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ARTICLE INFO ABSTRACT

Keywords: The science behind dry-aged meat has advanced majorly during the last few years. Unlike wet-aging, where meat
Dry-aged is vacuum packed, the dry-aging process is conducted without packaging or protection, which may change its
Wet-aged

bacterial diversity and consequently alter its sensory characteristics. Traditional techniques and Next Generation
Sequencing (NGS) stand out among the different methods used to identify bacterial diversity. This study eval-
uated the bacterial diversity of dry- and wet-aged beef using traditional microbiological tests and NGS to
compare their specificity in bacterial diversity identification. Samples from beef strip loins (n = 6) were collected
directly from the slaughterhouse and transported to the laboratory, where they were dry- or wet-aged for 20 and
34 days. Before and after aging, the samples were analyzed by traditional microbiological testing and NGS.
Traditional microbiology testing found an increase in total bacterial count, particularly of psychrotrophic bac-
teria, in the wet-aged samples from O to 20 and 34 days. Dry-aged samples showed a decrease in the total
bacterial count, with only molds and yeast presenting significant growth during aging. Metagenomics analysis
detected eleven main bacterial genera in the meat microbiota, with a relative abundance higher than 2 %,
including Carnobacterium, Pseudomonas, Lactobacillus, Romboutsia, Leuconostoc, Candidatus Nitrosotalea, and
Akkermansia. Alpha diversity showed a higher richness in non-aged samples, whereas wet-aged samples (20 and
34 days) showed the lowest richness. Moreover, beta diversity analysis found that the microorganisms are highly
related when considering time but form different clustering when comparing the aging process. Dry-aged beef
had a higher presence (80.9 % on the 34th day) of Pseudomonas sp., a group of microorganisms with a large range
of ideal bacterial growth conditions. Conversely, due to their controlled anaerobic environment, wet-aged
samples showed a higher presence (79.4 % on the 34th day) of Carnobacterium. Traditional microbiology
testing remains an important tool to ensure food safety since it can clearly identify the main groups of bacteria
present in food. NGS, in turn, allows to identify more microbial groups but is an expensive tool, especially when
considering the number of samples. Despite showing different data specificity, both techniques efficiently
differentiated the beef microbiota.

Meat microbiota
Next-generation sequencing

1. Introduction nutrients (lipids and proteins of high biological value) and micro-
nutrients such as iron, zinc, and vitamin B12 (You et al., 2022). Such
Meat is a staple in the human diet since it contains several essential high nutrient content, coupled with the influence of environmental
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factors, such as temperature, atmospheric oxygen, endogenous enzymes,
moisture, and light; makes meat an excellent substrate for numerous
microorganism species to penetrate, grow, and multiply (Barcenilla
et al., 2022; van Reckem et al., 2021).

Studies indicate that meat, even from healthy animals, can encounter
contamination from the bleeding process to commercialization; with the
types of spoilage microorganisms being influenced by storage conditions
(Terjung et al., 2021; Tyuftin and Kerry, 2023). The role of bacterial
species in meat spoilage is well established (Zagorec and
Champomier-Verges, 2023), and the microorganisms found on the meat
surface can impact the quality and effectiveness of the aging process
(Terjung et al., 2021). Aged meat microbiota may contain lactic acid
bacteria (LAB), and mesophilic and psychrotrophic bacteria; and when
in large quantities, force the exclusion of the contaminated meat from
sale, causing economic losses to producers and consumers (Xu et al.,
2022).

The tenderness, juiciness, and flavor of meat are influenced by fac-
tors that include breed, animal age, feed type, breeding, and aging time
(Lopez-Pedrouso et al., 2020; Salzano et al., 2021). In addition to its
preservation benefits, the aging process has garnered significant atten-
tion in the past decade for its capacity to enhance the sensorial aspects of
meat. This has led to numerous studies exploring the transformative
effects of aging on meat quality. (Valoppi et al., 2021). Two aging pro-
cesses are used to cater to the preferences of the consumer: wet- or
dry-aging processes (Terjung et al., 2021; Shi et al., 2020) Notably, both
wet-age and dry-age have been found to elevate the quality of diverse
beef cuts, indicating the potential for pursuing an optimal method-time
and aging combination. This suggests that a careful balance of factors
can be tailored to meet consumers’ preferences and achieve desired beef
characteristics (Salzano et al., 2021; Lopez-Caballero et al., 2001).

