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A B S T R A C T

Halloumi is a semi-hard cheese produced in Cyprus for centuries and its popularity has significantly risen over
the past years. High-throughput sequencing (HTS) was applied in the present research to characterize traditional
Cyprus Halloumi bacterial diversity. Eighteen samples made by different milk mixtures and produced in different
areas of the country were analyzed, to reveal that Halloumi's microbiome was mainly comprised by lactic acid
bacteria (LAB), including Lactobacillus, Leuconostoc, and Pediococcus, as well as halophilic bacteria, such as
Marinilactibacillus and Halomonas. Additionally, spore forming bacteria and spoilage bacteria, were also de-
tected. Halloumi produced with the “traditional” method, had significantly richer bacterial diversity compared
to Halloumi produced with the “industrial” method. Variations detected among the bacterial communities
highlight the contribution of the initial microbiome that existed in milk and survived pasteurization, as well as
factors associated with Halloumi manufacturing conditions, in the final microbiota composition shaping.
Identification and characterization of Halloumi microbiome provides an additional, useful tool to characterize its
typicity and probably safeguard it from fraud products that may appear in the market. Also, it may assist pro-
ducers to further improve its quality and guarantee consumers' safety.

1. Introduction

Halloumi cheese originated from Cyprus and has been produced on
the island for centuries (Welz, 2015). Nowadays due to its great po-
pularity” Halloumi-type” cheese is produced in low-quantities in the
region known as “Levant”, including Lebanon, Syria, and Turkey, but
also in other countries, such as United Kingdom, Bulgaria, and Sweden.
Halloumi cheese production follows the standard CYS 94 (Parts 1,2 for
fresh and mature Halloumi cheese, respectively) which was set in 1985
by Government bodies (CYS 94, 1985). As described by Papademas and
Robinson (Papademas & Robinson, 1998), traditional fresh Halloumi is
made by fresh pasteurized milk, which is coagulated by rennet, and
after the “cooking” step, the cheese is left to briefly cool down,
manually folded, salted, sprinkled with dry Mentha viridis leaves and
stored overnight in 11–12% NaCl whey until the individual Halloumi
cheese pieces (250gr) are vacuum-packed and kept at 6 °C until con-
sumption. For mature Halloumi cheese production, the fresh cheese is
stored in the whey brine (11–12%) NaCl for 40 days at 15–20 °C, before
vacuum packed. Regarding the type of milk, the standard CYS 94 (CYS
94, 1985) indicates that goat and/or sheep milk should be used but

accepts the presence of cow milk.
Halloumi is characterized by unique organoleptic characteristics

arising from the specific methods of production, as well as by the
contribution of the indigenous microflora that exists in the milk
(Papademas & Robinson, 1998). The application of thermal process and
the absence of starter culture, indicates that the existing microbiome is
affected by several factors, including: a) milk pasteurization and
cooking procedures, b) microbial contamination by rennet, as well as
salt and Mentha viridis leaves addition, c) microbial contamination from
dairy unit environment and d) the preservation in brined whey (CYS 94,
1985; Calasso et al., 2016; De Pasquale et al., 2014; Delcenserie et al.,
2014; Stellato, De Filippis, La Storia, & Ercolini, 2015; Yeluri Jonnala,
McSweeney, Sheehan, & Cotter, 2018). Culture-based techniques iden-
tified the presence of spore forming bacteria, such as Bacillus, as well as
thermophilic species, such as members of the genus Lactobacillus and
Enterococcus, in addition to yeasts, in Halloumi samples (Bintsis &
Papademas, 2002; Tamime, 2007). In 2001, phenotypic and phyloge-
netic analyses led to the characterization of a novel, salt-tolerant spe-
cies in Halloumi samples, named Lactobacillus cypricasei sp. nov.,
(Lawson et al., 2001), which was later found to be heterotypic synonym
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of Lactobacillus acidipiscis (Kim et al., 2011; Naser, Vancanneyt, Hoste,
Snauwaert, & Swings, 2006; Sun et al., 2015).

