
Correlation of Lactobacillus rhamnosus Genotypes and Carbohydrate
Utilization Signatures Determined by Phenotype Profiling

Corina Ceapa,b,c Jolanda Lambert,b Kees van Limpt,b Michiel Wels,d Tamara Smokvina,a Jan Knol,b,c Michiel Kleerebezemd,e

Danone Nutricia Research, Palaiseau, Francea; Danone Nutricia Research, Utrecht, The Netherlandsb; Laboratory of Microbiology, Wageningen University, Wageningen,
The Netherlandsc; NIZO Food Research, Ede, The Netherlandsd; Host-Microbe Interactomics, Wageningen University, Wageningen, The Netherlandse

Lactobacillus rhamnosus is a bacterial species commonly colonizing the gastrointestinal (GI) tract of humans and also frequently
used in food products. While some strains have been studied extensively, physiological variability among isolates of the species
found in healthy humans or their diet is largely unexplored. The aim of this study was to characterize the diversity of carbohy-
drate utilization capabilities of human isolates and food-derived strains of L. rhamnosus in relation to their niche of isolation
and genotype. We investigated the genotypic and phenotypic diversity of 25 out of 65 L. rhamnosus strains from various niches,
mainly human feces and fermented dairy products. Genetic fingerprinting of the strains by amplified fragment length polymor-
phism (AFLP) identified 11 distinct subgroups at 70% similarity and suggested niche enrichment within particular genetic
clades. High-resolution carbohydrate utilization profiling (OmniLog) identified 14 carbon sources that could be used by all of
the strains tested for growth, while the utilization of 58 carbon sources differed significantly between strains, enabling the strati-
fication of L. rhamnosus strains into three metabolic clusters that partially correlate with the genotypic clades but appear uncor-
related with the strain’s origin of isolation. Draft genome sequences of 8 strains were generated and employed in a gene-trait
matching (GTM) analysis together with the publicly available genomes of L. rhamnosus GG (ATCC 53103) and HN001 for sev-
eral carbohydrates that were distinct for the different metabolic clusters: L-rhamnose, cellobiose, L-sorbose, and �-methyl-D-
glucoside. From the analysis, candidate genes were identified that correlate with L-sorbose and �-methyl-D-glucoside utilization,
and the proposed function of these genes could be confirmed by heterologous expression in a strain lacking the genes. This study
expands our insight into the phenotypic and genotypic diversity of the species L. rhamnosus and explores the relationships be-
tween specific carbohydrate utilization capacities and genotype and/or niche adaptation of this species.

Strains of a specific bacterial species can display a remarkable
degree of phenotypic and genotypic diversity, allowing them

to survive in a variety of habitats and/or under a variety of stress
conditions. A microorganism’s ability to adapt to environmental
changes relies on its capacity to acquire and use the available nu-
trient resources and to counteract and overcome externally ex-
erted physicochemical challenges. The processes of genome evo-
lution, gene acquisition, and gene loss occur at a relatively long
time scale and play a prominent role in long-term environmental
adaptation of bacteria. The evolution of gene content and its chro-
mosomal organization is stimulated by differences in environ-
mentally selective conditions, such as nutrient availability, anti-
microbial activity, or diverse stress conditions exerted by
nonoptimal temperature, pH, or osmotic pressure (1). The plas-
ticity in the genetic repertoire is essential for adaptation to specific
environmental habitats and, therefore, reflects niche-specific ad-
aptation.

To study the diversity of bacterial species, high-throughput
methods for genotypic and phenotypic analysis are increasingly
used. These methods, which include amplified fragment length
polymorphism (AFLP), restriction fragment length polymor-
phism (RFLP), multilocus sequence typing (MLST), OmniLog
(Biolog) phenotyping (2) infrared spectroscopy, cell mass spec-
trometry, and more recently genome sequencing, are recognized
not only for their high-throughput nature but also for their level of
reliability and standardization (3). The development of efficient
microbial genomics tools provides novel avenues to effectively
evaluate strain diversity and allows for the identification of novel
gene functions.

Because of their industrial relevance in a variety of food fer-

mentations as well as their potential interaction with human and
animal hosts, lactic acid bacteria (LAB) are an important group of
microorganisms. LAB belong to the low-G�C-content Gram-
positive bacteria that share the capacity to ferment different car-
bohydrates into lactic acid. Testifying to the role of phenotyping in
industrial fermentation, dairy strains of the paradigm LAB species
Lactococcus lactis were found to be diverse in their metabolic ca-
pacity, which is reflected in their flavor-forming properties (57,
58). These properties are of significant relevance to their applica-
tion in food fermentations, such as in cheese production. Geno-
type-phenotype correlation studies contributed to the discovery
of new industrial properties for several LAB species, including
Lactobacillus plantarum (4), Lactobacillus casei (5), and Streptococ-
cus thermophilus (6).

In human-associated niches, LAB can contribute to the meta-

Received 15 March 2015 Accepted 28 May 2015

Accepted manuscript posted online 5 June 2015

Citation Ceapa C, Lambert J, van Limpt K, Wels M, Smokvina T, Knol J,
Kleerebezem M. 2015. Correlation of Lactobacillus rhamnosus genotypes and
carbohydrate utilization signatures determined by phenotype profiling. Appl
Environ Microbiol 81:5458 –5470. doi:10.1128/AEM.00851-15.

Editor: C. A. Elkins

Address correspondence to Corina Ceapa, corinaceapa@uchicago.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00851-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.00851-15

5458 aem.asm.org August 2015 Volume 81 Number 16Applied and Environmental Microbiology

http://orcid.org/0000-0001-8661-4211
http://dx.doi.org/10.1128/AEM.00851-15
http://dx.doi.org/10.1128/AEM.00851-15
http://dx.doi.org/10.1128/AEM.00851-15
http://dx.doi.org/10.1128/AEM.00851-15
http://aem.asm.org


bolic capacities of the resident microbial ecosystem (7). Moreover,
they can interact with the host’s mucosal tissues and the immune
system (8). Genotypic and phenotypic high-throughput analyses
targeted several Lactobacillus species (4, 5). Combining pheno-
typic profiling and strain-specific genetic information has proven
to be an effective method for the assignment of so-far-unknown
functions to specific genetic loci that are important for industrial
traits or the interaction with the host (4). For instance, screening
of 14 L. plantarum strains for their capacity to adhere to mannose,
and correlating this analysis with their genotypes, led to the iden-
tification of the gene encoding the mannose-specific adhesin
(Msa) in this species (9). Adhesion of L. plantarum to mannose
residues is thought to be relevant for their capacity to adhere to
mucosal epithelial cells that commonly display mannose conjuga-
tion moieties on their surface (10), which was proposed to provide
a competitive exclusion mechanism that could prevent the man-
nose-specific recognition of mucosal tissue by FimH-expressing
pathogenic Escherichia coli cells, thereby preventing their patho-
genic potential. Although the protective role of L. plantarum in
competitive exclusion has yet to be proven, experiments that em-
ployed an Msa-deficient mutant and its Msa-expressing parental
strain showed that only the wild-type strain effectively induced the
expression of the antimicrobial pancreatitis-associated protein
(PAP) gene in the intestinal mucosa (11). These results illustrated
a possible (dual) role for mannose-specific adhesion in the induc-
tion of the host’s innate immunity responses, illustrating the im-
portance of identifying these genotype-phenotype relationships in
relevant strains.

