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Abstract

Lamb meat, valued for its nutritional quality and sensory attributes, is susceptible to microbial spoilage
during refrigeration. Although modified atmosphere packaging (MAP) can extend its shelf life, its effects
on microbial succession in lamb meat are poorly defined. This study examined bacterial community
dynamics in MAP (80% 0,/20% CO,) chilled lamb meat over 35 days using high-throughput 16S rRNA
gene sequencing. The bacterial composition, alpha diversity (Shannon, Chaol, Faith’s phylogenetic
diversity, Pielou’s evenness), and beta diversity (Jaccard, Bray-Curtis, ANOSIM) were analysed using
QIIME 2. Principal Coordinate Analysis revealed distinct successional shifts (ANOSIM R, P < 0.01) in
the bacterial community over time. The Chaol richness increased, Shannon diversity remained stable,
while Faith’s phylogenetic diversity and evenness decreased significantly (P < 0.05), reflecting the
selective MAP and low-temperature pressure on bacterial community dynamics. While Proteobacteria
and Firmicutes dominated throughout storage, increased dominance of spoilage-associated taxa,
including Carnobacterium divergens, Pseudomonas fragi, and Brochothrix thermosphacta, occurred
after Day 28. The dominance of these groups highlights their role in shelf-life limitation. These results
provide detailed insights into microbial succession in MAP lamb meat with potential implications for
the meat’s shelf life and for future preservation strategies.
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INTRODUCTION

Lamb meat is rich in proteins, essential
amino acids, vitamins (vitamins A and E), and
minerals such as iron, calcium and phosphorus,
with significantly higher zinc and copper contents
and lower cholesterol compared to most other
meat types.! Its good balance of saturated and
unsaturated fatty acids (Omega-3 fatty acids
and conjugated linoleic acids further enhance
its nutritional and health benefits.>®* Lamb meat
is, therefore, a culinary delight, highly digestible
with excellent flavour, taste and aroma that is
widely consumed in different parts of the world,
such as China, Australia, New Zealand, Turkey, and
Algeria.»**> Consequently, due to its favourable
nutritional and organoleptic properties, the
global lamb/sheep meat market is growing and is
projected to reach 19 million tons by 2034.°

However, lamb meat, like other meat
types such as beef, poultry and pork, is susceptible
to microbial spoilage because of its high-water
content and rich nutritional profile. Globally, it
has been estimated that up to 20% of food items
(including meat) are lost due to wastage associated
with food spoilage and other factors.” Different
factors, such as microbial contamination, storage
conditions, temperature, water availability, pH,
meat processing conditions and environments, can
influence meat spoilage (quality and shelf life).®%°
Amongst these, microbial contamination is a key
factor, with the growth of spoilage microorganisms
influenced by temperature, humidity, handling
practices, packaging methods, and initial microbial
load. These factors determine the spoilage
dynamics, which significantly affect meat safety,
shelf life, and consumer acceptance.

Different microbial groups have been
implicated in meat spoilage. These include species
such as Pseudomonas, Leuconostoc, Brochothrix,
Bacillus, Clostridium, Listeria and Escherichia coli.”*°
To inhibit microbial growth and extend meat’s shelf
life, different meat preservation methods, such
as chilling, freezing, salting, and drying,** vacuum
packaging,’ modified atmosphere packaging
(MAP),** and more recently, intelligent and active
antimicrobial packaging technologies*have been
developed.®

MAP, in particular, is a widely used
preservation method for different meat types such

as lamb, beef, poultry, pork and fish under cold
storage conditions.'®*% |t involves removing and
replacing the atmosphere surrounding meat in
sealed vapour-proof materials with a gas mixture
usually consisting of carbon dioxide, carbon
monoxide, nitrogen, and oxygen, at different ratios
or concentrations.?*?>These gases inhibit microbial
growth while preserving the meat’s freshness,
colour and its other organoleptic properties.?
While MAP effectively inhibits certain spoilage
bacteria, specific microbial taxa may adapt and
dominate under these conditions, necessitating
continuous monitoring for characterisation.

