
Polymorphisms, Chromosomal Rearrangements, and Mutator
Phenotype Development during Experimental Evolution of
Lactobacillus rhamnosus GG

François P. Douillard,a Angela Ribbera,a,b Kun Xiao,a Jarmo Ritari,a Pia Rasinkangas,a Lars Paulin,c Airi Palva,a Yanling Hao,b,d

Willem M. de Vosa,b,e

Department of Veterinary Biosciences, University of Helsinki, Helsinki, Finlanda; Laboratory of Microbiology, Wageningen University, Wageningen, the Netherlandsb;
Institute of Biotechnology, University of Helsinki, Helsinki, Finlandc; Key Laboratory of Functional Dairy, College of Food Science and Nutritional Engineering, China
Agricultural University, Beijing, Chinad; RPU Immunobiology, Department of Bacteriology and Immunology, Haartman Institute, University of Helsinki, Helsinki, Finlande

ABSTRACT

Lactobacillus rhamnosus GG is a lactic acid bacterium widely marketed by the food industry. Its genomic analysis led to the iden-
tification of a gene cluster encoding mucus-binding SpaCBA pili, which is located in a genomic island enriched in insertion se-
quence (IS) elements. In the present study, we analyzed by genome-wide resequencing the genomic integrity of L. rhamnosus GG
in four distinct evolutionary experiments conducted for approximately 1,000 generations under conditions of no stress or salt,
bile, and repetitive-shearing stress. Under both stress-free and salt-induced stress conditions, the GG population (excluding the
mutator lineage in the stress-free series [see below]) accumulated only a few single nucleotide polymorphisms (SNPs) and no
frequent chromosomal rearrangements. In contrast, in the presence of bile salts or repetitive shearing stress, some IS elements
were found to be activated, resulting in the deletion of large chromosomal segments that include the spaCBA-srtC1 pilus gene
cluster. Remarkably, a high number of SNPs were found in three strains obtained after 900 generations of stress-free growth.
Detailed analysis showed that these three strains derived from a founder mutant with an altered DNA polymerase subunit that
resulted in a mutator phenotype. The present work confirms the stability of the pilus production phenotype in L. rhamnosus GG
under stress-free conditions, highlights the possible evolutionary scenarios that may occur when this probiotic strain is exten-
sively cultured, and identifies external factors that affect the chromosomal integrity of GG. The results provide mechanistic in-
sights into the stability of GG in regard to its extensive use in probiotic and other functional food products.

IMPORTANCE

Lactobacillus rhamnosus GG is a widely marketed probiotic strain that has been used in numerous clinical studies to assess its
health-promoting properties. Hence, the stability of the probiotic functions of L. rhamnosus GG is of importance, and here we
studied the impact of external stresses on the genomic integrity of L. rhamnosus GG. We studied three different stresses that are
relevant for understanding its robustness and integrity under both ex vivo conditions, i.e., industrial manufacturing conditions,
and in vivo conditions, i.e., intestinal tract-associated stress. Overall, our findings contribute to predicting the genomic stability
of L. rhamnosus GG and its ecological performance.

Lactobacillus rhamnosus GG is a human intestinal isolate (1) that
has been extensively studied over the last 2 decades for its pro-

biotic properties and impact on human health (2, 3). In numerous
clinical trials, L. rhamnosus was shown to display beneficial prop-
erties in humans, such as the reduction of diarrhea (4–7), atopic
eczema (2), and respiratory infections (8, 9). Its implementation
in a large variety of applications, food products, and clinical trials
was possible, thanks to the remarkably high adaptability and re-
silience of L. rhamnosus GG to adverse culturing, handling, or
storage conditions that actually differ significantly from those in
the human intestinal tract. Coping with these environmental
changes over time may impact the performance, probiotic prop-
erties, metabolic capabilities, and, therefore, the coding capacities
of L. rhamnosus GG. This may be important to consider specifi-
cally in the interpretation of trials with L. rhamnosus GG that
showed limited reproducibility (10).