Lactobacillus rhamnosus is a LAB species that colonizes diverse
environmental habitats, including dairy and plant materials, as
well as the mammalian gastrointestinal tract. L. rhamnosus is a
species of interest for industry, especially for its potential health-
promoting and industrial properties (e.g., cheese ripening and
lactate production). The proposed health-promoting properties
of specific strains of L. rhamnosus have led to their application in
products that are marketed as probiotics. While the most exten-
sively studied probiotic is strain L. rhamnosus GG (ATCC 53103),
other strains of the species, such as HN001 (12) and GR-1 (13),
have also been studied for their probiotic potential. To date, it
remains unclear to what extent L. rhamnosus strains share these
properties or if they are specific for a particular strain, highlighting
the necessity of determining the diversity within the strains of the
species and the identification of potentially strain-specific genes
and functions that are responsible for the observed health-pro-
moting effects.

Several genome sequences of L. rhamnosus probiotic strains
have been determined to date, including L. rhamnosus GG (ATCC
53103) (14) and HN001 (NCBI BioProject identifier [ID] 29219).
Genomes of strains isolated from industrial fermentations have
also been sequenced, including the cheese production isolate L.
rhamnosus LC705 (15) and the beer spoilage isolate L. rhamnosus
ATCC 8530 (16), and the genomes sequenced also include an
environmental soil isolate, L. rhamnosus CASL (17).

The L. rhamnosus genomes are predicted to carry a large num-
ber of carbohydrate transport and utilization genes that display
substantial variations among strains (18). As some niches display
unique carbohydrate compositions, variability in carbohydrate
utilization capacity is likely to reflect an important aspect of niche-
specific adaptation. To better understand the diversity and niche
adaptation of strains belonging to the species L. rhamnosus, we

analyzed the carbon utilization capacities of 25 strains that were
originally isolated from different niches, using the OmniLog Phe-
notype MicroArray platform. We correlated the carbohydrate uti-
lization profiles with genotyping data obtained for these strains
(AFLP) and low-pass genomic sequences, which enabled the iden-
tification of candidate genes that could be responsible for the trans-
port and metabolization of specific carbon sources, which were vali-
dated by genetic complementation of genes encoding proteins/
enzymes for L-sorbose and �-methyl-glucoside utilization.

MATERIALS AND METHODS
Bacterial strains and growth conditions. For the purpose of this study, 65
Lactobacillus rhamnosus strains from various niches of isolation were ob-
tained from Danone Nutricia Research (Palaiseau, France, and Utrecht,
The Netherlands) (Table 1). As a reference, several publicly available L.
rhamnosus strains were included (strains ATCC 53103 [GG] and HN001),
and six representative strains of the “closely related” species L. casei were
added as an outgroup in the genetic fingerprinting by AFLP (Fig. 1). The
strains were routinely cultured in de Man-Rogosa-Sharpe (MRS) broth or
on MRS agar plates (Oxio), under anaerobic conditions at 37°C. Strains
were stored at �80°C in MRS medium containing 20% glycerol. Where
appropriate, media were supplemented with 10 �g · ml�1 erythromycin.

Genomic DNA isolation. Total DNA was extracted from 10 ml of
cultures harvested in the mid-log phase (optical density at 600 nm
[OD600] of 0.5 to 1) using a previously described method (19). In short,
cells were lysed by a freezing-thawing step followed by incubation with
lysis buffer, TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid] containing 1,330 U/ml mutanolysin and 40 mg/ml lysozyme, for 1 h
at 37°C and bead beating in 20% SDS in TE buffer (10 mM Tris HCl, 1 mM
EDTA, pH 8.0). The DNA was recovered by phenol chloroform extraction
followed by isopropanol precipitation, washing in 70% ice cold ethanol,
drying, and dissolution in 100 �l TE. DNA yield and purity were assessed
by measurement of absorbance at 260 nm and at 280 nm (19).

L. rhamnosus genomic fingerprinting by AFLP. Amplified fragment
length polymorphism (AFLP) genotyping (20) was used to classify the 65
isolates of L. rhamnosus included in this study. To this end, total DNA of
the L. rhamnosus strains was isolated using an above-described procedure
(19) and was digested with EcoRI and TaqI. Specific adapters (Table 2)
were ligated to the digested DNA and were used to selectively amplify
EcoRI-TaqI fragments using primers extended with G and C selective
nucleotides in the combinations E01/T11 and E01/T13 (Table 2). Ampli-
fication products were separated according to their length using an ABI
Past 3130XL genetic analyzer (Applied Biosystems, Foster City, CA, USA),
and fragments containing the fluorescently labeled primer (6-carboxy-
fluorescein [FAM]) were visualized using gel-view representations. Band
position and intensity were recorded for each strain, creating a strain-
specific AFLP profile. The resulting AFLP patterns were band-normalized
and subjected to a band pattern recognition procedure using the Gene
Mapper 4 software (Applera, Foster City, CA, USA). Bands occurring at
the same gel position, with an accepted variation of 0.15%, were consid-
ered shared between different profiles. Normalized patterns that encom-
passed fragments of 40 to 580 bp were imported into BioNumerics 4.61
(Applied Maths, Kortrijk, Belgium), and similarities between AFLP-fin-
gerprint profiles were calculated using Dice correlation and UPGMA (un-
weighted pair group method using average linkages) clustering for the
construction of AFLP-based strain dendrograms. Replicate AFLP analyses
of strain Lr90 (cluster 5) were used to determine the discriminative
threshold of the AFLP analyses at 70%. The type strain ATCC 7469 was
obtained from both the Danone and Numico culture collections and ap-
pears twice in the analysis.

Low-pass genome sequencing. Low-pass genomic sequences of 8 L.
rhamnosus strains were determined (Table 1). Strains from different AFLP
clusters intended to cover the diversity of the species were selected. Total
DNA of these strains was prepared as described above (19). Draft genome
sequences were obtained (GATC Biotech, Germany) by Roche 454 FLX
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TABLE 1 L. rhamnosus strains used in this study and availability of genome, coverage and number of contigs, origin, and phenotype data availabilitya

Strain ID Origin Biolog No. of genes No. of contigs Coverage (fold) BioProject ID BioSample ID

