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Lactococcus lactis is predominantly associated with dairy fermentations, but evidence suggests that the domesticated organism
originated from a plant niche. L. lactis possesses an unusual taxonomic structure whereby strain phenotypes and genotypes of-
ten do not correlate, which in turn has led to confusion in L. lactis classification. A bank of L. lactis strains was isolated from
various nondairy niches (grass, vegetables, and bovine rumen) and was further characterized on the basis of key technological
traits, including growth in milk and key enzyme activities. Phenotypic analysis revealed all strains from nondairy sources to pos-
sess an L. lactis subsp. lactis phenotype (lactis phenotype); however, seven of these strains possessed an L. lactis subsp. cremoris
genotype (cremoris genotype), determined by two separate PCR assays. Multilocus sequence typing (MLST) showed that strains
with lactis and cremoris genotypes clustered together regardless of habitat, but it highlighted the increased diversity that exists
among “wild” strains. Calculation of average nucleotide identity (ANI) and tetranucleotide frequency correlation coefficients
(TETRA), using the JSpecies software tool, revealed that L. lactis subsp. cremoris and L. lactis subsp. lactis differ in ANI values by
�14%, below the threshold set for species circumscription. Further analysis of strain TIFN3 and strains from nonindustrial
backgrounds revealed TETRA values of <0.99 in addition to ANI values of <95%, implicating that these two groups are separate
species. These findings suggest the requirement for a revision of L. lactis taxonomy.

Lactococcus lactis is a member of the lactic acid bacteria (LAB), a
group of organisms used worldwide in the production of fer-

mented dairy products. Three Lactococcus lactis subspecies exist:
Lactococcus lactis subsp. cremoris, L. lactis subsp. lactis, and L. lactis
subsp. hordniae. Many strains of L. lactis subsp. lactis and L. lactis
subsp. cremoris are typically associated with dairy fermentations,
but evidence suggests that these organisms originated from a plant
niche, and they are now considered to be “domesticated” com-
pared to their so-called “wild” counterparts. Conversely, L. lactis
subsp. hordniae is unable to utilize lactose and has not been iso-
lated previously from the dairy environment (1). A citrate-metab-
olizing biovariety also exists, L. lactis biovar diacetylactis, which is
capable of imparting buttery aromas in dairy fermentations (2).
Information regarding subspecies classification is important for
the application of cultures in dairy fermentations, particularly
cheese production, as L. lactis subsp. cremoris strains are often
considered more suitable due to their association with cheeses free
from off-flavors (3).

Before the advent of molecular methods, subspecies classifica-
tion of L. lactis was based on the possession of a number of phe-
notypic traits. The ability to grow in the presence of 4% NaCl, at
40°C, and at pH 9.2 and the ability to degrade arginine were as-
signed as traits for L. lactis subspecies (4), while L. lactis subsp.
cremoris does not exhibit these characteristics. The ability to fer-
ment maltose is also considered a phenotypic trait of L. lactis
subsp. lactis (5). In more recent years, genotypic characterization
has largely replaced phenotypic characterization in subspecies
designation of new isolates. Genotypic characterization based on
16S rRNA is commonly used; however, the use of 16S rRNA se-
quencing alone can lead to discrepancies in subspecies identifica-
tion (6). This may be due to L. lactis subsp. lactis and L. lactis
subsp. cremoris exhibiting differences in the 16S rRNA gene of as

little as 0.7% despite differing up to 15% at the whole-genome
level (7). In some instances, the phenotype and genotype do not
correlate: a strain with an L. lactis subsp. lactis genotype (lactis
genotype) possesses L. lactis subsp. cremoris phenotype (cremoris
phenotype) (8) and vice versa (9, 10). To attempt to accurately
identify subspecies of L. lactis, various assays have been developed
(11–13). These assays employ different molecular techniques such
as PCR-restriction fragment length polymorphism (PCR-RFLP)
and Southern blot hybridization, targeting genes encoding
branched-chain amino acid biosynthesis and glutamate decarbox-
ylase, among others (12, 14).

In particular, two such methods have been developed for rapid
and simple species genotype identification by PCR, based on the
16S rRNA gene and the histidine biosynthesis operon (11, 13).
The method designed by Pu et al. (13) targets a 19-bp region which
differs by 5 bp between subspecies. Beimfohr et al. (11) exploited
a 200-bp insertion in the hisZ gene to differentiate subspecies,
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with cremoris and lactis genotype strains forming amplicons of
different sizes. With advances in sequencing technology and the
development of genome analytical software tools, faster, more
straightforward approaches for accurate species classification are
emerging. One such software tool, JSpecies (15), can be used in
defining species based on average nucleotide identity (ANI) and
tetranucleotide frequency correlation coefficients (TETRA).
What has become obvious upon analysis of the increasing array of
L. lactis genomes from diverse sources is that L. lactis possesses an
unusual taxonomy with different genotypes and phenotypes
thereof. Indeed, in order to correct for the observed incongruence
between phenotype and genotype, Kelly and Ward (16) proposed
that genotype and phenotype should be stated when referring to
the subspecies of a strain.

In this report, we describe the phenotypic and genotypic char-
acterization of a bank of novel L. lactis isolates from nondairy
environments and highlight the extensive phenotype-genotype
disparity, or mismatching, at the subspecies level. Previous analy-
sis of these strains has demonstrated their diverse metabolic ca-
pacity, forming volatile profiles in milk different from those of L.
lactis strains from dairy sources, and their capacity to alter flavor
in a Gouda-type cheese model (17).

Our analysis shows that genome-level comparison of these
wild strains with long-domesticated dairy strains further compli-
cates traditional classification, and we suggest that a revision of the
current species classification of the L. lactis species is warranted. In
addition to underlining the shortcomings in subspecies definition
of L. lactis, this work also demonstrates the phenotypic and geno-
typic diversity that exists between L. lactis strains from different
environmental niches and the potential of lactococci from non-
dairy sources to be used in dairy fermentations.

MATERIALS AND METHODS
Strains and growth conditions. Dairy L. lactis strains were provided by
the DPC culture collection (Teagasc Food Research Centre, Moorepark,
Cork, Ireland). Lactococcus lactis strains were propagated in M17 medium
(Difco) containing 0.5% (wt/vol) lactose monohydrate (VWR, Belgium)
(LM17) at 30°C. L. lactis subsp. lactis IL1403 and L. lactis subsp. cremoris
MG1363 and HP were propagated in M17 medium (Difco) containing
0.5% glucose (Sigma-Aldrich) (GM17).