Bacterial genomes have the propensity to change over time,
and a number of experimental evolution studies have been con-
ducted on different bacterial species to assess the plasticity of bac-
terial genomes over a long time period under various culturing
conditions (11–14). Excluding the acquisition of foreign mobile

DNA, such as plasmids, conjugative transposons, or phages, bac-
terial genomes would mostly evolve through the loss, decay, or
duplication of genes that result from either small mutational
events, i.e., single nucleotide polymorphisms (SNPs) and inser-
tions/deletions (indels), or larger genomic rearrangement events
that are typically mediated by insertion sequence (IS) elements. In
addition to causing large chromosomal deletions or inversions
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(15, 16), IS elements can also have some more localized impacts
on coding capacities and gene expression by inactivating or acti-
vating gene(s) (17). Thus, we identified that the activation of the
pilus gene cluster spaCBA-srtC1 was caused by the insertion of an
iso-IS30 element that created an active and constitutive promoter
upstream of the spaC gene, from which we determined the tran-
scriptional start site experimentally (18). The occurrence of spon-
taneous mutagenesis mediated by IS elements can be in some cases
relatively high (19) and is generally considered harmful for the
integrity of the bacteria due to the deleterious effects they can
have. Nonetheless, IS elements can also lead to positive and ben-
eficial effects for the bacterial cells with respect to the organism’s
niche/host, as illustrated by the promoter reconstitution upstream
of the spaCBA-srtC1 gene cluster in L. rhamnosus GG (18). A total
of 69 IS-like elements were annotated throughout the L. rhamno-
sus GG chromosome (20). It is noteworthy that the genomic is-
land GGISL2 containing the pilus gene cluster spaCBA-srtC1 and
numerous phosphotransferase systems (PTSs) is highly enriched
in IS elements (17 IS elements within an �125-kb region), ex-
plaining why this region has high variability in L. rhamnosus iso-
lates as well as in derivatives of L. rhamnosus GG (16, 21, 22).

Studies have addressed the genomic stability of lactic acid bac-
teria under various experimental conditions (23). In a recent
study, the propagation of a Lactococcus lactis plant strain in a milk
environment for 1,000 generations demonstrated the adaptation
processes occurring in ecological niche transition (24). Of inter-
est, the same study described the emergence of a mutation-prone
lineage (defective mutL gene) (24). All of these adaptations result
in non-genetically modified organism (GMO) derivatives (based
on European Union regulations) that could be instrumental for
cause-effect studies as these strains can be consumed without spe-
cific regulations. Such a non-GMO strategy has also been carried
out for L. rhamnosus GG, where a set of mutations were identified
that affected the production of the mucus-binding pili (16). In the
present study, we focus on L. rhamnosus GG that was grown for
1,000 generations under four conditions, including the presence
of various stressors, to provide insights into the genomic dynam-
ics and plasticity and the impact of IS elements. Specifically, we
examined the integrity of the genomic island encoding the
SpaCBA mucus-binding pili since they are associated with host
interaction and immuno-signaling (25, 26). In combination with
genomic resequencing and functional analysis, we identified
stresses that are deleterious for the genomic integrity of L. rham-
nosus GG and its associated probiotic functions. Moreover, we
provide an understanding of the molecular mechanisms underly-
ing the stability of L. rhamnosus GG and report a mutator strain
that could be useful for future non-GMO improvements of this
globally used probiotic strain.

MATERIALS AND METHODS
Bacterial strain, growth conditions, and experimental evolution setup.
The reference L. rhamnosus strain GG was cultured in Man-Rogosa-
Sharpe (MRS) (Difco BD, NJ, USA) broth and agar plates under anaerobic
and static conditions at 37°C. It is noteworthy that the L. rhamnosus strain
GG used in the present study was obtained from a glycerol stock derived
from ATCC 53103 and was found to contain three SNPs compared to the
sequence of the reference genome (20), as further detailed below. Four
distinct experimental evolution setups were used: a control (growth in
MRS), one with salt-induced osmotic stress (MRS broth with 3% [wt/vol]
NaCl), one with bile salt-induced stress (0.25% [wt/vol] ox gall), and one
with mechanical shear force-induced stress (30s/day vortex treatment).

The generation time of L. rhamnosus GG under all four conditions was
determined (see Table S1 in the supplemental material). Next, L. rham-
nosus GG was serially transferred for approximately 1,000 generations
using consecutive 1,000-fold dilutions of the cultures and the estimated 10
generations that would be needed to obtain full growth under these con-
ditions after 24 h of incubation. As a slightly higher growth rate was ob-
tained in the control incubation (15 generations in 24 h) than in the other
incubations (the expected 10 generations in 24 h), in some cases a 100-fold
dilution (approximately 5 generations) was applied during the day. Cell
aliquots were collected at different time points (designated by the approx-
imate number of generations) throughout the experiment and stored in
20% (vol/vol) glycerol at �80°C for further analyses.