Lr003 Probiotic product No
Lr004 Unknown No
Lr009 Vegetable drink Yes
Lr010 Cheese No
Lr026 Unknown Yes
Lr032 Human baby feces Yes 3,357 1,104 6.5 SUB583571 SAMN03196659
Lr035 Human feces No
Lr037 Fermented milk Yes
Lr040 Unknown Yes
Lr044 Cheese Yes 3,344 2,050 10.5 SUB583571 SAMN03196658
Lr047 Cheese Yes
Lr053 (NCIMB 8608) Unknown Yes 3,260 1,209 11.2 SUB583571 SAMN03196655
Lr055 (HN001) Cheese Yes 2,811 94 30 PRJNA55109 SAMN02469790
Lr064 Unknown Yes
Lr071 Human feces Yes 3,289 690 7.9 SUB583571 SAMN03196657
Lr072 Human feces No
Lr073 Human feces Yes 3,280 808 7.7 SUB583571 SAMN03196656
Lr074 Human feces Yes
Lr075 Human feces Yes
Lr076 Human feces No
Lr077 Human feces No
Lr078 Human feces No
Lr079 Human feces No
Lr080 Human feces No
Lr081 Human feces No
Lr082 Human feces No
Lr083 Human feces No
Lr084 Human feces No
Lr085 Human feces No
Lr086 Human feces No
Lr088 Human feces No
Lr089 Human feces No
Lr090 Human feces No
Lr091 Human feces No
Lr092 Human feces No
Lr093 Human feces No
Lr094 Human feces No
Lr095 Human feces No
Lr096 Human feces No
Lr097 Human feces No
Lr098 Human feces No
Lr099 Human feces No
Lr100 Human feces No
Lr101 Human feces No
Lr102 Human feces No
Lr103 Human feces No
Lr104 Human feces No
Lr105 Human feces No
Lr106 Human feces No
Lr107 Dairy No
Lr108 Human baby feces Yes 2,649 161 12.5 SUB583571 SAMN03196652
Lr109 Human baby feces No
Lr110 Goat feces Yes
Lr111 Goat feces No
Lr132 Unknown No
Lr133 Human vagina No
Lr134 Saliva Yes
Lr135 Vegetable probiotic drink Yes
Lr136 Soy sauce Yes
Lr137 Cheese Yes
Lr138 Cheese Yes 3,085 585 8.5 SUB583571 SAMN03196654
Lr139 Cheese Yes
Lr140 Fermented milk Yes 3,401 703 8.2 SUB583571 SAMN03196660
Lr141 Fermented milk Yes
Lr142 (LGG) Healthy human intestine Yes 2,985 1 30 PRJNA59313 SAMEA2272375
a Boldface indicates strains whose genome was included in the GTM analysis.
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FIG 1 Dendrogram based on the analysis of AFLP patterns of the primer combination E01-T13 with visualization of the banding patterns. The strain origin and
clustering (at a similarity level of 70%) are represented in the columns. The 25 strains selected for OmniLog growth experiments are highlighted with boxes.
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Titanium sequencing with average read lengths of 450 bp (Table 1 shows
sequencing statistics per strain), while the genome sequences of the refer-
ence strains L. rhamnosus ATCC 53103 and HN001 were downloaded
from the public NCBI Genomes database. The two public domain ge-
nome sequences (14) were reannotated in the same way as the newly
sequenced genomes and were included in the strain-specific orthologous
gene matrix construction (see below). Raw sequence data were assembled
into contigs using standard settings of Newbler 2.6 software. Genomic
data were subjected to a complete de novo RAST pipeline for open reading
frame (ORF) prediction using limited-overlap (maximum of 100 bp) al-
lowance for detection of predicted ORFs and, in case of a larger overlap,
discarding the smaller of the two ORFs. Gene function annotation for the
identified ORFs was performed with the web-based automatic annotator
RAST using standard settings (21). Identification of orthologous groups
(OGs) of genes shared between the novel low-pass draft genomes and the
newly annotated publicly available genomes was performed using locally
installed OrthoMCL version 5 (22), containing 150 bacterial reference
genomes from the NCBI Genomes database (23). As a result, a gene ma-
trix of all OGs and their presence/absence profile was created. The matrix
was used as a basis for the gene-trait matching (GTM) approach.

PM tests. Phenotype microarray (PM) analyses were performed to
determine the phenotype diversity among 25 selected L. rhamnosus strains
that represent the different AFLP clusters (Fig. 1) and were isolated from
diverse ecological niches (Table 1). Most AFLP clusters are represented,
except cluster 6, which appears highly similar to clusters 7 and 8. The
carbohydrate utilization profile of these 25 strains was analyzed using the
Phenotype MicroArray (OmniLog) 96-well plates PM1 and PM2A (Bi-
olog Inc., Hayward, CA, USA), which determine utilization and growth
on 192 different carbon sources, using the provider’s protocols. In short,
bacteria were precultured in MRS medium and transferred to PM plates in
duplicate. Plates were incubated at 37°C in an OmniLog reader (Biolog)
for 48 h, and quantitative responses were recorded automatically every 15
min by a charge-coupled device (CCD) camera. Readouts were stored
using OmniLog file management software (version 12.0; Technopath).
The complete list of compounds assayed by PM1 and PM2A can be ob-
tained at http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf. PM tech-
nology employs tetrazolium violet reduction as a reporter of active me-
tabolism (24), where the reduction of the dye causes the formation of a
purple color that is recorded by a charge-coupled device camera in time,
thus providing quantitative and kinetic information on metabolic activ-
ity. Dye reduction is directly correlated with the quantity of NADH pro-
duced by the bacteria when degrading a single carbon source. To assess
reproducibility, three independent experiments were performed using

strain L. rhamnosus GG (ATCC 53103), revealing an identical carbohy-
drate growth pattern and only very minor variation in the growth kinetics
(data not shown).

Phenotype microarray results are expressed as average height of reac-
tion (or kinetic curve) as a proxy for overall cell growth over a period of 48
h, after subtraction of the background represented by culture medium,
with values ranging from 0 to 198. All the raw PM data are presented in
Fig. S3 in the supplemental material.

Correlation analyses within the AFLP, origin, and OmniLog data
sets. Raw data were processed using PAST software (25). To detect poten-
tial correlations among AFLP, OmniLog groups, and niche of isolation,
these variables were incorporated in multivariate matrices, and underly-
ing structures within and between the groups of strains were explored
using clustering analyses in the PAST software suite (25). Clustering was
performed based on Euclidian distances calculated with raw data using
UPGMA.

For the determination of relationships between nominal variables (or-
igin of isolation information and presence in an AFLP clade), a contin-
gency table was created (26), containing frequency distribution of the
strains (see Table S2 in the supplemental material). Strains of unknown
origin were treated as a separate group. The significance of association
between the nominal variables was quantified using two methods. The
Monte Carlo randomization test relies on repeated random sampling to
estimate how likely it is for a certain event to happen randomly and gives
a P value that is significant (the event is not random) at values lower than
0.05 (27). Cramer’s V is a chi-square-based measure of variable indepen-
dence (28), giving a value between 0 (statistical independence) and 1
(associated variables). Both calculations were performed in the PAST soft-
ware suite (25).

Sørensen-Dice similarity indices provide a way to test statistically
whether there is a significant similarity between two or more groups of
numerical sampling units. In our case, the sampling units are represented
by the growth profiles for carbohydrates for a single strain. Similarity
values higher than 0.95 representing a P value of �0.05 are significant.
Values of the Sørensen-Dice similarity matrix for each of the strain Omni-
Log endpoint measurement profiles against profiles of all other strains are
given in Table S1 in the supplemental material. The similarity data are the
basis for the strain clustering in Fig. 2.

