the shelf-life and 4°C until the end of the shelf-life. SL-1/+4°C/MAP: vacuum storage 

at -1°C until 2/3 of the shelf-life and 4°C until the end of the shelf-life with subsequent modified atmosphere storage for 

seven days. 

2.4. LIPID OXIDATION MEASUREMENT. To assess lipid oxidation, an aqueous acid extraction 

method was undertaken before the spectrophotometric measurement of the thiobarbituric acid-

reactive substances (TBARS) at 530 nm [14]. This method is based on the reaction of one molecule 

of malondialdehyde (MDA), a significant carbonyl decomposition product of oxidised 

polyunsaturated lipids, with two molecules of thiobarbituric acid (TBA) to form a pink complex 

which can be quantified spectrophotometrically. Five grams of sample was used for the extraction 

in 20 mL trichloroacetic acid 5% (VWR, Leuven, Belgium). Two millilitres of TBA 80 mM (Sigma-

Aldrich, Overijse, Belgium) was added to filtered meat extracts before heating at 94°C for 5 min. The 

absorbance was measured after cooling at 530 nm (Spectronic Genesys 2PC UV-Vis, Thermo Fisher 

Scientific). 1,1,3,3-Tetraethoxypropane (Sigma-Aldrich, Overijse, Belgium) was used to prepare the 

standard curve and determine the TBARS recovery. The results were expressed as mg MDA 

equivalents per kg of meat. 

2.5. α-Tocopherol Content. A protocol adapted from Liu, Scheller, and Schaefer [15] was 

implemented to extract and quantify the α-tocopherol content in meat samples. The method 

consists of a saponification step followed by a double isooctane (Fischer Scientific, Merelbeke, 

Belgium) extraction of the saponified samples. α-Tocopherol in the extracts was separated by 

normal phase chromatography and quantified by fluorescence detection. High-pressure liquid 

chromatography analysis was performed using a model 600 E solvent delivery system equipped with 

a model 717 automatic injector, a Mistral oven, a 2475 fluorescence detector (excitation at 296 nm 

wavelength and emission at 325 nm wavelength), and a Resolve spherical silica column (3.9 X 150 

mm, 5 μm) set at 15°C (all from Waters). The mobile phase was isooctane/tetrahydrofuran 96 : 4 v/v 
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(Fischer Scientific, Merelbeke, Belgium) at a 1.0 mL/min flow rate, and the injection volume was 30 

μL. Quantification was performed by an external standard method based on peak area. 

2.6. MICROBIAL COUNTS. Twenty-five square centimetres (1 cm thick) of meat was transferred, 

beside a Bunsen burner, to a sterile bag with 225 mL sterile peptone water (Bio-Rad, Temse, 

Belgium) and homogenised for 120 s using a stomacher (primary suspension). Serial decimal 

dilutions were prepared using the same dilutant. Total viable count (TVC) and LAB and EB counts 

were performed using the TEMPO® system (BioMérieux, Schaarbeek, Belgium) for enumeration in 

food products. Cards containing the sample and culture media were incubated at 22°C for 48 h for 

TVC and LAB and 30°C for 24h for EB. Brochothrix thermosphacta (BT) was enumerated by plating on 

streptomycinsulphate, thallous-acetate, and actidione (STAA) agar with STAA-selective supplement 

(Oxoid, Dilbeek, Belgium) and incubating at 22°C for 48h, as per ISO 13722 [16]. The incubators were 

from Shel Lab (model 1535). Colonies were confirmed by oxidase tests (Sigma-Aldrich, Overijse, 

Belgium). Acceptability thresholds were set at LAB = 6.7 log10 CFU/ cm2 [17], EB = 5.0 log10 CFU/cm2 

[18], and BT = 6.0 log10 CFU/cm2 [3]. No threshold was applied to TVC. 

2.7. METAGENETICS. Total DNA was extracted directly from each primary suspension obtained 

in Section 2.6, using a DNeasy blood and tissue kit for DNA extraction (Qiagen, Antwerp, Belgium) 

following the manufacturer’s recommendations (samples lysis using proteinase K, lysate load onto 

a DNeasy 96 plate, centrifugation, two washing steps and DNA elution). Then, equal amounts of the 

extracted DNA were mixed into pools containing the DNA of three samples of each batch and origin 

(Australia, Brazil, Ireland, and UK) within the same treatment (SL2/3 and SL-1/+4°C). Thus, 12 pools were 

obtained, termed AU12/3, AU1-1/+4°C, AU22/3 and AU2-1/+4, (Australian); BR2/3 and BR-1/+4°C (Brazilian); IE2/3 

and IE-1/+4°C (Irish); and GB12/3, GB1-1/+4°C, GB22/3, and GB2-1/+4°C (UK). 

