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Lactococcus piscium is a psychrotrophic lactic acid bacterium and is known to be one of the predominant species within spoilage
microbial communities in cold-stored packaged foods, particularly in meat products. Its presence in such products has been as-
sociated with the formation of buttery and sour off-odors. Nevertheless, the spoilage potential of L. piscium varies dramatically
depending on the strain and growth conditions. Additional knowledge about the genome is required to explain such variation,
understand its phylogeny, and study gene functions. Here, we present the complete and annotated genomic sequence of L. pis-
cium MKFS47, combined with a time course analysis of the glucose catabolism-based transcriptome. In addition, a comparative
analysis of gene contents was done for L. piscium MKFS47 and 29 other lactococci, revealing three distinct clades within the ge-
nus. The genome of L. piscium MKFS47 consists of one chromosome, carrying 2,289 genes, and two plasmids. A wide range of
carbohydrates was predicted to be fermented, and growth on glycerol was observed. Both carbohydrate and glycerol catabolic
pathways were significantly upregulated in the course of time as a result of glucose exhaustion. At the same time, differential
expression of the pyruvate utilization pathways, implicated in the formation of spoilage substances, switched the metabolism
toward a heterofermentative mode. In agreement with data from previous inoculation studies, L. piscium MKFS47 was identified
as an efficient producer of buttery-odor compounds under aerobic conditions. Finally, genes and pathways that may contribute
to increased survival in meat environments were considered.

Bacterial spoilage of perishable cold-stored foods is still a seri-
ous problem in the modern world. Modified-atmosphere

packaging (MAP), based on the inhibitory effect of CO2 on spoil-
age bacteria, is often used by the food industry to achieve a longer
product shelf life. While it eliminates aerobic Gram-negative
spoilage bacteria, MAP creates a positive selective pressure for
lactic acid bacteria (LAB), which are resistant to high CO2 concen-
trations (1, 2). Even though spoilage LAB grow slower than aero-
bic Gram-negative spoilage bacteria, they cause organoleptic and
textural spoilage changes, such as discoloration and the formation
of slime, gas, biogenic amines, and volatile organic compounds
(1), in MAP food products.

The most abundant genera in MAP food spoilage communities
are Carnobacterium, Lactobacillus, Lactococcus, Leuconostoc, and
Weissella (3). So far, Lactococcus piscium has been the only Lacto-
coccus species with reported food spoilage activity (4, 5). It was
first isolated from a diseased salmonid fish (6) but was later de-
tected in MAP meat products, including beef, poultry, pork, and
fish, where it frequently belongs to the predominant microbiota at
the end of shelf life. L. piscium has been associated with meat
spoilage (3, 5, 7–9), and it was recently also shown to be one of the
predominating species in chilled packaged vegetable salads (10).

The spoilage potential of L. piscium has been studied by inoc-
ulating pork samples (5), raw salmon (11), and bell pepper simu-
lation medium (12). In pork, L. piscium was shown to shorten the
sensory shelf life by the formation of buttery and sour off-odors.
In the case of raw salmon, L. piscium was described as a light
spoiler, and it was associated with buttery off-odors. In bell pepper
simulation medium, one L. piscium strain demonstrated a high
growth rate and very offensive metabolism, which included the
formation of ethanol, acetate, and diacetyl (in the presence of
oxygen). That same study also showed a significant variation of
spoilage potentials among L. piscium strains, which is in concur-

rence with the fact that one L. piscium strain, CNCM I-4031, is
even considered to be a promising bioprotective organism in sea-
food products (13, 14).

To date, genome sequences of L. piscium have not been pub-
licly available. In this paper, we present the complete genome se-
quence of spoilage-related L. piscium strain MKFS47, isolated
from MAP broiler filet strips showing early spoilage changes at the
end of shelf life (15). The gene content of this species was com-
pared to those of 29 sequenced and annotated Lactococcus species,
including L. lactis, L. garvieae, L. raffinolactis, and L. chungangen-
sis. In addition, the time course whole transcriptome, based on
glucose metabolism, was generated by capturing the transcrip-
tome at different time points (to determine the changes in the
transcriptome over the time period) and analyzed to determine
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the dynamic regulation of gene expression. Glucose was selected
for transcriptome analysis since it is the most abundant and ubiq-
uitous carbohydrate in food products, including meat (16). The
main focus of the data analyses was on the genes and pathways
involved in carbohydrate metabolism related to food spoilage and
especially the production of acetoin and diacetyl.

MATERIALS AND METHODS
Genome sequencing and annotation. DNA isolation from L. piscium
MKFS47 (hereafter called simply L. piscium) grown in de Man-Rogosa-
Sharpe (MRS) broth was done by using a method (17) modified from the
one described previously by Pitcher et al. (18), and the genomic DNA was
mechanically sheared with a needle. The genome sequence was deter-
mined by the use of a 454 sequencer with GS Flx chemistry and the Illu-
mina HiScanSQ system. A total of 309,686,454 reads corresponding to
67.4 Mbp were assembled by using Newbler 2.0.00.20 (Roche 454 Life
Science), resulting in an average of 27� contig coverage. Genome closure
was done by using the Gap4 program in the Staden package (19). The
order of contigs was determined by PCR, and Sanger sequencing was used
to fill the gaps. Finally, homopolymer errors were corrected by mapping
HiScanSQ reads with a length of 27 bp with 1,400� coverage to the ge-
nome sequence.

Coding sequences (CDSs) were determined by using the EasyGene
(20) and Prodigal (21) programs, followed by a comparison of their out-
puts and manual resolution of their discrepancies based on the presence of
potential ribosomal binding sites, similarity searches, multiple-sequence
alignments, and data reported previously. Gene functions were assigned
based on a comparison of the outputs of two annotation tools: RAST (22)
and PANNZER (23). Predicted functions were manually reviewed by us-
ing similarity searches against public databases and bibliomic data. The
BAGEL2 (24), CW-PRED (25), and PHAST (26) programs were utilized
to determine bacteriocins, LPxTG motif-containing proteins, and pro-
phage regions, respectively. Finally, all genes were classified into func-
tional categories by an RPS-BLAST search against the COG database and
checked for the presence of all core functions (27). More details about the
bioinformatic genome analysis can be found in the supplemental mate-
rial.