Identification of candidate genes involved in the metabolism of
OmniLog carbon sources by gene-trait matching. Candidate genes po-
tentially involved in carbon source utilization were identified by in silico
GTM using genomic information from 10 L. rhamnosus strains and the
OmniLog data sets (Table 1; strains in boldface). We selected the thresh-

TABLE 2 Plasmids and primers used in this study

Plasmid or primer Relevant feature(s) or sequence (5= to 3=) Reference

Plasmids
pIL253 Eryr; cloning vector; medium copy number in Gram-positive bacteria 1
pSOR253 Eryr; pIL253 derivative containing the L-sorbose candidate operon This study
pAMG253 Eryr; pIL253 derivative containing the �-methyl-D-glucoside candidate operon This study

Primers
Primer E01 GACTGCGTACCAATTCA
Primer T11 GTTTCTTATGAGTCCTGACCGAA
Primer T13 GTTTCTTATGAGTCCTGACCGAG
Adapter (5= to 3=) EcoRI CTCGTAGACTGCGTACC
Adapter (3= to 5=) EcoRI CTGACGCATGGTTAA
Adapter (5= to 3=) TaqI GACGATGAGTCCTGAC
Adapter (3= to 5=) TaqI TACTCAGGACTGGC
�MetDglu_F CCGGATCGGGAAACTGAT
�MetDglu_R CGAACACAATCTTGCCGTTC
LSor_F CAATTTCTTCTCTGCATCGC
LSor_R AGTATCCATATTGGCATCCG

Ceapa et al.

5462 aem.asm.org August 2015 Volume 81 Number 16Applied and Environmental Microbiology

http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf
http://aem.asm.org


old 100 OmniLog units (OU) to differentiate between growth and no
growth, in agreement with previous reports (29). Using this threshold, the
OmniLog raw data matrix was transformed into a positive/negative
growth matrix. For data sets with a maximum growth value lower than

100, the threshold was set at half the maximum growth. To assess the
significant cooccurrence of L. rhamnosus OGs with each of the growth
data sets, a mathematical equation was used that focuses on the number of
occurrences where the gene presence correlates with the phenotype

FIG 2 Heat map and clustering of L. rhamnosus strains and their substrates based on growth endpoint data (Phenotype MicroArray Biolog data) for carbohy-
drates in clusters 1 and 2. The shading of the heat map refers to the growth level: black, �100 OU; dark gray, 100 to 20 OU; light gray, �20 OU. The two-way
clustering of the strains and substrates was created in PAST using the Euclidian distance matrix based on UPGMA clustering. Origins of isolates and AFLP
grouping of the strains are displayed below the strain’s dendrogram. The origin abbreviations are as follows: A, adult feces; B, baby feces; G, goat feces; D, dairy;
S, saliva; Va, vagina; Ve, vegetable; U, unknown. The type of carbohydrate is displayed to the left of the heat map: monosaccharide (M), disaccharide (D),
trisaccharide (T), glycoside (G), fatty acid (FA), nucleoside (N), sugar alcohol (SA), carboxylic acid (C), amino acids (AA), and amide (AD). The bottom rows
display the numbers of carbohydrates above 20 OU and above 100 OU for each L. rhamnosus strain, and the highest and lowest values are marked with an asterisk.
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(either positively or negatively) but also takes into account the number of
occurrences in which such correlation is absent. The higher the outcome
of the equation, the higher the probability that the gene correlates with the
utilization of a certain carbohydrate. The equation used was S � (Pos � 1) 	
(Neg � 1)/(Mis � 1). In the above equation, the abbreviations are as
follows: S represents a final score used for gene classification, Pos repre-
sents the number of strains where the OG is present and that display the
phenotype, Neg represents the number of strains where the OG is absent
and that do not display the phenotype, and Mis represents the number of
strains in which the presence and absence of the OG and phenotype are
inconsistent (mismatching). While the highest score recognizes a positive
gene-phenotype correlation, the lowest score indicates a negative correla-
tion. The equation is dependent on the size and distribution of the phe-
notype and therefore was used for balanced phenotypes with higher than
25% representation of either the negative or positive groups.

A list of the highest-scoring candidate genes and their RAST-based
annotation is provided in the supplemental material (for L-sorbose, see
Table S3 in the supplemental material; for �-methyl-D-glucoside, see Ta-
ble S4 in the supplemental material; for L-rhamnose, see Table S5 in the
supplemental material; for cellobiose, see Table S6 in the supplemental
material). The differential use of cellobiose by strains of L. rhamnosus (Fig.
2) was considered a positive control of the analysis, since the results in-
cluded predicted phosphotransferase system (PTS) genes for cellobiose
utilization, which were experimentally proven to be used in cellobiose
utilization (14, 30). The genes identified by the equation as the most likely
candidates for the utilization of particular carbohydrate sources were fur-
ther analyzed manually, where preference was given to genes that are
located in operons of which multiple genes were identified to have the
same correlation score.

Construction of gene expression mutants. Gene expression mutants
were constructed using the medium-copy-number expression vector
pIL253 (31). Both operons targeted by genetic engineering are absent
from the genome of L. rhamnosus ATCC 53103, which could therefore be
employed as the heterologous expression host. The operons that were
identified to be potentially involved in utilization of L-sorbose (5 kb) and
�-methyl-D-glucoside (6 kb) were amplified by PCR using genomic DNA
isolated from strain Lr136 as a template, in combination with the primer
pairs designed to amplify each of the target loci (Table 2), using KOD
long-range polymerase (Novagen, Darmstadt, Germany), according to
the instructions of the manufacturer. The PCR products were purified
from an agarose gel and cloned in ScaI-digested pIL253 vector. Ligation
mixtures were transformed directly into L. rhamnosus ATCC 53103 by
electroporation (32), and transformants were selected on MRS medium
containing 10 �g · ml�1 erythromycin. Two single colonies were selected
based on stable antibiotic resistance (erythromycin) and designated M12
and M13, harboring the plasmids comprising the cloned operons pre-
dicted to be involved in L-sorbose and �-methyl-D-glucoside, respectively.
The growth phenotype of the M12 and M13 expression derivatives of L.
rhamnosus ATCC 53103 was evaluated on in-house-prepared MRS me-
dium without a carbon source supplemented with L-sorbose or �-methyl-
D-glucoside as sole carbon sources, respectively, using the parental L. rh-
amnosus ATCC 53103 as a negative control.

Nucleotide sequence accession numbers. The genome sequences for
the eight newly sequenced Lactobacillus rhamnosus strains were deposited
in the GenBank database with the following accession numbers:
JUIH00000000 (Lactobacillus rhamnosus Lr108), JUII00000000 (Lactoba-
cillus rhamnosus Lr138), JUIJ00000000 (Lactobacillus rhamnosus Lr053),
JUIK00000000 (Lactobacillus rhamnosus Lr073), JUIL00000000 (Lactoba-
cillus rhamnosus Lr071), JUIM00000000 (Lactobacillus rhamnosus Lr044),
JUIN00000000 (Lactobacillus rhamnosus Lr032), and JUIO00000000
(Lactobacillus rhamnosus Lr140) (Table 1). The versions described in this
paper have the numbers “XXXX01000000,” where XXXX represents the
first four letters of each accession number.

