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ABSTRACT Lactobacillus rhamnosus GG is one of the most widely marketed and
studied probiotic strains. In L. rhamnosus GG, the spaCBA-srtC1 gene cluster encodes
pili, which are important for some of the probiotic properties of the strain. A previ-
ous study showed that the DNA sequence of the spaCBA-srtC1 gene cluster was not
present in some L. rhamnosus GG variants isolated from liquid dairy products. To ex-
amine the stability of the L. rhamnosus GG genome in an industrial production pro-
cess, we sequenced the genome of samples of L. rhamnosus GG (DSM 33156) col-
lected at specific steps of the industrial production process, including the culture
collection stock, intermediate fermentations, and final freeze-dried products. We
found that the L. rhamnosus GG genome sequence was unchanged throughout the
production process. Consequently, the spaCBA-srtC1 gene locus was intact and fully
conserved in all 31 samples examined. In addition, different production batches of L.
rhamnosus GG exhibited consistent phenotypes, including the presence of pili in fi-
nal freeze-dried products, and consistent characteristics in in vitro assays of probiotic
properties. Our data show that L. rhamnosus GG is highly stable in this industrial
production process.

IMPORTANCE Lactobacillus rhamnosus GG is one of the best-studied probiotic strains.
One of the well-characterized features of the strain is the pili encoded by the
spaCBA-srtC1 gene cluster. These pili are involved in persistence in the gastrointesti-
nal tract and are important for the probiotic properties of L. rhamnosus GG. Previous
studies demonstrated that the L. rhamnosus GG genome can be unstable under cer-
tain conditions and can lose the spaCBA-srtC1 gene cluster. Since in vitro studies
have shown that the loss of the spaCBA-srtC1 gene cluster decreases certain L. rham-
nosus GG probiotic properties, we assessed both the genomic stability and pheno-
typic properties of L. rhamnosus GG throughout an industrial production process. We
found that neither genomic nor phenotypic changes occurred in the samples. There-
fore, we demonstrate that L. rhamnosus GG retains the spaCBA-srtC1 cluster and ex-
hibits excellent genomic and phenotypic stability in the specific industrial process
examined here.

KEYWORDS Lactobacillus rhamnosus GG, genomic instability, industrial fermentation,
probiotics

Lactobacillus rhamnosus GG was originally isolated from a human fecal sample by
Sherwood Gorbach and Barry Goldin in 1985 and was proposed to be a potential

probiotic strain based on its high acid and bile tolerance, adhesion capacity, and
growth characteristics (1, 2). Since its introduction into the market in 1990, L. rhamnosus
GG has become one of the most widely marketed and studied probiotic strains. L.
rhamnosus GG has been tested in several hundred clinical trials and has shown
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beneficial effects in a variety of areas, including shortening the duration of acute
infectious diarrhea (3, 4), preventing the development of atopic dermatitis (5, 6),
increasing tolerance to cow’s milk in allergic infants (7), and eliminating colonization by
vancomycin-resistant enterococci (VRE), which are a leading cause of nosocomial
infections (8). To understand the mechanisms of action underlying these benefits, many
genomic and in vitro studies have been conducted on L. rhamnosus GG, and several
genes important for probiotic function have been identified, including pilus-encoding
genes.