Understanding microbial community
interactions under MAP storage is crucial for
assessing and improving this meat preservation
strategy. Traditional culture-dependent methods,
despite their limitations (limited to culturable
groups, misses slow growing groups, etc.), have
been widely used to study microbial diversity and
succession on MAP meat, such as pork,?® beef,
and poultry.'®?*?* However, culture-independent
approaches, especially high-throughput next-
generation sequencing approaches such as 16S
rRNA gene sequencing, are often preferred as they
allow for in-depth profiling of total (culturable
and unculturable groups) microbial community
(taxonomy, diversity and function) and their
dynamics in food matrices.?>

NGS has been successfully applied to MAP
meat samples under chilled storage conditions to
evaluate the microbial composition and changes
with respect to the total and spoilage microbial
communities. A review of the literature has shown
that most NGS-based studies have focused on
the MAP meats, such as beef,?*° poultry?3133
and pork,**%” with comparatively limited studies
on lamb. The 16S rRNA gene was selected as
the molecular marker for bacterial community
profiling because it contains highly conserved
regions that enable broad amplification across
bacterial taxa, interspersed with hypervariable
regions that provide taxonomic discrimination.
In particular, the V4 region targeted by the
515F/806R primer pair is widely used for high-
throughput bacterial community analysis and is
compatible with lllumina sequencing platforms,
providing an established approach for comparing
bacterial community composition and diversity
across samples.*®*? Given that the NGS-derived
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information on MAP lamb meat microbiota is
under-represented in literature, this study aims
to characterize the temporal bacterial community
structure and dynamics in MAP lamb meat during
chilled storage using a 16S rRNA gene NGS-based
approach. The study aimed to characterize
bacterial succession and dominance, including
spoilage-associated bacterial groups, in lamb meat
stored under 80% 0,/20% CO, MAP over 35 days
of chilled storage and to identify temporal changes
potentially relevant to shelf-life limitation.

MATERIALS AND METHODS

Meat sample collection and preparation

Thirty lamb (Ovis aries) backstrap
(longissimus dorsi) samples used in this study
were obtained from a local butcher in Melbourne,
Australia. After purchase, the lamb cuts were
wrapped in polyethene film, placed on ice and
transported to the laboratory. On arrival, the
samples were stored at 4 °C in a refrigerator.
Prior to sample storage, the refrigerator shelves
were sanitised with 70% (v/v) ethanol as part
of routine laboratory sanitation. The ethanol
was used only for surface sanitation and did not
come into direct contact with the lamb samples.
Each sample was subsequently packaged under
modified atmosphere conditions (80% O, and 20%
CO,) using a Multivac tray sealer (T200, Multivac,
Germany) and stored at 4 °C for up to 35 days.
Sampling for microbial and molecular analyses
was conducted on days 0, 7, 14, 21, 28, and 35 of
chilled storage, with five samples analyzed at each
sampling time point.

Microbial DNA extraction and 16S rRNA gene
amplification

Microbial DNA was extracted directly
from MAP meat samples. One milliliter of meat
rinse sion prepared for microbiological analysis
by macerating 10 g of lamb meat in 90 ml of
sterile 0.1% bacteriological peptone water (Oxoid,
Melbourne, Australia) was centrifuged at 5000
RCF for 10 min to pellet microbial cells. DNA from
the microbial pellet was extracted using DNeasy
PowerSoil Pro Kit (Qiagen, Melbourne, Australia)
according to the manufacturer’s protocol. The
extracted DNA was stored at -20 °C for further
analysis.