RESULTS
Strain collection, niches of strain isolation, and genotype fin-
gerprinting. Sixty-five L. rhamnosus strains included in the study
were obtained from the Danone Nutricia Research Culture Col-
lection (Palaiseau, France, and Utrecht, The Netherlands) and
were originally isolated from various environments (Fig. 1). For
some strains, including the type strain (ATCC 7469), no informa-
tion is available in the public domain with respect to their origin of
isolation. For the others, most isolates are of human origin (feces
[baby and adult], oral cavity, and reproductive system) or from
dairy (cheese or fermented milk) products, but there were also
some strains derived from other isolation sources, i.e., two strains
from animal (goat) feces and two from fermented plant material
(soy sauce and fermented vegetable drink). In addition, reference
strains of the species L. rhamnosus (strains ATCC 53103 and
HN001 and the type strain ATCC 7469) and six representatives of
the closely related species L. casei (Fig. 1) were included in the
AFLP analysis.

AFLP provides a high-throughput method for high-resolution
genomic fingerprinting (20) that has been employed frequently
for the classification of strains of various species, including lacto-
bacilli (2, 33). AFLP classification of 65 L. rhamnosus strains en-
abled the distinction of 11 genotypic groups at a similarity cutoff
of 70%, with all L. casei strains constituting an outgroup, since
they belong to a closely related but genetically distinct species. The
overall similarity level of the species by AFLP profiling was esti-
mated at 60% (this work and reference 34), with an intragroup
diversity of up to 20%. These data illustrate the remarkable diver-
sity of the L. rhamnosus species, as AFLP diversity for some more-
specialized species can be lower than this threshold: Lactobacillus
reuteri, 8% (35); Lactobacillus delbrueckii, 15% (36); Lactobacillus
acidophilus, 22% (37). At the same time, the AFLP classification is
similar to other species that reside in various environmental niches
such as L. plantarum (38) that also encompass highly diverse clus-
ters of strains. Notably, the two primer pairs used in AFLP profil-
ing generated corresponding results in terms of clade classification
of strains (Fig. 1; see also Fig. S1 in the supplemental material), as
both analyses identified subgroups that contained the same
strains, demonstrating the accuracy of the genetic classification.

The AFLP clades encompassed variable numbers of strains.
Among the 11 clades, eight were comprised of only a few strains
(between one and five strains were clustered within clades 2, 4, 6,
7, 8, 9, 10, and 11). Clade 1 was a medium-sized group containing
7 strains, while most strains (75%) were classified in clades 3 and 5,
which contain 23 and 26 L. rhamnosus strains, respectively. The
strains with publicly available genomic sequences were classified
into distinct AFLP clusters: type strain ATCC 7469 belonged to
clade 3, strain ATCC 53103 (Lr064) belonged to clade 5, and
HN001 was the only strain in clade 8.

Establishing correlations between origin and AFLP group-
ing. As genetic classification for several LAB species indicated that
strains with similar origins sometimes cluster together (35, 39,
40), we were interested to see if cataloguing L. rhamnosus strains
on the basis of the genetic fingerprinting by AFLP could signifi-
cantly reflect their origin of isolation. Most strains (83%) were
classified into one of the large AFLP clusters, 3 and 5 (see Fig. S2 in
the supplemental material). The strains in the large cluster 3 and
smaller clusters 2 and 4 have a highly variable origin of isolation,
supporting the idea that there is a subgroup of L. rhamnosus
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strains that frequently migrate between different environments
(18). Other AFLP clusters appeared to display niche enrichment,
illustrated by the observation that the large AFLP cluster 5, as well
as the smaller clusters 6 and 7, contained mainly human strains,
including 23 fecal strains (56% of all fecal isolates) and only a
single strain of unknown origin, while the two infant strains clus-
ter together in a separate group (cluster 11) that appeared genet-
ically more similar to a dairy isolate (cluster 10) than to adult feces
isolates. Fermented product isolates were predominately classified
into four genotype clusters: cluster 1, which also contained two
fecal strains, and clusters 8, 9, and 10, which exclusively captured
strains of dairy origin. Fecal and dairy strains could not be clearly
separated by the clustering.

As for the statistical significance of this enrichment, the Monte
Carlo simulation analysis showed that the origin distribution is
not random (P � 0.0126) (see Table S2 in the supplemental ma-
terial). The Cramer test value (P � 0.53) supported a tendency
toward niche enrichment within AFLP grouping. We found a
stronger correlation between adult fecal isolates and AFLP clades
3, 5, 6, and 7 and between dairy strains and clade 9 (see Table S2 in
the supplemental material).

Strain-specific carbon source utilization profiling. A variety
of carbon sources that have been associated with various habitats
were included in the OmniLog growth experiments. Cluster anal-
ysis identified 3 main clusters of carbon sources based on the vari-
ation of their utilization by L. rhamnosus strains (see Fig. S3 in the
supplemental material). Cluster 1 grouped 34 carbon sources with
a lower average growth of 23 
 19 OUs and contains many amino
acids, carboxylic acids, fatty acids, and nucleosides but also several
monosaccharides and disaccharides. Some substrates were used
by all strains in this group with an intermediate efficiency (20 to
100 OU; oxomalic acid and 5-keto-D-gluconic acid) and a low
efficiency (�20 OU; 2-dioxiadenosine and �-methyl-D-galacto-
side). Carbohydrate cluster 2 contained 38 carbon sources with a
relatively high average level of growth (114 
 28 OU) per strain
and growth values of up to 196 OU for some strains. The majority
of monosaccharides, all glycosides (i.e., sugar bound to another
functional group via a glycosidic bond; salicin, arbutin, and
amygdalin), several disaccharides, sugar alcohols, and a single tri-
saccharide (melezitose) were grouped within cluster 2. Thirteen
cluster 2 carbohydrate substrates were utilized by all strains, i.e.,
D-ribose, N-acetyl-D-glucosamine, D-galactose, D-tagatose, D-tre-
halose, D-mannose, �-D-glucose, L-lyxose, salicin, D-mannitol, L-
arabinose, 2-deoxy-D-ribose, and 3-O-�-D-galactopyranosyl-D-
arabinose. Carbohydrate cluster 3 contained 120 carbon sources
that were concluded not to be utilized by any of the strains (raw
values maximally reached 30 OU) and were therefore excluded for
strain classifications (see below).