16S rDNA PCR libraries targeting the V5-V6 hypervariable region were generated. Primers E783-797 

and E1063- 1081 [19], specific for bacteria, were selected for their ability to generate the lowest 

amplification bias among the various bacterial phyla. The oligonucleotide design included titanium 

A or B adapters (454 Life Sciences, Branford, CT, US) and multiplex identifiers fused to the 5' end of 

each primer. The amplification mix contained 5 U of FastStart high fidelity polymerase, 1 X enzyme 

reaction buffer (Eurogentec, Seraing, Belgium), 200 μM deoxynucleotide triphosphate (dNTPs, 

Eurogentec, Seraing, Belgium), 0.2 μM of each primer, and 100 ng of genomic DNA, in a final volume 

of 100 pL. Thermocycling conditions consisted of a denaturation step at 94°C for 15 min, followed by 

30 cycles of40 s at 94°C, 40 s at 56°C, and 1 min at 72°C, with a final elongation step at 72°C for 7 min. 

These amplifications were performed on an EP Mastercycler Gradient System (Eppendorf). DNA 

fragments were purified using an SV PCR purification kit (Promega, Leiden, Netherlands). 

Pyrosequencing was performed by FoodChain ID (Herstal, Belgium) with a Genome Sequencer FLX™ 

(Roche). The 16S rDNA sequence reads were filtered as described by Huse, Huber, Morrison, Sogin, 

and Welch [20], processed using the Mothur program [21] and compared to a reference dataset of 

aligned sequences of the corresponding region derived from the Silva database of full-length rDNA 

sequences [22]. The final reads were clustered into operational taxonomic units (OTU) using the 

nearest neighbour algorithm and Mothur with a 0.01 distance-unit cut-off. A taxonomic identity was 

attributed to each OTU by comparison to the Silva database using a 60% homogeneity cut-off. 
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2.8. 16S RRNA GENE SEQUENCING. To identify, at the species level, the predominant 

bacteria present in samples, the primary suspensions prepared in Section 2.6 were inoculated on 

plate count agar, and the obtained colonies were selected randomly. The genomic DNA of the 

selected colonies obtained was extracted as described in Section 2.7 and used to amplify the entire 

16S rRNA gene with the universal primers 16S1500F (5‘-GAGTTTGATCMTGGCTCAG-3‘) and 16S1500R 

(5‘-TACGGTTACCTTGATTACGAC-3‘) under the following conditions: initial denaturation at 94°C for 5 

min, followed by 35 cycles of 30 s at 94°C, 30 s at 56°C, 1 min at 72°C, and a final extension step at 

72°C for 5 min. All PCR reactions contained 1 U Diamond Taq polymerase buffer, 1 U Diamond Taq 

polymerase, 2 mM MgCl2, 0.2 mM dNTPs (all from Eurogentec, Seraing Belgium), 0.4 μM of each 

primer and 10-100 ng DNA, in a total volume of 20 μL. PCR products were purified with a Wizard SV 

PCR kit (Promega, Leiden, Netherlands). The sequencing of the 16S fragments was performed by 

GIGA Research Centre (Liège, Belgium) using an ABI3730 sequencing machine (Thermo Fisher 

Scientific). The resulting sequences were assembled, and the identification was made by BLAST 

comparison [23]. 

2.9. STATISTICAL ANALYSIS. Results for physicochemical parameters (pH, ΔE, MMb%, and 

TBArS) and microbial counts (TVC, LAB, EB, and BT) measured at 2/3 of the shelf-life (SL2/3 and 

SL2/3/MAP) are presented as the mean ± standard deviation. One-way analysis of variance (ANOVA) was 

used to calculate the effect of origin (Australia, Brazil, Ireland, and UK) within each display time (0 

and 7 days) and the effect of display time within each origin. Tukey’s test was used when necessary 

to assess differences between test groups. 

Data relating to physicochemical parameters (pH, ΔE, MMb%, and TBARS) and microbial counts 

(TVC, LAB, EB, and BT) measured at the end of the shelf-life (SL-1°C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP) 

were arranged in a split-plot design in which origin (Australia, Brazil, Ireland, and UK) was allocated 

in the whole plot, while the sub-plots were ageing temperature (-1 and stepwise -1/+4°C) and display 

time (0 and 7 days). Considering ΔE combines L*, a*, and b* values before and after MAP display, the 

display time was not included in the model for AE. When a post hoc test was suitable, Tukey’s test 

was performed. 

