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ABSTRACT Undefined mesophilic mixed (DL) starter cultures are used in the pro-
duction of continental cheeses and contain unknown strain mixtures of Lactococcus
lactis and leuconostocs. The choice of starter culture affects the taste, aroma, and
quality of the final product. To gain insight into the diversity of Lactococcus lactis
strains in starter cultures, we whole-genome sequenced 95 isolates from three differ-
ent starter cultures. Pan-genomic analyses, which included 30 publically available
complete genomes, grouped the strains into 21 L. lactis subsp. lactis and 28 L. lactis
subsp. cremoris lineages. Only one of the 95 isolates grouped with previously se-
quenced strains, and the three starter cultures showed no overlap in lineage distri-
butions. The culture diversity was assessed by targeted amplicon sequencing using
purR, a core gene, and epsD, present in 93 of the 95 starter culture isolates but ab-
sent in most of the reference strains. This enabled an unprecedented discrimination
of starter culture Lactococcus lactis and revealed substantial differences between the
three starter cultures and compositional shifts during the cultivation of cultures in
milk.

IMPORTANCE In contemporary cheese production, standardized frozen seed stock
starter cultures are used to ensure production stability, reproducibility, and quality con-
trol of the product. The dairy industry experiences significant disruptions of cheese pro-
duction due to phage attacks, and one commonly used countermeasure to phage at-
tack is to employ a starter rotation strategy, in which two or more starters with minimal
overlap in phage sensitivity are used alternately. A culture-independent analysis of the
lactococcal diversity in complex undefined starter cultures revealed large differences be-
tween the three starter cultures and temporal shifts in lactococcal composition during
the production of bulk starters. A better understanding of the lactococcal diversity in
starter cultures will enable the development of more robust starter cultures and assist in
maintaining the efficiency and stability of the production process by ensuring the pres-
ence of key bacteria that are important to the characteristics of the product.

KEYWORDS amplicon, comparative, dairy, diversity, eps, genomics, lactococcus,
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Mesophilic mixed starter (DL) cultures used in the production of continental
cheeses are composed of undefined mixtures of Lactococcus lactis subsp. lactis,

Lactococcus lactis subsp. cremoris, Lactococcus lactis subsp. lactis bv. diacetylactis, and
Leuconostoc spp. The latter two provide aroma and texture to the cheese product (1),
while L. lactis subsp. lactis and L. lactis subsp. cremoris are the major contributors to the
acidification process through the fermentation of lactose. Typically, contemporary
starter cultures originate from traditional dairy farm cheese production based on
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back-slopping starter bacteria from one production to the next. Back-slopping facili-
tated the coevolution of unknown numbers of strains and their bacteriophages, giving
each dairy farm culture its distinct microbial composition, inherently withstanding
phage attack (2).

In industrialized cheese production, standardized starter cultures are used to ensure
reproducible technical and sensory properties of the product. To preserve their micro-
bial composition, commercial starter cultures are manufactured from frozen seed stock
cultures, and care is taken to minimize composition changes during the production
process. Even though the starter cultures are standardized, little is known about the
microbial diversity and community interactions in the cultures (3). Bacteriophages
infecting L. lactis subsp. lactis and L. lactis subsp. cremoris are ubiquitous in dairies and
can negatively affect the production process and the quality of the final product (4, 5).
Starter cultures originating from traditional cheese farms are considered more robust
against phage attack than defined cultures (2), a characteristic gained from their large
number of strains with diverse phage sensitivity (6). Because industrial cheese produc-
tion is dependent on predictable starter culture performance, the use of a frozen batch
inoculum is often preferred to back-slopping. This effectively halts the lactococcal
evolution, while giving phages the advantage of evolving freely in the dairy environ-
ment (5). Thus, the dairy industry experiences significant disruptions of cheese pro-
duction due to phage attacks.

One countermeasure to phage attack is to employ a starter rotation strategy, in
which two or more starters with minimal overlap in phage sensitivity are used alter-
nately. However, the choice of starter culture may affect the taste, aroma, and quality
of the final product. Since very little knowledge exists on the genetic diversity of the
bacteria or the microbial composition constituting undefined DL starters, it is difficult
to decide which starters to use in a rotation strategy (7). Bacteriophages are frequently
found in the dairy environment, often in very high titers (4, 8, 9). However, in
fermentation failures with DL starter cultures, the diversity of phages rather than their
quantity appears to be more important (4).

Knowledge on the microbial diversity of starter cultures is limited, and the com-
plexity and diversity of DL starter cultures beyond the subspecies level are unknown (2).
To better predict production performance and advise functional culture rotation strat-
egies, it is of the utmost importance to characterize the strain diversity of DL and other
undefined starter cultures. Moreover, the identification of key starter culture strains
important to the character of the product will drastically improve the ability to assess
the impact of phage attack. With the advances in high-throughput DNA sequencing
technology in recent years and the significant increase in lactococcal genomic data
available to the scientific community, new opportunities have emerged to achieve this.
Here, we present a pangenomic differentiation of lactococci obtained from DL starter
cultures and show significant differences in the lactococcal diversity between DL starter
cultures using targeted amplicon sequencing.

RESULTS
Isolation and whole-genome sequencing of bacteria. The microbial diversity of

three commercially available DL starter cultures (A, B, and C) was assessed, mainly
focusing on culture A. The starter cultures were acquired from three different culture
manufacturers. To increase the likelihood of high-diversity representation, two different
growth media and phage typing were used (10). Focusing on culture A, 66 isolates were
selected from starter culture A and complemented with 15 isolates from culture B and
14 isolates from culture C. The 95 lactococcal isolates were whole-genome sequenced
on an Illumina MiSeq platform. Thirty complete Lactococcus lactis genome sequences
acquired from the National Center for Biotechnology Information (NCBI) were also
included in the study as reference genomes.

