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Lactococcus lactis subsp. lactis strain A12 was isolated from sourdough. Combined genomic, transcriptomic, and phenotypic
analyses were performed to understand its survival capacity in the complex sourdough ecosystem and its role in the microbial
community. The genome sequence comparison of strain A12 with strain IL1403 (a derivative of an industrial dairy strain) re-
vealed 78 strain-specific regions representing 23% of the total genome size. Most of the strain-specific genes were involved in
carbohydrate metabolism and are potentially required for its persistence in sourdough. Phenotype microarray, growth tests, and
analysis of glycoside hydrolase content showed that strain A12 fermented plant-derived carbohydrates, such as arabinose and
�-galactosides. Strain A12 exhibited specific growth rates on raffinose that were as high as they were on glucose and was able to
release sucrose and galactose outside the cell, providing soluble carbohydrates for sourdough microflora. Transcriptomic analy-
sis identified genes specifically induced during growth on raffinose and arabinose and reveals an alternative pathway for raffin-
ose assimilation to that used by other lactococci.

Lactococcus lactis is a mesophilic Gram-positive species, related
to Streptococcacae (1), which is subdivided into two subspecies:

lactis and cremoris. Lactococci have been extensively studied for
their role in dairy products manufacturing, but the subspecies
lactis is able to colonize various environments other than milk,
such as plant and animal material (2–5).

L. lactis subsp. lactis is occasionally found among the sour-
dough microflora used in traditional Italian (6), Portuguese (7),
French (8), and Mexican (9) bread-making. Sourdough is a mix-
ture of flour and water that is fermented by a heterogeneous pop-
ulation of lactic acid bacteria (LAB) and yeast and is used for the
production of bread and sweet leavened baked goods. The LAB
microflora is 100 times more abundant than yeast (10, 11) and is
very diverse. LAB detected in sourdough are often obligate hetero-
fermentative lactobacilli (Lactobacillus brevis, Lactobacillus reuteri,
or Lactobacillus sanfranciscensis). They can also include less prev-
alent facultative heterofermentative and obligate homofermenta-
tive genera such as Lactobacillus, Pediococcus, Streptococcus, En-
terococcus, and Lactococcus spp. or obligate heterofermentative
genera such as Leuconostoc and Weissella spp. (10). Analysis of
bacterial community dynamics revealed that L. lactis is found at
the start of back-slopped fermentation and can predominate in
some cases (12). Its functional role remains unknown. Sourdough
biodiversity and species stability are influenced by various deter-
minants including the cereal type used (flour composition), fer-
mentation process (temperature, pH, redox potential, dough hy-
dratation, additional ingredients, or back-slopping methods), and
metabolic activities resulting from the cooperation and competi-
tiveness of microbiota (13–17). Studies on the most frequent LAB-
yeast associations (Lactobacillus sanfranciscensis and Kazachstania
exigua [syn. Saccharomyces exigua] or Saccharomyces cerevisiae) or
LAB-LAB associations (Lactobacillus sanfranciscensis and Lactoba-
cillus plantarum) reveal trophic and energetic relationships (16,
18, 19); this complex ecosystem has a very diverse set of metabolic
activities. Sourdough is expected to enhance properties of end

product by developing its sensory qualities (aroma, taste, and tex-
ture), increasing the shelf-life, enhancing preservation and food
safety by inhibiting pathogens or fungi, improving its nutritive
value, and removing undesired compounds (10).

This study aims to understand the genetic features involved for
adaptation and persistence of L. lactis in sourdough (an atypical
niche for this species), by characterizing the genetic and metabolic
properties of a strain isolated from traditional French sourdough
(8). Strain A12 belongs to the group of environmental strains;
these are more genetically diverse than domesticated/dairy strains
(5). We investigate here the specific features of strain A12 that are
relevant in a sourdough ecosystem by comparing its genome con-
tent and phenotype to the laboratory strain IL1403 (20). Strain
IL1403 is a derivative of a dairy strain (21) which has been exten-
sively studied at the physiological level (22, 23). The genes specif-
ically activated by strain A12 on raffinose and arabinose, two sug-
ars relevant for sourdough fermentation, were investigated by
transcriptional analysis.