All statistical analyses were performed using the R computing environment [24]. A summary of the 

tested effects for each group of treatments is shown in Table 2. 

Table 2: Summary of the tested effects for each group of treatments. 

Treatment 
Effect 

Origin1 Ageing temperature2 Display time3 

SL2/3 X  X 4 

SL2/3/MAP X  X4 

SL-1°C X X X 

SL-1°C/MAP X X X 

SL-1/+4°C X X X 

SL
-1/+4°C/MAP X X X 

1Australia, Brazil, Ireland, and the United Kingdom. 2-1 and stepwise -1/ +4°C. 30 and 7 days. 4Except for α-tocopherol 

content. 
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3. Results and Discussion 

3.1. PHYSICOCHEMICAL PARAMETERS AND OXIDATIVE STABILITY. The pH of the 

samples varied between 5.50 and 5.55 at SL2/3 and between 5.45 and 5.50 at SL2/3/MAP, respectively. No 

origin or display time effect was observed at 2/3 of the shelf-life (Table 3). At the end of the shelf-life 

(SL-1°C, SL-1°C/MAP, SL-1/+4°C and SL-1/+4°C/MAP), the effect of origin (Australia, Brazil, Ireland, and UK), ageing 

temperature (-1 and stepwise -1/+4°C), display time (0 and 7 days), and all their interactions were 

evaluated for pH (Table 4). No origin or ageing temperature effect was observed. However, at this 

stage, the pH from samples decreased from 5.55 to 5.50 during display (p < 0.05), which may be 

explained by the development of homofermentative lactic acid bacteria exhibiting preferential 

fermentation of glucose to lactate. Kaur et al. 

[25] observed that a 0.4 pH unit difference in meat affected bacterial diversity, composition, and 

growth rates. In addition, Hughes et al. [26] reported colour variation in meat with pH variations on 

the order of 0.2 units. Nonetheless, the differences in pH throughout our study did not exceed 0.05 

units. It was considered that these minimal pH variations may not have influenced the other 

physicochemical and microbial parameters in our experiment. In all cases, beef’s pH remained 

within normal ranges [25, 26]. 

The colour of meat is an essential aspect of consumer acceptability since consumers consider the 

bright red colour of beef as an indicator of freshness and wholesomeness. Initial colour attributes 

(L*, a*,and b*) of beef from different origins at SL2/3 and SL2/3/MAP are shown in Table 3. Irish meat 

presented the lowest a * at SL2/3, while Brazilian presented the highest L* at SL2/3/MAP (p < 0.05). A 

decrease of a* and b* was observed for Brazilian meat during the simulated MAP display (p < 0.05). In 

addition, no effect of origin was observed for ΔE during display at 2/3 of the shelf-life (Table 3). At 

the end of the shelf-life, the effect of origin (Australia, Brazil, Ireland, and UK), ageing temperature (-

1 and stepwise -1/+4°C), and their interactions were evaluated for ΔE (Table 4). ΔE values varied from 

2.0 to 7.1 and from 2.0 to 10.7 between origins for the ageing temperatures of -1 and stepwise -

1/+4°C, respectively (data not shown in tabular form). Numerically, UK meat presented the lowest 

and Brazilian meat the highest ΔE. Nevertheless, no statistically significant difference was observed 

between the samples, meaning no difference in the total change of instrumental colour during 

display at the end of the shelflife between origins or ageing temperatures. 

In regard to MMb%, at 2/3 of the shelf-life (SL2/3 and SL2/3/MAP), an effect of display time (0 and 7 days) 

was observed in Australian, Brazilian, and UK samples (p < 0.05) (Table 3). At the end of the shelf-life 

(SL-1.C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP), the effects of display time and the interaction origin 

(Australia, Brazil, Ireland, and UK) x ageing temperature (-1 and stepwise -1/+4°C) were significant (p 

<0.05) (Table 4). Thus, a seven-day MAP display favoured pigment oxidation at 2/3 and the end of the 

shelf-life (p < 0.05) (Table 3 and Figure 2(a)). Previous authors have also reported that pigment 

oxidation increases as display time increases [27, 28]. According to Garner, Unruh, Hunt, Boyle, and 