Pan-/core-genome analysis. All the coding sequences (CDS) in the genomes were
compared by a blast all-against-all approach to identify orthologous gene groups (OGs)
and construct pan- and core matrices. The pan- and core-genome sizes were deter-
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mined at 8,064 OGs and 551 OGs, respectively (Fig. 1). A pangenomic differentiation of
isolates using hierarchal clustering on the pan-matrix clearly separated L. lactis subsp.
lactis from L. lactis subsp. cremoris (Fig. 2), as did the core-genome analysis using 551
genes to construct a phylogenetic supertree (Fig. 3). An analysis of the 127 Lactococcus
lactis genomes (see Table S1 in the supplemental material) showed that 64 of these
belonged to L. lactis subsp. cremoris and 63 to L. lactis subsp. lactis. Interestingly, an
analysis of 16S rRNA genes revealed that a number of isolates (CF103, CF117, CF128,
CF129, CF207, CF223, and CF229), all identified as L. lactis subsp. cremoris in the pan-
and core-genome analyses, contain a novel and unique 16S rRNA gene sequence more
closely related to an L. lactis subsp. lactis type than an L. lactis subsp. cremoris type (see
Fig. S1). An analysis of the 16S rRNA gene sequences confirmed that all 16S rRNA gene
copies in the genomes are of this novel variant. Discrepancies in subspecies identifi-

FIG 1 Pan- and core-genome sizes for 127 Lactococcus lactis isolates using PanGP and the traverse all
approach were estimated at 8,064 and 551, respectively.

FIG 2 Heatmap representation of the pangenome contents of 127 Lactococcus lactis isolates. The black regions indicate orthologous groups that are present,
while the gray regions indicate orthologous groups that are absent. Using hierarchal single-linkage clustering with a distance cutoff determined using the knee
of the curve approach, 63 L. lactis subsp. lactis isolates clustered into 21 genetic lineages, and the remaining 64 L. lactis subsp. cremoris isolates clustered into
28 genetic lineages.
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cation of lactococci using 16S rRNA genes have also been reported in previous studies
(11, 12).

Differentiation and clustering of genomes. Robust genotypic discrimination was
achieved by an analysis of the pangenome in combination with nucleotide variations
in core genes. This provided high-resolution differentiation of isolates beyond the
subspecies level (Fig. 2). The 63 L. lactis subsp. lactis isolates clustered into 21 genetic
lineages (L1 to L21), while the 64 L. lactis subsp. cremoris isolates clustered into 28
genetic lineages (C1 to C28) (see Table S2). The L. lactis subsp. lactis isolates from our
starter cultures fell into 11 of the 21 lineages (see Table S1 in the supplemental
material), while the reference genomes occupied the other ten. Notably, the lineages
appear culture specific, as no lineage was represented in more than one culture. The
reference strains IL1403, 229, and UC77, all isolated from dairy, belong to the same
clade as the starter culture isolates, while the other reference L. lactis subsp. lactis

FIG 3 Differentiation of Lactococcus lactis using 551 core genes.
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strains showed a more distant relationship to the strains in our starter cultures. The L.
lactis subsp. cremoris isolates from our starter cultures clustered into 21 of the 28
lineages. With one exception, we also observed a culture-specific lineage distribution
for these isolates (see Table S2 in the supplemental material). One isolate from
starter culture B clustered with the reference strains 158, UC509.9, and UC109. As
shown in Fig. 3, most of the reference strains and all of our starter culture isolates
grouped into two clades. Only the reference strains MG1363, NZ9000, and KW2 did not
fall into these clades.

Identification of amplicon targets for strain differentiation. To devise a scheme
for the differentiation and quantification of the microbial diversity in each of the starter
cultures by amplicon sequencing, core genes and softcore genes were screened for
sequence variation reflecting the genomic differentiation. After the curation of targets,
the core gene purR, encoding a purine biosynthesis repressor (13), and the softcore
gene epsD, part of the eps capsular polysaccharide biosynthesis operon (14, 15), were
selected as amplicon targets. Among the core genes, purR was the candidate with the
largest number of unique amplicons, with 25 variants (see Fig. S2). The topology of the
phylogenetic tree made using the purR amplicon corresponds to the core-genomic
supertree, neither of which provides a resolution sufficient to reflect the genetic
lineages defined by the pangenome analysis. Importantly, the discrimination between
subspecies using the purR amplicon coincided with the subspecies classification made
by the pan- and core-genome analyses. An even larger number of variants among our
starter isolates was identified in the softcore gene epsD. This gene was present in all
except two of our isolates (CF124 and CF223) but in only 9 of the 30 reference strains
and presented with 33 variants (see Fig. S3). Altogether, 26 epsD variants were found
in the sequenced strain collection from our starter cultures with a sequence distribution
corresponding to the pangenomic lineages. No lineage was represented by more than
one epsD sequence variant, but a few lineages (L7 and L12; C2 and C7; C5, C9, and C16;
and C6 and C23) shared epsD sequences.