MATERIALS AND METHODS
Bacterial strains. L. lactis subsp. lactis strain LBAE A12, isolated from a
traditional French wheat sourdough (8), belongs to the LBAE-UPS (Auch,
France) culture collection and has been previously described in the Geno-
ferment collection (5).
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A12 genome sequencing, annotation, and comparison. A draft ge-
nome was obtained by a whole-genome DNA shotgun strategy with 454/
Roche GS FLX pyrosequencing (Eurofins MWG Operon, France). We
obtained 147 contigs (228,605 reads, 2,727,544 bp, mean coverage se-
quencing depth of 18 X) using the GS De Novo Assembler software from
Newbler package (454 Life Sciences); the 42 contigs of �1 kb were depos-
ited in public databases. Automatic annotation of DNA sequences was
performed using the Agmial platform (INRA Jouy-en-Josas, France) (24),
and specific genes were manually checked. Genes are described according
to 1 of 15 functional categories (defined by Bolotin et al. [20]), designated
as follows: amino acid biosynthesis (AMI), biosynthesis of cofactors, pros-
thetic groups, and carriers (COF), cell envelope (ENV), cellular processes
(CEL), central intermediary metabolism (INT), energy metabolism
(NRJ), fatty acid and phospholipid metabolism (FAT), purines, pyrimi-
dines, nucleosides, and nucleotides (PUR), regulatory functions (REG),
replication (REP), transcription (TRS), translation (TRD), transport and
binding proteins (TSP), other categories (OTH), and unknown (UNK).
Determination of strain-specific DNA regions was performed using Pan-
seq v2.0 software (25) with default options. All A12-specific regions were
individually compared to the IL1403 chromosome by local homology
searches (FastScan method) using clone Manager 9.2 (Sci-Ed Software,
Cary, NC). Glycoside hydrolases (GH) of sequenced Lactococci genomes
listed in the CAZy database (http://www.cazy.org/) (26) allowed us to
detect putative active carbohydrate enzymes (CAZymes) in strain A12
using NCBI-BLASTP. We used the InterPro collection of protein signa-
ture databases to classify new GH, which were found in strain A12 by
automatic annotation. To detect possible sequence errors due to pyrose-
quencing, the nucleotide sequence of the LL2138 central region was veri-
fied by Sanger sequencing.

Global phenotypic analysis. The Phenotype Microarray (Biolog,
Hayward, CA) was used for global phenotypic analysis of strains IL1403
and A12 (27). Two replicates of each plate, PM1 and PM2A (carbon sub-
strates), and one replicate for PM9 (osmotic sensitivity), PM10 (pH), and
PM13 (oxidizing agents) were inoculated from isolated colonies on BUG
B medium. We added 100 �l of cell suspension at 81% of transmittance to
each well according to the manufacturer’s instructions. Microplates were
incubated at 33°C in Omnilog plate reader, which recorded the Dye G
opacity, for 72 h. The data were analyzed using OmniLog Phenotype Mi-
croArray software (release 1.2). The substrate was considered as being
specifically metabolized by the strain A12 when the corresponding height
value of the color-coded kinetic graphs exceeded that of the strain IL1403,
with a threshold of 80.

Effect of oxygen on growth. The specific growth rates (�max) under
aerobic and anaerobic conditions were measured (four replicates). For
anaerobic conditions, strains were grown at 30°C in M17 medium
(Merck, Germany) supplemented with glucose (10 g/liter; GM17) in tubes
under an N2 atmosphere. For aerobic conditions, cultures were grown
with the same medium, under an air gas-phase in 200-ml Erlenmeyer
flasks at 30°C and 200 rpm. The optical density at 580 nm (OD580) was
recorded approximately every 30 min to estimate the maximal growth
rate, which was calculated from the slope of the exponential growth phase.

Growth tests on different carbon sources. Carbon source utilization
by strains A12 and IL1403 was tested by inoculating strains in 10 ml of the
chemically defined medium (CDM) (28) supplemented with one carbon
source (at 2 g/liter), followed by incubation for 24 h. At least two biolog-
ical replicates were performed for each condition. We tested 28 carbon
sources belonging to the following groups: monosaccharides such as al-
dohexoses (glucose and galactose), cetohexose (fructose), aldopentoses
(L-arabinose and D-xylose) and aldohexoses (rhamnose), disaccharides
(saccharose, D-melibiose, gentiobiose, D-cellobiose, D-maltose, tréhalose,
palatinose, and lactose), trisaccharides (D-raffinose, maltotriose, and mel-
izitose), tetrasaccharides (stachyose), polysaccharides (dextran, pectin,
xylan, hydroxyl-cellulose, inuline, and amidon), acid sugars (D-glucuro-
nate, D-galacturonate, and D-gluconate), and aryl-monosaccharides

(amygdalin). We measured growth by recording the OD580 with a Spec-
tronic spectrophotometer (Milter Roy).

Hydrolase activity. Enzymatic activities of A12 and IL1403 strains
were determined using insoluble chromogenic polysaccharides: AZCL-�-
glucan, AZCL-xylan, AZCL-amylose, AZCL-arabinoxylan, AZCL-galac-
tan, AZCL-rhamnogalacturonan, or cellulose-AZUR (Megazyme, Bray,
Ireland). Each strain was incubated in M17 medium supplemented with
glucose (0.5%) and an insoluble AZCL-polysaccharide (0.1%). After in-
cubation at 30°C for 48 h, polysaccharide digestion by endohydrolases was
detected by complete pellet solubilization. To test arabinofuranosidase
activity, bacterial strains were plated on GM17 agar containing the sub-
strate 5-bromo-4-chloro-3-indolyl-�-L-arabinofuranoside (X-ara; 100
�M; Carbosynth, United Kingdom). Enzymatic activity was indicated by
blue colonies.

Fermentation culture and metabolic analyses. Strain A12 was grown
under a nitrogen atmosphere in a 500-ml fermentor (Sartorius, Germany)
for 24 h, at 30°C and agitated at 150 rpm. The automatic addition of KOH
(10 N) maintained a pH of 6.6. CDM (28) was supplemented with either
10 g of glucose, 10 g of arabinose, 10 g of fructose, 10 g of galactose, or 9 g
of raffinose/liter (equivalent to 330 mmol C/liter for each). Two indepen-
dent replicates were carried out for each growth condition.