However, factors such as temperature, relative humidity, exposure to
forced air, and the group and quantity of microorganisms on the meat
surface can interfere with meat quality and yield during aging (Oh et al.,
2019; Di Paolo et al., 2023). More common due to the production yield
and convenience of storage and transportation (Dashdorj et al., 2016),
wet-aging involves sealing meat in vacuum packages and storage in
refrigerated temperatures (between —1 °C and 2 °C) for a determined
period (Terjung et al., 2021). Dry-aging refers to unpackaged meat cuts
kept on open racks in a temperature and humidity (Terjung et al., 2021).
Despite possible losses due to evaporation, crust formation, risk of
contamination by microorganisms during the process, and the space and
materials required (Terjung et al., 2021; Ryu et al., 2018), consumers are
willing to pay for this expensive product because of its quality and flavor
(Dashdorj et al., 2016).

Since the effects on meat microbiota can be aging method-specific
(Terjung et al., 2021), bacterial diversity should be evaluated. Next
Generation Sequencing (NGS) is a broadly used technique to study the
bacterial composition of ecosystems, delivering more precise results
regarding bacterial diversity (van Reckem et al., 2021; Di Paolo et al.,
2023). Thus far, few studies have compared traditional microbiology
tests with NGS in meat products. Therefore, this study aims to evaluate
the bacterial diversity of dry- and wet-aged beef produced in Brazil by
Next Generation Sequencing of the 16 S (rRNA) gene and by traditional
microbiology testing; comparing their results to understand the diversity
with respect to each aging process.

2. Material and methods
2.1. Origin, sample collection, and meat aging

The experiment utilized 60-cm beef strip loins (n = 6) sourced from
Y Nellore x Angus young steers. Initial fresh (unaged) meat samples
were collected on day O (n = 6) for baseline characterization. Each strip
loin was halved, with one portion assigned to wet treatment and the
other to dry treatment. After 20 days of aging, both sections were
sampled (n = 6 for each treatment) and returned for additional aging. A
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second round of sampling occurred at 34 days of aging (n = 6 for each
treatment).

On day 20, vacuum-packed samples were aseptically extracted from
the packaging, and fragments from the meat surface (~100 g) were
removed before repacking. The surface crust (~100 g) was aseptically
removed for the dry-aged sections. Following sampling, all cuts were
returned to the aging-chamber for continued aging. At 34 days of aging,
a second round of sampling was conducted.

The aging process took place in an aging-chamber set at 2 °C and
with a relative humidity of 70 %.

2.2. Traditional microbiological analysis

A total of 30 samples were analyzed, where 6 samples were from
non-treated meat, 12 from the dry treatment, and 12 from the wet
treatment. Six samples were collected at Day 0 (control), and 12 samples
from Day 20, and Day 34 (wet- and dry-aged). Twenty-five grams of
each meat surface was homogenized in 225 mL of peptone water fol-
lowed by dilution using Peptone water; serial dilutions were made up t.

The total mesophilic count was conducted using 1 mL of each dilu-
tion on Plate Count Agar (PCA) plates, which were subsequently incu-
bated at 35 °C for 48 h. Psychrotrophs were assessed by inoculating 0.1
mL of each dilution and incubating them at 10 °C for 15 days (APHA,
2001).

Enterobacteriaceae testing was performed on Red Violet Bile Agar
with Glucose (VRBG) plates incubated at 35 °C for 18-24 h (APHA,
2001). Serial dilutions were placed on MacConkey agar plates and
incubated at 37 °C for 24 h (APHA, 2001).

LAB testing was performed using the MRS agar plating method. For
each dilution, 1 mL of each sample was inoculated onto overlay MRS
agar plates, which were then incubated at 35 °C for 72 h (APHA, 2001).

Yeasts and molds were identified by adding 1 mL of each sample onto
Potato Dextrose Agar (PDA) plates and incubated at 25 °C for 72 h
(adapted from (APHA, 2001)).

For all tests, plates with 25 to 250 colonies were used for the total
bacterial count, and which were then selected and used for further tests
(APHA, 2001). The number of colonies counted was multiplied by 10
(per plate) and by the inverse dilution factor of the respective plate.
Results were expressed in CFUs/g.

