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The purpose of this work was to study the bacterial communities in raw milk and in Danish raw milk cheeses
using pyrosequencing of tagged amplicons of the V3 and V4 regions of the 16S rDNA and cDNA. Furthermore,
the effects of acidification and ripening starter cultures, cooking temperatures and rate of acidification on sur-
vival of added Escherichia coli, Listeria innocua and Staphylococcus aureus in cheeses at different stages of rip-
ening were studied by pyrosequencing and quantitative real time (qRT)-PCR.
A high diversity of bacterial species was detected in raw milk. Lactococcus lactis, Streptococcus thermophilus,
Lactobacillus casei and Lactobacillus rhamnosus were the main bacteria detected in raw milk and cheeses. Bac-
teria belonging to the genera Brevibacterium, Staphylococcus, Escherichia, Weissella, Leuconostoc, Pediococcus
were also detected in both 16S rDNA and cDNA obtained from raw milk and cheeses. E. coli, which was
added to milk used for production of some cheeses, was detected in both DNA and RNA extracted from
cheeses at different stages of ripening showing the highest percentage of the total sequence reads at
7 days of ripening and decreased again in the later ripening stages. Growth of E. coli in cheeses appeared to
be affected by the cooking temperature and the rate of acidification but not by the ripening starter cultures
applied or the indigenous microbiota of raw milk. Growth of L. innocua and S. aureus added to milks was
inhibited in all cheeses at different stages of ripening. The use of 16S rRNA gene pyrosequencing and
qRT-PCR allows a deeper understanding of the behavior of indigenous microbiota, starter cultures and path-
ogenic bacteria in raw milk and cheeses.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Raw milk cheeses are often characterized by richer and stronger
flavor intensity than cheeses made from pasteurized milk, which
leads to an increase demand for such cheeses. Lactococcus spp., Lacto-
bacillus spp., Leuconostoc spp., Enterococcus spp., Streptococcus spp.,
Micrococcus spp., Staphylococcus spp., Arthrobacter spp., Corynebacte-
rium spp., Brevibacterium spp., Enterobacter spp., Citrobacter spp. and
Acinetobacter spp., which have been detected in raw milk cheeses
(Casalta et al., 2009; Desmasures et al., 1997; Desmasures and
Gueguen, 1997; Duthoit et al., 2003; Morea et al., 1999; Randazzo et
al., 2002; Verdier-Metz et al., 2009), are assumed to play a role in the
maturation and flavor development of raw milk cheeses. However,
raw milk cheeses in some cases might be regarded as unsafe due to
+45 35 28 32 14.
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the possible contamination by pathogenic bacteria, mainly Listeria
monocytogenes (Meyer-Broseta et al., 2003), enterotoxin producing
strains of Staphylococcus aureus (Lindqvist et al., 2002) and Escherichia
coli O157:H7 (Reitsma and Henning, 1996). The source of contamina-
tion can be the rawmilk as delivered from the farm or the environmen-
tal conditions in the dairy i.e. post-process contamination (Rudolf and
Scherer, 2001). It has been reported that the spontaneous micro-
populations of raw milk cheeses are inhibitory to L. monocytogenes
(Eppert et al., 1997; Millet et al., 2006). However, the composition of
the bacterial communities responsible for inhibition or inactivation of
pathogens and the underlying mechanisms are not known.

Recently, pyrosequencing of tagged amplicons of specific regions of
the 16S rRNA genehas successfully been used tomonitormicrobial com-
munities in various ecosystems like sputum (Armougom et al., 2009),
gut (Andersson et al., 2008; Larsen et al., 2010), soil (Acosta-Martinez
et al., 2008), wounds (Dowd et al., 2008), fermented foods (Humblot
and Guyot, 2009; Roh et al., 2010) and raw milk cheese (Masoud et al.,
2011). In a recent study, we investigated the microbial communities in

http://dx.doi.org/10.1016/j.ijfoodmicro.2011.11.014
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Danish raw milk cheeses using PCR denaturating gradient gel electro-
phoresis (PCR-DGGE) of the V3 region of the 16S rRNA gene and pyrose-
quencing of tagged 16S rRNA gene amplicons from DNA and RNA
extracted from raw milk cheeses at different stages of ripening
(Masoud et al., 2011). Pyrosequencing was able to provide an in depth
detection of major and minor bacterial populations in raw milk cheese,
which was not detected by PCR-DGGE.

In the present study, it was themain aim to characterize the bacterial
communities in raw milk as well as in raw milk cheeses at different
stages of ripening. Furthermore, the effects of differentmixtures of start-
er cultures, cooking temperatures and rate of acidification on survival of
E. coli, L. innocua and S. aureus in Danish semi hard raw milk cheeses
were investigated. The bacterial diversity in rawmilk and cheeseswas in-
vestigated by tag-encoded amplicon pyrosequencing of 16S rRNA gene in
both DNA and RNA extracted from raw milk and cheeses. Furthermore,
the starter cultures, E. coli, L. innocua and S. aureus, were quantified by
quantitative real time (qRT)-PCR.

2. Materials and methods

2.1. Media and cultures

Tryptone Soya Broth (TSB) (Oxoid, UK) was prepared by dissolving
30.0 g in 1 l distilled water. For de Man, Rogosa and Sharpe (MRS)
broth, 52 g of MRS broth (Oxoid) were dissolved in 1 l distilled water.
The diluent saline peptone (SPO) was prepared by dissolving 8.5 g NaCl
(Merck, Germany), 0.30 g disodiumhydrogen phosphateNa2HPO4·12H2-

O (Merck) and 1.0 g Bactopeptone (Difco, USA) in 1 l distilled water. SPO
was adjusted to pH5.6 by the addition of 1 MNaOH. Allmediawere auto-
claved at 121 °C for 15 min.

Bacteria used in this study were obtained from Arla Foods, Denmark
and they included the acidification starter cultures Lactococcus lactis
L005, Lactobacillus rhamnosus BGP-2 and the ripening starter cultures
Brevibacterium linens004-0001 andMicrobacterium lacticumM009. Fur-
thermore, the non-pathogenic E. coli ATCC 43888, S. aureus ATCC 29213
and Listeria innocua 073.002, which were added to cheeses, were used
as model microorganisms.

With the exception of Lb. rhamnosus, bacteria were inoculated in
25 ml of TSB broth at 30 °C for 24 h. Lb. rhamnosus was inoculated
in MRS broth and incubated at 30 °C under anaerobic conditions for
24 h. After propagation cells were harvested by centrifuging (Ronbio
Scientific, Shanghai, China) at 3000×g for 10 min, and resuspended
in SPO. DNA was isolated using Genelute Bacterial Genomic Kit
(Sigma Aldrich, St. Louis, Mo, USA) according to the manufacturer
instructions.