Microbial diversity in the starter cultures. An assessment of the microbial diver-
sity in three starter cultures was performed by targeted amplicon sequencing of three
loci, the V1 to V3 region of the 16S rRNA gene, the purR gene (position 324 to 811), and
the epsD gene (position 138 to 604). The quantification of microbial diversity was
performed on frozen starter cultures and on bulk starters grown at 22°C for 14 h. The
results revealed big differences between the starter cultures, as well as shifts in the
microbial compositions during bulk starter manufacture. The amplicon data for the 16S
rRNA gene showed large differences in the microbial compositions between the starter
cultures (Table 1). All cultures were dominated by L. lactis subsp. cremoris, although this
was most prominent in culture B with more than 70% L. lactis subsp. cremoris. Small
decreases in L. lactis subsp. cremoris were shown in the cultivation of the bulk starters
for all three cultures. The contents of leuconostocs varied from �1% in culture B to
24.6% in culture A and 29.4% in culture C. The relative quantification of lactococcal
subspecies was performed using the purR amplicon data as well as the commonly used
97% clustering threshold. By comparing the purR and 16S rRNA gene amplicon data, a
substantial underestimation of L. lactis subsp. cremoris was identified in the 16S rRNA
gene data (Fig. 4). The discrepancy varied from 4.5% in the bulk starter of culture C to
15.5% in the frozen culture of culture B. This demonstrates the impact of strains

TABLE 1 Microbial diversity and relative abundances in starter cultures A, B, and C given in percentagesa

Taxon

Relative abundance (% � SD)

Culture A Culture B Culture C

Frozen Bulk Frozen Bulk Frozen Bulk

L. lactis subsp. cremoris 58.8 � 1.6 47.6 � 1.7 77.9 � 0.7 73.8 � 1 47.0 � 1.8 33.4 � 1.0
L. lactis subsp. lactis 24.7 � 0.9 27.8 � 1.4 21.4 � 0.1 25.7 � 1.1 34.6 � 0.2 37.2 � 1.1
Leuconostoc spp. 16.6 � 0.7 24.6 � 1.8 0.8 � 0.5 0.5 � 0.1 18.4 � 2.0 29.4 � 0.8
aAnalysis was performed by amplicon sequencing of the V1 to V3 region of 16S rRNA gene, clustered at 97% using vsearch.
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containing the 16S rRNA gene sequences, which clutter subspecies identification as
described earlier. Moreover, this shows that such sequences are not unique to culture
A but are present in all three cultures.

Large strain diversity. To assess the genetic diversity in the three starter cultures,
targeted amplicon sequencing of purR and epsD was performed. Using a 99.5%
similarity threshold to cluster the amplicon data into operational taxonomic units
(OTUs), large differences between the genetic diversity of the starter cultures were
revealed. Moreover, a number of OTUs were found to be specific to their culture,
showing that a large proportion of the strains did not overlap among the starter
cultures.

The purR amplicon sequences clustered into 17 OTUs (Table 2) and enabled relative
quantification corresponding to the core-genomic differentiation of strains as shown in
Fig. 3. The results show considerable differences in the purR diversity in the three starter
cultures and their corresponding bulk starters (Fig. 5). Of the 17 distinct purR OTUs, 10
were found in culture A, 8 in culture B, and 13 in culture C. Two OTUs unique to culture
A, one OTU unique to culture B, and two OTUs unique to culture C were identified. The
culture-specific OTUs accounted for a substantial proportion in cultures A and C,
amounting to 21.7% and 34.3%, respectively, in frozen cultures and declining during
bulk starter cultivation to 13.4% and 20.3%, respectively. Cultures A and B were
dominated by OTU2, corresponding to several genetic lineages. The same OTU was also
abundant in culture C. A noteworthy difference between the cultures was observed for
OTU1, an L. lactis subsp. lactis-type OTU reflecting the higher abundance of L. lactis
subsp. lactis in culture C compared to those in cultures A and B. The remaining purR
OTUs were detected in all three starter cultures, OTU5, OTU6, OTU9, OTU12, and OTU13
in considerable amounts and OTU10, OTU11, OTU14, OTU15, and OTU16 in trace
amounts (Table 2). Five of the 17 OTUs were novel variants not found in any of our
genomes.

FIG 4 Comparison of the quantification of Lactococcus lactis subspecies in starter cultures using the 16S rRNA gene and purR loci. Compared to purR, 16S
underreports the relative amount of L. lactis subsp. cremoris compared to L. lactis subsp. lactis. Standard deviations are in parentheses.
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The epsD amplicon sequences clustered into 52 OTUs (Table 3), enabling high-
resolution quantification of the genetic diversity among eps-positive strains present in
the starter cultures. The results show substantial differences in epsD diversity between
the three starter cultures and their corresponding bulk starters (Fig. 6). Of these 52
OTUs, 31 were found in culture A, 28 in culture B, and 18 in culture C. Most of these
epsD OTUs, 13 in culture A, 9 in culture B, and 11 in culture C, were culture specific. The

TABLE 2 Genetic diversity and relative abundances of Lactococcus lactis OTUs in starter cultures A, B, and C using targeted amplicon
sequencing of purR