Houser [29], the metmyoglobin reducing activity (MRA), which 

represents properties that help minimise MMb, decreases over display time, contributing to an 

increase in MMb%. Regarding the interaction origin x ageing temperature, an ageing temperature of 
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4°C during the last 1/3 of the shelf-life did not affect Australian, Brazilian, and Irish samples; however, 

pigment oxidation was numerically higher at -1 than at 4°C in UK samples (Figure 2(b)). Bekhit and 

Faustman [30] reviewed that MMb reduction by MRA may be accelerated with increased 

temperature, explaining the decreased pigment oxidation in UK meat at 4°C. However, it does not 

justify the higher pigment stability of meat from other origins at -1°C. In addition, the value of 40% 

MMb, reported by Greene, Hsin, and Zipser [31] as the threshold for consumers to reject meat, was 

not exceeded by any sample at SL2/3, SL2/3/map, SL-1°C, and SL-1/4°C. Conversely, the limit was exceeded 

by all samples at SL-1°C/MAP and SL-1/4°C/MAP, except for UK meat previously aged at 4°C, during the last 

1/3 of the shelf-life. This finding suggests that myoglobin oxidation during display is higher with 

increasing ageing time. 

Lipid oxidation in meat can lead to quality deterioration, limiting the shelf-life from a flavour 

perspective. As TBARS values correlate well with sensory testing, they can be a good indicator of 

rancidity in meat [32]. At SL2/3, TBARS did not exceed 0.3 mg MDA equivalent/kg, and after a seven-

day simulated MAP display (SL2/3/MAP), there was an increase in the TBARS in samples of all origins (p 

< 0:05), except for Brazilian (Table 3). At the end of the shelf-life, the interaction of origin (Australia, 

Brazil, Ireland, and UK) x display time (0 and 7 days) was significant for lipid oxidation (p < 0:05) 

(Table 4). At this point, before MAP display, UK meat presented the highest lipid oxidation (p < 0:05), 

while Brazilian and Irish meat showed TBARS values inferior to the limit of quantification (LOQ = 

0:2mgMDA equivalent/ kg). After seven days of display, the lipid oxidation in Brazilian meat remained 

inferior to the LOQ, while Australian, Irish, and UK meat presented equivalent TBARS values (Figure 

3). Campo et al. [33] proposed that the TBARS value of 2.0 mg MDA equivalent/kg in raw beef could 

be considered the threshold at which a rancid flavour overpowers the beef flavour when it is cooked, 

and, consequentially, is the maximum level for a positive sensory perception of beef. 

This threshold was not exceeded in any sample for any treatment. 

In addition, high-oxygen MAP is typically used for beef cuts to promote pigment oxygenation, 

prolonging the period before MMb is visible on the muscle surface. According to Jayasingh, 

Cornforth, Brennand, Carpenter, and Whittier [34], although high-oxygen atmospheres maintain 

redness during storage, rancidity often develops while colour is still desirable. Nonetheless, in the 

present study, pigment oxidation reached unacceptable levels before lipid oxidation. Myoglobin and 

lipid oxidation are undoubtedly interrelated; however, the exact nature of this interrelationship has 

not been established. One hypothesis is that myoglobin oxidation initiates before lipid oxidation. A 

possible mechanism was reviewed by Richards [35]: oxymyoglobin oxidation initiates the first step 

in a sequence of chemical reactions leading to the production of radicals, which in turn gives rise to 

the initiation of lipid oxidation. 

Dietary vitamin E supplementation to beef cattle increases the concentration of a -tocopherol in 

skeletal muscle, allowing this antioxidant to protect membranal lipids and prevent MMb formation 

[36]. Table 5 shows the a- tocopherol content in samples at SL2/3. Brazilian meat a- tocopherol 

content was 3.2 μg/g, the lowest among the tested samples. Australian, Irish, and UK meat presented 

a- tocopherol contents equivalent to each other, ranging from 5.0 to 6.1 μg/g. Liu et al. [37] suggest 

a value of 3.5 μg/g as the minimum muscle α-Tocopherol concentration for near maximal 
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suppression of myoglobin and lipid oxidation in fresh beef. Surprisingly, only Brazilian samples, 

which presented high lipid stability, remained below this threshold. However, the α-Tocopherol 

content was not measured in muscles immediately after slaughter and may have decreased during 

storage. 