2.2. Raw milk and cheese samples

Cheeses were manufactured at Arla Foods. Cheeses were produced
by heating the raw milk to 30 °C before adding the starter cultures
and themodelmicroorganisms, then themilkwas coagulated by adding
calf rennet and left for 30 min. After coagulation, the curdwas cooked at
39 or 50 °C for 2 min and left to cool down. Cooking the curd at 39 °C
resulted in a slower acidification rate i.e. 8 h to reduce the pH from
6.70 to 5.40 compared to the acidification rate at cooking temperature
of 50 °C i.e. 4 h to reduce pH from 6.70 to 5.40. Finally the curd was
pressed and left to ripen at 8 °C. For cheese treated with cooking tem-
perature of 39 °C, four batches were produced with different mixtures
of starter cultures at a concentration of 109 cfu/g of each starter and
106 cfu/g of each model microorganisms of the pathogenic bacteria
(Table S1). The four cheeses produced included: cheese batch 16-3-1
with addition of the starter culture L. Lactis, cheese batch 16-3-2 with
addition of L. lactis and a mixture of E. coli, L. innocua and S. aureus
(mix 1), cheese batch 16-3-3 with addition of L. lactis and a mixture of
B. linens andM. lacticum (mix 2) and cheese batch 16-3-4 with addition
of L. lactis, mix 1 andmix 2. Another four batches of cheese (16-4-1, 2, 3,
4), which were treated by cooking at 50 °C for 2 min, were produced
with the same mixtures of bacteria added to cheeses treated at 39 °C
as well as Lb. rhamnosus to the four cheese batches (Table S1). Samples
of raw milk, inoculated milk and cheeses obtained from a mixture of
cheese surface and core at 0, 7, 14, 28 and 56 days of ripeningwere col-
lected and stored at−80 °C until analyzed.
2.3. Isolation of DNA and RNA from raw milk and cheeses

For isolation of DNA or RNA from raw milk and cheese samples,
2 g of milk or cheese were added to 20 ml of 2% w/v sodium citrate
(Merck, Darmstadt, Germany) andmixed in a stomacher (Lab Blender
400, Seward, London, UK) at normal speed for 2 min. Themixture was
then centrifuged (Ronbio Scientific) at 300×g, 4 °C for 15 min. 10 ml
of the supernatant were centrifuged at 5000×g, 4 °C for 15 min and
the pellet was used for further isolation of DNA or RNA.

For isolation of DNA, the pellet was resuspended in 1.50 ml of sterile
0.90%w/v NaCl and centrifuged (Ronbio Scientific) at 10,000×g, 4 °C for
2 min. The resulting pellet was kept at−20 °C for 30 min to increase the
recovery of DNA. DNAwas isolated usingGenelute Bacterial Genomic Kit
(Sigma Aldrich) according to the manufacturer instructions.

RNA was isolated using the Total RNA Isolation Kit (Promega,
Madison, WI, USA) according to the manufacturer instructions. Each
sample of the isolated RNA was treated with Turbo DNA Free Kit (Ap-
plied Biosystem, Carlsbad, CA, USA) to get rid of any residual DNA.
Each RNA sample was checked for the presence of residual DNA by
performing PCR amplification and analyzing by electrophoresis in
1% w/v agarose gel (FMC BioProducts, Rockland, ME, USA) in 1×
Tris–Acetate-EDTA buffer (Sigma) containing 0.50 μg/ml ethidium
bromide (Sigma). In case of the presence of positive signals, RNA sam-
ples were treated once more with Turbo DNA Free Kit to eliminate the
rest of the DNA. RNA was stored at −80 °C.
2.4. Reverse transcription (RT)-PCR

Reverse transcription was performed in 100 μl volume containing
10 μl of the total RNA, 28.50 μl of RNase-free water (Promega), 22 μl of
25 mM MgCl2 (Promega), 20 μl of 1.25 μΜ dNTP mixture (Promega),
5.0 μl of a randomhexamer (Promega), 2 μl of RNase inhibitor (Promega),
10 μl of 10× TaqMan RT Buffer (Promega) and 2.50 μl of Multiscribe Re-
verse Transcriptase (Promega). The reverse transcription incubation con-
ditions were: pre-incubation at 25 °C for 10 min, reverse transcription at
48 °C for 30 min and finally inactivation of transcription at 95 °C for
5 min. cDNA was stored at−80 °C.
2.5. Pyrosequencing of DNA and cDNA extracted from raw milk
and cheese

Tag-encoded amplicon pyrosequencing was conducted for 64 sam-
ples, which included DNA and reverse transcribed RNA extracted from
rawmilk, milk inoculated with the different mixtures of bacteria as de-
scribed above and cheeses at 7, 28 and 56 days of ripening. Pyrosequen-
cing of tagged amplicons of the V3 and V4 regions of the 16S rDNA and
cDNA extracted frommilk and cheeseswas performed as previously de-
scribed (Masoud et al., 2011). The sequence reads, were sorted and
trimmed using the Pipeline Initial Process at the RDP's Pyrosequencing
Pipeline (http://rdp.cme.msu.edu/). The RDP Classifier at the RDP's Pyr-
osequencing Pipeline was used to assign 16S rRNA gene sequences to
the new phylogenetically consistent higher-order bacterial taxonomy
with a confidence threshold of 80%. The sequences were also uploaded
into the Meta Genome Rapid Annotations using Subsystem Technology
(MG-RAST) (http://metagenomics.anl.gov/metagenomics.cgi) to be
identified at the species level.

http://rdp.cme.msu.edu/
http://metagenomics.anl.gov/metagenomics.cgi


Table 1
Phylogenetic classification of sequences obtained from the 16S rDNA and cDNA librar-
ies extracted from the non inoculated raw milk, which was used to produce cheese
batches 16-3-1, 2, 3 and 4 treated with 39 °C (RM1) and from the non inoculated
raw milk used to produce cheeses batches 16-4-1, 2, 3 and 4 treated with 50 °C (RM2).

Bacteria Percentages (%) of
bacterial species to the
total sequence reads in
the
16S rDNA and cDNA
libraries of RM1

Percentages (%) of
bacterial species to the
total sequence reads in
the
16S rDNA and cDNA
libraries of RM2