Spectrophotometric measurements at 580 nm (Hitachi U1100; 1 U of
absorbance is equivalent to 0.3 g of biomass liter�1 for L. lactis) were taken
to estimate bacterial growth. Raffinose, glucose, galactose, fructose, ara-
binose, lactate, acetate, formate, and ethanol concentrations were mea-
sured by high-pressure liquid chromatography (Hewlett-Packard 1050;
Waters 717 autosampler; Bio-Rad Microguard; H� column, Bio-Rad
HPX87H; Perkin-Elmer LC90Bio UV detector; Hewlett-Packard 1047A
refractometer). High-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) was used to study
the breakdown of raffinose. A 4- by 250-mm Dionex Carbo-pack PA100
was used for separation. A gradient of sodium acetate (in 150 mM NaOH)
was applied at a flow rate of 1 ml/min: from 0 to 300 mM in 30 min, from
300 to 450 mM in 1 s, from 450 to 0 mM in 5 min, and then at 0 mM for
10 min.

The maintenance energy coefficient (m) corresponds to the specific
rate of sugar consumption when the growth rate is zero. This was calcu-
lated during the deceleration phase from the specific substrate consump-
tion rate q (mmol C/gX/h, where gX is grams of biomass) as a function of
the growth rate (�), a linear relationship, as described previously (29).

Transcriptomic analysis. A nylon array, containing 1,948 PCR frag-
ments (Eurogentec) that correspond to 84% of the IL1403 annotated
open reading frame (ORF) (accession number NC_002662), was supple-
mented with 433 PCR amplicons (ClinEurodiag, Belgium) corresponding
to A12-specific genes. Partial prophage, transposases, and coding DNA
sequences (CDS) smaller than 200 bp were omitted from the macroarray.
Membrane spotting and analytical support were provided by the GeT
platform (Genopole, Toulouse, France).

The equivalent of 3 mg of dried cells was harvested during the early
exponential growth phase (OD580 � 1) of the fermentation process for
transcriptional analysis. Cell lysis, RNA extraction, and hybridization
with radiolabeled cDNA were carried out as previously described (23).
Membranes were exposed to a phosphorimager screen for 5 days and
scanned with a phosphofluorimager (Storm 860; Molecular Dynamics).

Hybridization signals were quantified from four replicates (two bio-
logical and two technical replicates), assigned to gene names, and statisti-
cally treated with Bioplot software (GeT platform). The local background
was removed, and the signals were normalized to the mean membrane
intensity. The expression ratios for each sugar pairing were calculated;
they were estimated as statistically different from 1 when the false discov-
ery rate was under 10% (as previously described [22]) (see Table S1 in the
supplemental material).

Nucleotide sequence accession numbers. The GenBank accession
numbers assigned to the L. lactis strain A12 nucleotide sequence are
CBLU010000001 to CBLU010000042.
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RESULTS
The dispensable genome of strain A12 reveals a particular adap-
tation for sugar metabolism. A draft sequence of the L. lactis
subsp. lactis A12 genome was established by shotgun pyrose-
quencing (Roche/454). Of the 147 contigs generated, the 42 that
were larger than 1 kbp (227,901 reads, 2,700,005 bp) were retained
for further analysis. A12 strain-specific DNA regions, thought to
contain genes required for adaptation to sourdough ecosystem,
were determined by comparison to the chromosome of strain
IL1403. These specific regions represent nearly 630 kb (23% of
total A12 genetic content) and are distributed in 78 DNA frag-
ments ranging from 513 bp to 57 kbp. Comparison with the chro-
mosome and plasmids of strain KF147, a nondairy strain isolated
from mung bean sprouts (30), revealed nearly 560 kbp of A12-
specific regions distributed in 100 fragments ranging from 507 bp
to 57 kbp in size. This suggests high diversity of genomic content
among L. lactis subsp. lactis, even between strains from plant ori-
gin. The functional categories of the specific genes were manually
classified according to the method of Bolotin et al. (20): 40% of
A12-specific CDS encoded unknown functions and 27% encoded
protein related to prophages. The remaining CDS corresponded
mostly to adaptive functions such as transporters (36 CDS: 22
involved in sugars transport), sugar energetic metabolism (35
CDS), cell envelope constitution (33 CDS), and regulation (17
CDS). A large proportion of genes identified are involved in sugar
metabolism and sugar transport; analysis of specific glycoside hy-
drolases (GH) was therefore performed. GH, listed in the CAZy
(Carbohydrate-Active Enzyme) database (26), catalyze the hydro-
lysis of the glycoside bond between two or more carbohydrates or
between a carbohydrate and a noncarbohydrate moiety. All 32 GH
coded in the IL1403 genome were also found in the A12 genome.
However, the A12 genome encoded eight additional GH: LL1981
(family GH 1), SucP (GH 13), XylS (GH 31), Aga (GH 36), LL2113
(GH 65), LL1819 (GH 65), LL498 (GH 113), and LL2114 (GH
101). In contrast to other GH, the genetic sequence for LL2114 was
not found in the genomes of the two nondairy strains KF147 (30)
and IO-1 (31; data not shown). The GH 101 family contains en-
zymes with an endo-�-N-acetylgalactosaminidase activity and
therefore represents a new activity in L. lactis subsp. lactis.