Lactococcus isolation from nondairy sources. Environmental sam-
ples used in this study for the isolation of novel lactococci were sourced at
the Teagasc Animal and Grassland Research and Innovation Centre
(Moorepark, Fermoy, Cork, Ireland). Grass samples were gathered from
allotments assigned to animal grazing. Bovine rumen samples were col-
lected from a cannulated cow fed on a grass-based diet, while vegetable
samples (baby corn and fresh green peas) were collected from a local
supermarket. Fresh sample material (10 g) was added to 100 ml of maxi-
mum recovery diluent (MRD) (Oxoid Ltd., England) and homogenized
using a stomacher (Seward, United Kingdom). The resulting suspensions
were diluted in MRD, plated on LM17 medium, and incubated for 48 h at
30°C. Individual colonies were tested for catalase activity (degradation of
3% hydrogen peroxide) and esculin hydrolysis (formation of black colo-
nies) on kanamycin esculin azide agar (KAA) (Oxoid Ltd.). Individual
isolates were subsequently tested for the ability to grow in milk. This was
achieved by twice washing and resuspending an overnight culture in ster-
ile water and adding a 1.5% inoculum to 10% reconstituted semiskimmed
milk (RSM) (Kerry Foods, Ireland). Each sample was incubated at 30°C,
and the pH was measured at 5 and 24 h.

Subspecies phenotype identification. Lactococcus cultures were tested
for the ability to grow at 40°C and in 4% (wt/vol) NaCl for 24 h in LM17
broth. Likewise, growth at 8 to 10°C, 45°C, and 6.5% (wt/vol) NaCl

(Sigma) was examined over 2 days. Arginine utilization was assessed using
the medium described by Beimfohr et al. (11), with the addition of bro-
mocresol purple (0.001% [wt/vol]) in place of phenol red. Acetoin
(acetylmethylcarbinol) production from glucose was determined using
the Voges-Proskauer test (Dalynn Biologicals) over a period of 72 h. Ci-
trate fermentation was assessed using Kempler and McKay agar (2) under
aerobic conditions for up to 5 days at 30°C. L. lactis subsp. lactis IL1403, L.
lactis subsp. lactis biovar diacetylactis DRC3, and L. lactis subsp. cremoris
SK11 and MG1363 were used as reference strains for the particular sub-
species for all phenotypic assays. Each phenotypic assay was performed in
duplicate.

Identification of Lactococcus species and subspecies genotypes.
Genomic DNA was extracted from overnight cultures using the GenElute
bacterial genomic DNA kit (Sigma). Using primers employed by Alander
et al. (18), 16S rRNA analysis was initially performed to identify putative
lactococci (Table 1). Genotypic subspecies designation of Lactococcus
strains was determined using two separate PCRs targeting the 16S rRNA
gene and the histidine biosynthesis operon (Table 1) (11, 13). PCRs were
carried out in 50-�l reaction mixtures using the Platinum hi-fidelity
PCR Supermix (Invitrogen) containing 50 ng of DNA per reaction
mixture. PCR amplicons for 16S rRNA analysis were purified using the
High Pure PCR clean-up microkit (Roche Diagnostics, Germany),
with sequence analysis performed by GATC Biotech (Cologne, Ger-
many). Sequences were aligned and trimmed using the MegAlign soft-
ware program (DNAstar Lasergene, Madison, WI), and a consensus
sequence was compared to those available in the NCBI BLASTn data-
base.

MLST. PCR primers were used to amplify partial sequences of seven
genes of L. lactis for the purpose of multilocus sequence typing (MLST)
(Table 1). The genes selected include three housekeeping genes—those for
the ATP synthase alpha subunit (atpA), the phenylalanine tRNA synthase
alpha subunit (pheS), and the RNA polymerase alpha subunit (rpoA)—
and three genes involved in flavor formation during fermentation— those
for the lysl aminopeptidase N (pepN), the post-proline dipeptidyl amino-
peptidase (pepX), and the branched-chain amino acid transferase (bcaT).
A small subunit (SSU) of the 16S rRNA region was also included in the
analysis. DNA was extracted using the GenElute bacterial genomic DNA
kit (Sigma-Aldrich) according to the manufacturer’s instructions for
Gram-positive bacteria. PCR amplicons were generated using Platinum
hi-fidelity PCR Supermix (Invitrogen) and sequenced in forward and re-
verse by GATC Biotech (Constance, Germany). Sequences were assem-
bled and a consensus sequence was generated using the Lasergene soft-
ware package and the Seqman assembly program (DNAstar Inc.,
Madison, WI). Sequences were aligned and trimmed using the BioEdit
biological sequence alignment editor (available at http://www.mbio.ncsu
.edu/bioedit/bioedit.html) and entered into the PubMLST nonredundant
database (NRDB) in order to identify similar genotypes over a batch of
sequences (19). Subsequently, a data set table was created in which the
sequence type (ST) was identified and uploaded to the sequence type
analysis and recombinational tests program (START2) (20). Sequence
analysis was performed with MEGA version 4 using the neighbor-joining
method with 1,000 bootstrap replications (21).

Genome sequencing, assembly, and annotation. Genomic libraries
were prepared using the rapid library preparation method recom-
mended by Roche Diagnostics Ltd. (West Sussex, United Kingdom).
Emulsion PCR and 454 sequencing were performed in the Teagasc
Sequencing Centre (Moorepark, Fermoy, Cork, Ireland) on a 454 FLX
sequencer using standard protocols from the manufacturer (Roche
Diagnostics Ltd.). The single-end reads were assembled using the Se-
qMan NGen application of the DNAStar Lasergene Genomics Suite
(DNASTAR Inc.), with the software specified to trim any poor-quality
read sequences which fall below an average quality score of 20 over a
window of 5 bp. Contigs of less than 1,000 nucleotides were removed
from analysis. Draft assemblies were annotated using an updated ver-
sion of the GAMOLA software package (22). Briefly, individual contigs
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were concatenated with a nonbleeding spacer sequence and open read-
ing frames (ORFs) were predicted using Prodigal (23) and RAST (24).
Each ORF was then subjected to BLASTP (standalone BLAST [25]),
nonredundant NCBI database), COG (updated 2008 COG database
release), Pfam (HMMER3 [26], database release 27), and TIGRfam
(database release 14.0) analyses to predict biological function. Se-
quencing data are shown in Table S1 in the supplemental material.