OTU IDa

% (mean � SD) of OTUs

Culture A Culture B Culture C

Frozen Bulk Frozen Bulk Frozen Bulk

OTU1b 3 � 0.4 5.5 � 0.3 2.3 � 0.6 6.2 � 1.5 16.9 � 2.2 30.5 � 1.2
OTU2c 52 � 1.3 50.4 � 1.5 81.4 � 2 75 � 2.6 24.6 � 2 13 � 0.4
OTU3b 6.1 � 0.9 9.7 � 1.2 0 � 0.1 0 � 0 0 � 0 0 � 0
OTU4c 15.6 � 0.7 3.7 � 1.2 0 � 0.3 0 � 0 0 � 0 0 � 0
OTU5c 2.2 � 0 1.8 � 0.1 3.8 � 0.2 5.4 � 1.4 2 � 0 6.1 � 0.2
OTU6c 11.8 � 0.4 14.8 � 0.7 3.4 � 0 2.3 � 0.2 3.3 � 0.1 6.4 � 0.1
OTU7c 0 � 0 0 � 0 0 � 0 0 � 0 19.1 � 0.6 17.4 � 0.1
OTU8c 0 � 0 0 � 0 0.9 � 0.2 0 � 0 15.2 � 0.2 2.9 � 0.2
OTU9c 2.5 � 0.1 6.2 � 0.8 0 � 0.1 1 � 0.2 5.1 � 0.1 4.4 � 0.3
OTU10b 0 � 0 0 � 0 0 � 0 0 � 0 1.3 � 0.3 1.9 � 0.4
OTU11c 0 � 0 0 � 0 0 � 0 0 � 0.2 1 � 0.4 1.6 � 0.5
OTU12b 0.9 � 0.1 1.7 � 0.1 0 � 0.1 1.8 � 0.3 5 � 1 8.8 � 0.5
OTU13c 1.2 � 0 1.3 � 0 0 � 0 1.2 � 0.1 1.8 � 0.2 2.5 � 0.4
OTU14b 0 � 0 0 � 0 0 � 0 0 � 0 1.2 � 0.2 0 � 0.1
OTU15c 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0.2 1.1 � 0.4
OTU16c 1 � 0.1 1 � 0 0 � 0 0 � 0 0 � 0 0 � 0.1
OTU17c 0 � 0 0 � 0 4.3 � 0 2.5 � 0 0 � 0 0 � 0.2
aID, identification. OTUs were generated by clustering purR sequences at a 99.5% similarity threshold.
bOTUs identified as L. lactis subsp. lactis.
cOTUs identified as L. lactis subsp. cremoris.

FIG 5 Lactococcus lactis diversity in three commercial starter cultures (A, B, and C) using targeted amplicon sequencing of purR. OTU1, -3, -10, -12, and -14 were
identified as L. lactis subsp. lactis, while OTU2, -4, -5, -6, -7, -8, -9, -11, -13, -15, -16, and -17 were identified as L. lactis subsp. cremoris.
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specific OTUs amounted to a large proportion of the total population. The OTUs unique
to culture A (OTU15, OTU20, OTU24, OTU26, OTU31, OTU36, OTU38, OTU40, OTU41,
OTU43, OTU44, OTU48, and OTU49) amounted to 18.9% of the population in the frozen
starter and 32.6% in the bulk starter. Culture B-specific OTUs (OTU1, OTU8, OTU14,

TABLE 3 Genetic diversity and relative abundance of Lactococcus lactis OTUs in starter cultures A, B, and C using targeted amplicon
sequencing of the epsD gene