2.2.1. Statistical analysis

Data from the traditional microbiological tests were first evaluated
for normality using Shapiro-Wilk and Levene’s test (p < 0.05). Non-
normally distributed data were examined using Kruskal Wallis and
post hoc analysis, with a 5 % significance level. All statistical analyses
were performed using OriginPro software, version 2019b (OriginLab
Corporation, Northampton, MA, USA).

2.3. Metagenomics analysis

2.3.1. DNA extraction and sequencing

According to the Bacteriological Analytical Manual, each experi-
mental unit contained 15 + 1 g of all meat samples (n = 30) mixed with
135 mL of Butterfield Phosphate buffer solution, pH = 7.2 (Food, 1998).

Subsequently, 5 mL aliquots were collected and centrifuged at
13,000 rpm for 10 min at room temperature. After discarding the su-
pernatant, total DNA was extracted from the pellet using PowerFood®
Microbial DNA Isolation Kit (Mobio) per the manufacturer’s recom-
mendations (da Silva Abreu et al., 2021).

The extracted DNA was then stored at — 20 °C and later sent to the
Novogene company for 16 S rRNA gene amplification and sequencing by
the Ilumina platform. The Illumina MiSeq is a compact and versatile
DNA sequencing system used for various applications, such as targeted
resequencing and amplicon sequencing. It’s valued for its user-
friendliness, speed, and production of high-quality sequencing data
(Ravi et al., 2018).
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2.3.2. Data processing and taxonomic identification

After demultiplexing, quality assessment of paired-end reads from
the V4 region of the 16 S rRNA gene sequence was conducted. Following
the procedures outlined by (Food, 1998), barcodes were removed, and
reads were merged using the SeqPrep C+ + package. Subsequently,
quality-filtered reads were unified into a FASTA file and aligned against
the SILVA v. 132 database, for closed-reference identification and
quantification of Operational Taxonomic Units (OTUs), with a 97 %
cluster identity threshold using Qiime 1.9 software (Quast et al., 2012;
Yilmaz et al., 2014; Glockner et al., 2017). Taxonomic classification
from phylum to genus level was achieved by referencing a
pre-established sequence map for each taxonomic group. The quantified
OTUs were consolidated into an OTU table, excluding those with a
collective count of fewer than 10 in a minimum of two samples and
samples containing fewer than 500 reads. Prior to downstream analysis,
OTU counts were normalized to uneven sequencing depth using cumu-
lative sum scaling (CSS) (Paulson et al., 2013). The analysis command
lines were adapted from (Biscarini et al., 2018).

All counts and indexes obtained in the previous steps (except the core
meat microbiota evaluation) were corrected to baseline before statistical
analysis, considering the samples belonging to TO (unaged group) as a
homogenous group. Alpha diversity indices were computed utilizing the
R environment (RStudio Team, 2022), with the support of the R pack-
ages phyloseq and metagenomeSeq.

2.3.3. Alpha and beta diversity indices

The meat microbial diversity assessment was conducted on two
levels: within individual samples (referred to as alpha diversity) and
across all samples (referred to as beta diversity). In addition to calcu-
lating the observed OTU count directly from the OTU table, within-
sample microbial richness and diversity was estimated using Chaol
and ACE (Abundance-based Coverage Estimator) for richness evalua-
tion; the Shannon, Simpson, and Fisher’s alpha indices for diversity
analysis (Paulson et al., 2013; Biscarini et al., 2018; RStudio Team,
2022; Chao, 1984; Chao and Lee, 1989; Chao and Yang, 1993; Fisher
et al., 1943; Shannon, 1948); and Simpson E and Pielou’s J (Shannon’s
evenness) for evenness (Smith and Wilson, 1996). Across-sample di-
versity was estimated by calculating unweighted UniFrac distances
(Lozupone et al., 2011). Between groups (dry-aged, wet-aged, and
control), pairwise distances were assessed nonparametrically using
permutational analysis of variance [999 permutations] (Anderson,
2001). Details on the alpha- and beta-diversity calculations can be found
in (Glockner et al., 2017).