DNA amplification of the V4 region
of 16S rRNA gene sequences was performed
using barcoded universal bacterial primers
515F (5'AATGATACGGCGACCACCGAGA
TCTACACTATGGTAATTGTGTGCCAGC
MGCCGCGGTAA-3') and 806R (5'
CAAGCAGAAGACGGCATACGAGATAGT
CAGTCAGCCGGACTACHVGGGTWTCTAAT-3").38
PCR amplification was performed in a total volume
of 25 plL per reaction containing: 1 uL of DNA
template, 1x GoTaq Flexi Buffer (Bioline Pty Ltd.,
Alexandria, NSW, Australia), 2.5 mM of magnesium
chloride (MgCl,) (Bioline Pty Ltd, Alexandria, NSW,
Australia), 0.2 mM of dNTPs (Bioline Pty Ltd.,
Alexandria, NSW, Australia), 0.4 pmol ul? of the
forward (F) primer and 0.4 pmol pl of the reverse
(R) primer (Geneworks, Hindmarsh, Australia)
and 1.25 U of GoTaq Polymerase (Bioline Pty Ltd.,
Alexandria, NSW, Australia) and made up to 25 pl
with sterile water (UltraPure™ DNase/RNase-Free
Distilled Water, Thermo Fisher Scientific).

PCR amplification was conducted using
these conditions: initial denaturation at 94 °C for
3 min; 35 cycles of denaturation at 94 °C for 1
min, annealing at 55 °C for 1 min, and extension
at 72 °C for 1 min; followed by a final extension
at 72 °C for 10 min.*® Aliquots (5 pL) of the PCR
products were electrophoresed on 1% (w/v)
agarose gels containing SYBR Safe DNA Gel Stain
(Invitrogen, Carlsbad, USA) and then visualised on
a UV transilluminator at 302 nm for confirmation
of amplicon size.

Library Preparation and Sequencing

Amplicon libraries were prepared
using the Nextera® XT DNA library preparation
kit (Illumina, San Diego, CA, USA) following the
manufacturer’s protocol. Amplicons were purified
using Agencourt AMPure XP beads (Beckman
Coulter, Brea, USA) as described in the Illumina
Nextera DNA Library Prep Reference Guide
(https://www.illumina.com/products/by-type/
sequencing-kits/library-prep-kits/nextera-xt-dna.
html). Barcode adapters were ligated to sample
amplicons as described in the Guide to enable
multiplex sequencing.

Barcoded amplicons (indexed libraries)
were quantified on a Qubit 2.0 fluorometer (Life
Technologies, Carlsbad, CA, USA). Successful index
incorporation was confirmed through agarose gel
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electrophoresis of a set of 20 randomly selected
amplicons before and after indexing PCR. The
indexed libraries were normalised before being
pooled to a final concentration of 4 nM and spiked
with 15% of PhiX standard before sequencing. The
pooled libraries were sequenced using Nextera®
XT chemistry on a MiSeq platform (lllumina, San
Diego, CA, USA).

Bioinformatics and Data Analysis (QIIME 2)
Sequencing data were analysed using
QIIME 2, an open-source bioinformatics pipeline
for performing microbiome analysis from raw DNA
sequencing data (version 2023). *>*3 Raw sequence

Axis 2 (9.956%)

Axis 3 (7.838%)
(A)

Axis 2 (21.14 %)

Axis 3 (12.70%)

(B)

data were demultiplexed to separate the reads for
each sample. Quality control was performed to
filter, trim, denoise, and merge paired-end reads,
to generate amplicon sequence variants (ASVs)
with improved accuracy over traditional OTU
clustering methods.** Reads were trimmed to a
uniform length of 250 bp based on quality score
profiles.

After ASV generation, taxonomic
classification was performed using QIIME 2’s
Feature-Classifier plugin with a pre-trained SILVA
138.1 (2023) classifier to assign taxonomy at the
genus level. Phylogenetic relationships between
ASVs were inferred by constructing a rooted

Time point A
« Time point B
® Time point C
+ Time point D
+ Time point E

Time point F

Axis 1 (30.06%)

Time point A
Time point B
Time point C
« Time point D
+ Time point E
@ Time point F
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Figure 1. Principal Coordinate Analysis (PCoA) illustrating bacterial community shifts using (A) Jaccard dissimilarity
and (B) Bray-Curtis dissimilarity metrics during chilled storage. Time points A, B, C, D, E, and F refer to Days 0, 7,