OTU IDa

% (mean � SD) of OTUs

Culture A Culture B Culture C

Frozen Bulk Frozen Bulk Frozen Bulk

OTU1b 0 � 0 0 � 0 28.6 � 3.6 23.9 � 1.2 0 � 0.3 0 � 0
OTU2c 24 � 0.4 8.6 � 2.9 9.8 � 2.5 1.6 � 0.2 0 � 0.5 0 � 0
OTU3b 3.3 � 0.5 5.6 � 0.9 17.7 � 2.2 32 � 1.9 2.1 � 0.5 1.8 � 0.2
OTU4b 18.6 � 1.1 8.6 � 0.8 1.3 � 0.3 0.3 � 0 1 � 0.3 3.5 � 0.2
OTU5c 13 � 0.6 20.7 � 2.7 0.8 � 0.3 0.5 � 0 1.6 � 0.6 1.3 � 0.1
OTU6d 0 � 0 0 � 0 0 � 0 0 � 0 7.3 � 0.1 26.8 � 1.5
OTU7b 0 � 0 0 � 0 0 � 0 0 � 0 1.9 � 0 4.4 � 0.3
OTU8b 0 � 0 0 � 0 13.3 � 2.7 18 � 0.7 0 � 0 0 � 0
OTU9d 0 � 0 0 � 0 0 � 0 0 � 0 35.6 � 1.5 2 � 0.2
OTU10d 0 � 0 0 � 0 0.8 � 0 1 � 0.1 13.3 � 1.8 21.7 � 0.8
OTU11c 8.2 � 1.3 3.7 � 0.8 2.2 � 0.2 0.8 � 0.1 3.8 � 0.3 1.4 � 0
OTU12d 0 � 0 0 � 0 0 � 0 0 � 0 2.8 � 0.3 0 � 0
OTU13c 1 � 0 1.4 � 0 0.4 � 0 0.6 � 0 1 � 0.2 1.1 � 0
OTU14c 0 � 0 0 � 0 3.8 � 4.7 3.4 � 0.2 0 � 0 0 � 0
OTU15b 4.3 � 0.2 8.3 � 0.9 0 � 0.1 0 � 0 0 � 0.1 0 � 0
OTU16c 1.9 � 0.1 3.2 � 0.3 2.4 � 1.5 2.1 � 0.3 1 � 0.1 0 � 0
OTU17d 0 � 0 0 � 0 0 � 0 0 � 0 3.9 � 0.4 9.8 � 0.1
OTU18c 1.1 � 0.2 2.2 � 0.1 0.5 � 0 1.2 � 0 1.4 � 0 1.6 � 0.1
OTU19c 0.5 � 0.1 1.4 � 0.3 3.7 � 1 2.6 � 0.5 0 � 0 0 � 0
OTU20b 1.7 � 0.3 4.3 � 0.9 0 � 0 0 � 0 0 � 0 0 � 0
OTU21d 0 � 0 0 � 0 2.4 � 2.4 1.2 � 0.1 0 � 0 0 � 0
OTU22b 0 � 0 0 � 0 0 � 0 0 � 0 7.4 � 1 14.6 � 0.5
OTU23c 1.5 � 0.3 1.1 � 0.3 1.3 � 0.3 0.4 � 0 0 � 0 0 � 0
OTU24b 2.5 � 0.4 4.7 � 0.5 0 � 0 0 � 0 0 � 0.2 0 � 0
OTU25c 0 � 0 0.5 � 0 2 � 1.1 2.8 � 0.1 0 � 0 0 � 0
OTU26d 0.9 � 0.1 2.8 � 0.3 0 � 0 0 � 0 0 � 0 0 � 0
OTU27b 1.1 � 0.2 1.9 � 0.3 1 � 0.2 1.4 � 0 0 � 0 0 � 0
OTU28d 2 � 0.1 2.7 � 0.2 0 � 0 0 � 0 1.8 � 0 0.9 � 0
OTU29c 0 � 0 0.5 � 0.1 1.5 � 1.3 0.8 � 0 1 � 0.1 0.9 � 0
OTU30d 1.4 � 0.2 2.3 � 0.4 0.3 � 0 0 � 0 0 � 0 0 � 0
OTU31c 2.1 � 0.2 0.4 � 0.1 0 � 0 0 � 0 0 � 0 0 � 0
OTU32d 0 � 0 0 � 0 0 � 0 0 � 0 3.7 � 0.2 1.3 � 0.1
OTU33d 0 � 0 0 � 0 1.9 � 1.6 0 � 0 0 � 0 0 � 0
OTU34c 2.5 � 0.2 1.1 � 0.2 0.5 � 0 0 � 0 0 � 0 0 � 0
OTU35c 0 � 0 0 � 0 0 � 0 0 � 0 2.5 � 0.4 0 � 0
OTU36c 1.8 � 0.1 1.8 � 0 0 � 0 0 � 0 0 � 0 0 � 0
OTU37d 0 � 0 0 � 0 0 � 0 0.4 � 0 2.6 � 0.3 4.1 � 0.3
OTU38c 1 � 0 1.4 � 0.2 0 � 0 0 � 0 0 � 0 0 � 0
OTU39d 0 � 0 0 � 0 0 � 0 0 � 0 4.2 � 0.3 1.7 � 0
OTU40d 0.4 � 0 1.4 � 0 0 � 0 0 � 0 0 � 0 0 � 0
OTU41c 1.3 � 0.1 0.9 � 0 0 � 0 0 � 0 0 � 0 0 � 0
OTU42d 0 � 0 0 � 0 0 � 0 0.3 � 0 0 � 0 0 � 0
OTU43d 1.2 � 0 2.3 � 0.3 0 � 0 0 � 0 0 � 0 0 � 0
OTU44d 0 � 0 0.6 � 0.1 0 � 0 0 � 0 0 � 0 0 � 0
OTU45c 0.9 � 0.2 1 � 0.2 1 � 0.2 0.4 � 0 0 � 0 0 � 0
OTU46c 0 � 0 0.4 � 0 0 � 0.1 0.4 � 0 0 � 0 0 � 0
OTU47d 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 1.2 � 0
OTU48d 0.7 � 0.1 0.6 � 0 0 � 0 0 � 0 0 � 0 0 � 0
OTU49d 1.3 � 0 3 � 0.5 0 � 0 0 � 0 0 � 0 0 � 0
OTU50b 0 � 0 0 � 0 1.1 � 0 1 � 0.1 0 � 0 0 � 0
OTU51c 0 � 0 0.7 � 0.1 0.7 � 0 1.2 � 0.2 0 � 0 0 � 0
OTU52d 0 � 0 0 � 0 0.8 � 0.1 1.9 � 0.2 0 � 0 0 � 0
aID, identification. OTUs were generated by clustering epsD sequences at 99.5% similarity threshold.
bOTUs identified as L. lactis subsp. lactis.
cOTUs identified as L. lactis subsp. cremoris.
dOTUs that could not be assigned to a subspecies.
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OTU21, OTU25, OTU33, OTU42, OTU50, and OTU52) amounted to 54.0% of the popu-
lation in the frozen starter and 52.5% of the population in the bulk starter. Lastly, OTUs
unique to culture C (OTU6, OTU7, OTU9, OTU12, OTU17, OTU22, OTU32, OTU35, OTU37,
OTU39, and OTU47) amounted to 71.9% of the population in the frozen starter and
65.8% of the population in the bulk starter. This showed that a substantial proportion
of the genetic diversity did not overlap among the starter cultures. The remaining 19
OTUs were not culture specific but were highly variable with regard to their abun-
dances and degrees of overlap among the starter cultures. Six of the OTUs (OTU2,
OTU3, OTU4, OTU5, OTU10, and OTU11) were found in higher abundances in one of the
cultures than in the other two. OTU2 was abundant in cultures A and B but not
detected at all in culture C. OTU3 was detected in all cultures, although it was more
abundant in culture B than in culture A or C. OTU4, OTU5, and OTU11 were detected
in all cultures but were more abundant in culture A than in the other two. Lastly, OTU10
was detected in cultures B and C but not A and was more abundant in culture C than
in culture B. The remaining 13 OTUs (OTU13, OTU16, OTU18, OTU19, OTU23, OTU27,
OTU28, OTU29, OTU30, OTU34, OTU45, OTU46, and OTU51) were more evenly distrib-
uted among the starter cultures. However, they all presented with abundances of �2%
or lower. The epsD OTUs were all assessed using BLAST to identify closely related
sequences. Nineteen of the 52 distinct epsD OTUs were a �99.5% match with our
isolates from starter cultures, while the remaining 33 epsD OTUs were new variants.
Interestingly, these 33 epsD OTUs did not have an identity higher than 99.4% with any
sequences included on the NCBI database, showing that they are indeed novel variants.