2.3.4. Statistical analysis
OTU counts underwent one-way ANOVA with the following linear
model:

yikj = B+ Tk + Cj + eiy @

Whereas diversity indices were evaluated by one-way ANOVA using
two linear models:

yikj = B + Tk + eik (2)

yikj = M + Cj + ey 3
in which yy; is the individual value (OTU count or alpha/beta index)

for sample i at time point k and treatment j; Ty is the effect of the cat-

egorical variable ‘time point’ (3 classes); C; is the effect of categorical

variable ‘treatment’ (2 classes); ey are the residuals of the model.

3. Results

3.1. Microbiological analysis

Comparisons were performed to evaluate the behavior of
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microorganisms in different treatments (Table 1). For mesophilic bac-
teria, an increase in counts for the wet-aged treatment at 20 and 34 days
was observed, compared to non-aged samples (P < 0.05). No difference
in mesophilic counts was found between fresh samples and those dry-
aged for 20 and 34 days (P < 0.05). When comparing the 34-day-aged
samples, higher counts were observed in wet-aged samples compared
to dry-aged ones (P < 0.05).

Similar to mesophilic bacteria, psychrotrophic bacteria also showed
an increase in counts for wet-aged samples aged for 20 and 34 days,
compared to non-aged samples (P < 0.05). For dry-aged samples, a
decline in mesophilic counts was observed when meat was aged for 34
days, compared to non-aged meat (P < 0.05). When comparing the 34-
day aged samples, higher psychrotrophic counts were observed in wet-
aged samples compared to dry-aged ones (P < 0.05).

Lactic acid bacteria counts were also similar to mesophilic and psy-
chrotrophic bacteria, an increase in counts was observed in wet-aged
samples aged for 20 and 34 days compared to non-aged samples (P <
0.05). No difference in lactic acid bacteria counts was found between
fresh samples and those dry-aged for 20 and 34 days (P > 0.05). No
difference between aging times was observed for a given type of aging
(P > 0.05).

No effect of aging type and time was found for enterobacteria counts,
neither for molds nor yeasts (P > 0.05).

3.2. Metagenomics analysis

3.2.1. Sequencing metrics

Sequencing of the V3-V4 (Simpson, 1949) regions of the bacterial 16
S rRNA gene from the 16 meat samples yielded 486,823 assembled reads
(paired-end R1-R2 spliced reads). After quality filtering, we removed
144,227 sequences, leaving 342,596 sequences for subsequent analysis.
On average, 21,155 (+ 11,965) sequences per sample in the unaged
group were found, 19,717 (£ 7152) in the dry-aged group, and 22,975
(+ 5455) in the wet-aged group. Initially, 3088 OTUs were identified;
after filtering out OTUs with less than ten counts in at least two samples,
379 distinct OTUs remained.

3.2.2. Core meat microbiota evaluation

We identified 11 major bacterial genera from the core meat micro-
biota, with a relative abundance greater than 2 % (Fig. 1) for the
following groups: Carnobacterium (47.9 %), Pseudomonas (22.2 %),
Lactobacillus (5.4 %), Romboutsia (2.8 %), Leuconostoc (2.5 %), Candi-
datus Nitrosotalea (2.4 %) and Akkermansia (2.3 %). Genera with an
abundance of less than 2 % (125 genera) are not shown.

3.2.3. Differentially abundant taxa

Groups were analyzed for their genus composition, considering an
abundance greater than 2 % (Fig. 1).

In comparing the in natura samples with the dry-aged meat (20 days),

Table 1
Mean (log CFU/mL) + SD of microbial counts in different types and aging times.
Aging type Innatura  Dry-aged Wet-aged
Aging time Day 1 Day 20 Day 34 Day 20 Day 34
Mesophilic 5.7 + 6.3 + 53+ 7.1+ 7.1+
0.3 0.9% 1.3 0.7° 0.3
Psychrotrophic 5.6 + 6.5 + 41+ 7.5+ 7.6 £
0.5° 1.1 0.5¢ 0.3 0.3
Latic acid bacterial 5.4 + 6.2 + 5.6 + 6.5 + 6.6 +
0.9 0.6 0.6° 0.1° 0.2
Enterobacteriaceae 4.6 + 4.2+ 3.7+ 48 + 3.9+
1.22 0.4° 0.4% 1.1 0.9%
Molds and Yeasts < 2.0% 2.5+ 2.8 + 2.4+ 2.4+
0.6% 0.7% 0.2° 0.6%