Despite Halloumi's high consumption globally, the autochthonous
microbial communities that affect its unique organoleptic properties
and are associated with the product's safety for consumers, have not yet
been evaluated. The application of High Throughput Sequencing (HTS)
technology will facilitate the identification of the complex microbial
communities of Cyprus Halloumi. Amplicon sequencing technology
enables comprehensive characterization of the microbiota within a
sample with higher sensitivity and higher throughput detection, com-
pared to other molecular techniques through massive parallel sequen-
cing of small fragments of universally conserved DNA sequences, such
as the bacterial 16S rRNA gene (Bokulich & Mills, 2013). Due to the

capabilities of microbial communities to generate thousands of reading
sequences, this fact may provide the potential to characterize them,
including even low-abundance bacteria. Additional advantages of ap-
plying the current technology for the identification and characteriza-
tion of the microbial communities in Protected Denomination of Origin
(PDO) cheeses has been reviewed recently (Kamilari, Tomazou,
Antoniades, & Tsaltas, 2019). The microbiome of Halloumi can be ex-
pected to be diverse among producers due to variations in the microbial
composition of the milk, differences associated with the manufacturing
conditions, including geographical area, microbiota of the dairy plant
environment and animal breed of the milk (Bokulich & Mills, 2013;
Dalmasso et al., 2016; Yeluri Jonnala et al., 2018; Kamilari et al.,
2019).

The main contribution of this paper is to reveal the bacterial com-
munities of Cyprus Halloumi, as sold in the Cypriot market, produced
by small or large industries, with or without the addition of cow milk,
following the CYS 94 (1985) standard. Microbiome analysis has been
achieved using Illumina MiSeq amplicon sequencing. The extracted
findings may enable the characterization of the microbiome developed
in Cyprus Halloumi and assist to the improvement of the product
quality and safety for consumers. Importantly, the current analysis
provides indications whether the microbiome may be used as an ad-
ditional tool in order to define the typicity of Cyprus Halloumi.

2. Methods

2.1. Sample collection

Halloumi samples were collected from production sites (dairies) and
the market. Specifically, five samples were collected from the produc-
tion sites and thirteen were collected from supermarkets, with the cri-
teria: a) to be produced in different geographic areas of the Republic of
Cyprus and b) being composed by goat and/or sheep milk (considered
as “traditional”), or a mixture of goat, sheep and cow milk (considered
as “industrial”) (see Fig. 1, Table 1). The two manufacturing methods
are furthermore differentiated by harsher heat treatments performed by
large industries in order to extend the shelf life of the product kept after
refrigerated conditions. From these samples twelve were made only by

Fig. 1. Map of Cyprus showing the areas of production and type of milk used in Halloumi samples as used in the present study.

Table 1
Information regarding the Halloumi samples used in the present study.

Product no Area of production Type of milk Description

G_1 Pachna, Limassol Goat Traditional
G_2 Anarita, Paphos Goat Traditional - Mature
S_1 Akaki, Nicosia Sheep Traditional
GS_1 Anogyra - Limassol Goat & sheep Traditional
GS_2 Akaki, Nicosia Goat & sheep Traditional
GS_3 Strovolos, Nicosia Goat & sheep Traditional
GS_4 Paramitha, Limassol Goat & sheep Traditional
GS_5 Aradipou, Larnaca Goat & sheep Traditional
GS_6 Strovolos, Nicosia Goat & sheep Traditional
GS_7 Simou, Paphos Goat & sheep Traditional
GS_8 Anagia, Nicosia Goat & sheep Traditional - mature
GS_9 Athienou, Larnaca Goat & sheep Traditional
GSC_1 Ypsonas, Limassol Goat & sheep &

cow
Industrial

GSC_2 Dasaki Achnas,
Famagusta

Goat & sheep &
cow

Industrial

GSC_3 Strovolos, Nicosia Goat & sheep &
cow

Industrial

GSC _4 Aradipou, Larnaca Goat & sheep &
cow

Industrial

GSC _5 Aradipou, Larnaca Goat & sheep &
cow

Industrial

GSC _6 Akaki, Nicosia Goat & sheep &
cow

Industrial
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goat or sheep milk or by mixture of goat and sheep milk and six by a
mixture of goat, sheep and cow milk. Sixteen of the Halloumi samples
were fresh and two were matured (40 days ripened). Samples were
transported in cool conditions (ice packs) and stored at −20ο C until
processing.