DISCUSSION

Lactococcus lactis is predominantly associated with cheese production and has been
subject to extensive research regarding both phenotypic traits and genetic diversity.
While suggested to have originated from the plant environment (11), the genetic
content of dairy-associated L. lactis is easily distinguished from that of its nondairy

FIG 6 Lactococcus lactis diversity and relative abundance in starter cultures using targeted amplicon sequencing of epsD. The OTUs identified as L. lactis subsp.
lactis were OTU1, -3, -4, -7, -8, -15, -20, -22, -24, -27, and -50. The OTUs identified as L. lactis subsp. cremoris were OTU2, -5, -11, -13, -14, -16, -18, -19, -23, -25,
-29, -31, -34, -35, -36, -38, -41, -45, -46, and -51. OTU6, -9, -10, -12, -17, -21, -26, -28, -30, -32, -33, -37, -39, -40, -42, -43, -44, -47, -48, -49, and -52 could not be
assigned subspecies.
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counterpart. Evidence of genome decay in the process of adapting to the dairy
environment has been accentuated in both L. lactis subspecies, but to a larger extent
in L. lactis subsp. cremoris (16). The distinction between L. lactis subsp. lactis and L. lactis
subsp. cremoris was initially based on phenotypic features. Since then, detailed studies
on the genetic relatedness of the subspecies have shown that phenotypic features
alone are inadequate to identify subspecies (17). Moreover, there is a discrepancy
between the subspecies identification determined by phenotypic features and the
genotypic identification determined using 16S rRNA gene sequences (18). Strains of L.
lactis identified as subspecies cremoris by genotype have been reported to show an L.
lactis subsp. lactis phenotype, and vice versa, making the accurate identification and
differentiation of isolates a difficult task (18, 19). Using a wide range of molecular
fingerprinting methods and sequencing schemes, a large genetic diversity of L. lactis
has been shown to exist within the dairy environment (16, 20, 21).

Our analyses of 127 L. lactis genomes clearly showed a large genetic diversity among
dairy strains. The high resolution of the pangenome analysis enabled a differentiation
beyond the subspecies level, distributing the L. lactis subsp. lactis isolates into 21
genetic lineages, and the L. lactis subsp. cremoris isolates into 28 genetic lineages. A
phylogenetic analysis of 551 core genes clearly distinguished between dairy and
nondairy lactococci and also separated DL starter culture isolates from isolates obtained
from other dairy sources. Moreover, most of the lactococci from our DL starter cultures
were found to fall into culture-specific genetic lineages, reflecting a spatially separated
evolution of strains. Previously, the overlap in sensitivity to bacteriophages among
starter cultures A, B, and C was shown to be minimal (10), corroborating this finding.

The lactococcal population of an undefined mesophilic starter culture was previ-
ously divided into seven groups (TIFN1 to TIFN7) on the basis of amplified fragment
length polymorphisms (AFLPs) (20), which were quantified in a metagenome data set
using group-specific gene markers (3). None of our isolates contained the gene markers
specific for TIFN1 to TIFN6. However, 19 of our L. lactis subsp. cremoris isolates did
contain the gene marker specific to TIFN7. These include isolates from both media and
were scattered among several pangenomic lineages comprising 36 isolates. Interest-
ingly, none of the isolates belonging to lineages C1, C3, C5, C9, C27, and C28 contained
the TIFN7 gene marker. This shows that the method of Erkus is not applicable to cheese
cultures in general but was specific to their culture. Moreover, it highlights the
limitations of using unique loci as genetic markers compared to using the sequence
variation in conserved genes in culture-independent analyses of complex microbial
communities.

During propagation by back-slopping regimes, the microbial communities of com-
plex starter cultures are sustained (2). However, the composition of the culture may
change significantly over shorter time periods depending on growth conditions and
phage predation (3). The dairy industry depends on reliable and reproducible culture
performance and avoids day-to-day variations by using frozen seed stock cultures,
effectively resetting the microbial composition every day of production. Our analyses
showed that starter cultures are indeed complex, and our cultures showed very little
overlap in their diversities. We found substantial differences in the lactococcal compo-
sitions of three starter cultures acquired from three different culture manufacturers and
showed that they changed during propagation in milk. Moreover, the cultures are
significantly different in their content of leuconostocs. In a previous study, we showed
large differences in Leuconostoc diversity between the same cultures (22). Our results
do not show how culture compositions can vary between production batches of the
same culture. Fluctuations in the community during manufacture have an effect on the
functionality of the starter, such as in acidification or flavor formation (23). A compo-
sition analysis of the microbial community is an important tool in the work for
maintaining culture diversity, assessing the effects of phage attack, and monitoring the
performance of the culture. More-reproducible starter compositions can be obtained by
adjusting the culture parameters.

Using targeted amplicon sequencing, the downstream data analysis clusters the
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sequences into OTUs. The OTU assignments are dependent on the DNA sequence
similarity threshold, which has typically been set at 97% in studies involving 16S rRNA
genes (24). Several studies have pointed out that this threshold is excessively low and
suggest the use of a higher threshold (25–27). Recently, the use of single nucleotide
polymorphism (SNP) distances or so-called zero-radius OTUs (zOTUs) has become
common, and computer programs have been developed to accommodate this (26, 27).
The advantages of increasing the threshold are a higher-resolution OTU assignment
and a significant reduction in the inflation of OTU abundances by false positives (25).
In a review of molecular fingerprinting and culture-independent methods, the authors
concluded that a sufficient analytical resolution could only be achieved by the identi-
fication of a conserved but highly variable locus for strain discrimination (28). The DNA
sequences of protein-coding genes have been shown to be more effective than 16S
rRNA genes when distinguishing between very closely related bacteria (28, 29). Typi-
cally, housekeeping genes are the preferred targets when differentiating between
strains. By these criteria, purR was the best candidate and enabled the differentiation of
clades beyond the subspecies level, as well as the differentiation of subspecies, superior
to that with use of the 16S rRNA gene. In comparison with our purR analyses, a
considerable underestimation of L. lactis subsp. cremoris by use of the 16S rRNA gene
was demonstrated. This highlights the advantage of species-specific amplicon targets
compared to that of the 16S rRNA gene. However, the sequence variation within the
purR amplicon was insufficient to differentiate between many of the genetic lineages.
Thus, the variance within the amplicons found among our core genes is not high
enough to expose the complexity of DL starter cultures.