Colony PCR screening. For a given time point, aliquots of the L.
rhamnosus GG cultures from the different incubations were diluted and
plated on MRS agar plates and further incubated overnight at 37°C anaer-
obically. A selected number of isolates from single-colony plates were
examined by colony PCR, as previously described (27). To obtain a snap-
shot of the piliation percentage within a given population of L. rhamnosus
GG, 20 single colonies from a given time point were picked, transferred
into strip PCR tubes, and heated in a microwave oven at full power for 3
min. DreamTaq master mix (Thermo Scientific) was added according to
the manufacturer’s instructions, and the PCR mixtures were run in a PCR
thermal cycler. Subsequently, the PCR mixture was analyzed by DNA gel
electrophoresis. Subsequently, 10 of the colonies screened by PCR for
each condition were further analyzed by MiSeq genome resequencing, as
described below.

Immunoelectron microscopy. L. rhamnosus GG samples were grown
overnight and then analyzed by transmission electron microscopy. Poly-
clonal anti-SpaA rabbit antibodies were used for detection of pilus struc-
tures. Samples were prepared as previously described (28). Grids were
visualized using a JEOL 1400 transmission electron microscope (JEOL,
Ltd., Japan).

Mucus-binding assay. Mucus-binding assays of the three L. rhamno-
sus isolates (N1, N3, and N8), the pilus-negative strain PB12 (16), and the
reference strain GG were carried out, as described previously (16). The
relative binding capacities of N1, N3, N8, and PB12 were calculated com-
pared to the capacity of the reference strain GG. The results were obtained
from 12 technical replicates of three biological replicates.

qPCR. Genomic DNA from L. rhamnosus GG overnight cultures cor-
responding to different time points was extracted as per the manufactur-
er’s instructions (Wizard Genomic DNA purification kit; Promega, WI,
USA). Quantitative PCRs (qPCRs) were performed as recommended by
the manufacturer in a total volume of 25 �l (5 �l of �50 ng/�l gDNA, 1 �l
50 pmol/�l of each oligonucleotide primer, 5 �l of 5� Hot FirePol
EvaGreen qPCR Mix Plus [Solis Biodyne, Estonia]). qPCRs were carried
out and subsequently analyzed using a Stratagene Mxp3005p thermocy-
cler and Stratagene Mxp3005p software (Agilent Technologies, CA, USA).
Three technical replicates from three biological samples were performed
for each time point. Two sets of primers were employed, the pair srtC1-for
(5=-AGTGCGACTATTAGCTTTA-3=) and srtC1-rev (5=-GGATCTTGT
GACCTTAATG-3=) and a GG-specific primer pair (29).