2.2. Metagenomic DNA extraction

For sample homogenization, 20 g of Halloumi were homogenized in
180 ml of 2% tri-sodium citrate (Honeywell, Europe) using Stomacher
400 Circulator (Seward, UK) at 300 rpm for 2 min. DNA extraction was
performed using DNeasy® PowerFood® Microbial Kit (MoBio
Laboratories Inc., Carlsbad, CA, US) according to the manufacturer's
instructions, with the following modification: after the addition of
450 μl Lysis Solution MBL during the cell lysis step, the samples were
incubated for 10 min in 65 °C and for additional 10 min in 95 °C. The
extracted DNA was stored at −20 °C until processing. Flowchart of the
process of bacterial DNA isolation and characterization is presented in
Fig. 2.

2.3. Quantification of total DNA

The total DNA isolated from the Halloumi samples was quantified
fluorometrically with Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA)
using Qubit dsDNA HS Assay Kit (Invitrogen). The purity of the DNA
was evaluated by measuring the ratio of absorbance A260/280 nm and
A260/230 nm using spectrophotometer (NanoDrop Thermo Scientific,
USA).

2.4. Barcoded Illumina MiSeq amplicon sequencing of bacterial 16s rRNA
gene

The amplification of 16S rRNA bacterial gene - was performed using
primers targeting the V3–V4 hyper-variable region using the paired-end
approach according to the protocol provided by Illumina (Error!
Hyperlink reference not valid.). The 16S rDNA V3–V4 amplicon was
amplified using KAPA HiFi Hot Start Ready Mix (2X) (TaKaRa Bio Inc.,
Japan). The two universal bacterial 16S rRNA gene amplicon PCR
primers used were forward primer (TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAG) and reverse primer (GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAG) with the addition of the overhang adapter sequence.
Nextera XT Index Kit (FC-131-2001, FC-131-2002) was used for the
multiplexing step. The DNA concentration of each PCR product was
determined using Qubit dsDNA High sensitivity assay and quality was
assessed using a bioanalyzer (Agilent 2200 TapeStation) (expected size
~550 bp). All amplicon products from different samples were mixed in
equal concentrations and purified using Agencourt Ampure Beads
(Agencourt Bioscience Corporation, MA, USA). The sequencing runs
were performed using a MiSeq 300 cycle Reagent Kit v2 (Illumina,
USA), on a MiSeq Illumina sequencing platform.

2.5. Microbiome and statistical analysis

For 16S rRNA DNA sequence clustering and Operational Taxonomic
Unit (OTU) filtering, Ribosomal Database Project Classifier (Wang,
Garrity, Tiedje, & Cole, 2007) against the Illumina-curated version of
GreenGenes reference taxonomy database (DeSantis et al., 2006) was
used. The classified organisms were converted to percentages in each
sample in order to understand the representation of each organism in
the sample and OTU representing less than 0.001% were excluded.
Alpha diversity metrics (Shannon, Inverse Simpson and Chao1) were
estimated using the EstimateS version 9.1.0 for Windows 10 (http://
viceroy.eeb.uconn.edu/estimates/index.html). For Inverse Simpson di-
versity significance, as well as among bacterial species significant dif-
ferences, between the traditional and the industrial groups, Mann-
Whitney U test (MACKLIN, 1947) was applied, using SPSS statistical
package (v.18.0 for Windows; SPSS, Chicago, IL, USA). Stacked Column
chart and Weighted Venn diagram of the major OTUs in genus level
filtered at 5% and 1% abundance respectively in at least one sample
were used for the co-occurrence/co-exclusion analysis using Microsoft
Excel and Microsoft Word respectively. Heatmap of hierarchical clus-
tering of the dominant bacterial genera per Halloumi sample was per-
formed using the Seaborn library of Python (https://seaborn.pydata.
org).

All sequence data were deposited in Sequence Read Archive (SRA)
under BioProject PRJNA598815.

3. Results

The present study was performed to characterize the bacterial
communities present in Cyprus Halloumi samples, based on the mixture
of milk used and the area of production, considering that the manu-
facturing conditions were according to the standards, using the HTS
approach.

Fig. 2. Flowchart of bacteria isolation and characterization process.