Ortholog prediction for 30 genomes of the Lactococcus genus. A
comparative analysis of gene contents was performed for 29 lactococci
(with sequenced and annotated genomes available by September 2014
[see Table S1 in the supplemental material]) and L. piscium. These lacto-
cocci included 5 strains of L. garvieae, 11 strains of L. lactis subsp. lactis, 11
strains of L. lactis subsp. cremoris, and 1 strain each of L. piscium, L.
raffinolactis, and L. chungangensis. Their proteomes, except for that of L.
piscium, were retrieved from the NCBI and HAMAP public databases.
Identification of the orthologous groups of proteins was done by means of
OrthoMCL (28). The information about the orthologous groups was used
to generate the pangenome matrix of the presence and absence of or-
thologs in lactococcus genomes (see Data Set S1 in the supplemental ma-
terial). Based on the pangenome matrix, a pangenome tree was con-
structed by using the PARS program from the PHYLYP package (29) and
visualized by using the iTOL tool (30). Clade-specific genes were deter-
mined to be genes that are present in 90% of the genomes in the clade and
absent in 90% of the other genomes (see Data Set S2 in the supplemental
material). This criterion allows accounting for the missing gene annota-
tions that often occur in draft genomes.

Phenotypic and morphology analyses for functional genomics. Car-
bohydrate utilization profiles of 22 L. piscium strains, including that of
strain MKFS47, were tested by the API 50CH and API 20 Strep identifi-
cation systems (bioMérieux, Marcy l’Etoile, France), according to the
manufacturer’s instructions.

To assess glycerol utilization, L. piscium was precultured in M17 broth
with 1% glycerol or 1% glucose aerobically and anaerobically (Anaerogen;
Oxoid, United Kingdom) for 24 h, followed by its reinoculation into the
same fresh medium as the one used for preculturing. The new cultures

were grown for the next 24 h under the same conditions as those used for
preculturing, and the final sample optical density at 600 nm (OD600)
values (Eppendorf Biophotometer) were measured. The growth of L. pi-
scium in M17 broth without a carbon source was used as the control.

To evaluate the capacities of L. piscium and Leuconostoc gelidum subsp.
gasicomitatum LMG 18811T to produce acetoin and/or diacetyl (hence-
forth “acetoin/diacetyl”), each bacterium was grown aerobically (250
rpm) for 48 h in modified MRS medium without acetate and with 2%
glucose (Sigma-Aldrich, USA). Glucose was selected since it is the most
abundant carbohydrate in food matrices. Leuc. gelidum subsp. gasicomi-
tatum was used for comparison, because it is a well-known acetoin/diac-
etyl producer in meat and vegetables packaged under oxygen-containing
atmospheres (12, 31). Detection of the total amount of diacetyl and ace-
toin was performed according to the colorimetric Voges-Proskauer assay
(32). The method was modified to enable measurement of the combined
amount of diacetyl and acetoin. In order to achieve this, reference curves
with known amounts of diacetyl and separately with known amounts of
acetoin in the range of 10 to 1,100 �M were constructed. The average
absorbance for diacetyl and acetoin at 560 nm (A560) was calculated, and
the combined reference curve exhibited linear relationships between the
A560 value and the concentration, where 1 A560 unit was equal to 410 �M
acetoin/diacetyl (ratio of �1:1). The detection limit of the assay was �10
�M. Prior to A560 measurements, samples were diluted, and the values
obtained were subsequently normalized. In addition, acetoin/diacetyl
production from glycerol by L. piscium was evaluated as described above.
For this, L. piscium was grown in MRS medium without acetate and with
2% glycerol aerobically for 48 h.

To test the ability of L. piscium to ferment citrate, a plate screening
assay was performed (33). Hydrogen peroxide production was tested as
described previously (34), except that M17 broth with 1% glycerol or 1%
glucose was used instead of brain heart infusion (BHI) broth. Plates for
both assays were incubated for 48 h anaerobically and aerobically.

The twitching motility of L. piscium was tested under different condi-
tions on 1% agar on microscope slides and examined by phase micros-
copy. The conditions included M17 medium with or without 0.5% glu-
cose or a semidefined medium with or without 0.1% lactose or 0.1%
glucose in both aerobic and anaerobic atmospheres for 3 days. For trans-
mission electron microscopy (TEM), 20-�l droplets of a culture of L.
piscium grown overnight were inoculated onto M17 plates with 0.5% glu-
cose and 1% agar. Cells from the outermost edge of the inoculum were
suspended in a saline solution, stained with 3% uranylacetate, and exam-
ined by TEM.

All the tests were done at 25°C in at least three replicates. The average
values were calculated across the replicates.

RNA extraction, sequencing, and downstream analysis. L. piscium
was grown in modified MRS broth without acetate at 25°C under mi-
croaerobic conditions (50 rpm), with 2% glucose. At the beginning of the
experiment, the exponential-phase cell density was �106 CFU ml�1. Cells
were passed through the medium for at least 10 generations. During 11 h
of growth, the OD600 value, the pH (Inolab 720 pH meter; WTW, Weil-
heim, Germany) of the growth medium, and cell counts (MRS agar with-
out acetate, with incubation for 5 days at 25°C anaerobically) were mea-
sured once an hour. Samples were taken at three time points, 3 h, 5 h, and
11 h, in three replicates.

For RNA extraction, samples were treated with a cold 10:1 mixture of
ethanol-phenol (Sigma-Aldrich, USA) to inhibit cell metabolism and
RNase activity and then centrifuged (5,000 � g for 3 min at 4°C), and the
pellets were immediately frozen and stored at �72°C. The cells were dis-
rupted by the use of a mixer mill (FastPrep-24; MP Biomedicals, USA) run
at a frequency of 6 Hz twice, for 45 s each time. Finally, RNA was extracted
by the use of the RNeasy plant minikit (Qiagen, Germany) with DNase
treatment according to the manufacturer’s instructions.