DNA
(11,970)⁎

cDNA
(15,102)⁎

DNA
(12,997)⁎

cDNA
(16,194)⁎

Actinomyces radicidentis 0.5 1.4 0 0.6
Acinetobacter sp. 2.9 0.6 1.6 0.3
Alistipes finegoldii 0.1 0 0 0
Anaerococcus octavius 0.1 0 0 0
Aerococcus sp. 0.8 0.4 1.6 0.2
Aeromonas hydrophila 0.3 0.1 0 0
Aeromonas popoffii 0.8 0.8 0 0
Aeromonas sp. 2 1.4 0.9 0.5
Bacillus subtilis 0.1 0 0 0
Bifidobacterium pseudolongum 0.4 0.1 0 0.1
Bifidobacterium sp. 0 0 1.1 0
Brevibacterium linens 1.9 3.2 2.2 2.8
Caulobacter crescentus 0.1 0 0 0
Chryseobacterium piscium 0.1 0 0 0
Corynebacterium casei 2.3 1 3.8 0.6
Carnobacterium sp. 0.1 0 0 0
Empedobacter brevis 0.2 0 0 0
Enterobacter cloacae 0.4 0.4 0 0
Enterococcus faecalis 0.1 0.4 0.9 0.3
Escherichia coli 0.5 0.3 2 0.9
Facklamia tabacinasalis 0.3 0.1 0 0
Jeotgalicoccus psychrophilus 0.1 0.3 0 0
Kurthia gibsonii 0.1 0 0 0
Lactobacillus casei 3.2 1.4 1.9 2.6
Lactobacillus helveticus 0.9 0.5 0 0
Lactobacillus plantarum 1.3 0.2 1.5 0.3
Lactobacillus sakei 0.8 0 1.9 0
Lactobacillus rhamnosus 2.4 1.6 2.1 1.7
Lactococcus lactis 19 26.2 22.3 19.4
Leptotrichia hofstadii 0.2 0 0 0
Macrococcus equipercicus 0.1 0 0 0
Marinomonas 3.7 1.3 0 0
Methylobacterium extorquens 2.5 1.4 0 0
Meiothermus sp. 0.1 0 0 0
Methylobacterium sp. 0 0 1.7 5.5
Paracoccus carotinifaciens 0.1 0.3 0 0
Pediococcus pentosaceus 0.2 0.1 0 0
Pseudoalteromonas agarivorans 1.6 0.8 0 0
Pseudomonas gessardii 1.7 0.9 0 0
Pseudomonas sp. 0 0 1 0.5
Rothia mucilaginosa 0 6.5 0 5.1
Ruminococcus flavefaciens 0.1 0 0 0
Staphylococcus saprophyticus 2.8 5.4 1.3 2
Staphylococcus succinus 0 0 2.7 2
Streptococcus thermophilus 43.7 42.1 46.7 53,9
Stenotrophomonas maltophilia 0.2 0 0 0
Weissella hellenica 0.1 0.2 0.9 0.3

⁎ Total number of sequence reads in the 16S rDNA and cDNA libraries.
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2.6. Quantitative real time (qRT)-PCR

Starter cultures used in production of the raw milk cheeses as de-
scribed above as well as E. coli, L. innocua and S. aureus, which were
added to some cheeses, were quantified in raw milk and cheeses by
qRT-PCR. Both DNA and RNA, which were extracted from raw milk and
cheeses, were amplified. qRT-PCRwas set up inMicroAmp™Fast Optical
96-well Reaction Plates with Barcode, 0.10 ml (Applied Biosystems).
Primers and probes for target genes were used for each bacterium
(Table S2).With the exception ofB. linens, TaqMan-Probe assayswas per-
formed to quantify bacterial species in raw milk and cheeses, amplifica-
tion of DNA and cDNA was done in triplicates in a total volume of 20 μl
containing 5 μl template, 10 μl of TaqMan Fast Universal PCR Master
Mix (Applied Biosystems) and 5 μl of primer-probe mix containing
900 nM of each primer and 200 nM probe (Applied Biosystems). Ampli-
fication of PCRproductswas donewith a 7500 Fast Real Time PCR System
(Applied Biosystems) using the following program: 1 cycle at 95 °C for
20 s and 40 cycles at 95 °C for 15 s followed by 60 °C for 30 s. For B. linens,
the amplificationwas doneusing Power SYBRGreenMasterMix (Applied
Biosystems) in a reaction mixture of 5 μl template, 10 μl Power SYBR
Green Master Mix and 5 μl of primers mix containing 900 nM of each
primer. The amplification program of PCR products composed of 1 cycle
at 50 °C for 2 min, an activation step at 95 °C for 10 min, 40 cycles at
95 °C for 15 s followed by 60 °C for 1 min and finally 1 cycle at 95 °C for
15 s, 60 °C for 1 min followed by 95 °C for 15 s.

Quantification was performed by interpolation in a standard re-
gression curve of threshold cycle (CT) values generated from DNA
extracted from pure cultures with different concentrations of cells
(102 to 106 cfu/ml). The CT values were plotted against cell numbers
to obtain standard curves.

3. Results

3.1. Characteristics of sequence reads in raw milk and cheeses

A total of 557,515 sequence reads were obtained from the 32 sam-
ples of DNA extracted from raw milk and cheeses with a range of
11,507 to 26,721 sequence reads per sample. For the 32 samples of
RNA extracted from raw milk and cheeses, the total number of se-
quence reads was 590,967 with a total number of reads for each sam-
ple ranged from 14,595 to 24,213. The average sequence length for all
the 16S rDNA and cDNA libraries was 328 bp. In all samples investi-
gated, more than 99% of the sequence reads were found to belong
to the bacterial domain.

3.2. Indigenous microbiota of raw milk

The classifications of sequences obtained from the 16S rDNA and
cDNA libraries of the non inoculated raw milk, which was used for
production of cheese batches 16-3-1, 2, 3 and 4 as well as the non in-
oculated raw milk used for production of cheese batches 16-4-1, 2, 3
and 4, are shown in Table 1. In the first sample of raw milk, 211 and
93 bacterial species were detected in the 16S rDNA and cDNA librar-
ies, respectively (results not shown). Only the bacterial species that
comprised 0.1% or more of the total sequence reads are shown in
Table 1. Streptococcus thermophilus constituted 43.70 and 42.10% of
the total sequence reads in the 16S rDNA and cDNA, respectively.
The rest of Streptococcus species, which were found in the raw milk
in less than 0.1% of the total sequence reads, included Streptococcus
suis, Streptococcus parauberis and Streptococcus mitis. L. lactis was
the next largest species present in the DNA and cDNA of raw milk
comprising 19.0 and 26.20% in the 16S rDNA and cDNA libraries, re-
spectively. The remaining sequence reads of the genus Lactococcus,
which was present in the DNA and cDNA extracted from raw milk
in less than 0.1% of the total sequence reads, were Lactococcus piscium
and Lactococcus chungangensis. The other bacterial species, which
were detected in percentages of 1–6.50% of the total sequences pre-
sent in DNA and/or RNA extracted from this sample of raw milk in-
cluded B. linens, Acinetobacter sp., Aeromonas sp., Corynebacterium
casei, Lactobacillus casei, Lactobacillus plantarum, Lactobacillus sakei,
L. rhamnosus, Marinomonas sp., Methylobacterium sp., Pseudomonas
sp., Rothia mucilaginosa and Staphylococcus saprophyticus.

Phylogenetic classification of sequences obtained from DNA and
RNA extracted from the second sample of raw milk showed that the
total numbers of bacterial species present in the 16S rDNA and cDNA li-
brarieswere 256 and 98, respectively (results not shown). Similar to the
first rawmilk sample, St. thermophiluswas themain bacterial species in
both the DNA and RNA comprising percentages of 46.70 and 53.90 of
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the total sequence reads forDNAand cDNA, respectively (Table 1). L. lactis
was present in 22.30 and 19.40% of the total sequence reads obtained
from the 16S rDNA and cDNA libraries, respectively. Acinetobacter sp.
Aerococcus sp., B. linens, Bifidobacterium sp., C. casei, Lb. casei, Lb.
plantarum, Lb. rhamnosus, Methylobacterium sp., Pseudomonas sp.,
R. mucilaginosa, S. saprophyticus and Staphylococcus succinus were
found in the 16S rDNA and cDNA libraries of raw milk comprising
percentages of 1–5.50% of the total sequence reads.