E. Kamilari, et al. LWT - Food Science and Technology 126 (2020) 109298

3

http://viceroy.eeb.uconn.edu/estimates/index.html
http://viceroy.eeb.uconn.edu/estimates/index.html
https://seaborn.pydata.org
https://seaborn.pydata.org


3.1. Abundance and diversity of members of the bacterial microbiota

Eighteen (18) examined sample sets were used as input to the
Illumina MiSeq in order to generate:

a) 2,791,099 high quality sequencing reads, with an average of
155,061.1 sequencing reads per sample (range = 16,621–630,104,
STD = 16,650.4) at the family level,

b) 2,764,127 high quality sequencing reads, with an average of
153,562.6 sequencing reads per sample (range = 16,485–625,388,
STD = 16,5385.4) at the genus level and

c) 2,411,369 high quality sequencing reads, with an average of
133,964.94 sequencing reads per sample (range = 12,541–577,516,
STD = 155,939.98) at the species level, and average length of 548
bp (Table S1). High quality sequences were grouped into average
number 234.55 OTUs (range = 142–435, SD = 91.17). Shannon,
inverse Simpson and Chao1 estimators for genus level are also
shown in Table S1.

Higher diversity was observed in samples produced with the “tra-
ditional” method, made by goat and/or sheep milk, in comparison to
Halloumi made by a mixture of goat, sheep and cow milk, according to
the “industrial” method, as was indicated with Inverse Simpson esti-
mator (Fig. 3). The two diverse manufacturing conditions differed sig-
nificantly (p ≤ 0.05) based on Mann-Whitney U test.

3.2. Taxonomic composition of bacterial communities in Halloumi samples

Using 16S rRNA gene sequencing, seven bacterial phyla were
identified, consisting mostly of Firmicutes, and Proteobacteria, as well
as Actinobacteria and Bacteroidetes, along with three additional phyla
(Chloroflexi, Cyanobacteria and Tenericutes). Analysis of the relative
abundance of bacterial phyla revealed that Firmicutes and
Proteobacteria were the predominant phyla in all Halloumi samples
tested. This finding is consistent with other cheese-related 16S rDNA
metagenomic studies (Dalmasso et al., 2016; Giello et al., 2017).

The predominant bacteria comprised LAB genera, such as
Lactobacillus, Leuconostoc, Pediococcus, Weissella and the halophilic, al-
kaliphilic Marinilactibacillus (Fig. 4). Additionally, spore forming bac-
teria, including the genus Bacillus, psychrophilic or psychrotolerant
bacterial genera, such as Psychrobacter, the halophilic genus Halomonas,
as well as the genera Pseudomonas, Staphylococcus, Acinetobacter, Mac-
rococcus and Vibrio, member of which may cause food spoilage (Li et al.,

2014; F.; Liu, Wang, Du, Zhu, & Xu, 2010; Towner, 1992) were also
commonly detected. The most commonly detected species included the
members of the genera Lactobacillus, such as L. manihotivorans, L. ali-
mentarius, L. brevis and L. parakefiri and Marinilactibacillus, such as M.
psychrotolerans (see Fig. 5).

3.3. Relationships between bacterial communities among Halloumi samples

To get an overall view on the identified associations among
Halloumi samples, based on their bacterial communities’ structure, a
hierarchically clustered heatmap was produced (Fig. 6). The heatmap
plot depicted the normalized relative abundance of the dominant bac-
terial genera (relative abundance>1% in two samples or> 3% in one
sample) (variables clustering on the Y-axis) within each sample (X-axis
clustering). The hierarchically clustered heatmap revealed that:

1) Most of Halloumi samples were clustered together. This cluster was
characterized by elevated relative abundance of the genus
Lactobacillus. Other genera also associated with Lactobacillus were
Pediococcus and Weissella, as well as Leuconostoc and Pseudomonas in
a lower degree. This cluster included all the industrial samples but
sample GSC_5. Additionally, samples GS_3, GS_5, GS_6 and GS_9
were also included.

2) Sample GSC_5 was related to sample G_1 in a separate cluster,
characterized by the presence of Psychrobacter.

3) Sample GS_2 was differentiated from the other samples by the pre-
sence of Macrococcus.