Moreover, meat with a high content of polyunsaturated fatty acids requires increased endogenous 

antioxidants to maintain colour and lipid stability [38]. Brazilian cattle production is primarily based 

on Bos indicus breeds and crosses, whereas Bos taurus is the dominant species in Europe and 

Australia. Previous studies highlighted slight differences in fat content and fatty acid composition of 

beef from B. indicus and B. taurus cattle. However, diet is a much more important determinant of 

these parameters [39]. Thus, the proportion of peroxidisable lipids does not seem to be linked to the 

subspecies of cattle. In this way, the evaluation of other mechanisms involved in pigment and lipid 

oxidation, including antioxidant [40] and glycolytic [41] enzymes, which are directly influenced by 

genetics and feeding systems, could have provided additional clues to understand better the 

differences in the oxidation profiles observed. 
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Table 3: Physicochemical parameters and microbial counts (mean ± standard deviation) in the longissimus 

thoracis et lumborum cuts from different origins at 2/3 of the shelf-life before and after a 7-day modified 

atmosphere packaging display. 

  Origin 

Parameter Display time (days) Australia Brazil Ireland United Kingdom 

pH 
0 5.50 ±0.08 5.50 ±0.02 5.55 ±0.08 5.50 ±0.03 

7 5.50 ± 0.07 5.45 ± 0.02 5.50 ± 0.02 5.50 ± 0.04 
 0 38.2 ± 1.7 41.6 ± 0.8 38.2 ± 5.2 36.7 ± 2.6 

L * 
7 39.0 ± 2.8AB 41.7 ± 0.9B 36.4 ± 0.5A 37.4 ± 1.9A 

 
0 24.2 ± 1.6A 24.3 ± 1.4aA 19.6 ± 3.1B 24.8 ± 0.7A 

a* 7 22.2 ± 2.2 21.3 ± 0.6b 20.2 ± 2.1 22.9 ± 2.3 

 
0 18.9 ± 2.1 19.6 ± 0.6a 15.8 ± 2.5 18.1 ± 0.7 

b* 
7 17.5 ± 1.6 17.7 ± 0.5b 15.8 ± 1.3 17.1 ± 1.2 

ΔE n/a 3.7 ± 1.0 4.0 ± 1.9 5.9 ± 2.3 3.0 ± 2.1 
 

0 11.3 ± 9.5a 2.9 ± 1.1a 5.1 ± 5.3 5.0 ± 3.8a 

MMb% 
7 37.0 ± 10.7b 21.5 ± 11.0b 16.5 ± 12.4 34.8 ± 12.5b 

TBARS1 
0 0.3 ± 0.2a <LOQ2 <LOQ2 0.3 ± 0.2a 

7 1.5 ± 0.4b <LOQ 2 1.1 ± 0.9 1.1 ± 0.7b 

TVC3 
0 5.3 ± 0.9aB 5.8 ± 0.6aB 3.1 ± 0.5aA 5.1 ± 0.5aB 

7 6.0 ± 1.1bA 8.3 ± 0.5bB 7.4 ± 0.4bAB 7.2 ± 0.4bAB 

LAB3 
0 <2.0 <2.0 <2.0 4.0 ± 1.7 

7 <2.0 5.4 ± 0.3 6.4 ± 0.1 5.8 ± 0.8 

EB3 
0 <1.0 <1.0 <1.0 2.6 ± 1.5 

7 <1.0 <1.0 2.5 ± 1.4 2.5 ± 1.4 

BT3 
0 <2.0 <2.0 <2.0 3.2 ± 1.2a 

7 <2.0 <2.0 6.5 ± 0.2 5.2 ± 1.1b 

MMb%: metmyoglobin%; TBARS: thiobarbituric acid-reactive substances; TVC: total viable count; LAB: lactic acid bacteria; 

EB: Enterobacteriaceae; BT: Brochothrix thermosphacta; n/a: not applicable. 1Expressed as mg malondialdehyde 

equivalents/kg. 2Limit of quantification (LOQ) = 0.2 mg malondialdehyde equivalent/kg. 3Expressed as log10 CFU/cm2. 

abDifferent lowercase letters in a column (display time effect) within each variable indicate statistical differences (p < 0.05). 

No lowercase letter indicates no statistical difference. ABDifferent uppercase letters in a row (origin effect) indicate 

statistical differences (p < 0.05). No lowercase letter indicates no statistical difference. 
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Table 4: Analysis of variance (F values) on the effect of origin (Australia, Brazil, Ireland, and the United Kingdom), 

ageing temperature (-1 and stepwise -1/+4°C) and display time (0 and 7 days) on the pH, discolouration during 

modified atmosphere packaging display (ΔE), metmyoglobin percentage (MMb%), lipid oxidation (thiobarbituric 

acid-reactive substances (TBARS)), total viable count (TVC), lactic acid bacteria (LAB), Enterobacteriaceae (EB), 

and Brochothrix thermosphacta (BT) in longissimus thoracis et lumborum cuts at the end of the shelf-life. Higher 

F values indicate stronger effects. 