ANI and TETRA analysis. Average nucleotide identity (ANI) anal-
ysis was performed with the BLAST algorithm (ANIb) using the
JSpecies software program (15). In tandem with ANI, this program
also allowed for the calculation of tetranucleotide frequency correla-
tion coefficients (TETRA).

Assessment of lactose utilization. Milk acidification kinetics were as-
sessed over a 17-h period for individual cultures in real time using the
iCinac pH monitoring system (Alliance Instruments, France), with read-
ings taken every minute. Lactococcus cultures were washed twice in sterile
MRD, added to 10% (wt/vol) RSM (Kerry Foods) to generate a 1.5%
inoculum, and incubated at 30°C. Pearce test analysis was performed as
described previously (27).

Amino acid transferase activity (methionine and phenylalanine).
The amino acid transferase activities of dairy and nondairy strains were
determined for the sulfur-containing amino acid methionine and the ar-
omatic amino acid phenylalanine. Both reaction mixtures contained 50
�M pyridoxal phosphate, 5 mM �-ketoglutaric acid, 0.5 mM sodium
arsenate, and 50 mM sodium tetraborate buffer (pH 8.5) with either 5 mM
L-phenylalanine or methionine. Standards were prepared at concentra-
tions of 100, 200, 300, 400, 500, and 1,000 mM for phenylpyruvate and
�-ketomethylthiobutyrate. For the blank preparation, 1 ml of reaction
mixture was mixed with 100 �l of distilled water and incubated at 30°C for
30 min. One milliliter of trichloroacetic acid (TCA) was added and the

solution centrifuged at 12,000 � g for 2 min. Analysis was performed
using a Cary 100 Bio UV-visible (UV-Vis) spectrophotometer (Varian,
Netherlands) with the wavelength set to 300 nm. Test mixtures were an-
alyzed as per the blank with the addition of 100 �l of bacterial culture
grown to pH 5.7 and read against the standard curve. The instrument was
zeroed prior to each measurement, and each sample was assayed in trip-
licate. Amino acid transferase activity was expressed as micromoles per
minute per milligram of protein.

Antibiotic resistance and biogenic amine formation. MICs for anti-
biotics were evaluated using the VetMIC system (National Veterinary
Institute of Sweden, Uppsala, Sweden) for LAB. Each microtiter plate
contained 2-fold serial dilutions of 16 antibiotics. Following growth in
LAB susceptibility test broth, each culture was resuspended in MRD as per
the manufacturer’s instructions to create the desired cell density (�3 �
105 CFU/ml). One hundred microliters of cell suspension was added to
each well on the microtiter plate and incubated for 48 h at 28°C. The
lowest antibiotic concentration at which no growth occurred was defined
as the MIC for each antibiotic. Antibiotic resistance was examined in
duplicate.

The presence of histidine and tyrosine decarboxylase genes was deter-
mined by PCR using the primer sets outlined by Coton and Coton (28)
and Coton et al. (29). Lactobacillus brevis DPC6660 and Lactobacillus
buchneri DPC6666 were used as tyrosine and histamine decarboxylase
positive controls, respectively, with Lactococcus lactis subsp. lactis DRC3
used as a negative control.

BioSample record numbers. The complete nucleotide sequences
of L. lactis genomes have been submitted to the GenBank database and
can be found under BioSample record numbers SAMN03396773,
SAMN03396924, and SAMN03396976 for strains DPC6853, DPC6856,
and DPC6860, respectively.

TABLE 1 Oligonucleotide primer sequences used in PCRs for species and subspecies identification and MLST

Primer purpose and
name Sequence Target region Reference

Species identification
16S_Fa 5=-AGAGTTTGATCCTGGCTCAGG-3= 16S rRNA 18
16S_R 5=-ACGGCAACCTTGTTACGAGTT-3= 16S rRNA

Subspecies identification
LacF 5=-GTACTTGTACCGACTGGAT-3= 16S rRNA 13
CreF 5=-GTGCTTGCACCGATTTGAA-3= 16S rRNA
LacreR 5=-GGGATCATCTTTGAGTGAT-3= 16S rRNA
Lhis5F 5=-CTTCGTTATGATTTTACA-3= Histidine operon 11
Lhis6R 5=-AATATCAACAATTCCATG-3= Histidine operon

MLSTb

rpoA_F 5=-ATGATYGARTTTGAAAAACC-3= RNA polymerase 5
rpoA_R 5=-ACHGTRTTRATDCCDGCRCG-3= RNA polymerase
atpA_F 5=-TAYRTYGGKGAYGGDATYGC-3= ATP synthase
atpA_R 5=- CCRCGRTTHARYTTHGCYTG-3= ATP synthase
bcaT_F 5=-TTTKSHRTGCCDGTWGG-3= BCAAc aminotransferase
bcaT_R 5=-GGWCCHACTTCYGTYTC-3= BCAA aminotransferase
pepN_F 5=-ATKTCTTAYGCWGAYRTYGT-3= Aminopeptidase N
pepN_R 5=-TTKCTTCAAGSMAWGSCC-3= Aminopeptidase N
pepX_F 5=-TTTGGGTTGAAAGTCCAGT-3= X-prolyl peptidase
pepX_R 5=-CCAAGAAGAAATTCCAGC-3= X-prolyl peptidase
pheS_F 5=-CAYCCNGCHCGYGAYATGC-3= Phe tRNA synthetase
pheS_R 5=-CCWARVCCRAARGCAAARCC-3= Phe tRNA synthetase
SSU rRNA_F 5=-GCGGCGTGCCTAATACATGC-3= 16S rRNA
SSU rRNA_R 5=-ATCTACGCATTTCACCGCTAC-3= 16S rRNA

a F, forward; R, reverse.
b R represents A or G, Y represents C or T, M represents A or C, K represents G or T, S represents C or G, W represents A or T, H represents A, C, or T, B represents C, G, or T, V
represents A, C, or G, D represents A, G, or T, and N represents A, C, G, or T.
c BCAA, branched-chain amino acid.
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Accession numbers. The whole-genome shotgun projects have been
deposited at DDBJ/EMBL/GenBank under the accession numbers
LAVD00000000 (DPC6853), LAVW00000000 (DPC6856), and
LAVX00000000 (DPC6860). The versions described in this paper are ver-
sions LAVD01000000 (DPC6853), LAVW01000000 (DPC6856), and
LAVX01000000 (DPC6860).