3.3. Microbial communities in raw milk cheeses

The phylogenetic classification of sequences obtained from
DNA and RNA extracted from milk and cheese batches 16-3-1, 2,
Table 2
Phylogenetic classification of sequences obtained from DNA extracted from samples of chees
cheese 16-3-2 at 7D, 28D and 56D of ripening and cheeses 16-3-3 and 4 in the inoculated m

Bacteria Percentages (%) of bacterial species to the total sequence reads in t

M 16-
3-1

7D 16-
3-1

28 D 16-
3-1

7D 16-
3-2

28D 16-
3-2

56D 16-
3-2

M
3

Bifidobacterium sp. 0 0 0 0.1 0 0.1
Brevibacterium
linens

0 0.2 0.6 0 0.1 0.2 1

Corynebacterium
stationis

0.1 0.1 0 0 0 0

Corynebacterium
variabile

0.1 0 0 0.1 0.1 0

Corynebacterium
xerosis

0.2 0 0 0.1 0.1 0

Escherichia coli 0.1 0.4 0 10.3 1.6 1.6
Enterococcus
italicus

0 0 0.2 0.1 0.1 0

Streptococcus
thermophilus

2.2 0.6 0.8 3.5 0.6 0.5

Lactobacillus
acidipiscis

0 0 1.0 0 2.3 0.2

Lactobacillus casei 0.2 0.4 2.3 0 0.7 4.4
Lactobacillus
coryniformis

0 0 0 0 0 0

Lactobacillus
fuchuensis

0 0 0 0 0 0

Lactobacillus
helveticus

0 0 0.2 0 0.6 0

Lactobacillus
plantarum

0 0 0 0 0.5 0.5

Lactobacillus
rhamnosus

0.2 0.1 0.4 0.5 2.9 4.4

Lactobacillus sakei 0 0 0.6 0.2 0.3 3.2
Lactococcus
chungangensis

19.4 0.4 1.8 0.5 0.1 0.1

Lactococcus lactis 76.2 95.4 80 81.6 74.3 79.9 7
Leuconostoc
mesenteroides

0.4 0.1 0.7 0.2 0 0

Listeria innocua 0 0 0 0.4 0.5 0.1
Methylobacterium
sp.

0.1 1.3 0.4 0 0 0

Microbacterium
lacticum

0 0 0 0 0 0

Pediococcus
pentosaceus

0.1 0.2 0.7 0.3 1.2 0.1

Pseudomonas
fluorescens

0.1 0 0.1 0 0 0

Rothia mucilaginosa 0.3 0.1 2.8 0 0 0.2
Staphylococcus
aureus

0 0 0 0.6 0.5 0.1

Staphylococcus
saprophyticus

0.1 0.5 3.9 0.8 5.3 1.8

Staphylococcus
succinus

0 0 0.1 0.2 1.6 0.2

Staphylococcus
xylosus

0.2 0.1 0.3 0.2 1.3 0.3

Weissella hellenica 0 0 2.8 0.1 5.2 1.3
Weissella
paramesenteroids

0 0.1 0.3 0.2 0.1 0.8
3 and 4, cooked at 39 °C (slow acidification rate) are shown in
Tables 2 and 3. It was observed that L. lactis, which was added as
starter culture to the 4 batches of cheese, was the main bacterial
species present in the inoculated milk and in cheeses at later
stages of ripening comprising 49.30 to 95.40% and 69.80 to
90.80% of the total sequence reads in the 16S rDNA and cDNA li-
braries as shown in Tables 2 and 3, respectively. B. linens and M.
lacticum were detected in both DNA and RNA extracted from the
4 cheese batches with higher percentages in batches 16-3-3 and
4 to which they were added. The remaining bacteria, which were
present in both 16S rDNA and cDNA libraries in most cheese sam-
ples, included St. thermophilus, Lb. casei, Lb. rhamnosus, Leuconostoc
mesenteroides, Pediococcus pentosaceus, Methylobacterium sp., S.
e batch 16-3-1 in the inoculated milk (M), at 7 days (7D) and 28 days (28D) of ripening,
ilk, 7D, 28D and 56D of ripening. All cheeses were cooked at 39 °C.

he 16S rDNA libraries

16-
-3

7D 16-
3-3

28D 16-
3-3

56D 16-
3-3

M 16-
3-4

7D 16-
3-4

28D 16-
3-4

56D 16-
3-4

0 0 2 0.2 0 0 0.2 0.2
4.9 5.7 7.2 7.3 10.2 4.3 3.9 2.6

0.1 0 0 0.3 0.1 0.1 0 0

0.1 0 0 0 0 0 0 0

0 0 0.6 0 0.1 0.3 0 0

0 0.1 0.2 0.1 2.4 8.2 1.7 0.9
0 0 0.2 0 0.1 0 0 0

0.1 0.6 1 0.6 4.8 6.6 3.8 0.8

0 0 0.8 1.4 0 0 0.1 0.1

0.4 0 3.1 4.2 0.1 0.5 0.2 1.1
0 0.1 2.8 2.4 0.4 0 0.8 1.8

0 0 3.8 1.1 0.2 0 0.1 0.1

0 0 0 0 0 0 0 0

0 0.2 1.9 2 02 0.1 0.3 0.1

0.2 0.6 3.7 1.7 0.2 1.3 0.3 1.9

0.2 0.2 1.5 0.9 0 0.4 0.2 0.9
5 0.4 0.3 0.2 5.5 0.3 0.1 0.1

2.2 80.6 49.3 65 61.8 71.4 83.7 83
0.2 0.3 0.8 0.2 0.7 0.1 0 0.5

0 0 0 0 1.9 0.1 0 0
0.9 0.3 0.1 0.3 0.3 0.4 0.2 0.1

5.1 0.5 0.4 1 4.2 0.6 0.3 0.2

0 0.1 3.2 3.7 0.2 0.2 0.5 0.2

0 0 0 0 0 0 0 0

0 0 0 0 0 0.1 0.1 0
0 0 0 0 0.2 0.2 0.3 0.1

0.4 10.2 8.3 6.4 2.4 1.1 0.4 1.3

0 0 0.3 0.2 0.1 0.3 0.4 0.5

0 0.1 0.6 0 0.1 0.7 0.2 0.8

0 0 7.6 0.3 0.2 0.7 0.4 0.5
0.2 0 0.3 0.5 1.8 2 1.8 2.2



Table 3
Phylogenetic classification of sequences obtained from RNA extracted from samples of cheese batch 16-3-1 in the inoculated milk (M), at 7 days (7D) and 28 days (28D) of ripening,
cheese 16-3-2 at 7D, 28D and 56D of ripening and cheeses 16-3-3 and 4 in the inoculated milk, 7D, 28D and 56D of ripening. All cheeses were cooked at 39 °C.