Genome sequencing. Forty colonies (10 for each evolutionary exper-
iment as described above) were randomly picked after 1,000 generations
and resequenced. Briefly, genomic DNA of all 40 colonies/isolates was
extracted using a Wizard Genomic DNA purification kit (Promega), as
per the manufacturer’s instructions. Genomes of the 40 isolates were se-
quenced at the DNA Sequencing and Genomics Laboratory, Institute of
Biotechnology, University of Helsinki, and further compared to the se-
quence of the L. rhamnosus GG genome using the MiSeq platform (Illu-
mina) as previously described (16). Briefly, paired fastq reads were
mapped against the L. rhamnosus GG genome sequence (GenBank acces-
sion number FM179322.1, GI:257146922) with SHRiMP, version 2.2.2
software (30), using the command “gmapper-ls – qv-offset 33.” Samtools,
version 0.1.18 (31), commands “view -bS,” “sort,” and “index” were used
to generate sorted and indexed BAM files. The Samtools command
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“faidx” was applied to the L. rhamnosus GG reference genome fasta file,
and consensus sequences of the mappings were generated by “mpileup
-C30 -uf,” “bcftools view -cg-,” and “vcfutils.pl vcf2fq” commands in that
order. SNP calling on the consensus sequences were performed with
MUMmer software, version 3.23 (32), using commands “nucmer –max-
match -c 100” and “show-snps -C.” From the output results obtained
from the MUMmer, version 3.0, software package, we analyzed only
nonambiguous and nonrepetitive regions of the GG genome using an
approach similar to that defined in a previous study in Salmonella enterica
serovar Typhi by Holt et al. (33) since these regions may be subject to read
mismappings. Specifically, and based on the chosen experimental design,
we therefore excluded ambiguous single base insertions, deletions, and
SNPs (single nucleotide polymorphisms) located in variable-number tan-
dem repeats (VNTRs; �90% identical repeats of �40 bp, determined
using http://minisatellites.u-psud.fr) (34–36), CRISPR array, phage re-
gions, and IS elements from the chromosome of L. rhamnosus GG. The
excluded region represented a total of 4.7% of the L. rhamnosus GG ge-
nome (see Table S2 in the supplemental material). Tree reconstructions of
the 40 resequenced L. rhamnosus colonies (see Fig. 5) were done manually
and iteratively by comparison of shared SNPs among isolates. The rela-
tionship between isolates relies on the assumption that two or more iso-
lates sharing the same SNP derive from a common ancestor. All sequences
of IS elements were recovered manually from the L. rhamnosus GG anno-
tated genome sequence and were analyzed using T-Coffee (37) and Gen-
esis (38) to generate the heat map shown in Fig. 7. The mutations of interest
were further verified by DNA sequencing, as specified in the main text.

Nucleotide sequence accession number. The genome sequences of all
40 GG derivatives were deposited in NCBI’s Sequence Read Archive
(SRA). All accession numbers for sample, experiment, and run are
grouped under the project number SRP067389 and are further detailed in
Table S3 in the supplemental material.

RESULTS AND DISCUSSION
IS elements remained dormant in L. rhamnosus GG when it was
propagated in a stress-free environment. Based on both colony
PCR and qPCR analysis, we observed that the L. rhamnosus GG
population remained piliated after culturing for approximately
1,000 generations in a stress-free environment (Table 1 and Fig. 1
and 2). No significant changes in piliation of the GG population
were observed over time, suggesting that the genomic island har-
boring the spaCBA-srtC1 pilus gene cluster remains intact. L.
rhamnosus GG retained its piliation phenotype under in vitro con-
ditions although it was originally isolated from the human intes-
tinal tract, where such a phenotypic trait is more relevant for the
ecological fitness of GG. When colony PCR screening was per-

formed, 1 colony out of 20 was found to be negative for the pres-
ence of the spaCBA-srtC1 pilus genes. Using dot blot analysis, 1
out of 96 single colonies lacked pili (data not shown). Data from
qPCR, PCR, and immunoblotting analysis suggested that only a
minor fraction of the GG population underwent chromosomal
deletion events after 1,000 generations. In an effort to further
identify what genomic alterations or changes occurred during the
control (stress-free) experimental evolution setup, we selected 10

TABLE 1 Analysis of L. rhamnosus colonies for the presence of the spa
CBA-srtC1 pilus gene cluster

Estimated no. of generations and
growth condition

srtC1 PCR screening (no. of positive
isolates/total no. of isolates)a

100 generations
Control (MRS only) 10/10
3% (wt/vol) NaCl 10/10
30-s vortex treatment 10/10
0.25% (wt/vol) bile salts 10/10

1,000 generations
Control (MRS only) 19/20
3% (wt/vol) NaCl 20/20
30-s vortex treatment 13/20
0.25% (wt/vol) bile salts 0/20

a Isolates were screened after approximately 100 and 1,000 generations by conventional
endpoint PCR using srtC1-specific primers (see Materials and Methods).

FIG 1 Piliation of L. rhamnosus GG populations in all four evolutionary ex-
periments using quantitative real-time PCR. For each experiment, the change
in threshold cycle (�CT) was calculated as follows: CT (srtC1-specific primers)
� CT(GG-specific primers). The experiment was performed in triplicates. For
two bile salt-induced stress samples (750 and 1,000 generations), no amplifi-
cation of the srtC1 gene was detected, indicating a complete loss of the pilus
gene clusters in these two samples. The value for the change in threshold cycle
was therefore arbitrarily set at 25.00 as a baseline for the pilus-less bacterial
samples. Colony PCRs using the srtC1 primers were also performed for the first
(100 generations) and last (1,000 generations) time points as detailed in Table
1. When results for the time points (100 generations 1,000 generations) were
compared, differences were significant for the bile-induced stress samples (P �
0.0001) and shearing force-induced stress samples (P 	 0.016) only. Blue,
control; gray, salt-induced stress; yellow, shearing force-induced stress; or-
ange, bile-induced stress.