4) Another cluster was characterized by the presence of
Marinilactobacillus. This cluster included samples S_1, GS_4 and
GS_7.

5) Finally, GS_1 created a separate cluster close related to the elevated
relative abundance of Marinilactobacillus cluster, and was char-
acterized by elevated relative abundance of Salinivibrio and Vibrio.

4. Discussion

The present study is the first -to our knowledge-which targets to
characterize the bacterial communities established in Cyprus Halloumi
by metagenomic analysis. HTS was applied for an in-depth quantitative
characterization of the structure of the bacterial population. The study
aimed at identifying how the microbiota is shaped in Cyprus Halloumi
and whether the different milk mixtures used for Halloumi manu-
facturing affect the bacterial communities’ formation of the final

Fig. 3. Boxplots showing alpha diversity analysis metrics with Inverse Simpson difference between traditionally and industrially made Halloumi. *p = 0.000 from
the Mann-Whitney U test.
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product. Based on the fact that (according to the standard CYS 94)
Halloumi cheese is made from fresh pasteurized milk, the microbiota
was expected to consist of thermophilic bacteria, in accordance to 16S
rDNA metagenomic studies performed in other brined cheeses made by
pasteurized milk, such as the PDO Oscypek cheese (Alegría, Szczesny,
Mayo, Bardowski, & Kowalczyk, 2012) and Gouda cheese (Salazar
et al., 2018), but also in other PDO cheeses including Herve
(Delcenserie et al., 2014) and Pecorino Toscano cheese (De Pasquale

et al., 2014).
OTU analysis of the data from 16S rRNA gene sequences revealed

that the bacterial communities of Halloumi samples in their majority
were dominated by species of the genus Lactobacillus. Their capacity to
survive in low pH and high salt concentrations in combination to suc-
cessfully ferment lactose makes them predominant in several cheeses,
as well as contributors to sensorial characteristics development
(Fernández, Hudson, Korpela, & De Los Reyes-Gavilán, 2015, Kamilari

Fig. 4. 3D 100% Stacked Column chart of the relative abundance of the major taxonomic groups detected by HTS at genus (A), and species (B) level for 18 Halloumi
samples. Only OTUs with an incidence above 5% in at least one sample are shown.
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et al., 2019). Additional genera that co-occurred in some Halloumi
samples, included Leuconostoc and Pediococcus. The presence of these
genera were also reported in various metagenomic studies, including
Oscypek cheese (Alegría et al., 2012) and Italian high-moisture Moz-
zarella cheese (Marino et al., 2019). Remarkably, samples produced
according to the “industrial” method were characterized by sig-
nificantly lower diversity in genus level, compared to Halloumi man-
ufactured according to the “traditional” method. However, the lower
bacterial diversity could not be attributed to the addition of cow milk. A
recent study, indicated that Halloumi made by 100% goat's milk had
almost the same to slightly higher total bacterial counts compared to
Halloumi made by different mixtures of cow and goat milk (Elgaml,
Moussa, & Saleh, 2017). Quigley et al. (Quigley et al., 2012) indicated
that Irish artisanal cheeses made by cow milk had different and richer
bacterial diversity compared to cheeses made by goat or sheep milk.
Based on this, the reduction in the bacterial diversity in “industrial”
Halloumi, is most probably associated with the manufacturing condi-
tions applied (i.e. harsher heat treatments).

Some “traditionally” produced Halloumi were characterized by the
dominant presence of the halophilic LAB Marinilactibacillus (Fig. 4).
Species which belong to this genus might have been transferred to
Halloumi through sea salt originated from the Cyprus marine en-
vironment, in accordance with a similar report by Yumoto et al.
(Yumoto, Hirota, & Yoshimune, 2011). The 16S rDNA metagenomic
analysis study of Halitzia cheese, another white-brined cheese of Cy-
prus, reported the dominant presence of Lactobacillus and Leuconostoc,
in addition to Lactococcus, but not of Marinilactibacillus (Papademas
et al., 2019).