The large set of strain-specific genes found in L. lactis subsp.
lactis suggests substantial potential for adaptation in a complex
ecosystem. The genome of strain A12 contained genetic sequences
relating to more extensive variation in carbohydrate metabolism
than that of strain IL1403. The functionality of these genes was
examined by phenotypic analysis.

Strain A12 is able to metabolize plant-derived carbohy-
drates. The global phenotype of the strains A12 and IL1403 was
investigated using Phenotype Microarray (Biolog). A phenotypic
profile comparison of these two strains enabled us to determine
specific capacities of strain A12 possibly related to its sourdough
survival. The Biolog method measures the reduced coenzyme
NADH production capacity during sugar fermentation, but this is
not necessarily correlated with biomass production (27). Carbon
source utilization was the most apparent phenotypic difference
between the two strains (see Table S1 in the supplemental mate-
rial); we detected only minor differences in responses to osmotic
sensitivity, pH variation, and oxidizing agent sensitivity. Growth
tests were carried out in liquid CDM supplemented with various
sugars. We tested 28 carbon sources displaying diverse levels of

complexity (monosaccharides, disaccharides, trisaccharides, tet-
rasaccharides, and polysaccharides) (Table 1). The effect of oxy-
gen on IL1403 and A12 growth was investigated to optimize cul-
ture conditions. Strain IL1403 exhibited similar maximum
specific growth rates (�max) under anaerobic and aerobic condi-
tions; strain A12 had a 40% higher �max under anaerobic condi-
tions (data not shown). All physiological studies were therefore
performed in anaerobic conditions, i.e., conditions that also pre-
vail during sourdough fermentation.

Neither strain A12 nor IL1403 were able to grow on D-xylose,
rhamnose, palatinose, lactose, melizitose, and complex polysaccha-
ride carbon sources (Table 1). A lack of growth on complex sugars by
strain A12 correlated with a lack of enzymes responsible for the cleav-
age of the commercial chromogenic polysaccharides: �-glucans, xy-
lans, amylose, arabinoxylan, and cellulose (Table 2). Strain A12 ex-
hibited a growth rate lower than that of strain IL1403 for other sugars
(glucose, fructose, D-cellobiose, D-maltose, trehalose, and maltotri-
ose). The cellobiose metabolism was efficient since the strain A12
displayed the highest growth rate on this plant derivative substrate
(Table 1). Only strain A12 was able to grow on galactose, L-arabinose,
sucrose, D-melibiose, gentiobiose, D-raffinose, and stachyose (strain
IL1403 could grow at a very low �max on gentiobiose). These carbon
sources are plant-derived carbohydrates: gentiobiose is the glucose
moiety of the amygdalin found in some vegetables (32), L-arabinose
and D-galactose are hemicellulose constituents of plant cell walls (33),
and D-raffinose, stachyose, and the related disaccharide melibiose are

TABLE 1 Growth rates (�max) of strains IL1403 and A12 on different
carbon sources under anaerobic conditions

Substrate Family

Mean growth rate
(�max [h�1]) � SDa

IL1403 A12

Glucose Aldohexose 0.63 � 0.07 0.34 � 0.04
Galactose Aldohexose – 0.13 � 0.03
Fructose Cetohexose 0.35 � 0.04 0.12 � 0.04
L-Arabinose Aldohexose – 0.18 � 0.09
D-Xylose Aldohexose – –
Rhamnose Aldohexose – –
Sucrose Disaccharide – 0.06 � 0.04
D-Melibiose Disaccharide – 0.36 � 0.06
Gentiobiose Disaccharide 0.03 � 0.01 0.30 � 0.03
D-Cellobiose Disaccharide 0.54 � 0.03 0.40 � 0.07
D-Maltose Disaccharide 0.35 � 0.05 0.09 � 0.06
Trehalose Disaccharide 0.66 � 0.02 0.17 � 0.00
Palatinose Disaccharide – –
Lactose Disaccharide – –
D-Raffinose Trisaccharide – 0.37 � 0.06
Maltotriose Trisaccharide 0.36 � 0.01 0.26 � 0.06
Melizitose Trisaccharide – –
Stachyose Tetrasaccharide – 0.30 � 0.08
Dextran Polysaccharide – –
Pectin Polyoside – –
Xylan Polyoside – –
Hydroxycellulose Polysaccharide – –
Inulin Polysaccharide – –
Starch Polysaccharide – –
D-Glucuronate Sugar acid – –
D-Galacturonate Sugar acid – –
D-Gluconate Sugar acid 0.06 � 0.03 0.05 � 0.03
Amygdalin Aryl-disaccharide – –
a Two to four replicates were performed for each growth test. –, no growth.

Passerini et al.

5846 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


important soluble �-galactosides in plant tissues (34, 35). Strain A12
cleaved chromogenic galactan and rhamnogalacturonan, showing
the presence of an active galactanase that can hydrolyze �-galactoside
bonds (Table 2).