FIG 2 Transmission electron microscopy observations of samples after 1,000
generations. For each condition, one representative bacterial cell of the dom-
inant pilus phenotype is shown. Pili were labeled using anti-SpaA polyclonal
antibodies and gold particle-labeled protein A (10 nm). Images represent the
following conditions: control (stress-free) (A), high salinity (B), shearing stress
(C), and bile salt-induced stress (D).
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colonies (or isolates), including the one pilus-less colony identi-
fied by colony PCR. All 10 single-colony isolates were resequenced
and compared to the L. rhamnosus GG reference genome sequence
(20). Genomic data were in agreement with the PCR screening
initially performed on the srtC1 gene (Table 1). Only isolate C7
was shown to be devoid of the spaCBA-srtC1 pilus gene cluster
(Fig. 3). In isolate C7, the deletion of an �125-kb-long chromo-
somal segment was mediated by IS elements IS9 and IS26. Such an
event appeared to be marginal in the control sample, and we hy-
pothesized that collateral mutations might have triggered such a
genomic rearrangement. In isolate C7, we identified one SNP (co-
ordinate 1424629) that is located within the open reading frame of
LGG_01420, encoding a DNA topoisomerase IV, A subunit. Re-
cent work in Saccharomyces cerevisiae by Yadav et al. showed that
DNA topoisomerase I reduces genome instability in hot spots for
chromosomal recombination (39). Another study has indicated a
role for type 1A topoisomerases in genome stability in Escherichia
coli (40). Although we have only in silico data, a similar mecha-
nism in strain C7 may be a plausible explanation for the loss of the
genomic island containing the pilus gene cluster. However, we
also found three other piliated isolates to carry a similar SNP.
Therefore, we still cannot exclude the possibility that the activa-
tion of the IS elements may be due to other external factors or
collateral mutations. In earlier generations, no measurable loss of
the genomic island containing the pilus gene cluster could be ob-
served, indicating that such probiotic properties remained intact
over an extended amount of time in the absence of stresses.

Low mutation rate in stress-free and also stress-induced en-
vironments. In 37 out of the 40 resequenced L. rhamnosus iso-
lates, low numbers of SNPs or single-base deletions were found,
and the mutation (or evolution) rate was at similar levels under all
four conditions, i.e., control (estimate of 2.65 � 10�9 SNPs or
single base deletions per nucleotide per generation), bile salt-in-
duced stress (estimate of 3.98 � 10�9 SNPs or single base deletions
per nucleotide per generation), mechanical shear force-induced
stress (estimate of 1.79 � 10�9 SNPs or single base deletions per
nucleotide per generation), and salt-induced stress (estimate of
2.79 � 10�9 SNPS and single base deletions per nucleotide per
generation) as opposed to levels in three other isolates from the
control sample (estimate of 1.37 � 10�7 SNPs or single base de-
letions per nucleotide per generation, based on the hypothesis that
the mutator lineage emerged, at the earliest, after 900 generations,
as further discussed in the next section and shown on Fig. 3).

Overall, the observed mutation rates are slightly higher than the
rate of spontaneous mutations reported in E. coli (41). The re-
ported single base mutations were scattered throughout the chro-
mosome and did not show clear regions more prone for single-
base mutations (see Fig. S1 in the supplemental material). The
accumulation rate of SNPs and deletions was therefore not dra-
matically exacerbated by external stresses over time. Interestingly,
we identified three founder SNPs that were present in all 40 iso-
lates (Fig. 3; see also Table S4). These were initially found in 38
isolates, and we further confirmed these SNPs in the two remain-
ing isolates using Sanger sequencing (see Fig. S2 in the supplemen-
tal material). Additional Sanger sequencing confirmed that these
three founder SNPs were not present in the original L. rhamnosus
GG strain (ATCC 53103) but only in the one particular aliquot
used for the present experimental evolution (glycerol stock de-
rived from ATCC 53103) (Fig. 4). Here, the power of resequencing
typically illustrates the need for good practices in strain manage-
ment and raises questions about the dissemination/distribution of
strains (strain integrity).