The most commonly detected species included the members of the
genera Lactobacillus, such as L. manihotivorans, L. alimentarius, L. brevis
and L. parakefiri and Marinilactibacillus, including M. psychrotolerans.
The existence of these species in cheese samples is familiar from other
studies (Alegría et al., 2012; Aquilanti et al., 2011; Bora & Ward, 2015;
Ishikawa et al., 2013; Lacerda et al., 2011; Ledina et al., 2018). In
comparison with other white brined cheeses, L. brevis was detected in
the traditional Greek Feta PDO cheese (Bozoudi, Torriani, Zdragas, &
Litopoulou-Tzanetaki, 2016; Rantsiou, Urso, Dolci, Comi, & Cocolin,
2008) and the Spanish PDO Alberquilla cheese (Abriouel, Martín-
Platero, Maqueda, Valdivia, & Martínez-Bueno, 2008), and Leuconostoc
mesenteroides in Feta (Bozoudi et al., 2016) and the traditional Egyptian
soft Domiati cheese (El-Baradei, Delacroix-Buchet, & Ogier, 2007), via

PCR-denaturing gradient gel electrophoresis (DGGE) analysis.
The dominant species of Halloumi differed from those found via

metagenomic studies performed in the white brined cheeses Mozzarella
(PDO) and Parmigiano Reggiano (PDO), in that Streptococcus thermo-
philus, Lactococcus lactis, Lactobacillus delbrueckii, Lactobacillus helveticus,
Lactobacillus kefiranofaciens, as well as Lactobacillus fermentum, and
Lactobacillus delbrueckii, Lactobacillus helveticus and S. thermophilus re-
spectively, were the most abundant bacterial species (De Filippis, La
Storia, Stellato, Gatti, & Ercolini, 2014; Ercolini, De Filippis, La Storia,
& Iacono, 2012; Marino et al., 2019). However, the microbiome of these
cheeses is affected by the addition of natural whey cultures (NWCs), in
which thermophilic and mesophilic LAB are the most dominant. In
addition, HTS methodologies indicated that the microbiome of the
traditional feta like Iranian cheese Liqvan was characterized by dif-
ferent LAB species compared to Halloumi, such as Lactobacillus curvatus,
Lactobacillus zeae, Lactobacillus fuchunensis, Lactococcus lactis and Lac-
tobacillus pentosus and Lactobacillus kefiri (Ramezani, Hosseini,
Ferrocino, Amoozegar, & Cocolin, 2017). The increased representation
of LAB in Halloumi, including Lactobacillus sp., Leuconostoc sp. Pedio-
coccus sp. and Weissella sp. members of which possess antimicrobial
properties, reduces the risk of colonization of food-borne diseases
causing bacteria, such as Listeria monocytogenes, Staphylococcus aureus,
Salmonella spp., and pathogenic Escherichia coli (Arqués, Rodríguez,
Langa, Landete, & Medina, 2015) providing an indication of improved
safety of the product for consumers. Interestingly, the species Mar-
inilactibacillus psychrotolerans is also known to possess an anti-Listeria
effect (Roth, Schwenninger, Eugster-Meier, & Lacroix, 2011).

Members of the family Bacillaceae, including Bacillus and
Virgibacillus were also detected in increased relative abundance in one
traditional Halloumi made by goat milk. The dominant occurrence of
this family in addition to Lactococcus was reported in Gouda cheese
(Salazar et al., 2018). Species of this family are considered con-
taminants from milk or might have originated from other sources (e.g.
dry Mentha viridis leaves) and their capability to create biofilms as well
as heat-resistant endospores, allow them to survive from sanitization
processes. Elevated relative abundance of members of the family Vi-
brionaceae, such as Salinivibrio and Vibrio was additionally found in
sample GS_1. These salt-tolerant contaminants might have originated
also from the marine environment (Sawabe et al., 2013). Further con-
taminants that were detected in increased relative abundance in sam-
ples G_1 and GSC _5, include the genera Pseudoalteromonas and

Fig. 5. Weighted Venn diagram representing shared
and unique bacterial compositions in “traditional”
and “industrial” Halloumi. The bacterial OTUs at the
genus levels were defined with 16S rRNA gene se-
quences based on a cut-off value of> 97% sequence
similarity. Only OTUs with an incidence above 1% in
at least one sample are shown.
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Halomonas, and Psychrobacter. The presence of these genera has also
been detected in Herve (PDO) cheese (Delcenserie et al., 2014) and
could be explained by preservation in brine before packaging. The ex-
istence of salt-tolerant bacteria and their adaptation to a high-salt en-
vironment has been reported in metagenomic studies of artisanal
cheeses (Fuka et al., 2013; Quigley et al., 2012).