Effect PH ΔE MMb% TBARS TVC LAB EB BT 

Origin ( O) 0.68 0.09 16.01*** 7.07*** 13.02*** 5.91** 6.72** 0.98 

Ageing temperature (T) 0.32 0.02 8.94
** 1.74 18.86

*** 3.16 16.60
*** 0.75 

Display time (D) 
4.26

* n/a 
98.27

*** 28.41
*** 13.28

*** 20.66
*** 3.40 0.38 

O x T 1.76 1.22 3.55
* 0.79 0.93 0.31 2.41 0.86 

OxD 1.38 n/a 1.19 3.09
* 0.14 0.12 1.02 0.04 

TxD 1.50 n/a 0.16 0.22 7.19
** 0.25 2.44 0.19 

OxTxD 0.77 n/a 1.64 0.07 0.77 4.04
* 1.34 0.55 

Significant probabilities (p < 0.05) are in bold. *Significant at p < 0.05. **Significant at p < 0.01. ***Significant at p < 0.001. 

 

Figure 2: (a) Effect of display and (b) interaction of origin x temperature for metmyoglobin (MMb%) in the 

longissimus thoracis et lumborum cuts from different origins at the end of the shelf-life. Bars represent standard 

error. Different letters indicate statistical differences (p < 0:05). 
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Figure 3: Interaction of origin x display time for lipid oxidation (thiobarbituric acid-reactive substances (TBARS)) 

in the longissimus thoracis et lumborum cuts from different origins at the end of the shelf-life. Bars represent 

standard error. Different letters indicate statistical differences (p < 0:05). 

 

 

Table 5: α-Tocopherol content (mean ± standard deviation) in the longissimus thoracis et lumborum cuts from 

different origins at 2/3 of the shelf-life. 

Origin α-Tocopherol (μg/g meat) 

Australia 6.1 ±0.7b 

Brazil 3.2 ± 0.3a 

Ireland 5.1 ± 0.3b 

United Kingdom 5.0± 1. 0b 

abDifferent letters (origin effect) indicate statistical differences (p < 0:05). 

 

3.2. MICROBIAL STABILITY AND MICROBIAL PROFILE. At 2/3 of the shelf-life (SL2/3 and 

SL2/3/MAP), the effect of origin (Australia, Brazil, Ireland, and UK) was significant for TVC, and the effect 

of display time (0 and 7 days) was observed for TVC and BT in UK meat (p < 0:05) (Table 3). At the end 

of the shelf-life (SL-1°C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP), the effect of origin was significant for TVC, 

LAB, and EB (p < 0:05); the effect of ageing temperature (-1 and stepwise -1/+4°C) was significant for 

EB (p < 0:05); the effect of display time was significant for LAB (p < 0:05); the interaction ageing 

temperature x display time was significant for TVC (p < 0:05), and the interaction origin x ageing 

temperature x display time was influential for LAB (p < 0:05) (Table 4). For practical purposes, all 

microbial counts will be presented as origin x ageing temperature x display time means. 

The TVC ranged from 3.1 to 5.8 log10 CFU/cm2 at SL2/3 and from 6.0 to 8.3 log10 CFU/cm2 at SL2/3/MAP 

(Table 3). At the end of the shelf-life (SL-1°C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP), Brazilian meat presented 

the highest while Irish meat presented the lowest TVC (p < 0:05), which might be solely related to 

their shelf-life (120 and 35 days, respectively). Furthermore, an increase in TVC was observed during 

MAP display for samples aged at -1°C (p < 0:05). This result was expected given that a high-oxygen 

modified atmosphere promotes bacterial growth compared to vacuum storage [42]. However, there 

was no difference in TVC before and after MAP display for samples having undergone a stepwise -
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1/+4°C ageing, likely because these meats had reached high TVC during vacuum storage at 4°C 

(Figure 4). 

The LAB counts ranged from <2.0 to 6.4 log10 CFU/cm2 at 2/3 of the shelf-life (SL2/3 and SL2/3/MAP), and 

the acceptability LAB threshold of 6.7 log10 CFU/cm2 was not exceeded by any sample (Table 3). 