RESULTS
Species confirmation of nondairy isolates. A bank of novel non-
dairy strains isolated in the course of this study from grass, vege-
tables, and the bovine rumen was further characterized. Individ-
ual colonies were first examined for catalase activity (to eliminate
catalase-positive organisms) and esculin hydrolysis on KAA (to
eliminate Enterococcus species). Isolates which were negative for
both traits were examined by Gram reaction and for growth in
milk. Gram-positive isolates capable of growth in milk were sub-
sequently identified by 16S rRNA analysis. Using the primer set
described by Alander et al. (18), a 1.5-kb amplicon was generated
for all nondairy strains targeting the 16S rRNA gene. Subsequent
analysis of the sequences confirmed a number of isolates as Lacto-
coccus lactis. All novel L. lactis strains were deposited in the DPC
culture collection, Teagasc Food Research Centre Moorepark,
County Cork, Ireland.

Subspecies phenotype identification. Subspecies lactis pheno-
types are identified by the ability to grow in 4% NaCl and at 40°C
and are capable of degrading arginine. In addition, the biovariant
diacetylactis has the ability to ferment citrate to produce diacetyl.
Subspecies cremoris phenotypes are negative for each of these at-
tributes. To establish subspecies phenotypes of the isolated non-
dairy lactococci, each isolate was examined for the aforemen-
tioned characteristics (Table 2) and compared to a bank of well-
characterized dairy lactococci which are commonly used in the

dairy industry. All of the nondairy lactococci isolated in this study
were able to grow at 40°C and in medium containing 4% NaCl.
Seven of the eight nondairy lactococcal strains were able to hydro-
lyze arginine. Strain DPC6855 was unable to hydrolyze arginine
but could grow in 4% NaCl and at 40°C, and it was therefore
assigned as subspecies lactis. Only the dairy strain DRC3 was ca-
pable of fermenting citrate, which is the hallmark of biovariant
diacetylactis strains. Based on these results, all nondairy lactococci
were assigned lactis phenotypes.

Subspecies genotype identification. The nondairy L. lactis iso-
lates were analyzed at the genotypic level to accurately identify
subspecies and were again compared to the bank of dairy lacto-
cocci. Two separate PCR-based assays were performed in order to
identify the subspecies genotype of each strain. In L. lactis the 16S
rRNA gene exhibits a 0.07% variance between subspecies depend-
ing on the strain (30). Primers designed by Pu et al. (13) were
employed to discriminate between lactis and cremoris genotypes
on the basis of this difference. The primers sets comprise a com-
mon reverse primer, LacreR, and a subspecies-specific forward
primer, LacF, for L. lactis subsp. lactis and CreF for L. lactis subsp.
cremoris to generate a 163-bp amplicon. In all cases, amplicons
were generated with one or other of the subspecies-specific for-
ward primers but not both (Table 3). To further distinguish be-
tween L. lactis subsp. lactis and L. lactis subsp. cremoris, Beimfohr
et al. (11) designed a single primer set to amplify specific regions of
the histidine biosynthesis operon. Between lactis and cremoris ge-
notypes, the average sequence divergence from positions 480 to
700 within the histidine biosynthesis operon equates to 45%. In
addition, L. lactis subsp. cremoris possesses a 200-bp insertion at
the end of hisZ gene, within this operon, which encodes a phos-
phoribosyltransferase regulatory subunit (11). Using the primer

TABLE 2 Phenotypic characterization of dairy and nondairy lactococcal strains

Source Genotype Phenotype Strain

Growth at:
Arginine
hydrolysis

Fermentation of:

40°Ca 4% NaCla Maltose Lactose Citrate

Nondairy
Corn lactis lactis DPC6853 � � � � � �
Grass cremoris lactis DPC6857 � � � � � �
Grass cremoris lactis DPC6858 � � � � � �
Grass cremoris lactis DPC6855 � � � � � �
Grass cremoris lactis DPC6859 � � � � � �
Grass cremoris lactis DPC6860 � � � � � �
Bovine rumen cremoris lactis DPC6856 � � � � � �
Grass cremoris lactis DPC6854 � � � � � �

Dairy
Cheese lactis lactis DRC3 � � � � � �
Starter culture lactis lactis 303 � � � � � �
Cheese lactis lactis ML8 � � � � � �
Cheese lactis lactis 229 � � � � � �
Raw milk cremoris cremoris H88M1 � � � � � �
Cheese cremoris cremoris AM1 � � � � � �
Cheese cremoris cremoris 310 � � � � � �
Cheese cremoris cremoris HP � � � � � �
Cheese cremoris lactis SK1G � � � � � �

Comparative strains
Cheese cremoris cremoris SK11 � � � � � �
Cheese lactis lactis IL1403 � � � � � �

a Growth at 40°C and in 4% NaCl was monitored for 48 h to determine subspecies phenotype.
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set designed by Beimfohr et al. (11), amplification of L. lactis
subsp. cremoris results in a 1,149-bp product and that of L. lactis
subsp. lactis results in a 934-bp product (Table 3). Subspecies ge-
notypes determined using both assays correlated with one an-
other, verifying the genotype of the strains. In all, seven cremoris
genotype, lactis phenotype strains were isolated from grass and
rumen samples and one lactis genotype, lactis phenotype strain
was isolated from corn (Table 2).