14,21, 28 and 35
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tree with the Phylogeny plugin for subsequent
diversity analyses. Alpha diversity metrics, such
as the Shannon index and Faith’s Phylogenetic
Diversity, were calculated and visualised through
box plots to assess microbial richness within
samples. Beta diversity analyses were performed
with phylogenetic (Unweighted and Weighted
UniFrac) and non-phylogenetic (Bray-Curtis)
metrics and visualised using Principal Coordinates
Analysis (PCoA) plots via QIIME 2’s Emperor
tool. Differences in community composition and
abundance between samples were evaluated
using analysis of similarities (ANOSIM), resulting in
the identification of taxa with significant variations

Axis 2 (12.71%)

Axis 3 (8.267%)
(A)

Axis 2 (13.37 %)

Axis 3 (5.221%)

(B)

between groups. Taxonomic composition data
were visualized using taxonomic bar plots at
multiple taxonomic levels (phylum to species).

RESULTS

Sequencing output and data quality

The sequencing efforts yielded
approximately 5.2 GB of data, which comprised
2,024,722 reads from all the samples. These
reads were subject to quality filtering and chimera
removal, and the proportion of non-chimeric
sequences ranged from 5.24%-34.17% per sample.
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Figure 2. Emperor analysis plots demonstrate bacterial community variation across storage days using (A) unweighted
and (B) weighted metrics. Time points A, B, C, D, E, and F refer to Days 0, 7, 14, 21, 28 and 35
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Figure 3. Variation in bacterial community diversity: (A) Faith’s Phylogenetic Diversity and (B) Evenness (Pielou J)
over the chilled storage period
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Figure 4. Variation in bacterial community diversity indices: (A) Shannon Diversity and (B) Chao1l species richness
throughout the storage period
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Changes in bacterial community structure

PCoA based on Jaccard and Bray-Curtis
dissimilarity metrics showed distinct temporal
changes in bacterial community structure, with
clear divergence of the bacterial community on
Day 0 from the community on Day 35 of chilled
storage, suggesting successional changes in
these communities’ succession (Figure 1). Based
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on Jaccard’s PCoA, ANOSIM R results showed a
significant dissimilarity between Day 0 and Day
21 (0.913; significant level of 0.8%), and between
Days 0, 28 and 35 with an R value of 1 (significant
level of 0.8%) (Table 1). Similarly, with Bray-Curtis
dissimilarity PCoA plots, the R values between
Day 0 and Days 28 and 35 show a significant
dissimilarity (R = 1; significance level of 0.8%)
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Figure 5. Relative abundance (%) of bacterial taxa at (A) phylum and (B) class levels throughout chilled storage.
Time points A, B, C, D, E and F represent Days 0, 7, 14, 21, 28 and 35, respectively
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(Table 2). ANOSIM, therefore, showed that there
were substantial differences between the different
bacterial communities at different times during
chilled storage. In addition, both unweighted
and weighted Emperor analysis validated these
temporal shifts as they showed alterations in
the bacterial community’s species richness and

Relative Frequency

Relative Frequency

Sample

relative abundance over the 35 day experimental

period (Figure 2).

Bacterial community dynamics

Diversity indices revealed a progressive
decrease in Faith’s phylogenetic diversity and
evenness over time, particularly after Day 14
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Figure 6. Relative abundance (%) of bacterial taxa at (A) family and (B) species levels throughout chilled storage.
The species-level profile demonstrates the emergence and increasing dominance of key spoilage-associated taxa
during late chilled storage. Time points A, B, C, D, E and F represent Days 0, 7, 14, 21, 28 and 35, respectively
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Table 1. ANOSIM Pairwise Comparison of R statistics
and significance based on Jaccard dissimilarity matrix

Table 2. ANOSIM Pairwise Comparison of R statistics
and significance based on a Bray-Curtis dissimilarity
matrix