However, at the end of the shelf-life (SL-1°C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP), the acceptability 

threshold for LAB was exceeded in Brazilian and Irish samples at SL-1°C/MAP and in all samples at SL-

1/4°C/MAP, except for Australians. Surprisingly, LAB counts in Australian meat remained below 2.0 log10 

CFU/cm2 for treatments SL-1°C, SL-1/+4°C, and SL-1/+4°C/MAP (Figure 4). This result was unexpected at SL-1°C 

and SL-1/+4°C as LAB becomes the dominant species of the microbial flora of chilled meats when the 

growth of aerobic spoilage bacteria is inhibited by vacuum packaging. In addition, their presence 

usually ensures that shelf-life is maximal [43]. Small et al. [8] reported unusual microbial counts in 

beef with extremely long shelf-life. According to Pothakos, Samapundo, and Devlieghere [44], 

classical microbiological techniques (based on incubation at 30°C) lack the discriminatory capacity 

to detect psychrotrophic LAB, whose growth was probably favoured by sub-zero ageing under 

vacuum for extended periods. Even if an incubation temperature of 22°C was used, the 

psychrotrophic LAB might have been underestimated by the enumeration technique used in the 

present study, notably in Australian meat for treatments SL-1°C, SL-1/+4°C, and SL-1/+4°C/MAP. Finally, the 

development of specific LAB species may have differed according to the ageing temperature, 

resulting in diverse ecosystems in meat. This could explain why the enumeration of LAB was higher 

in SL-1°C/MAP than in SL-1/+4°C/MAP. 

Enterobacteriaceae (EB) and BT potentially contribute to meat spoilage. Low levels of EB were found 

in samples at 2/3 of the shelf-life (SL2/3 and SL2/3/MAP) (Table 3). Surprisingly, at the end of the shelf-life 

(SL-1°C, SL-1°C/MAP, SL-1/+4°C, and SL-1/+4°C/MAP), Irish and UK meats, which displayed the shortest shelf-lives, 

presented the highest EB counts. Moreover, a stepwise -1/+4°C ageing promoted EB growth (p < 0:05) 

(Figure 4). This result confirms the advantage of combining subzero ageing and strict temperature 

control with a subsequent display in an atmosphere containing CO2, which has an antimicrobial 

potential against EB [45]. In all cases, the acceptability threshold for EB was not exceeded by any 

sample for any treatment. 

All samples presented BT counts below the threshold of acceptability at 2/3 of the shelf-life (SL2/3 

and SL2/3/MAP), except for UK and Irish (only at SL2/3/MAP for Irish) (Table 3). Moreover, in Irish meat, BT 

counts at SL-1°C/MAP (6.1 log10 CFU/cm2) and SL-1°C/4/MAP (<2.0 log10 CFU/cm2) were lower than those at 

SL2/3/MAP (6.5 log10 CFU/cm2) (p < 0:05). As vacuum packaging limits the growth of BT in meat [46], the 

fact that UK meat presented a higher BT count at SL2/3 than the other samples leads to the hypothesis 

of delayed packaging or the presence of residual oxygen in vacuum bags. However, since the initial 

handling conditions of the samples are unknown, this hypothesis could not be verified. Russo, 

Ercolini, Mauriello, & Villani [47] evidenced a decrease in the growth of BT in the presence of LAB in 

vitro, which could explain the reduction of BT in Irish samples over time. Furthermore, BT is 

psychrotolerant [48] and may have been selected during ageing at -1°C, which may explain the 

differences in BT count between SL-1°C/MAP and SL-1°C/4/MAP. 
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Figure 5 presents the microbial diversity of samples evaluated by metagenetics. At first glance, 

Australian beef presented a lower bacterial diversity when compared to beef from other origins. 

Brazilian and Irish meats presented high bacterial diversity, evidenced by the bars’ size representing 

genus counting for less than 5% of relative abundance (“others”). In all cases, ageing time 

contributed to the selection of fewer genera in the beef microbial environment. The microbial 

ecology of raw meat is very complex, and its storage conditions will influence how different groups 

of organisms will colonise and eventually dominate the meat microbial ecosystem [49]. When meat 

is packaged under vacuum, psychrotrophic LAB become the dominant bacterial group, which is 

confirmed by the significant proportions of Lactobacillales, Carnobacterium, Enterococcus, 

Lactobacillus, Lactococcus, and Leuconostoc found at the end of the shelf-life (SL-1/+4°C). 