Genetic diversity of L. lactis strains from different environ-
ments. MLST is a comprehensive technique compared to other
typing methods, as it provides information on aspects of the pop-
ulation organization and evolution of the species in question (31,
32). Again, dairy (eight) and nondairy (eight) strains were exam-
ined for their genetic diversity using comparative sequence anal-
ysis of seven genes, including the 16S rRNA gene. The primer sets
used in MLST analysis (Table 1) do not generate products for
Lactococcus lactis subsp. hordniae or other Lactococcus species (5).
Amplicons were generated for segments of each of these genes for
all 16 Lactococcus strains tested and sequenced in forward and

reverse orientation, and a consensus sequence was generated. Se-
quence data for each of the seven housekeeping genes were also
extracted from the complete genome sequences of L. lactis strains
from different habitats available on the NCBI database. Sequence
types (STs) were created for all strains using the nonredundant
database program (19). For the nondairy lactococci isolated in this
study, strains grouped into four STs as follows: (i) DPC6853, (ii)
DPC6854 and DPC6855, (iii) DPC6856, and (iv) DPC6857,
DPC6858, DPC6859, and DPC6860. MLST analysis, including
our nondairy bank and sequenced L. lactis genomes from the
NCBI database, identified 20 different STs (8 lactis genotype and
12 cremoris genotype). The frequency of polymorphic sites ranged
from 2 in the 16S rRNA gene to 85 in the pepX gene (Table 4). The
sequence divergences at these sites were identified as not resulting
in amino acid changes, as determined by the low ratio of nonsyn-
onymous to synonymous evolutionary changes (dN/dS ratio)
identified for all alleles. Collective analysis of all seven loci (Fig. 1),
and each of the genes individually (see Fig. S1 in the supplemental
material), showed the presence of two separate clusters corre-
sponding to cremoris and lactis genotype strains, which corre-
sponds to the findings of other studies using the same scheme (Fig.
1) (5, 33, 34). L. lactis NZ9000 is a derivative of L. lactis MG1363,
and the two strains possessed the same ST and consistently
grouped with each other throughout the analysis, thereby con-
firming the comparative analysis of the gene sequences (35). Over-
all, results of our MLST analysis clearly show strains of L. lactis
subsp. lactis and L. lactis subsp. cremoris grouping separately, irre-
spective of the environment from which they were isolated.

Genome overview of nondairy strains. Draft genome se-
quences were generated for three nondairy L. lactis strains isolated
from grass (DPC6860), corn (DPC6853), and the bovine rumen
(DPC6856) with �32� coverage. Following quality control and
assembly, multiple contigs were generated for all DPC strains (see
the supplemental material). The estimated G�C contents of
strains DPC6853, DPC6856, and DPC6860 were approximately
35%, 35.3%, and 35.6%, respectively, comparable to those of pre-
viously sequenced L. lactis strains (34.8% to 36.7%). Of the three
DPC strains sequenced, the rumen isolate appeared to possess the
largest estimated genome size (DPC6853, 2.5 Mb; DPC6856, 2.9
Mb; and DPC6860, 2.62 Mb) in addition to the largest plasmid
complement (data not shown). It is unlikely that the plasmid DNA
contributes to the entire 400-kb size difference between DPC6860
and DPC6853 but may play an important role in niche adaptation
of this organism.

ANI: revision of Lactococcus subspecies as separate species.

TABLE 3 Differentiation of L. lactis subspecies by PCRa

Target region

16S rRNA geneb

Histidine operon
amplicon sizec (bp)LacF CreF

L. lactis DPC6853 � � 934
L. lactis DPC6855* � � 1,149
L. lactis DPC6860* � � 1,149
L. lactis DPC6859* � � 1,149
L. lactis DPC6854* � � 1,149
L. lactis DPC6856* � � 1,149
L. lactis DPC6858* � � 1,149
L. lactis DPC6857* � � 1,149
L. lactis ML8 � � 934
L. lactis DRC3 � � 934
L. lactis 303 � � 934
L. lactis 229 � � 934
L. lactis AM1* � � 1,149
L. lactis H88M1* � � 1,149
L. lactis 310* � � 1,149
L. lactis SK1G* � � 1,149
a PCR was performed using the primers designed by Pu et al. (13) and Beimfohr et al.
(11) targeting the 16S rRNA gene and the histidine biosynthesis operon respectively.
Asterisks indicate cremoris genotype strains.
b A plus sign indicates the formation of an amplicon; a minus sign indicates the absence
of formation of an amplicon.
c L. lactis subsp. cremoris generates a 1,149-bp product; L. lactis subsp. lactis generates a
934-bp product.

TABLE 4 Genetic diversity of 26 L. lactis strains at seven loci

Locus

Length (bp)

% GC
content

No. of polymorphic
sites

dN/dS
ratio

No. of unique
allelesGene Amplicon

Sequence
analyzed

atpA 1,503 1,141 393 41.52 32 0.008 10
bcaT 1,047 493 320 39.47 45 0.029 8
pepN 1,023 482 491 33.53 52 0.255 8
pepX 2,269 602 401 39.35 85 0.076 9
rpoA 939 721 531 40.19 13 0.092 12
pheS 2,533 618 361 41.51 36 0.010 9
16S rRNA 1,548 1,465 531 49.30 2 –a 5
a –, not determined.
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To further examine the genetic diversity of the nondairy lactococ-
cal bank, ANI was calculated for L. lactis strains DPC6853 (corn),
DPC6856 (bovine rumen), and DPC6860 (grass) using draft ge-
nome sequences and compared to ANI for L. lactis genomes avail-
able on the NCBI database. ANI is an alternative to DNA-DNA
hybridization, using genome sequences as a means of defining a
species (15). Table 5 shows ANIb (ANI calculated using the
BLAST algorithm) values for L. lactis strains available on the NCBI
database plus strains DPC6856, DPC6853, and DPC6860 isolated
in this study, calculated using the JSpecies software tool (15). First,
as expected, derivatives of the same strain share a 100% ANIb, as
in the case of L. lactis subsp. cremoris NZ9000 and L. lactis subsp.
cremoris MG1363 (35). Second, all strains belonging to the same
subspecies possessed an ANIb value between 96.53 and 99.96%. In
contrast, strains reported as different subspecies shared ANIb val-
ues of 85.54 to 87.45%, below the cutoff for species circumscrip-
tion (	95%). Based on ANIb values alone, we propose that strains
with the lactis and cremoris genotypes be reclassified as different
species.

In conjunction with an ANI of 	95%, a tetranucleotide fre-
quency correlation coefficient (TETRA) of 	0.99 is also used in

tandem with ANI for species circumscription (15). Compared to
L. lactis subsp. cremoris strain TIFN3, used in cheese production,
the nondairy strains DPC6860 and DPC6856 (genotype cremoris,
phenotype lactis) possessed lower ANIb values, 96.16% and
96.83%, respectively, than other strains designated L. lactis subsp.
cremoris (�97%). Similarly, strain DPC6853 possessed a lower
ANIb value, 96.39 to 97.24%, in comparison to other L. lactis
subsp. lactis strains. This suggests an increased genetic diversity
among strains isolated in this study in comparison to that of pre-
viously sequenced strains of the same genotype. In addition, these
data also highlight a reduced genetic diversity among dairy starter
strains as identified previously (36).