Groups R statistic  Significance Groups R statistic  Significance
level % level %
Day 0 Day 7 0.028 126 Day0  Day7 -0.076 72.2
Day 14 0.738 0.8 Day 14 0.74 0.8
Day 21 0.913 0.8 Day 21 0.944 0.8
Day 28 1 0.8 Day 28 1 0.8
Day 35 1 0.8 Day 35 1 0.8
Day7  Day14 0.48 0.8 Day7 Dayl4 0.548 0.8
Day 21 0.669 0.8 Day 21 0.844 0.8
Day 28 0.956 0.8 Day 28 0.944 0.8
Day 35 0.956 0.8 Day 35 0.944 0.8
Day14 Day21 -0.066 53.2 Day 14 Day21 0.094 23.8
Day 28 0.428 1.6 Day 28 0.012 42.1
Day 35 0.35 4 Day 35 0.188 135
Day21 Day28 0.208 9.5 Day21 Day28 0.05 28.6
Day 35 0.066 27.8 Day 35 -0.081 70.6
Day28 Day35 -0.92 69.8 Day28 Day35 -0.044 49.2

(Figure 3). Faith’s PD declined from a median
of 0.79 at Day 0 to 0.10 by Day 35, with a
corresponding decline also in the interquartile
ranges and within timepoint variability at later
timepoints. For example, there was a significant
difference (decline) between the values on Day 0
and Day 21, Day 0 and Day 28, Day 7 and Day 28,
Day 14 and Day 28 and Day 14 and Day 35 (P < 0.05
for all timepoint comparisons). Faith’s phylogenetic
diversity (Figure 3A) differed significantly between
sampling times (P < 0.05). The significant changes
(decline) in community evenness (Pielou J) over
time (Figure 3B) started only from Day 14 to Day
35, with a decline in median evenness after Day
14. Significant differences in the evenness of the
community were only observed between Day 7
and Day 21, 28 and 35 (P < 0.05).

The Shannon diversity index remained
stable throughout the storage period, with no
statistically significant differences observed
between samples obtained over the 35 day chilled
storage period (Figure 4A). In contrast, species
richness, as estimated using the Chaol index,
increased throughout the 35 day chilled storage
period. Statistical analysis indicated that there was
a statistically significant difference in richness only
between Day 0 and Day 28 and between Day 0 and
Day 35 (P < 0.05; Figure 4B).

Taxonomic composition of bacterial communities
Taxonomic analysis at the phylum level
showed that the Proteobacteria and Firmicutes
predominated across all sampling times (Figure 5A).
However, Class-level analysis revealed anincrease
in the relative abundance of Gammaproteobacteria
and Bacilli as storage progressed, particularly
during the later stages of chilled storage (Figure
5B). At the family-level profiling showed notable
temporal shifts in community composition, with
increasing abundances of Carnobacteriaceae
and Moraxellaceae over time (Figure 6A). At the
species level, known spoilage-associated bacteria,
including Carnobacterium divergens, Pseudomonas
fragi, and Brochothrix thermosphacta, became
dominant from Day 28 onwards (Figure 6B).

DISCUSSION

The 80% 0,/20% CO, modified
atmosphere used in this study likely contributed
to the selective environment under which the
bacterial community developed during chilled
storage. Carbon dioxide is commonly used in
MAP because of its inhibitory effects on many
spoilage microorganisms, whereas a high oxygen
concentration can favour the persistence or growth
of aerobic and facultatively anaerobic bacteria.
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Consequently, the combination of high-oxygen
MAP and refrigeration may select for bacterial
populations capable of tolerating these conditions,
contributing to the progressive dominance of
spoilage-associated taxa during storage. Similar
shifts involving Brochothrix, Pseudomonas and
other spoilage-associated bacteria have previously
been reported in chilled meat stored under high-
oxygen modified atmospheres. However, because
the present study did notinclude an air-packaged,
vacuum-packaged, or alternative MAP control, the
independent effect of the 80% 0,/20% CO, gas
composition cannot be separated from the effects
of refrigeration and storage time. Therefore,
the observed changes should be interpreted as
bacterial succession occurring under 80% 0,/20%
CO, MAP during chilled storage rather than as
evidence that this gas composition alone caused
the observed community shifts.*