Pili are hair-like appendages on the surface of some bacteria that can facilitate
adhesion, conjugation, and immune modulation. While structure-function studies of pili
have long focused on their role as virulence factors in Gram-negative pathogens (9), the
presence and functions of pili in Gram-positive commensal bacteria such as L. rham-
nosus GG have begun to be appreciated and characterized more recently (10). The pili
on L. rhamnosus GG, which are composed of the pilin subunits SpaC, SpaB, and SpaA
and are encoded by the spaCBA-srtC1 gene cluster (11), are important for several
functions in vitro. First, pili play a key role in mucus adhesion, demonstrated by the fact
that wild-type L. rhamnosus GG adheres strongly to mucus in vitro, whereas mutants of
L. rhamnosus GG that lack pili, as well as the closely related Lactobacillus rhamnosus
strain Lc705 that naturally lacks pili, adhere poorly (12). A human intervention study
showed that L. rhamnosus GG persists longer in the gastrointestinal tract than Lc705
(11), suggesting that pili may facilitate transient colonization. Second, pili may be
important for immunomodulatory effects. Purified pili from L. rhamnosus GG interact
with dendritic cells (DCs) via CD209 (commonly known as dendritic cell-specific ICAM-
grabbing nonintegrin, or DC-SIGN) to stimulate the production of the Th1-related
cytokine interleukin-12 (IL-12) (13), thus implicating pili in an immunomodulatory
function that would be consistent with observed clinical effects in preventing and
treating infections and allergic conditions (14). Third, the pili of L. rhamnosus GG have
been proposed to facilitate the elimination of the opportunistic pathogens VRE in the
gastrointestinal tract via a competitive exclusion mechanism. The SpaCBA pili of L.
rhamnosus GG exhibit high sequence similarity to the PGC-3 pili of the clinical VRE
isolate Enterococcus faecium E1165, and binding of E1165 to mucus could be prevented
by coincubation with antibodies raised against SpaC or L. rhamnosus GG (15).

Although most of the evidence for the functional importance of pili has been shown
in vitro and needs to be substantiated in vivo, the in vitro evidence suggests that the
loss of the spaCBA-srtC1 gene cluster might eliminate some probiotic functions of L.
rhamnosus GG. Thus, conservation of the spaCBA-srtC1 genomic region may be of great
importance for the efficacy of the strain. Genomic stability can be influenced by
genome composition in certain regions. For example, insertion sequence (IS) elements
can mediate larger genomic changes (16–18). The L. rhamnosus GG genome has 69
annotated IS-like elements, many of which are located around the spaCBA-srtC1 gene
cluster region (11). Recent studies have examined the genomic stability of L. rhamnosus
GG (16, 19). One study isolated and genome-sequenced L. rhamnosus GG from three
different liquid dairy products and found that the products contained variants of L.
rhamnosus GG, where two out of the three variants featured large genomic deletions,
resulting in the loss of the spaCBA-srtC1 region (19). Based on this finding, Sybesma
et al. (19) proposed a quality assurance approach in the production process. Genomic
stability can also be influenced by growth conditions. Exposure to stressful conditions
can increase the frequency of genomic changes, as shown in experimental evolution
studies (20–22). The genomic stability of L. rhamnosus GG grown under different stress
conditions for approximately 1,000 generations was recently investigated (16). That
study showed that the L. rhamnosus GG genome is generally highly stable, but in some
samples that were continuously exposed to bile stress, a mutation that led to larger
genomic changes emerged after approximately 900 generations.

Results from laboratory-scale genomic stability studies cannot necessarily be ex-
trapolated to industrial-scale production, where bacteria may be subjected to certain
stressful conditions that may affect genomic stability. Batch fermentation is a common
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method used in the industrial production of bacteria. In a closed system, a fermentation
tank is filled with a sterilized nutrient solution and inoculated with a selected strain.
Throughout the fermentation process, parameters such as pH and temperature are
continuously controlled. When nutrients are exhausted, growth declines, and bacteria
are harvested with the aim of combining the shortest production time with the highest
yield. Next, bacteria are concentrated, and cryoprotective reagents are added to protect
the bacteria from detrimental conditions during subsequent freezing and freeze-drying
processes (23). Despite measures taken to optimize for fast growth and high survival
rates, bacteria may still encounter periods of acid stress, nutrient deprivation, and cold
shock. Because of the observed loss of the spaCBA-srtC1 region in some L. rhamnosus
GG variants (19), it is important to assess both the genome stability and phenotype of
L. rhamnosus GG in a large-scale production process.