Identification of a mutator lineage. Remarkably, 3 out of 10
isolates in the control sample actually had a much higher number
of SNPs (�40) (Fig. 3), and further analysis revealed that these
three isolates (called C1, C9, and C10) shared a striking number of
30 SNPs, including one point mutation at coordinate 2327174.
This mutation is located within the open reading frame of gene
LGG_02260, coding for a DNA polymerase III, 
 unit, and intro-
duces an amino acid substitution (CGC ¡ CAC, R70H). Altera-
tion of LGG_02260 is likely to impact its intrinsic function (as-
sembly of factor �) within the DNA polymerase III holoenzyme
and may explain the higher mutation rates in all three isolates
sharing this SNP. Reconstruction of the phylogeny of the 10 con-
trol isolates clearly indicated the emergence of a mutator lineage
(Fig. 5A). To determine when the mutation of the DNA polymer-
ase III, 
 unit, occurred, we extracted the total genomic DNA
(gDNA) at different time points (generations) of the overall L.
rhamnosus GG population (control sample) and then amplified by
PCR a 400-bp region which comprises the SNP (coordinate
2327174). Sanger sequencing allowed us to estimate that the mu-
tation of the DNA polymerase III holoenzyme occurred rather
late, i.e., not earlier than 900 generations (Fig. 6A). This subse-
quently triggered a much higher mutation rate in the related L.
rhamnosus GG lineage (Fig. 5 and 6). The mutator lineage consti-
tutes a significant proportion of the L. rhamnosus bacterial popu-

FIG 3 SNP and deletion counts based on MiSeq genome resequencing of 10 colonies from each evolutionary experiment after 1,000 generations. Founder SNPs,
SNPs, and deletions are shown in green, blue, and red, respectively. For each isolate, genomic deletions and decayed/missed genes are indicated (purple labels).
The mutator strains are indicated with an asterisk (*). Dels, deletions.
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lation after 1,000 generations, based on genome resequencing (3
out of 10) and Sanger sequencing (Fig. 6A, peak area). We further
tested the ability of isolates C1, C9, and C10 to acquire resistance
to rifampin (see Fig. S3 in the supplemental material) and dem-

onstrated that all three isolates were more prone to acquire a mu-
tant phenotype (rifampin-resistant phenotype; �8-fold higher)
than GG. This confirms the mutation-prone properties of this
lineage. It is noteworthy that we did not observe a similar muta-

FIG 4 Sanger sequence analysis of founder SNPs. For all three founder SNPS, sequencing on gDNA from the original ATCC 53103 (GG) strain and also from
the cultures at 100 generations was performed. SNPs are indicated with black arrows. Graphs represent the following conditions: control (stress-free) (A),
salt-induced stress (B), shearing stress (C), and bile salt-induced stress (D).
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tion (coordinate 2327174) in any of the other 37 resequenced
isolates.

Salt-induced stress does not trigger an IS-mediated recombi-
nation event in L. rhamnosus GG. In lactobacilli, osmotic stresses
are usually caused by large amounts of salts (NaCl or KCl) in the
environment. Since salts are typically used in cured or fermented
food products, it is of industrial relevance to assess the long-term
impact of osmotic stress in L. rhamnosus GG. A number of studies
in lactobacilli and lactococci have been conducted to look at the
transcriptome, proteome, and other “omes” under such environ-
mental conditions (42–45). Here, we aimed at determining possi-
ble genomic events triggered by long-term osmotic stress. Similar
to the results observed in the control sample, there was no loss of
piliation in the L. rhamnosus GG population after propagation for

1,000 generations (Fig. 1 and 2), and this was confirmed when 10
L. rhamnosus GG isolates were resequenced (Fig. 3). Both qPCR
and resequencing results indicated that IS elements were not acti-
vated and did not result in the loss of any chromosomal segments.
The mutation rate in the salt-induced stress sample also remained
low and at a level similar to that of the control sample. In N3 and
N5, instances of gene decay were observed but could not be related
to any adaptation to high-saline conditions. Among SNPs and
deletions examined in all 10 isolates, one mutation was common
to all 10 resequenced isolates (coordinate 1276820, LGG_01280;
FtsI cell division protein). In L. acidophilus, it was demonstrated
that the inactivation of the cell division protein CdpA lowered its
resistance to osmotic stresses by possibly having an impact on the
cell wall architecture (46). Although no sequence similarity was