Prior to the construction of the RNA sequencing (RNA-seq) libraries,
rRNAs were omitted from the total RNA (3 to 5 �g) by using magnetic
beads (Ribo-Zero magnetic kit [bacteria], catalog no. MRZB12424; Epi-
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centre). RNA-seq libraries were produced using the Ovation RNA-seq
system V2 (part no. 7102; NuGEN). The resulting double-stranded DNA
(dsDNA) was sheared by sonication (Bioruptor sonication system; Diag-
enode) (19 cycles of 30 s on/30 s off). The obtained fragments were pol-
ished with T4 DNA polymerase, followed by the ligation of adapters for
SOLiD sequencing. Libraries were size selected and thereafter sequenced
in five lanes by using SOLiD 5500XL (Life Technologies) to produce
75-bp single-end reads.

Lifescope software (Life Technologies) was used for mapping and
counting the RNA-seq reads, including the generation of the normalized
read counts in RPKM (reads per kilobase of gene per million mapped
reads) (see Data Set S3 in the supplemental material). During the analysis,
�90% of the reads in each sample were mapped to the L. piscium MKFS47
genome. In turn, approximately half (45 to 51%) of the mapped reads in
each sample belonged to the protein-coding genes, which were used for
further analysis. The numbers of CDS mapped reads were in the ranges of
4.1 million to 7.2 million for 3-h replicates, 5.7 million to 7.3 million for
5-h replicates, and 5.9 million to 8.1 million for 11-h replicates. The tech-
nical (lanes) and biological replicates were clustered based on their RPKM
values by using an R function “heat map.” As a result, all the lanes for the
same biological replicate were clustered together, indicating low technical
variation in comparison with biological variation. Likewise, biological
replicates that belong to the same time point clustered together. This
suggests that biological replicates show higher similarity than do samples
from different time points. Analysis of differential expression between
different time points (5 h over 3 h and 11 h over 5 h) was performed by
using two R packages, EBSeq (35) and edgeR (36), which use different
inferential approaches. Default parameters were used. The genes were
considered to be differentially expressed (DE) if their false discovery rate
(FDR) was �0.05 (in the case of edgeR) or if the posterior probability (PP)
was �0.95 (in the case of EBSeq) and if the absolute fold change (FC),
obtained from the EBSeq output, was �1.5. Absolute fold changes, used
to describe DE genes in Results, were calculated based on the ratios be-
tween RPKM values (averaged for each time point). Genes that were
found to be significantly differentially expressed by at least one program
were taken for further analysis.

Accession numbers. Annotated genomic nucleotide sequences (chro-
mosome, plasmid 1, and plasmid 2) are accessible through the European
Nucleotide Archive (http://www.ebi.ac.uk/ena) under accession numbers
LN774769, LN774770, and LN774771, respectively. Raw RNA-seq read
sequences and raw read counts per gene are available in the ArrayExpress
database (http://www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-3245.

RESULTS
General features of the genome and time course transcriptome.
The genome of L. piscium contains one circular chromosome of a
moderate size, 2,394,138 bp, and two plasmids (Fig. 1A). The
numbers of predicted protein-coding genes are 2,289 on the chro-
mosome and 130 on the plasmids. The chromosomal genes are
evenly distributed along both strands, without any major distor-
tions of density (Fig. 1B). The chromosome harbors at least 4
prophage regions (Fig. 1C), constituting �6% of the L. piscium
genome. In addition to the genes originating from phages, each
region contains bacterial genes with a proportion ranging from
21% to 36% for each of the prophage regions. The genome was
predicted to have six complete DNA restriction-modification
(RM) systems: four on the chromosome (type I, type III, and two
type II) and two on the plasmids (both type I). It is noteworthy
that the type III DNA methylase gene (LACPI_0416) is a putative
pseudogene due to the frameshift, and one of the type II restriction
enzymes is disrupted by the transposase gene (LACPI_1775) into
two parts: LACPI_1774 and LACPI_1776.

In the time course gene expression study, pure cultures of L.

piscium reached the stationary phase after �7 h of growth, with
average cell counts of 4.6 � 108 to 7.7 � 108 CFU/ml, and the pH
of the growth medium decreased from 5.93 to 4.42. According to
the mapped RNA-seq data, plasmid 1 is not expressed and was
probably lost during cultivation, despite the fact that it contains a
toxin-antitoxin system. In turn, genes of plasmid 2 were highly
expressed. The total numbers of DE genes, found for the two time
intervals, reflect the lengths of the intervals (Table 1): 285 genes in
the first, short period (3 to 5 h) compared to 1,359 genes in the
second, longer period (5 to 11 h). More than half of the L. piscium
genes (56%) changed their expression levels during the second
time period, and the proportions of upregulated and downregu-
lated genes were almost equal in both intervals. DE genes were also
divided into six groups according to their expression patterns (Ta-
ble 2). Genes that showed equivalent expression levels in the
first period and upregulation (or downregulation) in the sec-
ond period were considered generally upregulated (or down-
regulated) during the whole time due to the shortness of the
first time interval (3 to 5 h) and the difficulty in detecting DE
genes with low FC values. The numbers of the genes in group 1
(mostly upregulated) and group 2 (mostly downregulated) are
relatively the same, and they constitute the majority of the DE
genes (�90%). As expected, the other four expression patterns
(groups) contain small numbers of genes, which, however,
could play important roles in the regulation of cellular pro-
cesses during bacterial growth.

Comparative genomics. The number of orthologous groups
of genes determined for 30 lactococcus genomes was 4,938 (ex-
cluding the groups containing only paralogs from the same ge-
nome). Among them, 337 groups (11 to 19% of lactococcus ge-
nomes) are present in all analyzed genomes and represent the core
genes. Sixteen groups out of the core genes have completely un-
known functions (see Table S2 in the supplemental material). By
using information about the presence or absence of orthologs in
the genomes, an unrooted pangenome tree of the Lactococcus ge-
nus was constructed (Fig. 2). It has three major clades: the first (“L.
garvieae” clade) includes species of animal and environmental or-
igins, including L. piscium, L. raffinolactis, L. chungangensis, and L.
garvieae strains, and the second and third clades consist of all L.
lactis subsp. lactis and L. lactis subsp. cremoris genomes, respec-
tively. L. piscium, L. raffinolactis, and L. chungangensis form a sep-
arate branch within the clade, as opposed to L. garvieae species.