Bacteria Percentages (%) of bacterial species to the total sequence reads in the 16S cDNA libraries

M 16-
3-1

7D 16-
3-1

28 D 16-
3-1

7D 16-
3-2

28D 16-
3-2

56D 16-
3-2

M 16-
3-3

7D 16-
3-3

28D 16-
3-3

56D 16-
3-3

M 16-
3-4

7D 16-
3-4

28D 16-
3-4

56D 16-
3-4

Bifidobacterium sp. 0 1.7 0 0 0.1 0.4 0 0.1 0 0 0 0.1 0 0.1
Brevibacterium linens 2.2 2.3 2.3 1.2 1.5 0.9 4.3 2.4 1.1 1.4 4.7 2.3 3.6 3.2
Corynebacterium sp. 0.4 0 0.2 0 0.1 0 0 0 01 0.1 0.1 0.1 0 0.1
Escherichia coli 0.8 0.8 0.8 2.9 2.4 2.2 2.1 0.1 0.7 0 1 3.8 1.6 2
Enterococcus faecalis 0 0 0 0 0 0 0 0 0 0 0.1 0 0 0
Lactobacillus casei 2.9 1.9 1.2 3.6 2.4 1.8 3.1 3.2 1.9 0.8 2.9 3.6 2.1 1.4
Lactobacillus plantarum 1.1 0 0 0 0 0 0 0 0.2 0.1 0 0.5 0 0
Lactobacillus rhamnosus 1.9 1.4 0.8 2 1.8 3.5 2.9 0 1.8 1.4 4.9 5.4 3.7 3.9
Lactobacillus sakei 0.6 0.8 0.7 0 0 0 2.4 0 0 0 0 1.3 0.4 0
Lactococcus lactis 69.8 85.1 90.8 86.6 87 80.6 73.1 91 90.5 88.4 77.7 70.9 81.7 83.7
Leuconostoc
mesenteroides

0 0 0 0.4 0.3 0.2 0 0 0.2 0.1 0 0.6 0 0

Methylobacterium sp. 2.9 1.4 1.2 0 0 0 1.7 0 0.4 0.2 0.8 0.9 0.1 0.3
Microbacterium
lacticum

0 0 0 0 0 0 2.3 1.7 0.6 1 3.7 1.9 2.2 0.8

Pediococcus
pentosaceus

0.2 0.2 0.1 0.2 0.4 0.7 0 0.2 0.1 0 0 0.7 0.2 0.1

Pseudomonas sp. 0.2 0 0 0 0 0 0.3 0 0.2 0.2 0.3 0 0 0
Rothia mucilaginosa 9.5 3.3 0.3 0 0 2.1 2.3 0 0 0 0.2 1.2 0 0
Staphylococcus
saprophyticus

1 0.7 0.6 0.9 1 0.7 0.8 0.3 0.6 1.3 0.7 2 0.8 0.3

Staphylococcus succinus 0 0 0 0 0 0 0 0 0 0.7 0 0.3 0 0
Staphylococcus xylosus 0.6 0.4 0.3 0.4 0.3 0.1 0 0 0.1 1.6 0 1.8 0.7 0.3
Streptococcus
thermophilus

5.9 1.7 0.7 1.1 2.4 6.6 4.6 1 0.3 2.7 2.9 0.7 1.2 2.6

Weissella hellenica 0 0 0 0.4 0.2 0.1 0.1 0 0.2 0 0 0.9 1.3 0.9
Weissella
paramesenteroids

0 0 0 0.3 0.1 0.1 0 0 0.1 0 0 1 0.4 0.3
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saprophyticus and Staphylococcus xylosus. E. coli was also detected
in both DNA and RNA extracted from milk and all samples of cheeses
to which it was added as well as in most samples of milk and cheeses
to which this bacterium was not added. However, the percentages of
E. coli from the total sequence reads were less than 1% in milk and
cheeses to which E. coli was not added. Furthermore, in the inoculated
milk and cheeses to which E. coli was added i.e. 16-3-2 and 4, the per-
centages of E. coli showed an increase at 7 days of ripening but de-
creased drastically later in the ripening (Tables 2 and 3). On the other
hand, S. aureuswas only detected in the DNA extracted from the inocu-
lated milk and cheeses 16-3-2 and 4 to which it was added but not in
the RNA extracted from same samples suggesting that this bacterium
was metabolically inactive. With the exception of DNA extracted from
cheese 16-3-4 at 28 days of ripening, L. innocua was detected in the
DNA extracted from cheeses 16-3-2 and 4 at the different stages of ripen-
ing but not in the RNA extracted from same samples. Some bacterial spe-
cies like L. chungangensis, Lactobacillus helveticus, Lactobacillus
coryniformis and Lactobacillus acidipiscis were only detected in the 16S
rDNA libraries but not in the cDNA of the same samples suggesting amet-
abolic inactive state.

For cheese batches 16-4-1, 2, 3 and 4, which were cooked at 50 °C
(fast acidification rate) and to which both L. lactis and Lb. rhamnosus
were added, St. thermophilus, L. lactis, Lb. casei and Lb. rhamnosus
were the main bacteria detected in both DNA and RNA extracted
from all samples of inoculated milk and cheeses at different stages
of ripening with St. thermophilus showing the highest percentages
(Tables 4 and 5). B. linens and M. lacticum were also detected in
both 16S rDNA and cDNA libraries of inoculated milk and cheeses
but at lower percentages than in cheeses treated with 39 °C.

S. saprophyticus, Staphylococcus epidermidis and Staphylococcus
cohnii were also detected in the majority of the 16S rDNA and cDNA
libraries extracted from inoculated milk and cheeses but at lower per-
centages. A similar behavior of E. coli in cheeses 16-3-1, 2, 3 and 4 was
observed in cheeses 16-4-1, 2, 3 and 4 but with lower percentages
(Tables 4 and 5). Again, S. aureus and L. innocua were only detected
in the DNA extracted from inoculated milk and cheeses to which
they were added but not in the RNA extracted from same samples.

3.4. Quantification of bacteria in raw milk and cheeses by qRT PCR

Quantification of the starter cultures and the model bacteria added
to cheeses was determined by qRT-PCR targeting specific gene for
each bacterium. The quantities of L. lactis, Lb. rhamnosus, B. linens,
M. lacticum, E. coli, L. innocua and S. aureus in raw milk and cheeses
16-3-1, 2, 3, 4, cooked at 39 °C, which were detected in the extracted
DNA and RNA are shown in Figs. 1 and 2, respectively. For L. lactis, the
number of colony forming units detected in the rawmilk was in aver-
ages of 5.0×103 cfu/g and 2.0×103 cfu/g in DNA and RNA, respective-
ly. In the inoculated milk and in the 4 cheese batches at all stages of
ripening, to which L. lactis was added as a starter culture, L. lactis
was present in quantities ranged from 2.50×107 to 8.80×108 cfu/g
and 2.40×105 to 7.10×105 cfu/g, in DNA and RNA, respectively.
After 7 and 14 days of ripening, the numbers of colony forming
units increased to more than 107 cfu/g, which decreased again at
later stages of ripening reaching an amount of about 1.40×104 cfu/g
after 56 days of ripening (Fig. 2). Lb. rhamnosus was not added as a
starter culture to cheese batches 16-3-1, 2, 3 and 4, but it was
detected in the DNA and RNA extracted from raw milk as well as in
all cheeses at the different stages of ripening (Figs. 1 and 2). The num-
ber of colony forming units of Lb. rhamnosus found in both DNA and
RNA extracted from raw milk was about 2.0×102 cfu/g, which in-
creased to a range of 4.0×104 to 5.0×105 cfu/g in the DNA and to
about 8.0×104 cfu/g in the RNA after 7 days of cheeses ripening and
decreased again later in the ripening process. The ripening starter cul-
tures B. linens and M. lacticum, which were added to cheese batches
16-3-3 and 4 but not to cheeses 16-3-1 and 2, were detected in
both DNA and RNA extracted from the raw milk and the four cheese
batches (Figs. 1 and 2). The numbers of colony forming units of B.