For the vast majority of comparisons between subspecies, a
below-threshold ANIb value was coupled with a TETRA value of
�0.99, which classifies them as the same species (Table 6). The
dairy strain L. lactis subsp. cremoris TIFN3 possessed ANIb and
TETRA values below the threshold for species circumscription
compared to strain DPC6853. Furthermore, compared to those of
wild L. lactis subsp. lactis strains and strain IL1403, similar ANIb
and TETRA values were also observed, which were not found be-
tween strain TIFN3 and dairy L. lactis subsp. lactis strains. The

FIG 1 Neighbor-joining cluster analysis of a composite data set for seven loci of dairy and nondairy Lactococcus strains. Phylogenetic analysis was carried out with
1,000 bootstrap replications; bootstrap percentages of �50 shown. The origin of each strain is indicated on the right side.
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phenotypes of some of these wild strains are not defined in re-
ports; however, it is tempting to speculate that all of these strains
possess lactis phenotypes owing to the environment from which
they were isolated. These findings suggest that L. lactis TIFN3 is a
species separate from wild L. lactis subsp. lactis strains and IL1403,
which may possess lactis phenotypes. The genome sequence status
of TIFN3 is insufficient to support this reclassification; however;
future sequence analysis of the TIFN3 genome may provide evi-
dence to support these findings.

Starter activity: milk acidification. The fast acidification of
milk is a crucial trait of dairy cultures for use in the dairy industry
(37). All strains isolated in this study possessed good acidification
activity when grown in RSM at 30°C (Fig. 2). Strain DPC6856
(isolated from the bovine rumen) showed the slowest production
of acid, reaching pH 4.67 after 18 h, compared to pH 	4.5 for
other strains. This is in comparison to the dairy strains, the fastest
of which, strain ML8, reached a final pH of 4.17 in 18 h. The Pearce
test simulates conditions that starter cultures are exposed to in
cheddar cheese making, which, in turn, allows for the evaluation
of strains for use as starter cultures (27). Pearce test analysis

(Fig. 3) showed that nondairy strains would be unsuitable for use
as starters, as they are unable to reach the desired pH under pro-
cessing conditions (as mimicked by the Pearce test). Although
these strains are unsuitable as starters, they are capable of growth
in milk without the use of supplementation, and on this basis, they
were used as adjuncts.

All three DPC strains possessed the lacABCDFEGX gene cluster
necessary for lactose metabolism, as found in dairy-associated lac-
tococci. The lacABCDFEGX operon encodes a phosphoenolpyru-
vate phosphotransferase system (PEP-PTS) (lacEF), tagatose-6-
phosphate enzymes (lacABCD), and a phospho-
-galactosidase
(lacG). The identification of this gene cluster corresponds with the
observations that isolates were capable of growth in milk, albeit at
various efficiencies. In the case of the grass isolate DPC6860, the
lactose operon was located upstream from the genes prtP and
prtM. Previously, two L. lactis strains from nondairy environ-
ments have been reported to possess lacE, forming part of the
lactose PEP-PTS, which was absent in 34.78% of the dairy-associ-
ated strains analyzed (36). In the nondairy DPC strains examined
in this study, lacE was present in all genomes and an operon con-

TABLE 5 ANI calculated with the BLAST algorithm using the JSpecies software toola (15)

a L. lactis subsp. cremoris strains are identified by asterisks. Values are percentages. Colored boxes, from brown to beige, highlight the following values or ranges: 100%, 95 to 99%,
90 to 94%, and 85 to 89%.

TABLE 6 TETRA calculated using the JSpecies software toola,b (15)

a L. lactis subsp. cremoris strains are identified by asterisks.
b Values below the threshold TETRA value (	0.99) are highlighted in gray.
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taining all other components of the lacABCDFEGX operon was
identified.

Key enzyme activity analysis. Aminotransferases function in
converting amino acids to their respective �-keto acids, which are
further converted to flavor compounds during cheese ripening
(38–40). Dairy and nondairy cultures were examined for their
amino acid transferase activities for the aromatic amino acid phe-
nylalanine and the sulfur amino acid methionine in duplicate ex-
periments (Fig. 4). To enable the comparative assessment of

amino acid transferase activity of strains, laboratory medium was
used for culturing cells prior to performing enzyme assays. Non-
dairy isolates displayed increased activity for phenylalanine com-
pared to decreased activity for methionine relative to dairy strains.
L. lactis H88M1 showed the lowest transferase activity for phenyl-
alanine, and L. lactis DRC3 and ML8 showed the highest activity
for methionine. Conversely, strains DPC6854 and DPC6855 had
the lowest activity for methionine, while DPC6858 had the highest
activity for phenylalanine.

FIG 2 Milk acidification profile of dairy and nondairy strains in 10% reconstituted semiskimmed milk (RSM). Subspecies cremoris genotype strains are indicated
by an asterisk.

FIG 3 Pearce test analysis of nondairy strains. L. lactis 303 and SK11 were used as representative industrial dairy cultures. Results are averages from duplicate
experiments. Asterisks indicate Cremoris genotype strains.
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Genome sequence analysis revealed that in addition to a puta-
tive aromatic aminotransferase, AraT, five putative aspartate ami-
notransferases were identified in DPC6856 and DPC6853 and
four in DPC6860. In strains MG1363 and IL1403, three and two
aspartate aminotransferases have been identified, respectively.
Previously, the aspartate aminotransferase of Brevibacterium lin-
ens was shown to function in the transamination of aspartate but
was also active on aromatic amino acids (40). Further analysis
revealed that in strains DPC6853 and DPC6856, two of the puta-
tive aspartate aminotransferases possess PRK07309 domains
found in aromatic aminotransferases, while only one ORF, in
strain DPC6860, harbored a similar domain. Therefore, the en-
hanced transferase activity of nondairy isolates could be in part
due to an increased number of aminotransferases which are active
on phenylalanine.

