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We have characterized a new strain, Bifidobacterium animalis subsp. lactis CECT 7953, obtained by random UV mutagenesis,
which produces less acetic acid than the wild type (CECT 7954) in three different experimental settings: De Man-Rogosa-Sharpe
broth without sodium acetate, resting cells, and skim milk. Genome sequencing revealed a single Phe-Ser substitution in the ace-
tate kinase gene product that seems to be responsible for the strain’s reduced acid production. Accordingly, acetate kinase spe-
cific activity was lower in the low acetate producer. Strain CECT 7953 produced less acetate, less ethanol, and more yoghourt-
related volatile compounds in skim milk than the wild type did. Thus, CECT 7953 shows promising potential for the
development of dairy products fermented exclusively by a bifidobacterial strain.

Consumers are increasingly interested in supplemented foods
that may provide benefits beyond their nutritional character-

istics, known as functional foods. This has led to the development
of many foods, mainly dairy based, with the inclusion of probiotic
bacteria. Probiotics are live bacteria that can confer health benefits
on the host (4). In the case of fermented foods, probiotics suffer
from reduced viability because of processing (including manufac-
ture and storage) and the harsh and competitive environment of
the gastrointestinal tract.

Given their intrinsic resistance to both technological and phys-
iological stresses, Bifidobacterium animalis subsp. lactis strains
have been the probiotics of choice for inclusion in fermented
foods (8, 13). Included in this group are sequenced strains DN
173010, BB-12, and HN019 (2, 3, 6, 9, 23). The suggested benefits
of B. animalis subsp. lactis for human health, as reported in animal
models, include decreased serum cholesterol levels, protection
against colorectal cancer, regulation of gut transit time and con-
stipation, and reduction of gut inflammation through the
maintenance of a favorable balance of the microbiota (1, 10, 21,
24–26, 27).

Interestingly, we could not find any reference in the literature
to dairy products fermented exclusively by bifidobacteria. Instead,
bifidobacteria are added as adjunct cultures that do not participate
metabolically in fermentation. Fermentation is conducted mainly
by starter cultures of Streptococcus thermophilus and species of the
genus Lactobacillus. There are two main difficulties arising from
the production of foodstuffs from milk fermented by bifidobacte-
ria. The first is the anaerobic metabolism of bifidobacteria, which
grow slowly or not at all in the presence of oxygen, making it very
expensive to include them in industrial processes. The second is
that bifidobacteria produce large amounts of acetic acid via the
glycolytic pathway. The first is overcome by using B. animalis
subsp. lactis, which is more stress resistant than other strains. The
second forms the basis of the present research. Here we describe
the isolation and characterization of a bifidobacterial strain with a
reduced ability to produce acetic acid.

MATERIALS AND METHODS
Growth conditions, mutant generation, and isolation. To generate mu-
tants, strain CECT 7954 was propagated in De Man-Rogosa-Sharpe
(MRS) broth (Difco, Detroit, MI) supplemented with 0.05% (wt/vol) L-

cysteine (Sigma, St. Louis, MO) (MRSC). Cultures were incubated at 37°C
in an MG500 anaerobic chamber (Don Whitley Scientific, West York-
shire, United Kingdom) with an atmosphere of 10% (vol/vol) H2, 10%
CO2, and 80% N2. An overnight culture was used to inoculate 50 ml of
fresh MRSC (1%, vol/vol). Exponential-phase cultures (A600 � 0.4) were
washed twice with phosphate-buffered saline (PBS), resuspended in 5 ml
PBS, poured onto a petri dish, and then exposed to UV light (UV radiation
sterilization desk; JP Selecta, Barcelona, Spain) for 3 min. This exposure
produced a viability loss of 15% (data not shown). Mutants with a de-
creased ability to incorporate sodium fluoroacetate were selected in
MRSC supplemented with 1.8% (wt/vol) agar and 120 mM sodium fluo-
roacetate.

Selection of low acetate producers. One hundred colonies able to
grow in the presence of 120 mM sodium fluoroacetate were isolated fol-
lowing 48 h of incubation in MRSC plates. Mutant colonies were grown in
MRS without sodium acetate (Difco). Acetic acid production was mea-
sured by high-performance liquid chromatography with an Alliance 2690
injector module, a Photodiode Array PDA 996 detector (210 nm), a 410
Differential Refractometer detector, and the Empower software (Waters,
Milford, MA). Filtered (0.22-�m pore size) supernatant aliquots of 50 �l
were injected into an ICSep ION-300 ion-exchange column (Trans-
genomic, San Jose, CA). H2SO4 (8.5 mN) was used as the mobile phase at
65°C, with a flow rate of 0.4 ml/min.