Based on the gene collections, the “L. garvieae,” “L. lactis subsp.
lactis,” and “L. lactis subsp. cremoris” clades have 33, 54, and 67
clade-specific genes, of which proteins with completely unknown
function constitute 18, 42, and 52%, respectively (see Data Set S2
in the supplemental material). Interesting examples of clade-spe-
cific genes include the phosphatidylglycerol lysyltransferase gene
mprF in the L. garvieae clade, which is known to protect bacteria
from cationic antimicrobial peptides (37); the phosphoketolase
gene ptk in the L. lactis subsp. lactis clade; and the nitroreductase
gene in the L. lactis subsp. cremoris clade.

A detailed comparison of the most phylogenetically close
species, L. raffinolactis and L. chungangensis, showed that L. pis-
cium shares more orthologous groups with L. raffinolactis than
with L. chungangensis (Fig. 3), while L. raffinolactis shares almost
the same number of genes with both species. Their core genomes
consist of 1,278 genes, which is more than three times higher than
the number of genes in the core genomes of 30 analyzed lacto-
cocci. An analysis of the genes shared by only two species (see Data
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Set S4 in the supplemental material) showed that (i) in compari-
son with L. piscium, two other species possess pyruvate and lactate
oxidase genes and lack the citrate catabolic operon; (ii) L. piscium
shares the agmatine, glycerol, sorbitol, and xylose catabolic genes
and the malolactic operon with L. raffinolactis; and (iii) common

FIG 1 (A) Main L. piscium genome features. tmRNA, transfer-messenger RNA; ncRNAs, noncoding RNAs. (B) Genome map of L. piscium. Genes are colored
according to their COG functional annotations. Moving inwards, the tracks represent the following features: genes on the forward strand, genes on the reverse
strand, pseudogenes, prophages (green), rRNA genes (red), tRNA genes (blue), GC plot (cyan), and GC skew (purple and yellow). (C) Prophage regions detected
by using PHAST (26).

TABLE 1 Numbers of DE genes in two sequential time intervals

Time interval (h)

No. (%) of genes

Upregulated Downregulated Total DE

3–5 136 (48) 149 (52) 285
5–11 707 (52) 652 (48) 1,359
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genes for L. piscium and L. chungangensis include the LPxTG-like
pilus genes and the riboflavin biosynthesis operon. Interestingly,
L. piscium and L. raffinolactis have different galactose degradation
pathways, the Leloir pathway and the tagatose-6-phosphate path-
way, respectively, while L. chungangensis has neither of them.

The number of groups of unique genes/paralogs for L. piscium
not present in any of the analyzed genomes of the Lactococcus
genus is 395 (16% of the genome). These unique genes include, for
instance, the pilBTCA cluster, encoding type IV pilus proteins; the
ula operon for L-ascorbate transport and degradation; and three
putative bacteriocins (see Data Set S5 in the supplemental mate-
rial). On the other hand, the L. piscium genome lacks (i) gluconate
kinase, (ii) cytochrome d ubiquinol oxidase/transporter and
menaquinone biosynthesis, and (iii) arginine deiminase genes,
while these genes are present in 29, 25, and 24 other lactococcus
genomes, respectively.

General metabolism. The primary catabolic pathway for glu-
cose (and other hexoses) in L. piscium is predicted to be glycolysis,
since all the required glycolytic enzymes are present in the genome

as well as in the genomes of all other analyzed lactococci. On the
other hand, L. piscium is missing the phosphoketolase gene, the
key enzyme for the phosphoketolase pathway that is present in
the 12 other lactococcal genomes. The above-described findings
allow L. piscium to be classified as a homofermentative lactic acid
bacterium (38). In addition, L. piscium possesses a partial pentose
phosphate pathway that allows the catabolism of pentoses such as
arabinose and xylose. Four pathways for pyruvate utilization have
been predicted, including acetoin/diacetyl, pyruvate dehydroge-
nase, L-lactate dehydrogenase, and pyruvate-formate lyase path-
ways. Significantly, many spoilage substances, such as acetoin/
diacetyl and acetate, are produced as a result of these pathways
(Table 3). All the genes involved in the pyruvate utilization routes
show differential expression during the time course (Fig. 4A). The
pyruvate dehydrogenase complex pdhABCD (LACPI_0822 to
LACPI_0825 [LACPI_0822-0825]) has the highest level of expres-
sion (averaged for all subunits) across all time points, compared to
the other three enzymes. Another observation is that the overall
expression level of the pyruvate-dissipating enzymes increased

TABLE 2 Groups of DE genes with different expression patterns

Group

Direction of
change in
expression levela

No. of
genes Gene(s) and/or pathway(s)3–5 h 5–11 h

1 ¡ or1 1 677 General stress and oxidative stress protection; catabolism of carbohydrates (other than glucose), glycerol, and agmatine
2 ¡ or2 2 621 Biosynthesis of the cell wall and nucleotides; branched-chain-amino-acid biosynthesis and uptake; oligopeptide uptake
3 1 ¡ 37 Acetolactate synthase alsS
4 2 ¡ 41 Sucrose phosphorylase (LACPI_1289)
5 1 2 54 Ribulose-phosphate 3-epimerase; acetolactate decarboxylase; translation initiation factor IF-2
6 2 1 39 Glutamate-pyruvate aminotransferase; 1-phosphofructokinase; malolactic enzyme and malate/Na� symporter
a1 indicates upregulation,2 indicates downregulation, and ¡ indicates equivalent expression.