FIG 5 Tree reconstructions of the 40 resequenced L. rhamnosus colonies recovered after culturing for 1,000 generations. The proposed trees were constructed
using the output analysis of the resequenced isolates and highlight possible scenarios that may have occurred toward the diversification of the L. rhamnosus
population under each condition tested. For each experiment, isolates are shown as a circle with its corresponding number. (A) The red dot highlights a SNP
within the gene encoding the DNA polymerase III, 
 unit, of isolates C1, C9, and C10. The subsequent mutator lineage is shown with red arrows. (B) The
phylogeny of isolate N9 is unclear, and two possible scenarios (gray arrows) are plausible based on the genomic data. IS-mediated chromosomal deletions are
indicated in red on the schematics. (C) Three of 10 isolates underwent IS-mediated chromosomal deletions. (D) All 10 isolates lost a large chromosomal region
containing the spaCBA-srtC1 pilus gene cluster and also had a decayed gene (LGG_00293). F, founder.
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found between CdpA and FtsI, a similar mechanism involving FtsI
(LGG_01280) and associated with the cell division process may
possibly enhance the tolerance of L. rhamnosus GG to NaCl.
Among other reported mutated genes, there were the ABC trans-
porter, PTS, Mg transporter, lysine-specific permease, and puta-
tive proteins. It remained difficult, however, to determine whether
these mutations related to an adaptation to a high-NaCl condi-
tion. Remarkably, three isolates (N1, N3, and N8) from the same
lineage (Fig. 5B) also had a substitution mutation within the spaC
gene that introduced a stop codon (coordinate 446541; CAG ¡
TAG; Q ¡ STOP). SpaC is the tip pilin and has been shown to be
associated with mucus binding (20, 47, 48). Such a mutation is
predicted to truncate the SpaC protein and therefore to abolish
the mucus-binding properties of L. rhamnosus N1, N3, and N8.
This was confirmed by a mucus adhesion assay (see Fig. S4 in the
supplemental material). The spaC mutation was not reported un-
der other conditions, indicating that it is not a hot spot for muta-
tions. Sanger sequencing showed that the spaC substitution mu-
tation arose after 750 generations (Fig. 6B).

Activation of IS elements in L. rhamnosus GG upon long-
term treatment to mechanical shear forces and bile salts. Since L.
rhamnosus GG is marketed as a probiotic strain in the food indus-
try, we investigated the effects of two additional stresses on the GG
genome. In one case, bacterial cells were vortexed for 30 s daily
throughout the evolutionary experiment to exaggeratedly mimic
possible shearing forces applied to the cells during manufacturing
or handling processes. In another case, bacterial cells were prop-
agated in MRS broth in the presence of bile salts (stress encoun-
tered in the intestinal tract). In both cases, we found a notable
impact on the piliation of the L. rhamnosus GG cells (Fig. 1 and
Table 1). For the shearing force-induced stress, a decrease in pili-
ation was observed after 1,000 generations. When 10 isolates were
resequenced, 3 out of 10 had lost a chromosomal segment con-
taining the pilus gene cluster (samples V1, V3, and V10). In all
three, the deleted segment was flanked by an IS element (Fig. 3).
The numbers of SNPs and deletions, however, remained at rates

similar to those in the control samples, suggesting that shearing
forces activated IS elements, resulting in sudden chromosomal
deletion, but did not impact the mutation rate. More strikingly,
when L. rhamnosus GG was propagated in MRS broth supple-
mented with bile salts, the whole population was pilus-less after
750 generations. The loss of piliation was already quantifiable after
350 generations (Fig. 1). At 100 generations, we did not see signif-
icant changes (Fig. 1 and Table 1). Such dramatic deletion was
mediated by IS elements, as seen in the genomic data (Fig. 3). The
deleted region was also in all cases flanked by IS elements. On one
end of the chromosomal deletion, the IS26 element was constantly
involved, as seen also under other conditions. Excluding IS-medi-
ated deletions, the mutation rate remained at a rate comparable to
rates under other tested conditions. SNPs and deletions were
found in genes encoding a cell division protein (LGG_00901), the
intergenic region of the membrane protein (LGG_01708), ABC
transporter (LGG_01853), PTS protein (LGG_00603), and other
putative/conserved proteins. The reconstruction of the isolate tree
(Fig. 5D) also illustrates that the IS-mediated deletion was not just
one event occurring in the culture but that it was recurrent and
involved different IS elements, indicating that the IS elements
were highly active under that particular condition.