Different lowercase letters in the same row indicate significant differences be-
tween the treatment by Tukey test (P < 0.05).
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In natura

Dry-aged - Day 20

Dry-aged - Day 34

Relative abundances

Wet-aged - Day 20
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Wet-aged - Day 34

Genera
- Camobacterium
. Pseudomonas

- Lactobacillus

. Candidatus Nitrosotalea

[ :Romboutsia

- Akkermansia
Leuconostoc

D uncultured bacterium

Sermatia

. Acinetobacter

Fig. 1. Microbiome composition of unaged and aged samples, considering an abundance more significant than 2 %.

no significant change in Carnobacterium abundance was observed. In
contrast, Pseudomonas and Lactobacilli were, respectively, more and less
abundant in dry-aged samples. The within-sample evaluation found an
increase in Pseudomonas abundance and a decrease in Carnobacterium,
Candidatus Nitrosotalea, Akkermansia, and Leuconostoc for samples dry-
aged for 20 days, compared with those aged for 34 days.

Wet-aged samples (20 days) showed a greater abundance of Carno-
bacterium and a lower abundance of Lactobacillus and Romboustia, when
compared with unaged samples; however, Candidatus Nitrosotalea,
Akkermansia, Serratia, Acinetobacter, and Leuconostoc were not identi-
fied. Similarly, when comparing the in natura samples with those wet-
aged for 34 days, we observed a slight decrease in Carnobacterium, but
it still represented more than 50 % of the entire bacterial count. The
abundance of Leuconostoc and Lactobacillus counts increased in the wet-
aged samples.

The traditional microbiological analysis found increased LAB counts
in wet-aged samples. Comparison between traditional analysis and

A 00- °
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00— - - - - - —— - - - ———— - - - - e ACE
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®  InvSimpson

®  Fisher

Da); 34
Aging time

Da); 20

bioinformatics confirmed this LAB count increase, which was identified
as Carnobacterium.

3.3. Alpha and beta diversity

3.3.1. Alpha diversity

Fig. 2 shows the alpha diversity indices estimated to describe the
richness, diversity, and consistency of the meat microbiota of the two
treatments.

Results of the linear model in Eq. (2) indicate a clear difference in the
distribution of p-values for the samples aged for 20 days compared to
those aged for 34 days (3 indices — ACE, Chaol, Simpson had p-values
less than 0.05; Fig. 2A). Conversely, both aging processes showed a
similar distribution in significance (according to the linear model in Eq.
(3)), with two indices each having P < 0.05 (Chaol and ACE for dry-
aging, and Simpson and Shannon for wet-aging) (Fig. 2B).

B 1.00-

Metric
© Observed
® Chaot

[ e ACE

P-value

Shannon
® Simpson
° ® InvSimpson

®  Fisher

Dry-laged Wet-laged
Treatments

Fig. 2. Scatter plots of p-values of the models evaluating the effects of aging treatment and time points on meat alpha-diversity indices (corrected for baseline). The
dashed line in red represents the p-value threshold equal to 0.05, and in orange, equivalent to 0.10. A. distribution of p-values from the linear model (1), the effect of
treatment per time point; B. distribution of p-values from the linear model (2), the effect of time point within the treatment.
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3.3.2. Beta diversity

Sample correlations were assessed using the weighted Unifrac dis-
tances derived from the beta diversity analysis. Fig. 3 illustrates the
distribution of samples across the initial two dimensions of the multi-
dimensional scaling based on unweighted Unifrac distances. The results
revealed distinct clusters between the two aging processes; however,
there was no evident clustering when examining the aging periods, but
no apparent clustering when evaluating the aging periods.

4. Discussion

Traditional microbiological analyses showed an influence of aging
time and type on fresh meat (Table 1). The increase (P < 0.05) in counts
of mesophilic bacteria, psychrotrophic bacteria, and lactic acid bacteria
in wet-aged meat compared to fresh meat can mainly be justified by the
high-water activity of the meat and the microaerophilic conditions
resulting from storing the meat in anaerobic packaging with low oxygen
pressure; which are ideal conditions for the multiplication and growth of
these microbial groups (Hwang et al., 2022).