Genome sequencing and strain comparison. Total DNA was ex-
tracted using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany),
with a protocol modified for Gram-positive bacteria. Sequencing was per-
formed at Macrogen Inc., Seoul, South Korea, using an Illumina GAIIx
36-bp paired-end approach according to standard Illumina protocols. Of
the �12 million 36-bp-long reads generated for each strain, 99.6% (CECT
7954) and 99.8% (CECT 7953) were successfully mapped to the B. ani-
malis subsp. lactis DSM10140 complete genome sequence (RefSeq acces-
sion no. NC_012815.1) using Maq software (11) (default parameters).
This resulted in 237� (CECT 7954) or 219� (CECT 7953) genome cov-
erage. Single nucleotide polymorphisms (SNPs) were then identified and
filtered using the Maq option SNPfilter -q 40 -w 5 -N 2 -d 3 -D 256 -n 20
-Q 40, as recommended for bacterial genomes (11). Bioinformatic com-
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putation was performed at the Clúster de Modelización Científica, Oviedo
University (http://cms.uniovi.es).

Acetate kinase assay. Acetate kinase activity was determined in the
direction of acetyl-phosphate formation. First, 10-ml cultures of each of
the bifidobacterial strains grown to the mid-exponential phase (about 5 �
108 CFU/ml). Cell extracts were obtained by sonication on ice using a
CV17 sonicator (VibraCell; Sonics and Materials, Newtown, CT) and cen-
trifuged (5 min, 16,000 � g, 4°C) to remove cell debris. Protein concen-
trations in the different extracts were measured with the BCA Protein
Assay kit (Pierce, Rockford, IL). Mixtures of 1 ml containing 50 mM
Tris-HCl adjusted to pH 7.5, 10 mM MgSO2, 750 mM acetate, 1.16 M
NH2OH·HCl adjusted to pH 7.5 with KOH were preincubated for 3 min
at 60°C with 500 �g of total bacterial protein. The reaction was started by
the addition of 30 �l ATP (333 mM in 1 M Tris) and stopped after 60 min
of incubation at 37°C by transferring 300 �l of the assay mixture into 750
�l of 77 mM FeCl3, in 1 M HCl. Acetohydroxamate was quantified at 540
nm using a series of different acetyl-phosphate concentrations as stan-
dards. One unit of activity was defined as the amount of protein produc-
ing 1 nmol of hydroxamate per min. Results were expressed as the mean of
three independent measurements.

Glucose consumption and end product formation. To precisely de-
termine glucose consumption and organic acid production, buffered cell
suspensions where obtained as described previously (19). Briefly, 10-ml
cultures of strains CECT 7954 and CECT 7953 at an optical density at 600
nm of 0.6, grown in MRSC without sodium acetate, were collected by
centrifugation, washed, and resuspended in 10 ml of 33 mM potassium
phosphate buffer, pH 5.6, containing 25 mM glucose. Cells were incu-
bated for 4 h at 37°C in anaerobic jars, and the supernatants were analyzed
by high-performance liquid chromatography as described before. Glucose
and organic acid levels are presented as the means of at least three inde-
pendent experiments. In addition, the acetic/lactic acid ratios were calcu-
lated, as well as the total carbon balance of the bifid shunt expressed as
moles of carbon formed/moles of glucose consumed using the following
formula: (2 � [acetic acid] � 3 � [lactic acid] � 2 � [ethanol] � 1 �
[formic acid])/(6 � [glucose]).

Manufacture of a bifidobacterium-fermented milk. Only Bifidobac-
terium animalis subsp. lactis CECT 7954 or CECT 7953 was used for the
manufacture of fermented milk. Commercial semiskim milk supple-
mented with yeast extract (Bacto yeast extract; Difco); containing 4.05%

(wt/vol) protein, 4.5% (wt/vol) carbohydrates, 1.6% (wt/vol) fats, and
0.11% (wt/vol) calcium; and supplemented with 1% skim milk (Difco)
was used after Tyndallization. Both strains were separately propagated
(1% wt/vol) in the milk overnight at 37°C and in aerobiosis and used to
inoculate freshly prepared milk. Milk fermentations were carried out in
aerobiosis at 37°C until they reached a pH of 5.0 � 0.1, and afterwards,
fermented milk samples were stored at 4° for 24 h. Bacterial counts and
pHs were then determined, as well as other parameters, such as residual
lactose and organic acid production (as described before). Volatile com-
pound production was determined through a dynamic headspace extrac-
tion and gas chromatography-mass spectrometry analysis, according to
the method of Ruas-Madiedo and coworkers (18). Results were expressed
as millimolar concentrations of sugar and organic acids and as micro-
grams of volatile compounds per gram.