RESULTS
The genome integrity of L. rhamnosus GG is conserved throughout the indus-

trial production process. To analyze the genome stability of industrially produced L.
rhamnosus GG, we collected and whole-genome sequenced 31 samples from different
steps throughout the production process at Chr. Hansen A/S (Fig. 1). These included the
final freeze-dried products from seven different production batches, their respective
prefermentations, and the stock from the Chr. Hansen Culture Collection (CHCC) (24)
used in the production process. In addition, cultures grown overnight were prepared
from the freeze-dried products, and single-colony isolates were prepared from prefer-
mentations. As assessed by the optical density (OD), approximately 50 generations
occurred in the production process from the CHCC stock to the freeze-dried product.

Genome sequence analysis resulted in high-quality contigs with an average read
coverage of 357� from de novo-assembled genomes (see Materials and Methods). First,
we wanted to ensure the purity of our sequenced genomes. We started by filtering
away short contigs of low coverage (see Materials and Methods). Next, we performed
hierarchical clustering of the 31 genomes together with all published L. rhamnosus
genomes, based on gene presence (Fig. 2). This showed that all 31 samples clustered
tightly with the L. rhamnosus GG reference genome, indicating that all samples are the
same strain, which allows for comparative genome analysis and variant analysis within
the strain.

Alignment of contigs derived from the 31 production samples to the reference
genome showed high consistency in genome coverage across all libraries and high
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identity scores compared to the reference genome (Fig. 3A). Importantly, the spaCBA-
srtC1 region that was lost in the isolates examined by Sybesma et al. (19) was retained
in all 31 samples in this study (Fig. 3A), confirming the genomic stability of Lactobacillus
rhamnosus GG in the production process. In addition, the multiple-sequence alignment
of the spaCBA-srtC1 region was 100% identical across all 31 samples and the reference
genome (see Fig. S1 in the supplemental material).

Next, we wanted to assess nucleotide differences on the whole-genome level
between samples. To distinguish true biological differences from technical sequencing
noise (25), we measured the pairwise average nucleotide identities (ANIs) of the 31
genomes to the reference and those of 6 additional CHCC stock samples sequenced at
two different places to the reference (Fig. 3B). Because the CHCC samples are identical,
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they serve as technical controls: ANIs between these samples and the reference
represent technical variations in the analysis. We observed that the ANI score distribu-
tions of the 31 genomes were not significantly different (P � 0.05 by a two-sided
Mann-Whitney test) from the ANI scores of all the technical replicates (Fig. 3B) (see
Materials and Methods). In fact, sequencing the same sample at different locations
could induce larger variations than those existing in the 31 genomes. Therefore, the
differences between the 31 genomes were not greater than what would be expected
due to technical noise, and this also allowed for further analysis examining minor
genomic variants.

L. rhamnosus GG does not accumulate single nucleotide polymorphisms during
an industrial production process. Since single nucleotide polymorphisms (SNPs) were
previously identified in marketed L. rhamnosus GG isolates (26), we complemented the
whole-genome integrity analysis by assessing the potential accumulation of small
mutations (27). To ensure a robust analysis, we used seven different approaches for
variant calling, and the intersections of the outputs of these approaches were used as
the final variant results. First, we analyzed samples of the CHCC stock, prefermentations,
and final freeze-dried products, which represent bacterial populations. No significant
SNPs were called in any of these production samples, except for two bases (positions
615483 and 1883242) that matched known sequencing errors present in the L. rham-
nosus GG reference genome (26). Indels were not detected in any of the samples.