Table 4
Phylogenetic classification of sequences obtained from DNA extracted from samples of cheese batch 16-4-1 in the inoculated milk (M), at 7 days (7D) and 28 days (28D) of ripening
and cheeses 16-3-2, 3 and 4 in the inoculated milk, 7D, 28D and 56D of ripening. All cheeses were cooked at 50 °C.

Bacteria Percentages (%) of bacterial species to the total sequence reads in the 16S rDNA libraries

M 16-
4-1

7D 16-
4-1

28 D 16-
4-1

M 16-
4-2

7D 16-
4-2

28D 16-
4-2

56D 16-
4-2

M 16-
4-3

7D 16-
4-3

28D 16-
4-3

56D 16-
4-3

M 16-
4-4

7D 16-
4-4

28D 16-
4-4

56D 16-
4-4

Bifidobacterium sp. 0 0 0 0.1 0 0.6 0.1 0.1 0 0 0.1 0.8 0 0 0
Brevibacterium linens 0.9 1.2 0.8 1.1 0.8 1.2 0.3 7.1 3.6 2.5 1.4 6.7 5.3 2.2 0.6
Corynebacterium
suicordis

0 0 0.2 0.1 0 0 0 0.2 0 0 0.1 0.1 0.2 0 0.1

Corynebacterium
xerosus

0 0 0 0.1 0 0 0 0 0 0 0 0.2 0 0 0

Escherichia coli 0.7 0.1 0.1 3.4 0.4 0.3 0.1 0.6 0 0.1 0 0.4 1.4 0.7 0.5
Enterococcus italicus 0 0.1 0.2 0 0 0.1 0 0 0 0.2 0 0.1 0 0 0
Lactobacillus
acidipiscis

0 0 0 0.1 0.1 0.6 0.7 0.3 0 0 0 0 1.3 0.4 0

Lactobacillus casei 2.2 3.1 2.7 2.1 0.1 4.8 2.1 0.8 1.9 5.3 3.4 1.5 5.8 2.7 1.9
Lactobacillus
plantarum

0.9 0.5 0.2 0.2 0 1.5 0.2 0.4 0 0 0 0 0 0 0

Lactobacillus
rhamnosus

19.9 21 19.6 13.8 13.6 14.6 7.4 11.8 10.3 16.8 8 3.5 12.7 10.7 7.4

Lactococcus
chungangensis

5.4 0.1 1.8 0.8 0.1 0 0.1 0.8 0.4 0.3 0.2 5.8 0.3 0.1 0.1

Lactococcuss lactis 32.3 32.7 16.9 28.9 16.4 9.5 8.9 29.7 27.3 17.2 5.2 31.5 20.4 15.5 5.3
Leuconostoc
mesenteroides

0 0 0 0.1 1 0 0 0.1 0 0 0 0.2 0.1 0 0

Listeria innocua 0 0 0 0.8 0.1 0.1 0.1 0 0 0 0 0.1 0 0.1 0
Methylobacterium sp. 0.6 0.1 0.3 0 0 0 0 0 0.3 0.2 0 0 0 0 0
Microbacterium
lacticum

0.3 0.4 1.3 0.9 0.5 0.3 0.1 0.3 0.5 1.6 1.5 2.1 1.8 0.7 0.3

Pediococcus
pentosaceus

0 0 0.2 0.2 0.4 0.1 0.2 0.1 0 0 0.2 0 0.1 0 0

Pseudomonas lundensis 0.1 0 0 0.1 0 0 0 0.1 0 0 0 0.1 0 0 0
Rothia mucilaginosa 0.1 0.1 0.1 0.2 0 0 0 0 0.6 0.1 0 0 0 0 0
Staphylococcus aureus 0 0 0 1.7 0.4 0.8 0.1 0.1 0 0 0 0.7 0.2 0.1 0.1
Staphylococcus cohnii 0.2 0.2 0 0 0.1 0 0 0 0.7 0.8 0.4 1.5 0.9 0.3 0.6
Staphylococcus
epidermidis

0.2 0.2 0.1 0 0.9 0.5 0 0.1 1 1 1.2 0.6 1.7 0.8 0.6

Staphylococcus
saprophyticus

0.4 3.4 4.2 4.5 1 2.4 0.6 0.1 1.6 1.3 3.5 1.6 7 3.2 2.6

Streptococcus
thermophilus

35.8 36.6 51.2 40.5 65.1 62.1 76.7 46.6 51.3 52.3 74.8 42.4 40.5 62.3 79.7

Weissella hellenica 0 0.1 0.1 0.1 0 0 0 0 0 0 0 0 0.2 0.1 0.1
Weissella
paramesenteroids

0 0.1 0 0.2 0.1 0.5 2.3 0.7 0.5 0.3 0 0.1 0.1 0.1 0.1

Table 5
Phylogenetic classification of sequences obtained from RNA extracted from samples of cheese batch 16-4-1 in the inoculated milk (M), at 7 days (7D) and 28 days (28D) of ripening
and cheeses 16-3-2, 3 and 4 in the inoculated milk, 7D, 28D and 56D of ripening. All cheeses were cooked at 50 °C.

Bacteria Percentages (%) of bacterial species to the total sequence reads in the 16S cDNA libraries

M 16-
4-1

7D 16-
4-1

28 D 16-
4-1

M 16-
4-2

7D 16-
4-2

28D 16-
4-2

56D 16-
4-2

M 16-
4-3

7D 16-
4-3

28D 16-
4-3

56D 16-
4-3

M 16-
4-4

7D 16-
4-4

28D 16-
4-4

56D 16-
4-4

Brevibacterium linens 1 0.6 0.3 0.6 0.3 0.2 1.5 3.1 3.2 2.1 1.2 3.2 3.1 2 1.2
Corynebacterium xerosis 0.2 0 0 0.1 0 0 0 0 0 0 0 0 0 0 0
Escherichia coli 0.3 0.6 0.1 0.4 1.2 0.7 0.5 0.7 0.3 0.2 0.1 0.2 1 0.4 0.2
Lactobacillus casei 6.2 5 4.5 5.1 11.4 3.6 1 10 2.7 2.4 1.8 10.1 5.5 2.4 1.8
Lactobacillus plantarum 0.8 0.7 0.5 0 0 0.2 0.2 0 0 0 0 0 0 0 0
Lactobacillus rhamnosus 14.6 14 18.4 9.7 10.4 9.1 8.3 2.2 7.5 18.3 12.8 2.2 7.4 18.2 12.7
Lactococcus lactis 37.1 43.2 6.6 45.1 14 1.9 1.9 32.4 30.6 22.5 8.1 29.9 29 24.6 8
Methylobacterium sp. 0.3 0 0 0 0.8 0.1 0.5 0.3 0.3 0.2 0 0.5 0.8 0.1 0.3
Microbacterium
lacticum