Statistical analysis. Throughout this study, data were subjected to
one-way analysis of variance with the SPSS 18.0 software (SPSS Inc., Chi-
cago, IL) using the factor “strain” with two categories, CECT 7954 and
CECT 7953.

RESULTS AND DISCUSSION

In the present work, we discuss a new strategy for selecting bifido-
bacteria with reduced acetic acid-producing capacity, which may
be of industrial interest for the elaboration of new (and potentially
functional) dairy products. We have chosen strain CECT 7954, a
spontaneous extracellular polysaccharide-producing strain that
was isolated in our lab from a dairy isolate. This strain is able to
grow in the presence of oxygen in both static and agitated cultures
and is thus of interest to industry and a good candidate for the
study of potential human health benefits. Figure 1 depicts the
strategy for mutant selection. Bifidobacteria obtain some ATP
equivalents at a substrate level through the glycolytic pathway by
coupling acetic acid production from acetyl phosphate (Fig. 1A).
Sodium fluoroacetate is incorporated by acetate kinase to the cen-
tral metabolism of bifidobacteria and irreversibly inhibits aconi-
tate hydratase, an enzyme of the Krebs cycle, as shown in Fig. 1B
(17). According to the Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg/kegg2.html), B. animalis subsp. lac-

FIG 1 Schematic representation of the strategy used for low acetate producers. (A) Metabolic pathway of acetic acid production in B. animalis subsp. lactis
DSM10140. Pathways obtained from KEGG. (B) Uptake of fluoroacetate through the central metabolism of bifidobacteria irreversibly inhibits aconitate
hydratase, blocking anabolic pathways and leading to bacterial death.
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tis contains the information for some of the Krebs cycle reactions,
which is the starting point of some anabolic pathways, including
the biosynthesis of branched-chain amino acids. Thus, inhibition
of aconitate hydratase inhibits these anabolic reactions and is le-
thal to bifidobacteria. We aimed to select mutants harboring mu-
tations in one of the genes involved in acetic acid production and
therefore a decreased ability to incorporate sodium fluoroacetate.

A similar strategy has previously been used to select low acetate
producers of Thermoanaerobacter thermohydrosulfuricus (14).

Among the colonies obtained, only one strain, designated
CECT 7953, showed reduced acetic acid production compared
with that of the wild type. The resistance of the remaining strains
may have been induced by mutations in multidrug systems, as
proposed for T. thermohydrosulfuricus (14). Stationary-phase cul-
tures of strain CECT 7953 in MRSC elaborated without sodium
acetate produced 4.3-fold less acetic acid than wild-type strain
CECT 7954 (3.73 � 0.17 versus 16.10 � 1.01 mM, respectively)
after 24 h of growth. Consequently, the lactic/acetic acid ratio
increased from 0.4 (CECT 7954) to 1.8 (CECT 7953), resembling
the metabolic profile of a homofermentative lactic acid bacterium.
Interestingly, the growth of CECT 7953 was delayed by 24 h if
pyruvate was used as the sole carbon source (Fig. 2). In this sense,
acetate kinase mutants of T. thermohydrosulfuricus were unable to
use pyruvate as a carbon and energy source due to an inability to
produce ATP at the substrate level in the reaction catalyzed by
acetate kinase (14). This supports the concept of a partial block in
the acetic acid production pathway.

To determine the genetic changes induced by UV mutagenesis
in strain CECT 7953, we sequenced the genomes of both strains.
Genome comparison identified 45 SNPs in CECT 7954 and 49 in
CECT 7953 with respect to strain DSM10140 (data not shown).
We focused on the four differential SNPs contained in the CECT
7953 genome, which are listed in Table 1. One SNP was located in
the intergenic region between the D-tyrosyl-tRNA deacylase and
phage-related integrase genes. Two others were found within
open reading frames but produced silent mutations. Finally, the
fourth SNP was located in the acetate kinase gene and resulted in
a serine-to-phenylalanine substitution at position 154 of the pro-
tein. This SNP was confirmed by conventional PCR using four
different forward primers (AckA-Dir [5=-TCGCGAATTCATGA
CGTG-3=], AckA-Dir2 [5=-TTGACGGCCACTACAAGTAC-3=],
AckA-Dir3 [5=-GCACCTATGCGTTGAACAAG-3=], and AckA-
Dir4 [5=-TTCCAGAGTTCCTCGGCATTG-3=]) in combination
with the reverse primer AckA-Rev (5=-CCGGATTTCGTGGG-
TATG-3=).