FIG 2 Pangenome tree of the Lactococcus genus, constructed based on information on the presence or absence of orthologs. Abbreviations: L.g, L. garvieae; L.l,
L. lactis subsp. lactis; L.c, L. lactis subsp. cremoris; L. chungang, L. chungangensis; L. raffinol, L. raffinolactis.
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during this time. The pyruvate dehydrogenase complex and the
pyruvate-formate lyase gene pfl (LACPI_1736) were highly up-
regulated after 5 h, with FC values of �4 and 8, respectively. In
turn, the lactate dehydrogenase gene ldh (LACPI_1375) was
highly downregulated (FC, �16) at the same time. Both the pyru-
vate dehydrogenase and pyruvate-formate lyase pathways pro-
duce acetyl coenzyme A (acetyl-CoA), which can be reduced to
ethanol by the aldehyde-alcohol dehydrogenase AdhE (LACPI_
2207) or converted to acetyl-phosphate by the phosphate acetyl-
transferase Pta (LACPI_0981). It can be seen that the level of pta
RNA expression was much higher than that of adhE at any time.
However, adhE was significantly upregulated (FC, �13) in the late
hours, while the RNA expression changes of pta were not found to
be significant (Fig. 4B). Acetoin/diacetyl production-associated
genes showed very different expression patterns. The acetolactate
synthase gene alsS (LACPI_1143) was found to be upregulated
only in the early hours; the expression of the acetolactate decar-
boxylase gene aldB (LACPI_1151) first increased and then de-
creased in the second period; and diacetyl reductases, encoded by
the chromosomal gene budC (LACPI_0294) and the plasmid gene
butA (LACPI_2399), were both upregulated during the whole

time. However, the expression level of budC was much lower (34
to 72 times) than that of butA, indicating that butA is the main
diacetyl-reducing enzyme in L. piscium.

Despite living in a protein-rich environment, L. piscium has
genes for the biosynthesis of all amino acids, except for phenylal-
anine. In addition, the genome contains a full set of genes for the
de novo biosynthesis of purines/pyrimidines and several cofactors/
vitamins such as riboflavin, folate, CoA, NAD, lipoate, and poly-
prenyls. Since the L. piscium genome carries a glycerol transporter
and a set of glycerol degradation genes, we tested its growth with
glycerol as the sole carbon source. Growth occurred only in the
presence of oxygen, and the final OD600 (�4), after 24 h of growth
in M17 medium, was approximately the same as that after growth
with glucose as the carbon source. Glycerol catabolism genes were
well expressed and mainly upregulated (Fig. 5), especially the
phosphotransferase system (PTS)-dependent dihydroxyacetone
(DHA) kinase genes dhaMLK (LACPI_1470-1472), the expres-
sion of which increased dramatically during the second period,
with FC values of �70 to 250 for the different subunits. These were
the highest FCs among all L. piscium DE genes. Peculiarly, we did
not find glycerol dehydrogenase in the genome, which would ox-
idize glycerol to DHA that can be subsequently phosphorylated by
DhaMLK. We hypothesize that DHA could be directly taken up
from the extracellular medium by the glycerol facilitator GlpF
(LACPI_1162), which has been shown in Escherichia coli to trans-
port a variety of neutral straight-chain compounds such as DHA
(39).

Carbohydrate metabolism. Carbohydrate utilization by L. pi-
scium MKFS47 and the predicted carbohydrate catabolic path-
ways/transporters are presented in Table 4. It can be easily per-
ceived that L. piscium is capable of consuming a wide range of
mono- and disaccharides as carbon and energy sources. More-
over, L. piscium is well equipped for the catabolism of higher-
order oligosaccharides and even polysaccharides of different types
(see Table S3 in the supplemental material). In particular, the
genome has a metabolic cluster for glycogen. The cluster consists
of the glycogen biosynthesis genes glgBCDA (LACPI_0555-0558)
and the glycogen phosphorylase gene glgP (LACPI_0559) for gly-
cogen breakdown. Nevertheless, all L. piscium isolates tested neg-
ative for glycogen utilization; also, no extracellular amylase was
found in the genome. L. piscium also lacks a ribose pyranase gene,
encoding the first enzyme in the ribose degradation pathway,

TABLE 3 Enzymes and their encoding genes associated with the production of spoilage substances in L. piscium

Spoilage compound Enzyme Gene(s) Locus tag(s)

Acetate Acetate kinase ackA LACPI_1846
N-Acetylglucosamine-6-phosphate deacetylase nagA LACPI_1268
Citrate lyase complex citCDEF LACPI_1076-1079

CO2 Oxaloacetate decarboxylase citM LACPI_1074
Acetolactate synthase alsS LACPI_1143
Alpha-acetolactate decarboxylase aldB LACPI_1151
Pyruvate dehydrogenase complex pdhABCD LACPI_0822-0825
Phosphogluconate dehydrogenase gnd LACPI_2003

Acetoin/diacetyl Acetolactate synthase alsS LACPI_1143
Alpha-acetolactate decarboxylase aldB LACPI_1151
Diacetyl reductase [(S)-acetoin forming] budC LACPI_0294
Diacetyl reductase [(S)-acetoin forming] butA LACPI_2399

FIG 3 Venn diagram of the distribution of the orthologous gene groups
among the three closely related species L. piscium, L. raffinolactis, and L.
chungangensis.
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therefore indicating the inability of this strain to utilize ribose.
This prediction is in accordance with the finding that most L.
piscium isolates do not utilize ribose (5). Many carbohydrate cat-
abolic pathways and transporters were found to be significantly
upregulated (FC, �4) during the whole time or the second period.
These carbohydrates include fructose, mannose, mannitol, xylose,
lactose/galactose, maltose, beta-glucosides, and glycogen (the
whole biosynthesis/degradation operon glg, with FC values of �7
to 17). Interestingly, the universal ABC transporter ATP-binding
protein-encoding gene msmK (LACPI_0501), which energizes
multiple carbohydrate ABC transporters (40), was also highly up-
regulated (FC, �10) in the second time period. Accordingly, the
glucose uptake family protein (LACPI_2218) became highly
downregulated.