0.2 0.2 0.1 0.3 0.1 0.1 0.1 1.1 0.7 0.5 0.2 13 0.7 0.5 0.3

Pseudomonas sp. 0.2 0 0 0 0 0 0 0 0 0.2 0 0 0 0 0
Rothia mucilaginosa 0.2 0.1 0.1 0.3 0 0 0.8 0.3 0.1 0.1 0 0.1 1 0 0
Staphylococcus cohnii 0.5 0.2 0 0 0 0 0.6 0 0 1.3 0.6 0 0 1.3 0.6
Staphylococcus
epidermidis

0.6 0.3 0 0.1 0.2 0.1 0.5 0 0.2 0.7 4.1 0 0.2 0.7 4.1

Staphylococcus
saprophyticus

0.8 0.4 0 0.3 0 0.1 0.8 0.6 0.5 1.3 4.6 0.6 0.5 1.4 4.6

Streptococcus
thermophilus

36.9 34.7 69.4 37.7 61.6 83.9 83.2 49.2 53.3 50.2 66.5 40.2 50.8 48.4 66.2

Weissella hellenica 0 0 0 0.1 0 0 0.1 0.1 0.5 0 0 0 0 0 0
Weissella
paramesenteroids

0.1 0 0 0.2 0 0 0 0 0 0 0 0 0 0 0
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Fig. 1. Quantities of Lactococcus lactis, Lactobacillus rhamnosus, Brevibacterium linens,Microbacterium lacticum, Escherichia coli, Listeria innocua and Staphylococcus aureus determined by quantitative real time PCR (qRT-PCR) of DNA extracted
from raw milk, inoculated milk, cheeses 16-3, 1, 2,3 and 4 cooked at 39 °C at 0, 7, 14, 28 and 56 days of ripening.
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Fig. 2. Quantities of Lactococcus lactis, Lactobacillus rhamnosus, Brevibacterium linens, Microbacterium lacticum and Escherichia coli determined by quantitative real time PCR
(qRT-PCR) of RNA extracted from raw milk, inoculated milk, cheeses 16-3, 1, 2,3 and 4 cooked at 39 °C at 0, 7, 14, 28 and 56 days of ripening.
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linens and M. lacticum present in the DNA extracted from raw milk
were about 5.50×103 cfu/g and 1.90×103 cfu/g, respectively. In the
RNA extracted from raw milk, the numbers of colony forming units
of B. linens and M. lacticum were about 3.60×104 and 8.50×102 cfu/
g, respectively. In cheeses at different stages of ripening, B. linens
and M. lacticum were present in ranges of 2.20×105 to
3.70×107 cfu/g and 5.50×103 to 1.0×107 cfu/g, respectively. Both
bacteria showed an increase in the numbers of colony forming units
in the four batches of cheese after 7 days of ripening and decreased
at later ripening stages. With regard to E. coli, L. innocua and S. aureus,
which were added to cheese batches 16-3-2 and 4, E. coli was
detected in the DNA extracted from raw milk as well as in the four
batches of cheese in a range of 3.70×103 to 2.40×106 cfu/g. E. coli
was also detected in the RNA extracted from raw milk and cheeses
16-3-1, 2, 3 and 4 comprising average 2.80×103 cfu/g in the raw
milk, which increased later in the ripening process, reaching its
peak at 7 days of ripening. On the other hand, L. innocua was not
detected in DNA extracted from raw milk or cheeses 16-3-1 and 3
to which it was not added. The number of colony forming units of L.
innocua in the DNA extracted from cheeses 16-3-2 and 4 was in an

image of Fig.�2
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average of 1.80×104 cfu/g. S. aureus was detected in the DNA
extracted from raw milk and the four cheese batches at the different
stages of ripening comprising about 2.10×102 cfu/g in the raw milk
and an average of 6.10×104 cfu/g in cheeses 16-3-2 and 4 to which
it was added. L. innocua and S. aureus were not detected in any of
the RNA extracted from raw milk and cheeses.

A similar behavior of L. lactis, B. linens, M. lacticum and the model
bacteria in cheeses 16-3-1, 2, 3 and 4 was observed in cheese batches
16-4-1, 2, 3 and 4 cooked at 50 °C (results not shown) except that the
numbers of colony forming units of these bacteria, whichwere detected
in cheeses 16-4-1, 2, 3 and 4, were lower than those found in cheeses
16-3-1, 2, 3 and 4. Unsurprising, L. rhamnosus, which was added as a
starter culture to cheeses 16-4-1, 2, 3 and 4 showed higher numbers
of colony forming units in these cheese batches than in cheese batches
16-3-1, 2, 3 and 4. Furthermore, for L. lactis, Lb. rhamnosus and B. linens,
the highest numbers of colony forming units in cheeses 16-4-1, 2, 3 and
4 were obtained at 14 days of cheese ripening, but not at 7 days of rip-
ening as observed for cheeses 16-3-1, 2, 3 and 4.