Moreover, members of the EB in certain meats, including the genus Serratia, may have contributed 

to meat spoilage. Surprisingly, Pseudomonas, often associated with meat spoilage under aerobic 

conditions, was detected in Brazilian and Irish beef at the end of the shelf-life. However, Motoyama, 

Kobayashi, Sasaki, Nomura, and Mitsumoto [50] observed that Pseudomonas fragi could convert 

MMb into deoxymyoglobin and inhibit meat lipid oxidation. In this way, the interaction between the 

different bacterial groups found in meat and their effect on oxidative stability should be further 

investigated. 

The relative abundance of Carnobacterium, specifically in Australian samples, reached up to 98%, 

and their presence in food is frequently underestimated with culture-depend methods [51]. It is 

known that factors such as the presence of acetate or low pH values can inhibit the growth of Carno- 

bacterium [52]. However, the composition of the media used in the TEMPO® system for automated 

enumeration is not available. Therefore, it was not possible to verify if the formulation of TEMPO® 

LAB test kits could explain the extremely low results obtained for LAB counts in Australian meat. 

Sequencing the 16S rRNA genes of 11 isolates from different Australian meat samples revealed that 

all isolates belonged to the species Carnobacterium maltaromaticum. These LAB have been 

extensively studied as protective cultures in foodstuff, and some strains can inhibit the growth of 

spoilage bacteria, including EB, and pathogenic bacteria, such as Listeria monocytogenes [53]. In this 

manner, the high proportions of C. maltaromaticum in Australian samples may have contributed 

positively to the extremely long shelf-life of these meats. 
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Figure 4: Interaction of origin x temperature x display time for (a) total viable count, (b) lactic acid bacteria, (c) 

Enterobacteriaceae, and (d) Brochothrix thermosphacta in the longissimus thoracis et lumborum cuts from 

different origins at the end of the shelf-life. Bars represent standard error. The dashed lines represent the 

thresholds of acceptability. No threshold was applied to the total viable count. Different letters indicate statistical 

differences (p < 0:05). 
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Figure 5: Distribution of reads percentages for major bacterial genera in beef from different origins at 2/3 and at 

the end of the shelf-life (for a stepwise -1/+4°C ageing). Other genera represented, individually, less than 5% 

relative abundance in all samples. AU: Australia; BR: Brazil; IE: Ireland; GB: the United Kingdom; unc.: unclassified 

genus. 

 

4. Conclusions 

Using subzero temperatures during vacuum storage is helpful in meat shelf-life extension because it prevents myoglobin 

oxidation and TVC and EB growth. However, ageing at -1°C did not prevent MMb formation and bacterial growth in meat 

once it was repacked in a high-oxygen atmosphere (70/30% O2/CO2) at the end of the shelf-life, suggesting that extended 

beef ageing is more suitable for out of home operators, for whom high-oxygen MAP is not used. However, the differences 

in physicochemical and microbial parameters highlighted between origins should be considered carefully due to the low 

number of samples used in this research. Moreover, the lack of information related to the background of the samples 

hinders the further evaluation of the possible effect of production conditions (e.g., finishing system, fat score, and carcase 

handling) on the quality of meat. 

Metagenetics proved to be a powerful and revolutionary tool for evaluating the bacterial diversity of fresh meat, as it could 

detect the presence of bacteria, notably psychrotrophic LAB, which are usually missed or underestimated by culture-

dependent method assays. 

Carnobacterium maltaromaticum was the dominant bacteria in Australian meat with 140 days of shelf-life. This species has 

been used for bioprotection and may have played an essential role in the extremely long shelf-life of these samples. The 

next step of this study will characterise the obtained C. maltaromaticum isolates to better understand their role in food 

preservation. 
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The data that support the findings of this study are available from the corresponding author, PH Imazaki, upon reasonable 

request. 

ADDITIONAL POINTS 

Novelty Impact Statement. Subzero chilling ensures the optimal shelf-life of vacuum-packed beef; however, preserving 

meat for extended periods is not recommended before retail display under a high-oxygen atmosphere. Culturedependent 

methods underestimate psychrotrophic lactic acid bacteria counts; thus, culture-independent high-throughput 

sequencing methods, including metagenetics, are powerful tools to evaluate the microbial ecosystem of meat. 

Furthermore, molecular methods evidenced high proportions of Carnobacterium maltaromaticum in fresh beef with an 

extremely long shelf-life. This bacterium can grow at temperatures as low as -1.5°C, whether the products have been stored 

aerobically, vacuum packaged, or under a modified atmosphere. Therefore, they may have been advantaged by storage 

conditions and contributed positively to the extremely long shelf-life of the meats in which they were found. 
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