Serine is a polar amino acid with a hydroxyl group in its side
chain, whereas phenylalanine is nonpolar because of its hydro-
phobic benzyl side chain. This single amino acid change is there-
fore likely to be responsible for the phenotype of CECT 7953. This
mutation was responsible for a decrease in acetate kinase activity,
as deduced from specific enzymatic assays performed with cells
grown to the mid-exponential phase (CECT 7954, 8.34 � 0.45
U/mg; CECT 7953, 5.88 � 0.45 U/mg; P � 0.01). This was also

FIG 2 Growth curves of CECT 7954 and CECT 7953 in MRSC without so-
dium acetate and with glucose (A) or sodium pyruvate (B) as a carbon and
energy source.

TABLE 1 Differential SNPs in the CECT 7953 genome with respect to strain CECT 7954

Position in
DSM
genome

SNP Triplet change Amino acid change

Function
Accession
no.b

DSM, CECT
7954

CECT
7953

DSM, CECT
7954

CECT
7953

DSM, CECT
7954 CECT 7953

579761 G A TTCa TTTa Phe Phe MalF-type ABC sugar transport systems permeasea ACS47432
1111792 C T TCC TTC Ser Phe Acetate kinase ACS47901
1424380 C A GTGa GTTa Val Val Cell division protein FtsZa ACS48156
1362250 T C Intergenic DNAc

a These genes are transcribed in the complementary chain.
b Accession numbers refer to the B. animalis subsp. lactis DSM10140 (DSM) genome.
c 133 bp at 5= side, D-tyrosyl-tRNA deacylase (ACS48101); 121 bp at 3= side, phage-related integrase (ACS48102).
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reflected in the metabolic footprint of the strains. As shown in
Table 2, resting cells of CECT 7953 produced less acetic acid after
4 h of incubation, supporting the reduced acetate kinase activity
observed by enzymatic assays.

One of the common uses of bifidobacteria in human nutrition
is inclusion in dairy products. However, this is very challenging
from a practical point of view. First, bifidobacteria produce large
amounts of acetic acid through sugar fermentation, conferring
undesirable organoleptic properties on the final products. Second,
the genus Bifidobacterium is composed mainly of strictly anaero-
bic members, with some exceptions, which makes their industrial
use difficult (12). In fact, B. animalis subsp. lactis is widely present
in commercial probiotic fermented milk samples (7) due to its
good technological tolerance (22). For these reasons, bifidobacte-
ria have been traditionally used in fermented milk samples as ad-
junct cultures, not participating directly in milk fermentation
(13). To our knowledge, there is no fermented product on the
market containing exclusively bifidobacteria due to these meta-
bolic peculiarities, so we studied the performance of strains CECT
7954 and CECT 7953 grown in milk.

In general, strain CECT 7954 grew better than strain CECT
7953 in milk, although both were able to coagulate milk after 12 or
18 h of incubation, respectively. In both cases, viable counts after
fermentation/storage of the fermented milk samples were over 108

CFU/ml (Table 3), higher than the bifidobacterium levels re-
ported in commercial fermented milk samples (104 to 107 CFU/
ml). This might supply the daily intake of viable bacteria, which is
109 in the case of probiotic strains (15), but it requires further
research on the optimal supplementation of milk to favor bifido-
bacterial growth. Although no beneficial effects have been proved
for any of the strains, these viable numbers make very promising
the accomplishment of future work directed to the study of po-
tential benefits of milk fermented by strain CECT 7953. However,

care should be taken in the sense that, in our experimental ap-
proach, skim milk was supplemented with yeast extract. Thus, a
direct comparison with commercial fermented milk samples can-
not be performed.

Milk fermented by strain CECT 7953 was characterized by
lower concentrations of final metabolites, in direct agreement
with its poorer growth. Smaller amounts of volatile compounds
were also detected, among them acetate and ethanol. In addition,
milk fermented by strain CECT 7953 contained higher levels of
acetaldehyde, a metabolite associated with yoghurt-like flavors
(16). Compared to those in classical fermented milk containing
bifidobacteria, acetate levels still remained over 30 times greater,
reflecting the metabolic activity of the bifidobacteria (20). Acetate
is one of the main mechanisms by which bifidobacteria protect
against enteropathogens (5). Thus, the natural presence of acetic
acid in milk fermented by strain CECT 7953 might mediate ben-
eficial effects, although this speculative point is reserved for fur-
ther research.

In conclusion, strain CECT 7953 and strains derived from it in
the future might be applied in the manufacture of new types of
fermented milk products based exclusively on bifidobacterial fer-
mentation. The probiotic vector is of paramount importance, and
it is recognized that fermented milk can protect probiotics from
the harsh conditions of the human gut (15). With the use of low
acetate producer bifidobacteria, these beneficial microorganisms
can be delivered while they are still metabolically active in less
acidic end products.
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