By expanding the amplicon search to include softcore genes represented in at least
95% of the genomes, the amplicon able to differentiate the genetic lineages from each
other was epsD. The pangenome analyses discerned 33 epsD variants, 27 of which were
found in our starter culture isolates. Using this amplicon, an unprecedented resolution
of the differentiation between genetic lineages was achieved. Interestingly, the phylo-
genetic analysis of epsD did not separate L. lactis subsp. lactis from L. lactis subsp.
cremoris at the root of the tree as did the purR and 16S rRNA genes. Rather, the
subspecies separation was made on branches further out on the tree, a strong
indication of horizontal gene transfer. The analysis also identified new epsD sequence
variants present in low abundances. The results showed a small, but not zero, overlap
in epsD variants among the starter cultures. Part of this overlap emerges from culture-
specific genetic lineages clearly separated in the pangenome analysis, but which all
contain the same epsD variant and cannot be distinguished from each other in the
amplicon analysis. Most of the overlapping OTUs were low abundance OTUs, and a
large proportion of the culture population is composed of culture-specific OTUs.

The discovery of epsD as a suitable target for strain differentiation was surprising, as
the gene was only present in 9 of the 30 reference strains. The eps operon has been
found to be located both on plasmids (30, 31) and on chromosomes (14). The epsD
gene was highly represented among the starter culture strains, missing in only two of
our 95 starter culture isolates. Apart from the missing eps operon, we were unable to
distinguish the two isolates CF124 and CF223 from their nearest pan- and core-genomic
neighbors. In the laboratory, strains harboring eps plasmids have been cured of their
eps-positive phenotype by serial transfers (30), and no evidence exists that suggests a
chromosomal locality confers higher stability over multiple transfers (14). The high
degree of sequence variation in the eps operon, and more specifically, the sequence
variation in the epsD amplicon, represents evolutionary diversification, indicating a
history of selection pressure. Typically, lactococcal strains with different phage sensi-
tivities also contain different exopolysaccharides (EPS), and strains that do not produce
EPS have been demonstrated to exhibit phage sensitivities different from strains that
do produce EPS (30). Moreover, the production of EPS has been shown to confer
resistance to phages (31, 32). Regardless of what might be the cause of the high degree
of sequence variation in the epsD gene, its applied use in the discrimination and
quantification of lactococcal diversity provides culture-independent, robust, and repro-
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ducible data. Moreover, it provides the means to monitor temporal shifts in lactococcal
diversity, as well as to compare the genetic diversity of Lactococcus lactis between
starter cultures and starter culture batches.

The great rate of advancement in next-generation sequencing technologies over the
past decade has been accompanied by a rapid development of bioinformatics appli-
cations. The reduced cost of sequencing has promoted whole-genome sequencing of
bacterial isolates, and the vast improvements to the downstream analysis of genomic
data have taken comparative analysis to a completely new level. The pangenomic
analysis of several hundred genomes enables the characterization and differentiation of
bacteria and facilitates the development of rapid and robust methods such as targeted
amplicon sequencing of discriminatory loci. Dairy starter cultures are simple compared
to the complexity of other environmental samples, such as soil or the mammalian gut,
and could be a good model for the development of groundbreaking methods for
differentiating bacteria. Our method of comparative genome analyses of whole-
genome-sequenced isolates provides a robust method of discovering intraspecies gene
markers for targeted amplicon sequencing and could be applicable to other microbial
niches. The use of purR and epsD as gene markers for Lactococcus lactis enables
intraspecies differentiation of genetic lineages in O, L, D, and LD starter cultures. The
application of the analysis to a completely new starter culture should be prefaced by
initial amplicon sequencing of the culture to assess the culture diversity and possibly
complemented by whole-genome sequencing of isolates to ensure the validity and
continuity of the analysis.

In conclusion, our comparative genomic analysis enabled the discrimination of 127
Lactococcus lactis genomes into 38 genetic lineages. Substantial compositional differ-
ences were revealed between starter cultures and temporal shifts in the lactococcal
population during cultivation using targeted amplicon sequencing of epsD. The EPS
genotype is highly conserved, yet epsD displays high sequence variability, which
enables a culture-independent identification and quantification of Lactococcus lactis.
Using high-resolution culture-independent methods such as targeted amplicon se-
quencing of epsD and purR, a better understanding of the microbial composition of
starter cultures can be achieved. This will enable the development of more robust
starter cultures and assist in maintaining the stability of the culture by ensuring the
presence of key bacteria that are important to the characteristics of the product.

MATERIALS AND METHODS
Cultivation and isolation of strains. All bacterial strains used in this study are listed in Table S1 in

the supplemental material. The media used for cultivation were M17 (33) supplemented with 0.5%
(wt/vol) lactose (Merck, Kenilworth, New Jersey, USA) or 10% (wt/vol) skimmed milk powder (TINE SA,
Oslo, Norway) supplemented with 50 mM �-glycerophosphate (Sigma-Aldrich, Munich, Germany) (GM)
as proposed by Hugenholtz (34). Bulk starters were produced by incubating commercial starter cultures
in 10% (wt/vol) skim milk at 22°C for 14 h in triplicates. Commercial starter cultures were suspended in
GM to an optical density at 600 nm (OD600) of 1.0, serially diluted in 10% (wt/vol) skim milk, and spread
plated on M17 and GM agar plates in triplicates. The plates were incubated at 22°C for 5 days before
colonies were picked. Isolates were transferred to M17 and GM broth media, respectively, and cultivated
at 22°C for two passages before aliquots were made with 15% (wt/vol) glycerol (Sigma-Aldrich), which
were stored at �70°C.