The IS elements identified in the L. rhamnosus GG genome
mostly belong to distinct transposase families, i.e., IS5 and IS30
(Fig. 7), and are abundant in the vicinity of the region harboring
the spaCBA-srtC1 pilus gene cluster (20, 21). Although in a stress-
free environment IS elements remain dormant for a relatively long
period of time, a number of stresses clearly induce them, resulting
in large chromosomal deletions. Based on the present study and
also on previous genomic work, it can be noted that, with the
exception of one reported case (21), IS26 plays a dominant role in
the deletion event. A BLAST analysis of IS elements in the vicinity
of the spaCBA-srtC1 pilus gene cluster showed that the recombi-
nation event occurred between highly similar IS elements and that
it is not affected by their orientation within the chromosome (Fig.
7). As far as is known, five distinct IS-mediated deletion events

FIG 6 Sequence analysis of the emergence of two SNPs of interest over time. (A) Sanger sequencing of the DNA polymerase III, 
 unit, mutation (LGG_02260;
coordinate 2327174, C ¡ T) from genomic DNA of the total population (control sample) at different time points. The mutation was initially identified in
colonies C1, C9, and C10 (Fig. 3 and 5). (B) Sanger sequencing of the spaC mutation (LGG_00444; coordinate 446541, G ¡ A) from genomic DNA of the total
population (salt-induced stress) at different time points. The mutation was previously identified in colonies N1, N3, and N8 (Fig. 3 and 5).
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have been reported in L. rhamnosus GG even though bioinformat-
ics sequence analysis would suggest additional possible recombi-
nation events (Fig. 7).

Concluding remarks. The evolutionary experiment using L.
rhamnosus GG in a nutrient-rich medium for 1,000 generations
did not cause any dramatic metabolic simplifications on a large
scale within the L. rhamnosus population. The resequencing of L.
rhamnosus GG isolates did, however, reveal some phenotypes of
interest, i.e., mutator lineage and piliated mutants. The number of
SNPs remained low and did not show any clear adaptation pattern
to in vitro conditions under all four tested conditions, i.e., stress-
free, high salinity, shearing force-induced stress, or bile salt stress.
The heterogeneity of the GG population after 1,000 generations
also indicated that no beneficial mutations resulted in a single
clonal population. Although SNP and deletion accumulation rates
were comparable in all four experiments, larger chromosomal de-
letions could be clearly associated with specific stresses. Shearing
forces did trigger to some degree the loss of a large chromosomal
segment by IS elements, resulting in pilus-less isolates. The IS-
mediated events did, however, emerge relatively late in our exper-
imental setup but still highlight the potential risks associated with
such stress when L. rhamnosus GG is being used. We hypothesize
that stronger shearing forces may further increase IS element ac-
tivity. More surprisingly, bile salts strongly induced the IS-medi-
ated loss of the islands harboring the pilus gene cluster. After 100
generations in bile salts, all screened L. rhamnosus cells were still
shown to be piliated; but, as observed by qPCRs, the loss of pilia-
tion appeared at around 350 generations, and after 1,000 genera-
tions, no piliated cells could be detected by qPCRs. Bile salts are
known to trigger a strong response in bacterial cells, and we
showed that they can also induce IS elements and lead to large
recombination events. In the present case, it is relevant since these

rearrangements were associated with the loss of some coloniza-
tion-associated genes, e.g., a mucus-binding pilus gene cluster.

To conclude, the IS elements play an important role in the
coding capacity and ecological performance of L. rhamnosus GG
with regard to its probiotic applications and should therefore be
carefully monitored when experiments are conducted in which IS
element-inducing stresses are involved. This study also illustrates
the pivotal role of IS elements in shaping the genomes of L. rham-
nosus along with contributing to the diversification of the species.
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