The dissimilarity metrics (Jaccard and
Bray-Curtis indices) and ANOSIM indicated distinct
temporal changes and significant differences in
the beta diversity of the bacterial community
structure between Day 0 and Day 35 MAP meat
samples (Figures 1 and 2; Tables 1 and 2). These
shifts were due to substantial turnover in the
bacterial community composition, from initial
mesophilic groups in fresh lamb meat samples to
psychrophilic or cold-tolerant groups later during
chilled storage. These results agree with those
from other studies in which successional changes
resulted in the replacement of the original meat
bacterial population by groups better adapted
to the selective pressures associated with MAP
conditions and low temperature. For example, an
earlier study of chilled MAP lamb shoulder showed
a similar trend, with a significant difference
between the community at the early stage of
chilled storage and samples from the mid and
late stages. Day 0 MAP (30% CO,, 70% O,) pork
meat samples also reportedly showed a high Bray-
Curtis dissimilarity to Day 6 samples during chilled
storage, and a similar trend was observed in MAP
(80% O, and 20% CO,) beef longissimus steak at
Day 0 compared to Day 20.°

These successional changes were
mirrored by the observed decline in Faith’s
phylogenetic diversity and Pielou’s evenness
over the 35 days of chilled storage (Figures 3
and 4). This suggested that some taxa were

becoming progressively dominant over time.
However, these changes were not reflected in the
Shannon diversity values, which remained stable.
Successional changes can lead to a decrease
in bacterial community Shannon diversity over
time, as reported in super-chilled MAP chicken,?*
MAP pork chops® and MAP beef.* However, it is
possible that in this study, more low-abundance
taxa appeared in the MAP meat samples in addition
to the dominant species, thereby resulting in a
stable Shannon diversity value and the observed
increase in the Chaol index (species richness) over
the 35 days of chilled storage. This contrasting
trend observed with the two alpha diversity indices
reflects the community dynamics and highlights
the benefits of using multiple diversity indices in
the analysis of microbial communities in MAP meat
samples.

As shown in Figures 5 and 6, taxonomic
analyses showed that on Day O at the
phylum level, Proteobacteria and Firmicutes,
Gammaproteobacteria, Alphaproteobacteria and
Actinomycetia (class level) and Pseudomonas
(species level) were dominant. These are the
known microflora of fresh meat.!**® However,
the increasing dominance of the Proteobacteria
(Gammaproteobacteria) and Firmicutes (Bacilli) at
later stages of chilled storage and the dominance
of Carnobacterium, Pseudomonas, Brochothrix
and Serratia species by day 35 indicated the
selection of psychotrophic bacterial groups by the
low temperature and the modified atmospheric
conditions. The selection of Carnobacterium
divergens, Pseudomonas fragi, and Brochothrix
thermosphacta by day 35 is especially important,
as these are well-known meat spoilage bacterial
groups.'144748 This indicated that the potential
for spoilage activities had become established at
the end of chilled storage. While the implications
of this finding on the shelf life and the quality
of the MAP lamb meat remain to be evaluated,
their presence at the late stage of chilled storage
presents an opportunity for future intervention
in studies focused on MAP lamb meat’s shelf-life
extension after 35 days.

CONCLUSION

The study provides robust molecular
insights into the bacterial community dynamics
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during chilled storage of lamb meat, highlighting
significant successional changes and the
emergence of spoilage taxa. It showed substantial
temporal changes in the bacterial communities on
MAP lamb meat during chilled storage for 35 days.
The initial bacterial community diversity decreased
as storage time increased, as assessed by Faith’s
phylogenetic diversity and Pielou’s evenness,
suggesting progressive dominance by a subset of
largely spoilage-associated taxa under the selective
pressures of MAP conditions and low temperature.
Although species richness increased, the bacterial
community at the end of chilled storage was
dominated by well-known spoilage bacterial
species: Carnobacterium divergens, Pseudomonas
fragi, and Brochothrix thermosphacta. These
findings improve our understanding of bacterial
dynamics and succession in chilled MAP lamb
meat, which can be used for shelf-life prediction
and improvement. Future research should include
NGS-based functional microbial analyses and VOC
assays of MAP meat during chilled storage to link
taxonomic information with function.
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