Genome sequencing, assembly, and annotation. Genomic DNA from lactococcal isolates was
extracted from 1 ml of an overnight culture using a Qiagen DNeasy blood and tissue kit (Qiagen, Hilden,
Germany). The cells were lysed with 40 mg/ml lysozyme (Qiagen, Hilden, Germany) prior to column
purification. DNA libraries were constructed using the Nextera XT DNA Sample Prep kit (Illumina, San
Diego, California, USA) according to the manufacturer’s instructions and sequenced on an Illumina MiSeq
(Illumina, San Diego, CA, USA) platform using V3 chemistry. Raw sequences were adapter trimmed,
quality filtered (Q � 20), de novo assembled using SPAdes V3.10.1 (35), and annotated using the Prokka
v1.12 pipeline (36). Contigs shorter than 1,000 bp or with less than 5� coverage were removed from each
assembly prior to gene annotation. In addition, 30 publically available complete L. lactis subsp. genomes
were acquired from the NCBI genomes database (Table S1) (16, 37–49). These genomes were reanno-
tated using the Prokka v1.12 pipeline.

Pan-/core-genomic analysis. The protein coding sequences of all isolates were compared by
an all-against-all approach using BLASTP (50) and grouped into orthologous clusters using GET_
HOMOLOGUES v2.0.10 (51). Pan- and core-genome sizes were estimated using the pangenomic analysis
tool PanGP v1.0.1 (52). Orthologous groups (OGs) were identified via the Markov cluster algorithm (MCL)
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with an inflation value of 2.5 (53) and intersected using the compare_clusters.pl script provided with
GET_HOMOLOGUES. The orthologous clusters were curated to exclude significantly divergent singletons,
which are likely to be the result of erroneous assembly or annotation. A pangenomic presence/absence
matrix was constructed including each gene cluster and each genome. Hierarchal single-linkage clus-
tering analysis of this matrix was performed in R (http://www.r-project.org/) to construct a pangenome
heatmap overview using the heatmap.2 function included in the Gplots package v2.16 (54) supple-
mented by the dendextend package v0.18.3 (55). Genes were divided into three categories, namely, core
genes, which are present in all genomes, softcore genes, which are present in above 95% of genomes,
and pan-genes, which are all the genes present in one or more genomes. Core genes were included in
a multilocus multiple alignment scheme to determine the phylogenetic distances between genomes and
to construct a WPGMA (weighted pair group method with averaging) phylogenetic supertree using the
sequence alignment metric functions in the Decipher v2.0 (56) and MASS v7.3-47 (57) packages in R. A
distance cutoff for the number of clusters was determined using the knee of the curve approach (58),
binning the isolates into genomic lineages.

Relative quantification of the microbial community in starter cultures. A compositional analysis
of starter cultures was performed in triplicates on total DNA extracted from the starter cultures using 1
ml of the starter culture diluted to an OD600 of 1. The samples were treated with 20 mg/ml lysozyme
(Sigma-Aldrich) and 3 U/liter mutanolysin (Sigma-Aldrich), were mechanically lysed using FastPrep (MP
Biomedicals) with 0.5 g acid-washed glass beads (�106 �m) (Sigma-Aldrich), and were purified using the
Qiagen DNeasy blood and tissue kit (Qiagen). A suitable amplicon target was identified by screening the
softcore genes for nucleotide sequence variation using the sequence alignment metric functions in
the DECIPHER package v1.16.1 (56). Genes without flanking consensus regions within a �500-bp variable
region adequate for differentiation or which did not provide sufficient discrimination between lineages
were discarded. The loci purR and epsD and the V1 to V3 region of the 16S rRNA gene were amplified
by PCR using the Kapa HiFi PCR kit (Kapa Biosystems, Wilmington, MA, USA) with primers purR-324F
(5=-YACTCCATCAAATCTTCGTAAAAT-3=), purR-811R (5=-TGTCATTAAATATATTTCCCAATTGAACA-3=), epsD-
138F (5=-KCTTATYGCGGCTGCATT-3=), epsD-604R (5=-GATARTARAGTTCTAAATCTGCTCGT-3=), 16S-44F (5=-
GCGTGCCTAATACATGCAAGTYGA-3=), and 16S-536R (5=-CTGCTGGCACGTAKTTAGCCGTCC-3=). Forward
(5=-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) and reverse (5=-GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAG) Illumina adapter overhangs were added to the 5= ends of the primers to enable Nextera XT
DNA indexing of the PCR products. The libraries were sequenced on the Illumina MiSeq platform using
V3 (2 � 300 bp) reagents. The resulting data were paired-end merged and quality filtered using PEAR (59)
and clustered using VSEARCH v2.4.3 (60) with error minimization from USEARCH v10.0.240 (61). When
quantifying at the species and subspecies levels, the 16S rRNA gene and purR amplicon data were
clustered using the common identity level threshold of 97% (62, 63). When quantifying at the level of
genetic lineages, the purR and epsD data were clustered by a similarity threshold of 99.5%, corresponding
to a nucleotide difference of two single-nucleotide polymorphisms. For taxonomic classification, the
resulting OTU was matched against a local BLAST database produced using the lactococcal genomes
sequenced in this study as well as the lactococcal genomes available on the NCBI database.

Accession number(s). The whole-genome project has been deposited at DDBJ/ENA/GenBank under
BioProject number PRJEB23772. The 16S, purR, and epsD amplicon data have been deposited at
DDBJ/ENA/GenBank under BioProject number PRJEB23335.
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