Selective advantage of strain A12 for growth on arabinose
and raffinose. We assessed the biomass and fermentation end
products of strain A12, when grown on various plant sugars, to
investigate the potential selective advantage of this strain during
plant sugar fermentation. Cultures were performed in a bioreac-
tor where pH, agitation, and anaerobic atmosphere were con-
trolled. Five sugars were selected: a plant pentose (arabinose), a
complex sugar belonging to the �-galactoside family (raffinose),
and three related monosaccharides (galactose, glucose, and fruc-
tose). The physiological characteristics of strain A12 differed ac-
cording to the carbon source used (Table 3). The metabolism of
glucose and fructose was homolactic; lactate represented the ma-
jor fermentation end product (�90%). Deviation from homolac-
tic to mixed acid fermentation was observed on galactose, raffin-
ose, and, in particular, on arabinose (where 33.3% � 0.5% of
carbon flux was routed toward formate, acetate, and ethanol pro-
duction). This was twice as great as when raffinose (16.08% �
0.03%) or galactose (18.53% � 2.24%) were used as the carbon
source. Such a metabolic shift has been previously associated with
low growth rates, either when sugar is metabolized slowly (e.g.,
galactose) or in sugar-limited chemostat cultures, and would be
mainly controlled by the NADH/NAD� ratio (36, 37). Our results
were consistent with this notion for galactose and arabinose car-
bon sources, where strain A12 exhibited lower �max values (0.18 �
0.00 h�1 and 0.28 � 0.01 h�1, respectively, versus 0.53 � 0.01 h�1

for glucose) (Table 3). However, strain A12 had a high �max on
raffinose (0.46 � 0.01 h�1), as well as favoring a mixed acid path-
way, suggesting an original metabolic pathway control in this
strain. The molar ratios between lactate and acetate, a relevant
parameter for aromatic quality of bread, were 1.4 on arabinose, 5
on galactose, and 6.5 on raffinose. These values were similar to the
optimal values found in rye, spelt, and wheat sourdough (ratios
between 1.5 and 4) (38, 39).

Physiological maintenance, corresponding to the minimum
substrate necessary to maintain cell survival, was estimated for
strain A12 on each substrate (these were estimated using the in-
stantaneous growth rates and measures of sugar consumption
during the decelerating phase [see Materials and Methods]). On
glucose, fructose, and galactose, maintenance coefficients were
	30 mmol C/gX/h, corresponding to the value calculated for
IL1403 cultivated on glucose (22). On plant-derived carbohy-
drates, the maintenance coefficient significantly decreased to 19
mmol C/gX/h (R2 � 0.92) on arabinose and 6 mmol C/gX/h (R2 �
0.97) on raffinose. This suggests that strain A12 is metabolically
efficient on arabinose and raffinose: it needs little energy to ensure
its maintenance and may use the majority of carbon provided to
produce biomass. The cleavage of raffinose (�-D-galactosyl-�-D-
glucosyl-�-D-fructose) into individual units can occur in two
ways: �-1,6 linkage hydrolysis (generating sucrose and galactose)
or �-1,2 linkage hydrolysis (generating melibiose and fructose).
We used high-pressure liquid chromatography, with culture su-
pernatants, to monitor the concentrations of raffinose, fructose,
galactose, glucose, melibiose, and sucrose in culture supernatants.
Raffinose was consumed from the beginning of fermentation and
had a maximal specific rate of consumption of 163.6 � 27.9 mmol
C/gX/h (as high as the glucose assimilation rate; Table 3). Sucrose
and galactose were accumulated transiently during growth, but
there was no trace of fructose, glucose, or melibiose in the super-
natant (Fig. 1A). Galactose excretion has been observed during
lactose catabolism of Lactococcus lactis subsp. cremoris (40) and
other LAB (41, 42). Here, galactose and sucrose were excreted
after 2 and 3 h of fermentation, respectively. Their concentrations
reached a maximum of 7 mM (galactose) and 4 mM (sucrose)
after 8 to 9 h of growth and then fell until reaching total depletion
at 24 h. The amount of released sucrose and galactose was propor-
tional to that of metabolized raffinose, but lower than the theoret-
ical maximum, which would correspond to the absence of bacte-
rial consumption (Fig. 1B). The slopes of linear correlations
showed that, in a medium containing raffinose, ca. 50% of galac-
tose and 70% of sucrose were directly used by cell. This suggests

TABLE 2 Enzymatic activities of strains IL1403 and A12

Substrate Detected enzyme

Enzymatic
activitya

IL1403 A12

AZCL-�-glucan �-Glucanase – –
AZCL-xylan Endo-xylanase – –
AZCL-amylose �-Amylase – –
AZCL-arabinoxylan Endo-xylanase – –
Cellulose-AZUR Cellulase – –
AZCL-galactan Endo-1,4-�-galactanase – �
AZCL-rhamnogalacturonan Rhamnogalacturonan

hydrolase
– �

X-ara Arabinofuranosidase – –
a �, hydrolysis of a chromogenic polysaccharide by a related enzyme; –, no activity.