The significant declines observed in counts of mesophilic bacteria
and psychrotrophic bacteria, as well as the 1-log reduction in lactic acid
bacteria, in dry-aged samples aged for 34 days, compared to fresh meat
and wet-aged samples, are related to the decrease in surface water ac-
tivity. This is due to the absence of packaging during aging, which leads
to dehydration of the meat’s surface, reducing the water activity; which
alters the ideal growth conditions for various microorganisms (Hwang
et al., 2022; Da Silva Bernardo et al., 2021). The decrease in water ac-
tivity also explains the reduction of 1-log cycle in mesophilic bacteria
when dry-aged samples were aged for more than 20 days.

No significant effect was observed among the samples for enter-
obacteria, molds, and yeasts, with variations of less than 1-log cycle
between the treatments for both microbial groups.

Interestingly, the microbial species identified by sequencing agree
with traditional microbiological results, as the identified species are
representative of mesophilic, psychotropic, and LAB. Romboutsia (2.8 %)
(Ricaboni et al., 2016), Candidatus Nitrosotalea (2.4 %) (Prosser and
Nicol, 2016), Akkermansia (2.3 %) (Derrien et al., 2004), Lactobacillus
(5.4 %) (Hammes and Hertel, 2015), and Leuconostoc (2.5 %) (Holzapfel
et al., 2015) are known for their mesophilic growth; Lactobacillus and
Leuconostoc produce lactic acid as an end product from glucose, as does
Carnobacterium (47.9 %) (psychrotolerant, with growth temperature of
0°C, 30 °C, and 40 °C) and are therefore also LAB species (Hammes and
Hertel, 2015; Holzapfel et al., 2015; Hammes and Hertel, 2015). Lee
et al. (2018) also observed a significant increase in lactic acid bacteria
counts in dry-aged samples during the first few days of maturation
(p < 0.05). LAB is also known to influence the flavor of aged meat (Lee

A o8-
0.4-
<
(o))
«
g oo-
vy sampe-D2B  SSAMPRAWER
y R ‘ 4
& F I
sample-D6B
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-0.8-

-1.0 -0.5 070 0.5 1.0
PC1 (75.32%)

Day 20 II‘ Day 34 E] In natura

Aging_time
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et al., 2018).

Pseudomonades are a species that is both mesophilic (growth at 28 °C)
and psychrotrophic (optimal growth at 4 °C) (Palleroni, 2015), which
leads us to speculate that in this work, Pseudomonas may be representing
the psychrotrophic group. (Lee et al., 2019) also observed many psy-
chrotrophic bacteria at the beginning of the dry-aging process, which
increased afterward. Overall, we noted a higher prevalence of Pseudo-
monas (22.2 %) in the metagenomics analysis for both dry-aging periods
and in the traditional microbiological analysis after 20 days of aging,
represented as Psychrotrophic (Table 1). Pseudomonas spp. is one of the
main microorganisms responsible for meat spoilage under aerobic con-
ditions due to its high affinity for oxygen and ability to multiply at low
temperatures (McSharry et al., 2021). This group is commonly found in
environments such as water, soil, vegetables, raw milk, and frozen
meats, and can grow at a wide range of temperatures (from 1.5 to 42 °C),
which favors their growth on various food types (Palleroni, 2015).
(Capouya et al., 2020) observed a predominance of Pseudomonas in
dry-aged samples, corroborating the bioinformatics results. Other works
have already demonstrated the presence of Pseudomonas in dry-aged
samples (Gowda et al., 2022; Kim et al., 2021).

The wet-aged samples showed a higher total bacterial count at the
end of the process, which can be explained by the higher water activity,
favoring the exponential development of microorganisms (Syamaladevi
et al., 2016). Moreover, packaging may favor the development of Car-
nobacterium (47.9 %), a genus of the order Lactobacillales, commonly
found in frozen and vacuum-packed meat products (Odeyemi et al.,
2020). Its low affinity for O, shows that the barrier packaging did indeed
prevent contact with the external environment (Zhang et al., 2018),
which also favored the development of other anaerobic LABs, such as
Leuconostoc. According to (Zhang et al., 2018), three main factors, in
isolation or associated, could explain the prevalence of Carnobacterium
after longer periods: 1) its slower growth rate, 2) lesser extent growth,
and 3) antimicrobial potential, as other studies demonstrated the ability
of some Carnobacterium species to produce antibacterial compounds
(dos Reis et al., 2011; Hammi et al., 2016).