Aerobic acetoin/diacetyl production from glucose and asso-
ciated pathways. Under specified conditions (see Materials and
Methods), L. piscium generated a significant amount of acetoin/
diacetyl, reaching a final concentration of 8.5 mM after 48 h of
growth (OD600 of �2.2 in MRS medium), whereas Leuc. gelidum
subsp. gasicomitatum did not produce any detectable amounts of
these substances. All the necessary genes for acetoin/diacetyl pro-
duction from pyruvate are present in the L. piscium genome (Ta-
ble 3). In addition to the catabolic acetolactate synthase gene alsS
(LACPI_1143), the genome also contains the anabolic acetolac-
tate synthase genes ilvBH (LACPI_0280-0281), usually involved in

branched-chain amino acid biosynthesis, which were shown pre-
viously to increase the level of acetoin/diacetyl production in
the case of plasmid-directed expression (41). Factors such as
the catabolism of citrate, aspartate, or alanine as well as the
presence of oxygen are known to enhance acetoin/diacetyl pro-
duction in LAB (38, 42).

FIG 4 Expression levels of the four pyruvate-dissipating enzymes (A) and two acetyl-CoA-dissipating enzymes (B). RPKM, reads per kilobase of a gene per
million mapped reads, averaged across all replicates. Designations: pdh, pyruvate dehydrogenase complex; ldh, lactate dehydrogenase; pfl, pyruvate-formate
lyase; alsS, acetolactate synthase; adhE, aldehyde-alcohol dehydrogenase; pta, phosphate acetyltransferase.

FIG 5 Differential expression of glycerol catabolism genes. Designations:
glpF, glycerol permease; glpK, glycerol kinase; glpO, alpha-glycerophosphate
oxidase; gpsA, glycerol-3-phosphate dehydrogenase; dhaMLK, PTS-depen-
dent dihydroxyacetone kinase; yloV, putative dihydroxyacetone kinase. Ab-
breviations: DHA, dihydroxyacetone; out, outside the cell; in, inside the cell.
The direction of the arrows adjacent to the enzyme names indicates up- or
downregulation.

TABLE 4 Predicted carbohydrate degradation pathways, transporters,
and acid production from carbohydrates in L. piscium MKFS47 based
on the API 50CH and API 20 Strep tests

Degradation
enzyme/pathway Transporter(s)b

Acid
productiona

Monosaccharides
D-Glucose LACPI_2218, manXYZ �
D-Fructose levDEFG, fruABC,

LACPI_0871-0873
�

D-Mannose manXYZ, ptnDCAB �
D-Galactose ? �/�
N-Acetylglucosamine manXYZ ?
D-Mannitol mtlFA �
D-Sorbitol srlAEB �/�
D-Glucuronate ? ?
L-Arabinose ? �
D-Xylose xylHGF �/�

Disaccharides
Sucrose scrA �
Maltose mdxEFG �
Lactose lacEF1F2 �/�
Trehalose treP �
Cellobiose �8–10 PTS beta-glucoside

transporters
�

Melibiose melB, msmG1F1E1 �/�

Polysaccharides
Inulin msmG2F2E2 �c

a �, positive reaction; �/�, weak or variable reaction; �, negative reaction; ?, not
tested.
b Unknown transporters are indicated by “?.”
c However, six strains of L. piscium were positive for inulin according to the API 20
Strep test.
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L. piscium harbors an operon for citrate catabolism,
citMCDEFXG (LACPI_1074 and LACPI_1076-1080), and the
citrate/malate transporter gene cimH (LACPI_1075). Besides L.
piscium, this operon is present in only four strains of L. lactis
subsp. lactis: L. lactis subsp. lactis strain IL1403 and L. lactis subsp.
lactis bv. diacetylactis strains LD61, TIFN2, and TIFN4. Citrate
utilization assays showed no citrate fermentation by L. piscium
during 48 h, both aerobically and anaerobically. In addition, RNA
expression levels were found to be very low for the citrate catabolic
cluster (RPKM ranges of �0.15 to 2.62 for citCDEFXG and 1.99 to
22.83 for citM), although citrate was present in the growth me-
dium.

The first step in the catabolism of aspartate and alanine to
pyruvate requires (i) aspartate (LACPI_0652) and alanine
(LACPI_0317) transaminases and (ii) alpha-ketoglutarate, which
can be produced from glutamate by glutamate dehydrogenase
(LACPI_1533). Besides L. piscium, glutamate dehydrogenase is
present only in L. raffinolactis and L. chungangensis. While alanine
is directly converted to pyruvate, aspartate is first deaminated to
oxaloacetate, which can be converted to pyruvate by the oxaloac-
etate decarboxylase CitM (LACPI_1074).

The L. piscium genome harbors two NADH oxidase genes,
noxE (LACPI_1670) and noxC (LACPI_1783 [putative]), that are
assumed to mediate the role of oxygen as an electron acceptor.
Oxygen-dependent glycerol catabolism (Fig. 5) can also contrib-
ute to pyruvate excess and, hence, increased production of aroma
compounds (43). The Voges-Proskauer test showed that L. pis-
cium produced 1.1 mM acetoin/diacetyl from glycerol under aer-
obic conditions after 48 h of growth (OD600 of �1.0 in MRS me-
dium).

Predicted factors contributing to increased survival and
predominance within the microbial meat spoilage commu-
nity. The L. piscium genome possesses all the genes required for
purine/pyrimidine (deoxyribo)nucleoside transport and catabo-
lism. These genes include the nucleoside ABC transporter genes
rnsDCAB (LACPI_0560-0563), the nucleoside phosphorylase
genes punA (LACPI_1420) and pdp (LACPI_1499), the phospho-
pentomutase gene deoB (LACPI_1421), and the deoxyribose-
phosphate aldolase gene deoC (LACPI_1498). Nucleosides can be
used as alternative carbon and energy sources.

The genome also contains an operon, aguCADBR (LACPI_
2110-2114), allowing the catabolism of agmatine with the produc-
tion of putrescine, ammonia, and ATP. Therefore, agmatine can
be used as an alternative energy source. According to the RNA-seq
data, the agmatine catabolic operon was significantly upregulated
during the second period (FC, �2 to 6). Since the growth medium
includes meat extract, it could contain a trace amount of agma-
tine, which is, however, assumed to be insignificant.