From the carbon sources that were utilized differentially
among the 25 isolates, several can be utilized by the majority (21 of
the 25 strains) of the strains tested, e.g., D-melezitose, D-gluconic
acid, D-cellobiose, dulcitol, arbutin, glycerol, acetoacetic acid, L-
rhamnose, and D-sorbitol. In contrast, several carbohydrates
could be utilized by only a few strains (fewer than four), e.g.,
D-galactonic acid-�-lactone, 2-deoxy-D-ribose, dihydroxyac-
etone, L-arabinose, and maltose. Notably, dulcitol, maltitol, and
gentiobiose appeared to be utilized by only a single strain.

The L. rhamnosus strains could be categorized into three met-
abolic groups (MGs) based on their utilization of the 72 carbon
sources (clusters 1 and 2) and using a similarity coefficient cutoff

(Sørensen-Dice) of 95%. The three MGs (designated MG-A, -B,
and -C [Fig. 2]) contained 10, 9, and 6 strains, respectively.
UPGMA clustering allowed the identification of specific carbohy-
drates that were most stringently separating the MGs (Fig. 2).
The utilization of D-lactitol, D-psicose, �-methyl-D-glucoside,
�-methyl-D-glucoside, turanose, and palatinose correlated well
with the majority of strains clustered in MG-C, whereas only a few
strains from MG-A and MG-B could utilize these carbohydrates.
Many strains of group MG-B were not able to utilize L-sorbose,
D-sorbitol, 3-O-�-DL-galactopyranosyl-D-arabinose, lactulose,
amygdalin, arbutin, and L-rhamnose, whereas most strains in
MG-A and MG-C could utilize these carbon sources.

There appeared to be no obvious correlation of the MG classi-
fication of the strains with their niche of isolation, illustrated by
the fact that each of the MGs encompassed isolates from all niches
(Fig. 2). However, strains classified in the same AFLP cluster
tended to be classified in the same MG (Fig. 2) and strains of AFLP
groups 1, 3, and 4 shared very similar carbohydrate utilization
profiles between them. For example, AFLP group 1 strains formed
a tight subgroup within MG-A. Similarly, a subgroup of AFLP
cluster 3 (6 of the 9 members) captured all MG-C clustered strains,
with the individual strains sharing 95.4% of their carbohydrate
utilization profile. Similarly, MG-B captured all the members of
AFLP clusters 2, 5, 7, and 10, whereas MG-A contained all strains
of AFLP clusters 1, 4, and 8.

Unlike strains from other groups, MG-A strains could effi-
ciently use plant-derived maltose, arbutin, and artificially created
gluconic acid and lactulose but could not use the natural sugar
alcohols dulcitol, gentiobiose, and maltitol, and only some strains
utilized lactose. MG-B was characterized by a decreased ability to
grow in lactose (dairy-derived carbohydrate) or sorbitol, sorbose,
rhamnose, arbutin, lactulose, ribose, salicin, and lyxose, many of
which are plant material-associated carbohydrates. MG-C strains
were capable of growth on lactose, N-acetyl-D-galactosamine, and
mannose, as well as palatinose, psicose, �- and �-methyl-D-gluco-
sides, turanose, maltitol, arbutin, mannitol, trehalose, and tagatose
but not cellobiose, D-galactonic acid-�-lactone, and gluconic acid. In
particular, strains belonging to MG-C utilized a multitude of carbo-
hydrates with high efficiency, whereas strains of MG-A could utilize
fewer carbohydrates, many of them at an average efficiency. MG-B
appeared to be highly restricted in the number of carbohydrates that
it could grow on, with relatively low efficiency (Fig. 2).

Identification of genes responsible for specific carbohydrate
utilization. The availability of combined genomic and pheno-
typic information provided the opportunity to identify genes
responsible for specific carbohydrate utilization. The genomic
data of two publicly available genome sequences of L. rhamno-
sus strains ATCC 53103 (a single circular genome sequence)
and HN001 (draft genome assembled to 94 contigs), in combi-
nation with eight draft genome sequences of strains included in
this study (average coverage, 11.4-fold; assembled into 161 to
2,050 contigs) (Table 1), were employed in a GTM approach.
The strains selected for low-pass genomic sequencing aimed to
retain diversity in both AFLP grouping (which constituted the
primary criterion) and origin of isolation. Both the public
genomic sequences and the novel draft genomes were de novo
annotated using automatic open reading frame detection and
annotation of protein functions. Orthologous gene detection
for the 10 genome data sets generated 6,476 OGs, of which
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1,793 OGs (27%) were shared among all strains, whereas
1,982 OGs (30%) were present in only a single strain.

L. rhamnosus candidate genes that may be involved in the me-
tabolism of specific carbohydrates were identified in silico by cor-
relating OmniLog carbohydrate utilization data with the strain-
specific genomic data, using the OG matrix constructed by GTM.
To this end, carbohydrates were selected that displayed a balanced
distribution of utilizing (�100 OU) and nonutilizing (�100 OU)
strains among the 10 strains to maximize the likelihood of identi-
fying credible candidate genes associated with the phenotype. The
carbon sources that fulfilled this requirement were cellobiose, D-
gluconic acid, D-melezitose, �-methyl-D-glucoside, 3-O-�-D-ga-
lactopyranosyl-D-arabinose, L-sorbose, dulcitol, and D-galactonic
acid-�-lactone. These carbohydrates also encompass those that
enabled discrimination among MG-A, -B, and -C, e.g., L-sorbose
and D-gluconic acid are typically not utilized by strains of MG-B,
whereas �-methyl-D-glucoside is exclusively utilized by strains be-
longing to MG-C. Notably, GTM that employed the strain-spe-
cific cellobiose utilization capacity led to the identification of a
PTS operon that was annotated to be involved in cellobiose utili-
zation (see Table S6 in the supplemental material), supporting the
reliability of the approach. Nevertheless, this analysis did not iden-
tify any of the genes encoding the other 3 PTSs that are annotated
as cellobiose PTS, which may be related to the apparent redun-
dancy of this transport function, which disables the unambiguous
and consistent identification of a single locus. The differential uti-
lization of L-sorbose was used in a GTM approach and correlated
strongly with a genomic region of 6 kb encompassing genes en-
coding a putative PTS transporter (see Table S3 in the supplemen-
tal material). Similarly, �-methyl-D-glucoside utilization corre-
lated strongly with two candidate genetic regions of 5 and 19 kb in
length, respectively, encoding a transporter and ATPase, and two
PTSs and a carbohydrate hydrolase, respectively (Table 3; see Ta-
ble S4 in the supplemental material). To validate the postulated
roles of the identified genomic regions in the utilization of these
carbohydrates, the identified genetic regions were amplified from
Lr136 and cloned into pIL253, resulting in pSOR253 (containing
the 6-kb locus linked to sorbose utilization) and pAMG253 (con-
taining the 5-kb locus linked to �-methyl-D-glucoside utiliza-
tion), respectively.

These constructs enabled the heterologous expression of these
genes in L. rhamnosus ATCC 53103, a strain that lacks these OGs
(Table 1). The resulting carbohydrate utilization by the pSOR253-
and pAMG253-harboring derivatives of L. rhamnosus ATCC
53103 was evaluated, using in-house-prepared MRS medium sup-
plemented with the relevant carbon source, revealing that in con-

trast to the strain transformed with the empty pIL253 vector, the
pSOR253- and pAMG253-harboring derivatives were able to
grow on sorbose and �-methyl-D-glucoside, respectively (Fig. 3).
These results confirm the role of these genes in the postulated
phenotypes and illustrate the value of the GTM approach to iden-
tify gene functions.