4. Discussion

Identification of microbial communities in rawmilk and cheeses at
different stages of ripening was carried out using the culture indepen-
dent technique pyrosequencing of tagged 16S rRNA gene amplicons.
To our knowledge, this is the first study for determination of indige-
nous microbiota in raw milk using pyrosequencing. The sequence
reads in the 16S rDNA libraries of raw milk samples showed a high
biodiversity in bacterial species. The numbers of bacterial species
detected in DNA extracted from the first and second sample of raw
milk were 211 and 256, respectively. On the other hand, the numbers
of bacterial species, which were detected in the RNA extracted from
the first and second rawmilk samples, were reduced to 93 and 98, re-
spectively, suggesting that more than half of the bacterial species pre-
sent in raw milks were metabolically inactive. Those high numbers of
bacterial species in rawmilk has not previously been reported by other
culture dependent and independent methods (Abriouel et al., 2008;
Callon et al., 2007; Hantsis-Zacharov and Halpern, 2007; Holm et al.,
2004; Randazzo et al., 2002; Sanjuan et al., 2003), which usually detect
only the dominant species. The main bacteria, which were detected in
the raw milk samples, included L. lactis and St. thermophilus. The role
of L. lactis and St. thermophilus in milk acidification and cheese ripening
is well documented (Centeno et al., 1996; Cogan et al., 1997; Hannon et
al., 2003; Marino et al., 2003; Randazzo et al., 2002, 2010). In both DNA
and RNA extracted from raw milk samples the detected Lactobacillus
species included Lb. casei, Lb. plantarum, Lb. rhamnosus (Table 1), as
well as Lactobacillus coryniformis and Lactobacillus delbrueckii, which
were detected in less than 0.1% of the total sequence reads (results
not sown). Those bacteria are well known in their contribution to
cheese aroma and flavor development (Di Cagno et al., 2010;
Randazzo et al., 2007). The bacterial genera Acinetobacter, Actinomyces,
Aerococcus, Aeromonas, Arthrobacter, Bifidobacterium, Brevibacterium,
Corynebacterium,Marinomonas,Methylobacterium, Pseudomonas, Rothia
and Staphylococcuswere identified in rawmilk samples in percentages
of 1–6% of the total sequence reads in the 16S rDNA and cDNA libraries.
Some of these bacterial genera were detected previously in milk and
cheeses and were suggested to cause milk and cheese spoilage
(Ercolini et al., 2009; Giannino et al., 2009). The apparent diversity of
bacterial species in the inoculated milks and in cheeses at different
stages of ripening was observed to decline. It appears that many of the
viable bacterial species detected in the raw milk died due to milk acid-
ification, cooking temperature or to other micro environmental condi-
tions during cheese ripening, which might decrease their contribution
to cheese flavor. Themore intense flavor of rawmilk cheeses compared
to cheeses produced frompasteurizedmilkmight be due to the fact that
milk pasteurization induced partial or total inactivation of indigenous
milk enzymes as well as partial denaturation of milk proteins.
The main bacteria detected in cheeses at the different stages of rip-
ening included Lactobacillus, Lactococcus and Streptococcus. In a recent
study, pyrosequencing and DGGE analysis of DNA and RNA extracted
from Danish raw milk cheeses has also showed that these 3 bacterial
genera constituted themain bacteria found at the different stages of rip-
ening (Masoud et al., 2011). L. lactis, which was added as a starter cul-
ture to all cheeses, was the main bacterial species found in the 16S
rDNA and cDNA libraries in cheese batches 16-3-1, 2, 3 and 4. L. lactis
was also detected in the DNA and RNA extracted from cheese batches
16-4-1, 2, 3 and 4 but at lower percentages. This might be due to the
higher cooking temperature used in production of those cheeses i.e.
50 °C. The numbers of colony forming units of L. lactis in the milk and
cheeses, which were determined by qRT-PCR, showed a decrease in
the numbers of colony forming units of L. lactis in cheeses treated
with 50 °C compared to cheeses treated with 39 °C, which agrees with
the pyrosequencing data. In contrast, S. thermophilus, was present at
higher percentages in cheeses treated with 50 °C than in cheeses trea-
ted with 39 °C. It seems that the higher temperature induces growth
of St. thermophilus in cheeses. L. casei and Lb. rhamnosus were also
detected in the DNA and RNA extracted frommilk and all cheeses at dif-
ferent stages of ripening indicating their important roles in cheese rip-
ening. Lb. rhamnosus was added to cheese batches 16-4-1, 2, 3 and 4,
which explains its higher percentages and numbers in these cheeses
than in cheeses 16-3-1, 2, 3 and 4. The remaining bacteria, which were
detected in the raw milk as well as in the majority of cheeses, included
B. linens, E. coli, L. mesenteroides, Methylobacterium sp., P. pentosaceus, S.
saprophyticus, S. succinus, S. xylosus, S. cohnii, S. epidermidis, W. hellenica
and W. paramesenteriodes. Some of these bacterial species might have a
positive role on cheese while others might have a negative role on
cheeses quality and safety.

For the purpose of investigating the effects of starter cultures, cook-
ing temperatures and acidification rate on growth of pathogenic bacte-
ria in rawmilk cheese, themodel bacteria E. coli, L. innocua and S. aureus
were added to 4 cheese batches. Their occurrence in milk and cheeses
was determined by pyrosequencing and qRT-PCR. E. coli, which was
found in the 16S rDNAand cDNA libraries extracted from rawmilk sam-
ples, was also detected in all cheeses at different stages of ripening
reaching the highest percentages at 7 days of ripening, whereafter it de-
creased at later stages of ripening. E. coli showed the same behavior in
milk and cheeses to which B. linens and M. lacticum were or were not
added indicating that these two bacteria did not have inhibitory effect
on growth of E. coli. In addition, the percentages of E. coli in cheeses
cooked at 39 °C were higher than those treated with 50 °C indicating
that the higher temperature seems to reduce growth of E. coli in
cheeses. This agrees with the numbers of colony forming units of E.
coli in raw milk and cheeses determined by qRT-PCR. It has been
reported that some strains of E. coli are acid-resistant and canwithstand
pH values as low as 3 (Jordan et al., 1999). Furthermore, E. coli was
found to survive during the manufacturing process of Camembert,
Feta and Cheddar cheeses (Ramsaran et al., 1998; Reitsma and
Henning, 1996). E. coli can be a food safety hazard, therefore, it is very
essential to find preventive means for inhibiting growth and survival
of E. coli in cheeses.

Pyrosequencing and qRT-PCR showed that L. innocua and S. aureus
were only detected in the DNA extracted from cheeses to which they
were added but not in the cDNA extracted from same samples indicating
their unviable states. It was observed that L. innocua and S. aureus
showed the same behavior in cheeses with and without the addition of
the ripening starters B. linens andM. lacticum. It appears that L. innocua
and S. aureus were not inhibited by B. linens or M. lacticum. Inhibition
of L. innocua and S. aureusmight be due to acidification or to other envi-
ronmental conditions during cheese ripening. It has been reported that L.
innocua was not able to grow in Turkish white cheese in a pH range of
4.92–5.20 (Ozturkoglu et al., 2006). Rogga et al. (2005) found that L.
monocytogenes was able to grow in soft cheese only at pH above 5.50.
In addition, pH values below 5.80 or 6.30 were reported to reduce
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growth of S. aureus in 2 types of French raw milk semi hard cheeses
(Delbes et al., 2006). Listeria innouca and S. aureusmight also be inhib-
ited due to production of antibacterial components by bacteria present
in milk and cheeses. Production of antimicrobial compounds mainly,
bacteriocins by bacteria like St. thermophilus (Ward and Somkuti,
1995), L. lactis (Ayad et al., 2001), Lb. plantarum (Xie et al., 2011), Lb.
sakei (Todorov et al., 2011), B. linens (Motta and Brandelli, 2008) has
been reported.

From the present study, it can be concluded that pyrosequencing
of tagged amplicons of the V3 and V4 regions of the 16S rDNA and
cDNA in raw milk was able to detect a high diversity of bacterial spe-
cies. Furthermore, a very good agreement was observed between the
pyrosequencing of 16S rDNA and cDNA and qRT-PCR for detection
and quantification of starter cultures, E. coli, L. innocua and S. aureus
in raw milk and cheeses. B. linens and M. lacticum seem not to affect
growth of E. coli, L. innocua and S. aureus during cheese ripening. L.
innocua and S. aureus were not detected in the 16S cDNA libraries
extracted frommilk and cheeses to which they were added indicating
their death. On the other hand, E. coli was found in the 16S rDNA and
cDNA libraries extracted from milk and cheeses. More studies are
needed to fully understand the occurrence and survival of undesired
and pathogenic bacteria during raw milk cheese ripening, which
will help in finding means that can prevent survival of such microor-
ganisms in raw milk cheeses.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ijfoodmicro.2011.11.014.
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