TABLE 3 Growth characteristics of strain A12 on different sugars

Substrate Structure
Mean �max

(h�1) � SD

Maximum rate sugar
of consumption
(mmol C/gX/h)

Mean concn (mM) � SD of fermentation end
products at 24 h

Mean % carbon
routed through
the mixed acid
pathway at 24 h
(%) � SDa

Estimated maintenance
energy coefficientb

(mmol C/gX/h)Lactate Formate Acetate Ethanol

Glucose C6H12O6 0.53 � 0.01 128.4 � 32.1 79.9 � 1.9 7.8 � 1.3 4.3 � 0.9 8.3 � 0.7 7.3 � 0.1 24.9
Fructose C6H12O6 0.17 � 0.00 44.6 � 0.2 86.6 � 0.8 6.3 � 0.6 3.9 � 0.1 7.1 � 0.2 6.0 � 0.0 37.0
Galactose C6H12O6 0.18 � 0.00 34.7 � 2.7 59.2 � 5.7 15.4 � 0.8 12.4 � 0.6 14.5 � 2.1 18.5 � 2.2 32.0
Arabinose C5H10O5 0.28 � 0.01 73.6 � 0.3 52.0 � 0.6 10.6 � 0.9 36.7 � 0.6 15.3 � 1.2 33.31 � 0.5 19.4
Raffinose C18H32O16 0.46 � 0.01 163.6 � 27.9 52.2 � 2.7 10.4 � 4.0 7.6 � 2.0 12.4 � 3.0 16.1 � 0.0 5.7
a Calculated according to the following formula: 3([acetate] � [ethanol])/{6[lactate] � 3([acetate] � [ethanol])}.
b Determined as described in Materials and Methods.
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that sucrose was more efficiently used through raffinose metabo-
lism (�max � 0.46 h�1) than alone (�max � 0.06 h�1, Table 2).
Intracellular sucrose is well metabolized, but not when it is provided
as the sole carbon source; sucrose transport was probably the limiting
step for sucrose metabolism by strain A12. Indeed, the described gene
for sucrose transport (scrA) is lacking in the A12 genome.

Few genes displayed a specific expression variation related to
arabinose and raffinose metabolism in strain A12. The global
transcriptional response of strain A12 was investigated during the
early exponential growth phase, in the conditions described
above, to identify genes involved in arabinose and raffinose me-
tabolism and to analyze their expression levels.

In order to highlight the first steps of the sugar pathway or an
original pathway in strain A12, the transcriptomic responses on
arabinose and raffinose were compared to those on the three sim-
ple sugars, galactose, glucose and fructose (Fig. 2). This allowed us
to exclude genes whose expression was modified by fermentation
type (homolactic or mixed) or by growth rate variation (see Table
S2 in the supplemental data). Analysis of the transcriptomic re-
sponses of strain IL1403, in continuous cultures at different
growth rates, revealed that nearly 700 genes displayed variation in
their expression (22). Our comparison method detected only a
small number of differentially expressed, sugar-specific genes:
three genes were identified during growth on raffinose (LL2138,
aga, and sucP), and nine were detected during growth on arabi-
nose (araR, araT, araB, araA, araD, ptk, xylX, xylT, and arcB). The
method also detected genes specific to glucose, fructose, and ga-

lactose metabolism (1, 15, and 24 genes, respectively [see Table S3
in the supplemental material]).

Raffinose metabolism was investigated using pairwise compar-
isons of the transcriptomic response on this substrate and that of
other simple carbon substrates (Fig. 2). In addition to the raffin-
ose-specific activation of LL2138, sucP, and aga genes, strain A12
induced a substantial number of other genes. The genes galK,
galM, galT, lacZ, yugA, and yugB, specific to galactose metabolism,
were upregulated on raffinose compared to glucose or fructose.
The gal genes encode enzymes of the Leloir pathway, which facil-
itate the conversion of galactose into glucose-1-phosphate further
routed toward glycolytic pathway (43). No genes involved in the
tagatose-6-phosphate pathway, the alternative pathway for galac-
tose conversion, were induced; the plasmid-borne lactose operon
(involved in the first steps of the tagatose-6-phosphate pathway) is
not found in strain A12 (5). Expression of fruC was greater on
raffinose than on glucose or galactose. This gene, originally iden-
tified as the tagatose-6-phosphate kinase encoding lacC, has been
re-annotated as the 1-phosphofructokinase fruC and is involved
in fructose metabolism (44). Increased expression of genes specif-
ically related to galactose and fructose pathways is indicative of the
metabolism of both raffinose subunits: this result is supported by
the physiological data.

An original gene cluster encoding raffinose metabolism in
strain A12. We investigated the genetic organization of induced
genes when strain A12 was cultivated on arabinose and raffinose.
The genes araR, araT, araB, araA, and araD, induced when strain
A12 was cultivated on arabinose, corresponded to a genomic is-
land previously detected by comparative genome hybridization in
another L. lactis subsp. lactis strain isolated from plant material
(45). The ara gene cluster had a different organization compared
to that found in strain KF147 but was determined to be functional
by transcriptomic analysis. It is likely that ptk, xylX, and xylT
(found in the core genome of L. lactis and on either side of the
arabinose cluster when it was present), were involved in arabinose
metabolism (Fig. 3).