Adhesion is another important survival factor. Since sortase-
dependent proteins are often involved in adhesion in LAB (44), we
scanned the genome for the presence of proteins with a C-termi-
nal LPxTG-like motif and found three such proteins on the chro-
mosome: the collagen adhesion protein YbeF (LACPI_1319) (en-
coded by a putative pseudogene due to the frameshift) and two
pilus proteins (LACPI_0532 and LACPI_0533), which show ho-
mology to the adhesive pilus proteins SpaCED in Lactobacillus
rhamnosus. Interestingly, LACPI_0532 seems to be a fusion be-
tween two proteins that correspond to SpaC and SpaE. Surpris-
ingly, the genome possesses an operon for type IV pili, pilBTCA
(LACPI_0070-0073), which were shown to be involved in twitch-

ing motility and adhesion (45). However, when twitching motility
was tested under different conditions on 1% agar on microscope
slides and examined by phase microscopy, no motility was ob-
served. In addition, TEM was performed to examine if pili were
present on the surface of L. piscium MKFS47 cells, but no pili were
observed. According to RNA-seq data, the pilBTCA genes are ex-
pressed at very low levels (RPKM range, �0.84 to 9.69). Finally,
the L. piscium genome has a fibronectin-binding protein (LACPI_
1373) and two proteins with mucus-binding domains (LACPI_
1655 and LACPI_1656).

As putative antimicrobial factors, L. piscium harbors genes for
the biosynthesis of three putative bacteriocins (LACPI_0296,
LACPI_0897-0901, and LACPI_2233-2235). We also found sev-
eral enzymes that could be involved in hydrogen peroxide
production: the superoxide dismutase SodA (LACPI_0465), the
alpha-glycerophosphate oxidase GlpO (LACPI_1161), and two
NADPH-dependent flavin mononucleotide (FMN) reductases
(LACPI_0686 and LACPI_0687) showing homology to the corre-
sponding enzymes from L. johnsonii involved in hydrogen perox-
ide production (46). According to data from the hydrogen perox-
ide production assay, L. piscium produced hydrogen peroxide
only from glycerol under aerobic conditions but not from glucose
both aerobically and anaerobically.

DISCUSSION

L. piscium is a psychrotrophic food spoilage LAB, the numbers of
which may be underestimated in microbial analyses of cold-stored
MAP food products if mesophilic bacterial enumeration tech-
niques utilizing incubation temperatures close to or above 30°C
are applied (10). Leuc. gelidum subsp. gelidum, Leuc. gelidum
subsp. gasicomitatum, and L. piscium have often been reported to
be the most abundant species in cold-stored MAP food indepen-
dently of the composition of food matrices (3, 10). The annotated
genomes of the first two species have been available for some time
(47, 48), while the present study delivers genome and time course
glucose catabolism-based transcriptome information for L. pis-
cium.

To assess gene content-based similarity among different lacto-
coccus genomes, we exploited pangenome tree construction. As
opposed to phylogenetic trees, pangenome trees reflect not only
the phylogeny of a species (vertical gene transfer) but also the
horizontal gene transfer between species and their phenotypic dif-
ferences (49). The analysis of the tree revealed three major clades
within the Lactococcus genus, where L. piscium clustered together
with L. garvieae strains, L. raffinolactis, and L. chungangensis. The
clustering observed probably reflects niche adaptation, since most
of the species in this clade were isolated from animal bodies (50,
51) or considered to be environmental (7, 10, 52, 53). While L.
garvieae strains appear to be more functionally related to L. pis-
cium than to L. lactis strains based on the gene content, a previous
phylogenetic analysis showed that L. garvieae is evolutionarily
closer to L. lactis strains than to L. piscium or L. raffinolactis (5). As
expected, based on the gene composition, the closest species to L.
piscium are L. raffinolactis and L. chungangensis, which were also
phylogenetically the closest species to L. piscium (5, 52). Unlike the
majority of Lactococcus species, L. piscium is predicted to be unable
to degrade gluconate and arginine as well as to respire aerobically.
The latter conclusion is in agreement with the finding that the
growth of L. piscium in the presence of oxygen and heme is not
stimulated (5).
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L. piscium has many catabolic pathways for plant-specific
carbohydrates, including arabinose, xylose, fructose, cellobiose,
melibiose, raffinose, arabinogalactan type I oligosaccharides, and in-
ulin, which might suggest a plant origin of L. piscium. The genome is
particularly enriched in PTS transporters (containing 8 to 10) and
phospho-glucosidases (containing 13) for beta-glucosides, which
are also well catabolized by L. piscium according to the API 50CH
test. The genome possesses the glycogen biosynthesis/degradation
operon. Glycogen is abundant in meat, and its catabolism would
be beneficial in a meat environment. The inability to grow on
glycogen and the absence of extracellular amylase in the genome
suggests that the glg operon is meant for intracellular glycogen
production and degradation. The upregulation of the carbohy-
drate catabolic pathways, including the glycogen metabolic cluster
(54), during the time course can be explained by the relief of car-
bon catabolite repression (CCR) (55), which occurs when the pre-
ferred carbon source (glucose for L. piscium) is exhausted and the
bacteria are ready to utilize alternative carbon sources. This also
explains the decreased expression level of the glucose uptake pro-
tein. Other upregulated pathways that are subject to CCR include
the agmatine (56) and glycerol (57) catabolic operons. The in-
crease in CCR-controlled gene expression occurs in the absence of
alternative carbon sources in the medium, suggesting that the low
glucose concentration is itself enough to turn on the expression of
CCR-regulated genes.

The presence of several pyruvate utilization pathways in L. pi-
scium increases its adaptive flexibility under various conditions
(38) and, more importantly, becomes a basis for the formation of
spoilage substances. According to the DE gene analysis, there is a
switch in pyruvate utilization from the lactate dehydrogenase
pathway to the acetyl-CoA generation pathways in the late hours
of growth. This makes bacterial metabolism more flexible and
efficient, since acetyl-CoA can be used not only as an electron
acceptor but also as a precursor for amino acid biosynthesis and
ATP production. Consistent with the downregulation of lactate
dehydrogenase, the expression of aldehyde-alcohol dehydroge-
nase increases during the second period, taking over the role of
NADH reoxidation. Along with it, elevated acetyl-CoA produc-
tion increases acetate and ethanol formation during the late pe-
riod. Relating to acetoin/diacetyl formation, the upregulation of
both diacetyl reductases during the whole time leads to an in-
creased conversion of diacetyl to acetoin, where the latter com-
pound is preferable, since it has a significantly less powerful aroma
than does diacetyl (58).