DISCUSSION

With respect to carbohydrate substrate utilization and metabo-
lism, strains isolated from diverse niches can vary greatly, proba-
bly reflecting adaptation to the niche-specific conditions. The im-
portance of understanding at a molecular level the functional
diversity within individual bacterial species that are considered for
probiotic applications has only recently been appreciated (41).
Bearing in mind their potential use in food and/or probiotic ap-
plications, we studied the differences within strains of the species
Lactobacillus rhamnosus using both food and commensal isolates
and employing two high-throughput methods for their classifica-
tion, AFLP-based genotyping and OmniLog profiling for meta-
bolic phenotyping. The outcome of this study is in agreement with
previous studies showing a wide phenotypic diversity among
strains of L. rhamnosus and the identification of several genetically
distinct groups (18, 34, 42).

Carbon source utilization profiling is an important tool for the
analysis of diversity and phenotyping of bacterial genera and spe-
cies, as illustrated by the routine use of the API strips or OmniLog
plates. For the species L. rhamnosus, 53 isolates were analyzed
previously using an API50-based classification approach, reveal-
ing that strain L. rhamnosus GG (ATCC 53103) could be distin-
guished from cheese isolates on the basis of its carbohydrate uti-
lization capacity (42), a conclusion that we confirmed in the
present study. In addition, the present study supports the high
versatility and adaptability to multiple niches in the species Lacto-
bacillus rhamnosus. There are substantial differences in carbohy-
drate availability in the niches in which L. rhamnosus can be
found. The dairy environment is rich in lactose and contains also
some free oligosaccharides (composed of mannose, fucose, and
sialic acids), while plant-associated environments can be rich in
sucrose, trehalose, maltose, cellobiose, raffinose, starch, inulin,
and fructosans. Notably, the intestinal tract of mammals can con-
tain, next to a variety of diet-derived carbohydrates, also substan-
tial quantities of host-derived carbohydrates such as fucose, hexo-
samines, mannose, and galactose (43). The metabolic grouping of
the L. rhamnosus strains presented here classifies strains belonging
to MG-A as generalists, albeit that these strains also display some
specific limitations such as the use of glucosides, turanose, and

TABLE 3 Genes selected for expression by complementation after the GTM analysis for �-methyl-D-glucoside and L-sorbose

Contig length
(bp)

Potential
carbohydrate

No. of strains in which
present (n � 10) Annotation

Present in other
public genomes

Complementation
strain

4.451 L-Sorbose 6 Phosphopentomutase (EC 5.4.2.7) No GG
4.451 L-Sorbose 6 Benzoate MFSa transporter BenK No GG
4.451 L-Sorbose 6 Uridine phosphorylase (EC 2.4.2.3) No GG
4.451 L-Sorbose 6 Sugar diacid utilization regulator No GG
4.451 L-Sorbose 5 Benzoate MFS transporter BenK No GG
6.145 �-Methyl-D-glucoside 4 Transporter LC705_02793 GG
6.145 �-Methyl-D-glucoside 4 Hypothetical protein LC705_02792 GG
6.145 �-Methyl-D-glucoside 4 ATPase LC705_02791 GG
a MFS, major facilitator superfamily.
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psicose. These plant derivatives are encountered only in particular
niches, which might explain this adaptation. The inability to uti-
lize lactose among strains clustered in MG-B indicates that these
strains cannot grow efficiently in dairy environments. However,
there were dairy isolates clustered in MG-B that were derived from
cheese production, where they are used for their proteolytic ca-
pacity, which plays a role during late stages of cheese ripening.
During these stages of cheese ripening, the lactose is already de-
pleted from the cheese matrix, suggesting that the MG-B cheese
strains could represent non-starter culture isolates that play a role
in late-stage cheese ripening only. The strains clustered within
MG-C appear to be adapted to use both dairy- and plant-derived
carbohydrates.

Interestingly, the dairy-derived L. rhamnosus isolates could
consistently utilize gluconic acid. This carbohydrate is not a nat-
ural component of milk but is extensively used in the dairy indus-
try to stabilize fermented dairy products and to retain calcium
(44). Therefore, it is tempting to speculate that the strains that
were adapted to this environment for many generations would
have acquired the capacity to utilize this carbohydrate and could
be an illustration of the adaptive abilities of these bacteria.

In a recent comparative genomics study of 100 L. rhamnosus
strains, Douillard et al. (18) found mainly two distinctive geno-
phenotypes, of which one appeared to be specialized for stable
nutrient-rich niches and the other contained generalists that are
adaptable and could potentially reside in multiple niches. The two
genophenotypes are detectable in our metabolic classification, but
the generalist group is divided into a subgroup with a higher effi-
ciency and larger range of possible carbohydrates (MG-C) and a
subgroup that can utilize many carbohydrates for growth, albeit
with an intermediate efficiency (MG-A). The more-specialized
MG-B strains seem primed toward fewer carbohydrates that they
can use at a relatively high efficiency. This is exemplified by the
metabolism of currently marketed probiotic strains such as L. rh-
amnosus GG (ATCC 53103), which was originally isolated from
the intestine, clustered in MG-B, and appears to be a metabolic

specialist adapted to nutrient-rich environments. It can grow ef-
ficiently (�100 OU) on 10 carbohydrates, glucose, galactose, glyc-
erol, salicin, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine,
D-melezitose, tagatose, L-lyxose, and D-gluconic acid, while its
overall carbohydrate capacity encompasses 40 substrates. It is long
since L. rhamnosus GG was transferred from the complex and
highly variable intestinal niche to the relatively constant and nu-
trient-rich industrial production environment, which may be se-
lective for metabolic simplification (45). This tendency was sup-
ported for L. rhamnosus GG, for which PCR analyses of six
commercial probiotic products confirmed that four products
contain a derivative of the original strain that lacked major DNA
segments (46). This simplifying tendency may have contributed to
the inability of this strain to utilize a relatively low number of
carbohydrates with good efficiency. In contrast, the probiotic L.
rhamnosus HN001, which was isolated from cheese and clustered
in MG-A, displays efficient growth on 26 carbon sources and is
capable of utilizing 53 different carbon sources, overall. Therefore,
this isolate displays efficient growth on a wide range of carbohy-
drates, which is in disagreement with the notion that dairy isolates
of lactobacilli would display more-specialized carbohydrate utili-
zation patterns than those of intestinal isolates (6, 47). This may
also imply that the HN001 strain was relatively recently intro-
duced into the cheese matrix and has not yet lost its metabolic
flexibility as a consequence of the consistent exposure to the con-
stant dairy environment.