When strain A12 was cultivated on raffinose, LL2138, aga, and
sucP were specifically induced. These genes are clustered upstream
of ORF LL2157 that encodes a putative transcriptional regulator of
the AraC family (Fig. 4). The aga and LL2138 genes were expressed
on raffinose at rates 10 times greater than on glucose or fructose
and five times greater than on galactose (see Table S3 in the sup-
plemental material). sucP was expressed approximately four times
more on raffinose than on the other sugars. The activation of aga

FIG 1 Raffinose metabolism by L. lactis subsp. lactis strain A12. (A) Kinetics of
carbohydrates quantified in supernatant culture; (B) sucrose and galactose
excreted, as a function of the raffinose metabolized. The line y � x represents
the theoretical maximum of excreted sugar without any consumption of sugar.
Data for raffinose (o), galactose (Œ), and sucrose (�) are shown. No melibi-
ose, fructose, or glucose was detected.

FIG 2 Venn diagrams representing the number of strain A12 genes with vari-
able expression in different sugar substrates: combined comparison of raffin-
ose (raff) (A) or arabinose (ara) (B) with the three simple sugars (glucose [glu],
fructose [fru], and galactose [gal]), highlighting raffinose- and arabinose-spe-
cific genes. The variation of gene expression was considered significant when
the false discovery rate was 
10%.
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and sucP is correlated with the cleavage of raffinose in our physi-
ological study. The aga gene encodes an �-galactosidase (EC
3.2.1.22) of 725 amino acids that belongs to the family GH 36 and
is responsible for the hydrolysis of the �-1,6-galactosyl bond

(characteristic of the �-galactoside family). No signal peptide was
observed in the aga gene sequence of strain A12, suggesting that
Aga is probably an intracellular protein. The sucP gene encodes a
489-amino-acid GH with an �-amylase domain that belongs to
the family GH13. This sucrose phosphorylase (EC 2.4.1.7) is
known to cleave sucrose into D-fructose and �-D-glucose-1-phos-
phate. The SucP protein is relatively well conserved in LAB and
has a protein similarity to Leuconostoc mesenteroides, Streptococcus
mutans, and other L. lactis strains that is �80%.

Lactococcus genes relating to raffinose metabolism have only
been previously described for the strains KF147 and Lactococcus
raffinolactis ATCC 43920 (data not shown). A comparison of the
raffinose gene clusters found in the three strains (A12, KF147, and
Lactococcus raffinolactis ATCC 43920) suggests that the ability of
strain A12 to use raffinose is associated with genes of xenologous
origin (Fig. 4). The location of the raffinose gene cluster differs for
strain A12: it is located on a plasmid in strain A12 but on the
chromosome in strains KF147 (30, 45, 46) and ATCC 43920 (47),
close to the galKT genes cluster involved in the galactose metabo-
lism. This was confirmed by hybridization of the PFGE fingerprint
using LL2138 as a probe (data not shown). There are also differ-
ences in the nucleotide sequences of aga genes: those in KF147 and
ATCC 43920 strains are 93% identical, but the A12 aga gene se-
quence shares only 52% identity with those in the other strains

FIG 3 Arabinose metabolism by L. lactis subsp. lactis. (A) Localization and genetic organization of the arabinose operon in sequenced genomes; (B) diagram of the
related metabolic pathway. The numbers in brackets correspond to the average ratio values obtained by transcriptomic analysis for arabinose versus that of simple sugars.
xylX, acetyltransférase; xylT, D-xylose proton-symporter; araA, L-arabinose isomerase; araD, L-ribulose-5-phosphate 4-epimerase; araB, L-ribulokinase; araT, arabinose-
proton symporter; araF, �-N-arabinofuranosidase; araP, disaccharide permease; araR, GntR family arabinose operon repressor; ptk, phosphoketolase.

FIG 4 Comparison of the organization of genes involved in raffinose metabolism
in Lactococcus raffinolactis ATCC 43920, Lactococcus lactis subsp. lactis KF147, and
Lactococcus lactis subsp. lactis A12. Arrows correspond to the different genes: sugar
catabolism genes are indicated by hatched arrows, sugar transporter genes are
represented in gray, regulatory genes are represented in black, and strain-specific
or unknown genes are represented in white. Numbers indicate the percent iden-
tities of nucleotide sequences of common CDS identified.
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(Fig. 4). The characteristic motifs of family GH36 are present in all
strains, but some amino acids were found to be specific to strain
A12 (see Fig. S1 in the supplemental material). The sucP genes of
strains A12 and KF147 share only 65% identity, a value substan-
tially less than that observed among L. lactis subsp. lactis strains
(98% [data not shown]) or between cremoris and lactis subspecies
(88% [data not shown]). Strain A12 also differed in that it con-
tains neither the putative raffinose ABC transporter (encoded by
agaA, agaB, and agaC in KF147 strain) nor the putative PTS sys-
tem (encoded by orf2, orf3, and orf4 in the ATCC 43920 strain). It
was found to contain a particular transporter encoded by the
LL2138 gene. This gene encodes a 856-amino-acid protein, corre-
sponding to the translational fusion of permease and kinase do-
mains. The first 450 N-terminal amino acids display 61% identity
(78% similarity) with a glycoside-pentoside-hexuronide (GPH):
cation symporter of Leuconostoc mesenteroides, and the 406 C-ter-
minal amino acids display 54% identity (70% similarity) to a ga-
lactokinase of Lactococcus garviae. Such fusion has not been
described before and could indicate a previously undescribed
raffinose transporter.