According to Rahkila et al. (5), meat inoculated with L. piscium
strains had an odor described as buttery and sour after 14 to 16
days. The buttery aroma is caused mainly by the presence of diac-
etyl and, to a much lesser extent, by acetoin (58). After 48 h of
aerobic growth with glucose, the concentration of acetoin/diacetyl
produced by L. piscium was 8.5 mM, which is comparable to the
amounts of acetoin/diacetyl produced by L. lactis subsp. lactis bv.
diacetylactis strains after 25 h of aerobic growth (59). L. lactis
subsp. lactis bv. diacetylactis strains are used in cheese production
to generate aroma compounds such as diacetyl and acetoin, which
are desirable in cheese but not in meat. Leuc. gelidum subsp. gasi-
comitatum did not produce any acetoin/diacetyl in the presence of
oxygen and glucose in the medium. The same was observed for
anaerobic growth with glucose (60). However, it has been shown
that heme-based respiration (31) and catabolism of pentoses (60)
induce the accumulation of significant amounts of these sub-

stances in Leuc. gelidum subsp. gasicomitatum cultures. Heme,
glucose, and pentoses are particularly abundant in meat; thus, the
production capabilities for acetoin/diacetyl in L. piscium and Leuc.
gelidum subsp. gasicomitatum in meat are complementary.

Efficient acetoin/diacetyl production occurs when there is ex-
cess pyruvate, which is accomplished in two ways: by the produc-
tion of additional pyruvate without the generation of reduced
NADH (e.g., catabolism of citrate [38], aspartate, or alanine [42])
or by reducing the conversion of pyruvate into lactate in the pres-
ence of additional electron acceptors (e.g., oxygen [38]). The ab-
sence of citrate fermentation and the very low RNA expression
levels of citrate catabolic genes while citrate was present in the
growth medium indicate that citrate does not contribute to ace-
toin/diacetyl production in L. piscium. Relating to aspartate/ala-
nine catabolism, the presence of the required transaminases and
glutamate dehydrogenase suggests that L. piscium (as well as L.
raffinolactis and L. chungangensis) is a potential good producer of
acetoin/diacetyl from these amino acids, which, different from
other lactococci (58), does not require exogenous alpha-ketoglu-
tarate to be present in the medium. Besides the formation of ace-
toin/diacetyl, pyruvate surplus favors its conversion into acetate
with the concurrent formation of ATP (38). Hence, aspartate and
alanine may play the role of an alternative energy source in a meat
environment abundant in amino acids. The presence of oxygen
was shown previously to increase acetoin/diacetyl production by
L. lactis (59, 61, 62). We observed the same for L. piscium (data not
shown). Out of two NADH oxidases found in the genome, noxE is
assumed to play the major role in oxygen-dependent NAD regen-
eration (63, 64). The role of noxC remains to be determined. In L.
piscium, oxygen also acts as an electron acceptor during glycerol
catabolism mediated by the glpFKO operon. We showed that L.
piscium can grow on glycerol as the sole carbon source and that the
growth efficiency is comparable to or lower than that on glucose,
depending on the type of growth medium used. While utilizing
glycerol, L. piscium produced acetoin/diacetyl, the amount of
which, however, was approximately eight times lower than that
with glucose. This is partly explained by the lower (�2 times)
efficiency of glycerol-based growth than of glucose-based growth
when an MRS medium is used. Taking into account that glycerol is
present in meat (16) as a product of the degradation of triacyl-
glycerols (which are abundant in meat), it can be speculated that
glycerol might be used by L. piscium as an alternative carbon
source in meat, leading to the formation of buttery off-odors.

In addition, the presence of several other pathways/gene sets in
the genome was predicted to give a competitive advantage to L.
piscium in a meat environment, explaining its predominance. The
L. piscium genome is well equipped for the catabolism of nucleo-
sides, which are abundant in meat and are thought to be used as
alternative carbon and energy sources by other meat-inhabiting
bacteria (48, 65) when glucose is depleted. Due to the absence of
arginine-degrading genes, this species cannot gain energy directly
from this amino acid; however, the genome possesses an operon
for the energetic catabolism of agmatine, which is produced from
arginine by arginine decarboxylase-containing bacteria (66) and
naturally present in meat (67, 68). In addition to ATP, the agma-
tine degradation pathway generates putrescine, a biogenic amine,
which is very undesirable in meat due to its repellent smell. An-
other important survival factor is the ability to persist in the food
processing environment and quickly colonize food surfaces,
which can be achieved through adhesion. Several putative ad-
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hesins were found in the genome, including two types of pili:
LPxTG-like and type IV. Nevertheless, the absence of twitching mo-
tility and pilus structures on the L. piscium cell surface as well as the
low gene RPKM values indicate that both types of pili are not
expressed under the examined conditions. Finally, the presence of
putative bacteriocin-coding genes in the genome and hydrogen
peroxide production from glycerol might contribute to the devel-
opment of antimicrobial properties. The formation of hydrogen
peroxide can also be associated with meat discoloration, which
was recently attributed to L. piscium-mediated veal meat spoilage
(C. Denis, S. La Carbona, A. Hanin, S. Chaillou, M. Zagorec, and
M.-C. Champomier-Vergés, presented at Food Micro 2014, 24th
International ICFMH Conference, Nantes, France, 1 to 4 Septem-
ber 2014).

In conclusion, the present study expands the knowledge of
the genomics and transcriptomics of the core psychrotrophic
food spoilage LAB, creating a base for future studies of food
spoilage microbial communities, such as exploration of the
interspecies interactions and mechanisms involved in the es-
tablishment of a stable population structure. As soon as the
genomic sequences of other L. piscium strains are available, a
comparative analysis can be done to identify the genetic determi-
nants underlying the strain-dependent variations in spoilage po-
tential. Regarding this, the L. piscium MKFS47 strain described
here was identified as an efficient producer of buttery-odor com-
pounds, which are known to be detrimental to meat quality.
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