These, and several other observations, suggest that the origin of
isolation is only remotely informative about a strain’s metabo-
lism, which may especially be valid for species that frequently mi-
grate between various niches, which has been proposed for vari-
ous lactobacilli, including L. plantarum (48), L. casei (47),
Lactobacillus sakei (49), and L. rhamnosus (50).

Phenotyping was complemented in our study by genetic fin-
gerprinting by AFLP, which created a separate, genetic classifica-
tion of the strains. Some AFLP clusters were apparently enriched
with strains from particular environmental niches. Isolates from

FIG 3 Growth of the wild-type GG strain (dark gray) and expression strains M12 (transformed with pSOR253 containing the L-sorbose operon) (white) and
M17 (transformed with pAMG253 containing the �-methyl-D-glucoside operon) (light gray) on L-sorbose and �-methyl-D-glucoside in batch cultures. The
numbers represent OD values per milliliter for the cultures in sugar-free MRS medium supplemented with either L-sorbose or �-methyl-D-glucoside. ***, a P
value of �0.001 using Student’s t test.
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fecal material collectively comprise 56% of all strains and belong
to AFLP clusters 5, 6, and 7. Dairy isolates, amounting to 20% of
all strains, appeared to divide into two AFLP clusters, possibly
reflecting two main lineages of strains that evolved separately in
the dairy environment. All other clusters had a mixed composi-
tion in terms of niche of isolation.

Similar observations concerning the correlation of genetic fin-
gerprinting methods and the strain’s niche of isolation were made
for several other lactic acid bacterial species (51–53). Nevertheless,
in some cases, the genetic fingerprints obtained appeared to cor-
relate relatively well with the niche-specific fitness. For example,
the species L. reuteri was divided into ecotypes that display high
host specificity and can colonize either pigs, rodents, or humans,
which underlines the idea that some microbes from the vertebrate
gut are not promiscuous but have diversified into host-adapted
lineages, probably involving a long-term evolutionary process
(35). Notably, the ecotype specification of L. reuteri isolates dis-
played an excellent correlation with the genetic stratification of
the strains by multilocus sequence typing (MLST) or AFLP finger-
printing. Similarly, random amplified polymorphic DNA-PCR
(RAPD-PCR) enabled the separation of a genetic subgroup of
strains of the species L. plantarum that were exclusively isolated
from dairy environments, whereas the other subgroups contained
strains of various origins of isolation (38).

In conclusion, it is not trivial to extract predictive information
related to the degree of niche-specific adaptations in microbial
strains of a Lactobacillus species that could potentially transit from
one niche to another with relatively high frequency, such as L.
rhamnosus. Consequently, the niche of isolation is not very infor-
mative with respect to the strain’s niche-specific fitness, and nei-
ther genetic fingerprinting nor high-resolution metabolic profil-
ing provides a highly reliable approach to define a strain’s degree
of adaptation to any particular niche. To enable the determination
of niche-specific fitness among strains of such species, other ap-
proaches are needed and may require comparative and strain-
specific in situ fitness determination in the respective niches that
the strains can inhabit.

In the statistical analysis, we concluded that AFLP-based clade
distribution of the strains displayed a tendency for enrichment of
niche of isolation within certain genetic clusters, whereas the Om-
niLog classifications into MGs appeared to cocluster with specific
AFLP clusters. These observations illustrate how two fundamen-
tally different classification approaches provide a consistent dis-
crimination of subgroups of strains. However, the MG classifica-
tion of the strains did not correlate with the niche of isolation of
the strains, which is somewhat unexpected in view of the correla-
tions detected between AFLP clusters and the niche of isolation.
This may be largely due to the relative noisiness of the latter cor-
relation, which is characterized by several confounding strains in
each of the AFLP clusters. Moreover, true niche specialization is a
complex phenotype, which is unlikely to be represented by single
genetic markers and probably involves both multiple discriminat-
ing genes that may be genetically unlinked and strain-specific and
divergent gene regulatory patterns. Although it is among the high-
est-resolution methodologies for genetic fingerprinting, AFLP
patterns still represent a crude way of genetic typing (2), and
whole-genome sequencing and comparative genomics provide a
genetic strain typing methodology of substantially higher resolu-
tion and may therefore be more appropriate for the niche-fitness
correlation analyses.

The value of genome sequencing and genotype-phenotype cor-
relation analyses was illustrated here to identify candidate genes
that were associated with discriminative carbohydrate utilization
capacities among the L. rhamnosus strains included in this study.
Although the genome sequence information employed for this
purpose was incomplete due to the low-pass quality of the se-
quence information generated, this analysis still accurately iden-
tified the gene clusters involved in L-sorbose and �-methyl-D-
glucoside utilization. Genetic engineering enabled the confirmation
of the functions of these genes by heterologous expression in an L.
rhamnosus strain that lacked these genetic functions and thereby
gained the capacity to utilize the corresponding carbohydrate
source for growth. The GTM algorithm used is considerably sim-
pler than the advanced modeling method employed in some tools
available, such as the PhenoLink module (54), which may enable
the identification of candidate genes involved in the utilization of
other carbohydrates that did not allow gene identification in the
GTM method employed here.

Further gene function identification is required to advance our
understanding of bacterial diversity and evolution in relation to
niche-specific adaptation functions. Progress in nucleotide se-
quencing technologies and comparative genomics (39), experi-
mental evolution approaches (55), and competitive intestinal pas-
sage models (56) can provide access to the enormous genetic
diversity of bacteria at an unprecedented level of resolution. Such
approaches can aid in determining and understanding relative
niche fitness levels of different strains of a species at a molecular
level, providing critical information to truly assess niche adapta-
tion.

The method described in the current work can be useful in the
identification of genes linked to other phenotypic characteristics
of Lactobacillus diversity of interest to science and the consumer,
as long as the phenotype is sufficiently varying in the strains stud-
ied. Some of these phenotypes for the Lactobacillus genus could
encompass (i) metabolic traits such as proteinase and peptidase
activities, acidification capacity, and vitamin or short-chain fatty
acid production and host interaction parameters such as (ii) cyto-
kine production by immune cells, (iii) the production of antibac-
terial peptides, (iv) bile salt hydrolase activity, or (v) intestinal
colonization capacity. When expanding these concepts to bacteria
in general, genotype-phenotype association studies can have a
much wider applicability, for instance, to identify the genetic basis
of pathogenicity traits such as toxin or adhesin production, host
cell invasion capacity, and/or disease progression or outcome.

Taken together, our findings indicate that high-resolution
phenotyping and genotyping enable the detection of distinct ge-
netic clades as well as metabolic groups among the strains of the
species L. rhamnosus. Both high-throughput methods reveal sim-
ilar relationships between the strains, illustrating the idea that
high-resolution phenotyping and genotyping can provide a means
to stratify strains of a species into genetically and functionally
distinct groups. This stratification of strains was employed to
guide the selection of strains for genomic sequencing, eventually
enabling the identification of function-related genetic markers
that, in the example presented, relate to carbohydrate utilization
but could also include other relevant phenotypic traits (11). Such
identified genetic markers for a specific phenotype could be used
to accelerate the selection of strains with specific characteristics
that are relevant for their industrial applications.
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