Antibiotic resistance. The antibiotic resistance of bacteria des-

tined for use in food needs to be carefully assessed to prevent
dissemination of these genes to other bacteria along the food
chain. Therefore, the antibiotic resistances of all nondairy strains
and three representative dairy strains were determined using
VetMIC Lact-1 and Lact-2 plates analyzing a total of 16 antibiot-
ics. Few differences were observed in the MIC profiles be-
tween dairy and nondairy strains (Table 7). Nondairy isolates
showed lower MICs for ciprofloxacin (DPC6854 and DPC6855),
vancomycin (DPC6855, DPC6857, DPC6858, DPC6859, and
DPC6860), ampicillin (DPC6855), and clindamycin (DPC6854).
All strains tested were highly resistant to trimethoprim (Tm),
which corresponds to previous reports on Lactococcus strains iso-
lated from raw milk cheeses. Strain DPC6853 possessed a much
higher MIC for tetracycline than any of the other strains tested, above
the cutoff values for antimicrobials set by the European Food Safety
Authority (EFSA) (41). A tetracycline resistance protein identical to

FIG 4 Amino acid transferase activities for methionine (A) and phenylalanine (B), with nondairy strains in dark grey and dairy strains in light grey. Results are
averages from triplicate experiments. Asterisks indicate cremoris genotype strains.

TABLE 7 MICs for 16 antibiotics of nondairy strains and three dairy lactococcal strains examined using VetMIC platesa

Origin and strain

MIC (�g/ml)

Gm Km Sm Nm Tc Em Cl Cm Am PG Va Vi Lz Tm Ci Ri

Nondairy
DPC6857* 2 16 32 8 0.5 0.06 0.25 4 0.25 0.25 	0.25 2 2 �64 4 8
DPC6858* 2 8 16 8 0.25 0.06 0.25 4 0.25 0.25 	0.25 2 1 �64 2 8
DPC6855* 1 8 16 4 0.25 0.06 0.06 2 	0.03 0.06 	0.25 0.5 1 �64 	0.25 8
DPC6859* 2 16 32 8 0.5 0.06 0.12 4 0.25 025 	0.25 2 2 �64 4 16
DPC6860* 1 8 16 32 0.25 0.06 0.25 2 0.12 0.25 	0.25 2 1 �64 8 8
DPC6856* 2 16 32 16 1 0.06 0.06 2 0.12 0.12 0.5 1 2 �64 1 2
DPC6854* 1 8 16 4 0.25 0.06 	0.03 2 0.06 0.06 0.5 1 2 �64 	0.25 2
DPC6853 4 16 32 32 64 0.06 0.25 4 0.5 0.25 0.5 2 1 �64 8 8

Dairy
303 2 16 16 16 0.25 0.06 0.12 2 0.25 0.25 0.5 1 1 �64 8 8
SK1G* 2 8 16 4 1 0.25 0.25 8 0.5 0.5 0.5 2 2 �64 8 64
DRC3 2 16 16 16 0.25 0.06 0.06 2 0.25 0.25 0.5 1 1 �64 2 4

a Asterisks indicate cremoris genotype strains. MIC assays were carried out in duplicate. Antibiotic abbreviations: Gm, gentamicin; Km, kanamycin; Sm, streptomycin; Nm,
neomycin; Tc, tetracycline; Em, erythromycin; Cl, clindamycin; Cm, chloramphenicol; Am, ampicillin; PG, penicillin G; Va, vancomycin; Vi, virginiamycin; Lz, linezolid; Tm,
trimethoprim; Ci, ciprofloxacin; Ri, rifampin.
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that of L. monocytogenes LM78, Enterococcus faecalis EnGen0311,
and Lactococcus garvieae BCC43578 was found on the genome of
DPC6853. This protein is commonly associated with plasmids or
transposable elements and serves in ribosomal protection. Se-
quence analysis of the contig also identified a hypothetical protein
with 100% amino acid identity to the analogous protein in L.
garvieae and a mobile element protein identical to that in Entero-
coccus faecalis. The association of this protein with a transposable
element suggests that this gene may be transferred to other bacte-
ria if used in food production and contribute to the horizontal
spread of antibiotic resistance. With the exception of DPC6853, all
nondairy strains isolated in this study were below the microbio-
logical cutoff values for antimicrobial resistance set by the EFSA
(41).

DISCUSSION

With the advancement of molecular tools and high-throughput
screening methods, the classification of L. lactis subspecies has
come under much scrutiny and has sparked debate as to how the
subspecies should be identified. Phenotypic tests have been used
in the past to distinguish subspecies; however, in some cases these
tests may not account for related organisms that show unusual
phenotypic traits (42–44). Numerous reports have identified sub-
species genotypes with mismatching phenotypes (10, 34, 45).
Salama et al. (45) examined L. lactis strains, isolated from natural
environments, which were identified by colony hybridization us-
ing species and subspecies-specific probes. Fernández et al. (34)
examined the phenotypic and genetic diversity of L. lactis strains
from raw milk cheeses, while Parapouli et al. (10) characterized a
novel L. lactis strain isolated from raw milk, which produced the
bacteriocin nisin A. In this study, seven of the eight strains isolated
from various nondairy niches were found to possess cremoris ge-
notypes, with one lactis genotype isolated from corn. All of these
strains possessed a lactis phenotype, since seven strains were capa-
ble of hydrolyzing arginine and growing in 4% NaCl and at 40°C,
with one strain unable to hydrolyze arginine. Rademaker et al. (5)
showed that L. lactis strains from alfalfa, radish sprouts, and mung
bean sprouts are incapable of hydrolyzing arginine but overall
possessed a lactis phenotype. As a result of adaptation to milk, L.
lactis is held to have undergone a process of reductive evolution,
forfeiting processes no longer required in the milk environment
(46). The rarity of cremoris phenotypes outside milk suggests that
growth at 40°C and in 4% NaCl and the capacity to utilize arginine
are not required in this environment, and it has been hypothesized
that the lactis phenotype is required for growth in diverse environ-
ments (16, 47). Our findings support this hypothesis: seven L.
lactis subsp. cremoris strains from nondairy niches were isolated,
all of which possessed lactis phenotypes.