DISCUSSION

Sourdough constitutes an ecological niche that is highly suitable
for lactic acid bacteria (LAB), particularly Lactobacillus. In some
cases, other LAB such as Pediococcus, Leuconostoc, or Lactococcus
are found in traditional sourdough (18), but their functional role
remains elusive. Here, L. lactis subsp. lactis strain A12 (isolated from
French traditional sourdough) was genetically, physiologically, and
metabolically characterized. We investigated its role and adaptation
in sourdough, the unusual ecosystem in which it is found.

Genome comparison with the sequenced L. lactis subsp. lactis
dairy strain IL1403 revealed that 23% of the A12 genome corre-
sponds to strain-specific genes. Their annotation revealed that
more than half of these genes coded proteins for unknown func-
tion or phages proteins and that others encoded proteins mainly
involved in sugar metabolic pathways. Survival in sourdough is
therefore likely to be achieved by its adaptations for metabolizing
carbohydrates. The specific ability of strain A12 to metabolize
plant sugars suggests that it is an autochthonous strain, brought
into sourdough fermentation on the raw materials.

Our work suggests that trophic relationships in the sourdough
ecosystem are managed by microbial interactions; microbial rela-
tionships related to maltose have been extensively described in
sourdough (16, 18, 19). Here, we show new possible trophic in-
teraction types. Strain A12 showed a slow fermentation rate of the
sugars fructose, sucrose, and maltose, which are, along with glu-
cose, the main soluble carbohydrate sources of sourdough, but a
much higher fermentation rate of raffinose and arabinose. These
two carbon sources are, at best, weakly metabolized by most lac-
tobacilli and yeasts (6), revealing a competitive advantage for
strain A12 in utilizing these sourdough carbon sources. Strain A12
was able to grow on some plant sugars (such as raffinose, melibi-
ose, and gentiobiose) with growth rates similar to those observed
on glucose. Its metabolism on raffinose and arabinose was partic-
ularly efficient, requiring between two and four times less energy
for its own physiological maintenance than on fructose, glucose,
and galactose. During raffinose fermentation by strain A12, by-
products of sucrose and galactose were released into the medium
and were thus available for other microorganisms to use. As well as
trophic cooperation with other organisms, properties of strain

A12 can influence the final product. Strain A12 produces non-
negligible amounts of diacetyl with a very low carbon requirement
(48) which may enhance the flavor of bread. Like other L. lactis
strains isolated from sourdough, strain A12 also produces bacte-
riocins that differ from nisin and lactococcin (49; data not
shown). A putative bacteriocin gene, similar to LLKF2208 in strain
KF147, was detected in the A12 genome (89% sequence identity
[data not shown]). Due to its capacity to ferment raffinose and
other �-galactosides such as stachyose and melibiose, strain A12
may enhance the digestibility of plant-based foods, such as legumes,
which are particularly rich in �-galactosides. These nondigestible oli-
gosaccharides contribute to flatulence and other gastrointestinal dis-
orders when they are fermented by intestinal gas-producing micro-
organisms in mammals lacking �-galactosidase (50). Engineered
strains of L. lactis that express a heterologous �-galactosidase were
tested for their ability to improve the digestibility of soymilk in ro-
dents (51). Therefore, the strain A12 could act as a “digestibility en-
hancer” and may deliver a useful probiotic effect.

The unusual plasmid location of the raffinose gene cluster in
strain A12 could facilitate the transfer of the �-galactosidase gene
(or the complete cluster) to other strains. This plasmid would be
especially useful if it was conjugative, as is the case for the sole
raffinose megaplasmid described in Enterococcus faecium (52). To
investigate this further, isolation of the plasmid and characteriza-
tion of its size and genetic content is required. Combined genetic,
physiological, and transcriptomic analysis allowed the A12 raffin-
ose pathway to be partly elucidated; this metabolic pathway has
not previously been described in L. lactis or other LAB. We have
identified an original transport system, encoded by LL2138, which
contains both permease and kinase domains. This represents a
new type of fusion for permease transport, although various com-
binations of two or three domains fusion were previously reported
in the phosphotransferase system (PTS). These include fusion be-
tween PTS component proteins or between PTS and non-PTS
proteins (for example, EIIAGlc and Na�/melibiose symporter pro-
tein in Lactobacillus subsp.) (53). Such a fusion could be related to
a decrease in energetic requirements for cells; in the case of
LL2138, it may contribute to the low maintenance cost observed
during growth on raffinose. Transcriptomic analysis revealed the
simultaneous metabolism of glucose, fructose, and galactose (by
the Leloir pathway); this was confirmed by the transient accumu-
lation of sucrose and galactose during raffinose metabolism. We
showed activity of the raffinose pathway and hydrolysis of �-1,6
linkage via the sucrose pathway. Further investigation is required
to completely elucidate raffinose catabolism and demonstrate
whether strain A12 has �-1,2 hydrolysis activity.

These findings constitute a preliminary study of specific carbo-
hydrate metabolism probably involved in the survival of the strain
A12 in sourdough and provide a basis for further exploration of
this metabolism in such ecosystems. More generally, an integrated
approach of functional genomics can help to explain the adapta-
tion of a strain to a complex ecosystem and be used to assess its
ecological impact.
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