Furthermore, three Halloumi samples produced according to the
traditional method, were characterized by an increased representation
of the genera Acinetobacter andMacrococcus and/or Streptococcus. These
contaminants have been commonly detected in raw milk (Liu et al.,
2015; Seon Kim et al., 2017) and cheeses, including Poro (Aldrete-
Tapia, Escobar-Ramírez, Tamplin, & Hernández-Iturriaga, 2014),
Danish (Masoud et al., 2011) and Pico cheese (Riquelme et al., 2015).
The two Macrococcus species detected, M. caseolyticus and M. brunensis
are reported as able to breakdown casein, contributing to aroma pre-
cursors formation (Fuka et al., 2013). Finally, one sample produced
according to the “traditional” way had elevated relative abundance of
Mycoplasma, species of which may cause infections in sheep and goats
(Woubit et al., 2007). Their existence in Halloumi may again be asso-
ciated with improper pasteurization process, environmental con-
tamination and unsuccessful storage conditions. Indicatively, analysis
of Grana-like hard cheeses, showed that the use of natural whey

cultures rich in LAB during cheesemaking, did not suffice to prevent the
development of spoilage bacteria in mature cheese, when raw cow's
milk rich in contaminants and spoilage bacteria was used during
manufacturing (Alessandria et al., 2016).

Noteworthy, the analysis included two mature Halloumi samples
(G_2 and GS_8). Both samples were characterized by elevated relative
abundance of LAB, such as Lactobacillus, Leuconostoc, Pediococcus,
Marinilactibacillus and Weissella. Increased representation of
Lactobacillus plantarum, Leuconostoc mesenteroides and Weissella para-
mesenteroides was also indicated in the long ripened traditional Mexican
Cotija cheese (Escobar-Zepeda, Sanchez-Flores, & Quirasco Baruch,
2016). The process of ripening was additionally found to promote the
dominance of LAB in three traditional Croatian ewe's milk cheeses,
called Istrian, Krcki and Paski (Fuka et al., 2013). The increased pro-
teolytic and lipolytic capacity as well as the ability of LAB bacteria to
metabolize additional carbon sources, provides them the advantage to
predominate the microenvironment of ripened cheeses (Kamilari et al.,
2019). The degradation of those compounds during ripening, releases
volatile organic compounds, contributing to different sensorial char-
acteristics' development in mature, compare to fresh Halloumi samples
(Papademas & Robinson, 2000).

Fig. 6. Heatmap of hierarchical clustering of the dominant bacterial genera (% relative sequence abundance ≥ 1 in at least two samples or ≥ 3 in one sample)
represented by 16S ribosomal RNA (rRNA) amplicons per Halloumi sample. Heatmap color (white to purple) displays the row scaled relative abundance of each taxon
across all samples. Heatmap rows and columns distance metric were clustered based on Pearson correlation. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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5. Conclusion

This is the first study performed to characterize the bacterial com-
munities of Cyprus Halloumi cheese via HTS. The study highlights the
significant influence of the manufacturing method i.e. “traditional”
versus “industrial”, in respect to Halloumi's established microbiome.
The harsher heat treatments performed by industries could shape mi-
crobial communities. Additionally, the study proves that the micro-
biome could be used as a possible fingerprint for the characterization of
the typicity of Cyprus Halloumi cheese. In the future, additional sam-
ples are to be analyzed in order to compare the microbiome of cheeses
similar to Halloumi cheese possibly made in other countries. HTS
analysis could be combined with additional methodologies, such as
major and trace elements quantification via inductively coupled plas-
ma–atomic emission spectroscopy (ICP-AES), an analysis that indicated
significant differences in Halloumi cheese samples produced in different
geographical areas (Osorio, Koidis, & Papademas, 2015), or isotopic
analysis, in order to offer a more thorough characterization of the fin-
gerprint of Cyprus Halloumi.
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