Another interesting finding is the identification of Carnobacterium.
Their survival is linked to their ability to metabolize arginine and other
carbohydrates (Leisner et al., 2007). Moreover, some Carnobacterium
species can produce antibacterial compounds that inhibit the growth of
other spoilage or pathogenic bacteria in food (Zhang et al., 2018; Cas-
tellano et al., 2008). When analyzing the metagenomics results, a high
abundance of the genus Carnobacterium in the wet-aged samples is
shown. This LAB group grows best under anaerobic conditions and at
low temperatures (Leisner et al., 2007; Lo and Sheth, 2021), the char-
acteristic environment for wet-aging; a result corroborated by microbi-
ological testing. Their ability to also produce acid changes the pH of the

B is-

PC2 (13.05%)

—0.125 0.00 0.‘25 0.50 0.75
PC1 (83.24%)

Treatment Dry-aged |Z| Wet-aged

Fig. 3. A. Beta diversity cluster comparing the samples before, during, and after the aging process. B. Beta diversity cluster compares the in natura, dry-, and wet-

aged samples.
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environment and controls the growth of other bacteria, which may have
favored their prevalence (Ribeiro et al., 2021).

(Capouya et al., 2020) also observed a higher count of Pseudomonas
OTUs in dry-aged samples than in wet-aged samples, corroborating the
present study. Moreover, we noted a significant variation in the Shannon
index when comparing the processes. Aside from external factors, such
as temperature, light, and humidity, which can affect the microbiome of
aged meat (Doster et al., 2020), the location of sample collection can
influence the bacterial diversity of each sample (Capouya et al., 2020).

The Candidatus genus, found in the in natura and dry-aged (20 days)
samples, represents a group of ammonia-oxidizing archaea. These ni-
trifiers oxidize ammonia (NH3) into nitrite (NO,) (v. Zhalnina et al.,
2014) and perform critical environmental roles in open oceans, soils,
arctic, hot springs, and marine sponges. This microorganism is usually
present in the soil, but studies have indicated its presence in meat, which
may have been contaminated by the environment. Although easily
identifiable by molecular testing, the genus does not appear in tradi-
tional microbiological tests because they are not easily cultured (Guindo
et al., 2020; Muriuki et al., 2021).

The different aging methods considerably change the meat microbial
composition, as shown by beta diversity analysis. Within-sample mi-
crobial population diversity varies more strikingly between time points
(3 indices — ACE, Chaol, and Simpson had a p-value less than 0.05) than
between treatments, as demonstrated by the similarly distributed rele-
vance (2 indices each with significance less than 0.05). These findings
are corroborated by (Capouya et al., 2020), who found that time was a
more relevant influence on the results than aging treatments, sample
position, or category variables.

Despite the better flavor provided by dry-aging, this process is still
more costly than wet-aging and might make this product inaccessible to
the final consumer.

5. Conclusion

Our findings demonstrate that both traditional microbiological
analysis and NGS effectively identify and quantify microorganisms
(mesophilic, psychrotrophic, LAB, molds, and yeasts) in dry- and wet-
aged beef, allowing for comparisons with fresh samples. However,
given the significant impact of microbiota on meat quality and safety,
and considering the varying effects of aging methods on microbiota,
NGS emerges as the superior evaluation method, providing more specific
results. Notably, NGS technology revealed detailed insights into specific
species like Akkermansia, Carnobacterium, Candidatus Nitrosotalea,
Lactobacillus, Leuconostoc, Pseudomonas, and Romboutsia; known for
causing food spoilage and resulting in economic losses.

Furthermore, we investigated microbial variations within both aging
processes, utilizing both traditional tests and NGS to discern the pres-
ence of pathogens and spoilage groups in food. In summary, both
traditional microbiology testing and NGS are crucial techniques for
identifying microorganism levels in aged meat. Despite their data, NGS
was demonstrated to be more precise.
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