It has been estimated that according to divergence in the 16S
rRNA gene, lactis and cremoris genotypes separated approximately
17 million years ago (48). Diversity analysis using the composite
data set of the seven loci employed in this study clearly highlighted
this separation, with L. lactis subsp. cremoris and L. lactis subsp.
lactis grouping separately irrespective of the environments from
which they were isolated. Previously, phylogenetic analysis of
dairy and nondairy lactococci suggested the relatively recent
emergence of dairy lactococcal strains domesticated to milk (5,
36). Therefore, although these lactis and cremoris genotype strains
may be phylogenetically close, they are following different direc-
tions with respect to their evolution. This may account for the

separate grouping of environmental lactis genotype strains with
respect to dairy lactis genotype strains during neighbor-joining
cluster analysis of individual genes (with the exception of the 16S
rRNA gene and rpoA [see Fig. S1 in the supplemental material])
and the seven-locus data set. L. lactis CV56, isolated from human
vaginal samples, clustered with strains of dairy origin, hinting that
this organism may have originated from a dairy environment (50).
Similarly, DPC6856, isolated from the bovine rumen, clustered
with grass strains, suggesting that it is derived from a grass niche.

ANI is an alternative to DNA-DNA hybridization (DDH) as a
means of species circumscription, using full or partial genome
sequences (15). An ANI value of 95% is considered the threshold
for species definition, corresponding to a DDH similarity value of
70% (15). It is important to note that software tools such as JSpe-
cies allow for pairwise comparisons only using ANI. With regard
to future development of such software tools, there is a call to
create a feature where ANI for a cluster of strains (i.e., L. lactis
subsp. cremoris strains) can be compared to another cluster (i.e., L.
lactis subsp. lactis strains), similar to what is described by Alter-
mann (51) (in this analysis, ORFs are compared rather than aver-
age nucleotide sequence). Comparison of ANI values showed that
L. lactis subsp. cremoris and L. lactis subsp. lactis possessed approx-
imately 86% DNA similarity, in agreement with the figure estab-
lished by Wegmann et al. (7) for strains IL1403 and MG1363.
Based on our analysis and under the guideline set out by Richter
and Rosselló-Móra (15), L. lactis subsp. lactis strains are a different
species from L. lactis subsp. cremoris strains, possessing an ANI
value of below 95%. Contrastingly, Fernández et al. (34) proposed
that cremoris and lactis genotype strains are members of the same
species, based on the species concept for prokaryotes (52). In ad-
dition, Fernández et al. (34) also put forward that both cremoris
and lactis genotype strains with lactis phenotypes represent true
subspecies. In comparison to species definition, subspecies defi-
nition is quite vague: no established molecular cutoff values exist,
and subspecies classification is often at the judgment of the taxon-
omist (53); i.e., no threshold values for subspecies classification
using ANIb or DDH are established. Rosselló-Mora and Amann
(52) stated that a species can consist of different genomic groups,
and with in-depth phenotypic analysis, better circumscription can
be obtained. Therefore, in conjunction with ANI and TETRA,
further analyses of both the phenotype and chemotaxonomic
markers of analyzed strains are required to support the proposed
revision of Lactococcus subspecies as separate species.

Recently, the isolation of novel lactic acid bacterial strains from
diverse ecological niches has gained renewed interest, as it has
been shown that such strains possess more diverse metabolic traits
than established dairy cultures (54). In the present study, we ex-
amined technological traits important in the production of fer-
mented dairy products. All nondairy strains grew well in milk and
were capable of acidifying milk at a rate similar to that of previ-
ously isolated lactococci from dairy and nondairy origins (55). As
the strains analyzed in this study were isolated from a nondairy
environment, it is unexpected that they possess genetic traits that
may enable them to ferment lactose, however; previous reports
have identified lacE in L. lactis strains isolated from nondairy
sources such as cattle skin (36). Amino acid transferase activity
clearly showed that nondairy isolates possess an increased capacity
to transanimate phenylalanine compared to the sulfur-derived
amino acid methionine. Sulfur compounds derived from methi-
onine impart onion, garlic, and cabbage flavor notes to cheeses
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such as cheddar and camembert (56, 57). In contrast, aroma com-
pounds originating from aromatic amino acids can contribute to
off-flavors in cheeses, such as flowery, bitter almond and rosy
aromas (58, 59). The conversion products of phenylalanine have
been found in hard- and soft-type cheeses (60), and in small
amounts, the production of these compounds may be beneficial in
diversifying the flavor profiles of semihard cheeses.

Antibiotics can persist for an extended period in soil- and wa-
ter-based environments; thus, the widespread use of agricultural
antibiotics may select for resistant strains of bacteria in these hab-
itats (61–63). Therefore, if nondairy or wild isolates such as those
identified in this study are to be used as cultures in food process-
ing, their antibiotic resistance must be carefully assessed and fall
within the guidelines set out by the EFSA (37). These guidelines state
the cutoff values for L. lactis for ampicillin (2 mg/liter), vancomycin
(4 mg/liter), gentamicin (32 mg/liter), kanamycin (64 mg/liter),
streptomycin (32 mg/liter), erythromycin (1 mg/liter), clindamy-
cin (1 mg/liter), tetracycline (4 mg/liter), and chloramphenicol (8
mg/liter). L. lactis DPC6853 possessed a much higher MIC for
tetracycline, an antibiotic used commonly in the treatment of hu-
man and animal diseases (63). Increased resistance to this com-
pound has previously been identified in L. lactis strains from raw
milk cheeses and was found to be plasmid encoded (64). This may
raise some doubt about the suitability of DPC6853 for use in food
production; however, if this resistance is plasmid encoded, sensi-
tivity of this strain to this antimicrobial could be restored (64).

In conclusion, all nondairy L. lactis strains isolated in this study
demonstrated some key technological traits for application in
dairy fermentations and were found to possess lactis phenotypes,
with seven out of eight isolates possessing cremoris genotypes.
MLST clearly separated strains with lactis and cremoris genotypes
but highlighted the diversity which exists between wild isolates
and their dairy counterparts. Further examination of a number of
these strains by ANI and TETRA suggested that the classification
of L. lactis requires revision in light of the many nondairy lacto-
cocci being isolated and sequenced. With the increased mining of
diverse environments for novel L. lactis strains, a standard ap-
proach for species and subspecies classification using analysis such
as ANI is required. Similarly, it is also crucial to accurately identify
the subspecies phenotype and other chemotaxonomic markers.
Our analysis suggests the feasibility of reclassifying the L. lactis
subsp. lactis and L. lactis subsp. cremoris into two separate species,
L. lactis and L. cremoris.
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