Next, we examined single-colony isolates that we purified from the CHCC stock and
production samples. In contrast to the population analysis, when we analyzed the
genomes of single-colony isolates, we identified six SNPs that occurred consistently
across isolates regardless of the sample type from which they originated (Fig. 4A). To
analyze whether these SNPs may represent minor alleles in the production samples, we
calculated the fraction of reads in the production samples that supported the alterna-
tive alleles identified in isolates. The majority of SNPs identified in the isolates had some
read support in the production samples, ranging from 1% to 51% of reads (Fig. 4B).
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Importantly, the read support of a given allele was demonstrated to be consistent in all
production samples from the CHCC stock to the freeze-dried products and among the
seven production batches (Fig. 4B). In addition, the fraction of read support was
invariant when comparing the CHCC stock with the original stock from 1994, from
which the CHCC stock was made (Fig. S2A, left). Coupling this with an analysis comparing
genome-wide ANI scores between the assemblies (Fig. S2A, right), we demonstrated that
the CHCC stock that is currently used for the production of the LGG® strain and the original
stock from 1994 are identical.

To examine whether SNPs identified in the isolates could change the strain pheno-
type, we overlapped them with gene annotation and predicted the consequence of
amino acid substitution using the PROVEAN (Protein Variation Effect Analyzer) method
(28) based on alignments and chemical properties of amino acids. This analysis pre-
dicted the effects of all SNPs to be neutral (Fig. S2B). It is worth noting that no marginal
mutations were found in the spaCBA-srtC1 region (average coverage of 751�), con-
firming the stability of the pilus-related genes.

Pili are present on L. rhamnosus GG freeze-dried products. As described above,
we demonstrated that the spaCBA-srtC1 genomic region is intact and conserved
throughout the industrial production process. In the L. rhamnosus GG genome, 69
IS-like elements have been annotated, with many located around the spaCBA-srtC1
gene cluster region (11). A high frequency of IS elements has been shown to impact
gene expression (29). Furthermore, mechanical forces in a production process could
disrupt pili. Hence, we investigated the preservation of the phenotypic expression of
pili throughout the production process. Using electron microscopy (EM), we investi-
gated L. rhamnosus GG from the CHCC stock and from the freeze-dried final product
from each of the seven production batches. Immunolabeling with polyclonal anti-SpaA
rabbit antibodies highlighted the pilus structure and enabled visualization of pili.
Protein A-gold particles were retained on the grids only in the presence of anti-SpaA
antibodies, which demonstrated that protein A-gold was specifically binding to the
anti-SpaA antibodies. A control sample not labeled with anti-SpaA rabbit antibodies
demonstrated that the observed structures were pili (Fig. 5).

We found that pili were present in all samples, and there was no visible difference
in pilus phenotypes among the samples. This analysis confirmed that pilus structures,
which are important for host interaction and probiotic functionality, were maintained
in the production process.

FIG 5 Electron microscopy images of pili on L. rhamnosus GG. EM was performed on samples from the CHCC stock and
the seven freeze-dried industrial production batches (FD1 to FD7) of L. rhamnosus GG labeled with polyclonal anti-SpaA
rabbit antibodies and protein A-gold particles to visualize pili. For the control, L. rhamnosus GG from the CHCC stock
without polyclonal anti-SpaA rabbit antibodies was used.
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Phenotypic characteristics are consistent for different production batches of L.
rhamnosus GG. To examine the consistency in phenotype among different production
batches of L. rhamnosus GG, we compared the seven freeze-dried production batches
in four in vitro assays that represent important characteristics for probiotic bacteria: acid
tolerance, bile tolerance, the ability to stimulate an increase in the transepithelial
electrical resistance (TEER) of Caco-2 cells, and the ability to stimulate the release of the
cytokines IL-12p70 and tumor necrosis factor alpha (TNF-�) from human dendritic cells.

All seven production batches (FD1 to FD7) exhibited high tolerance to acid shock,
showing no significant decrease in CFU after a 1-h incubation at pH 2.5 compared with
their respective controls. In addition, there were no significant differences in CFU
counts among any of the acid-treated samples (Fig. 6A). In contrast, the L. rhamnosus
GG samples were somewhat sensitive to bile, losing an average of 2-log viability after
a 1-h incubation. However, there were no significant differences in CFU counts among
any of the bile-treated samples (Fig. 6B), indicating that freeze-dried L. rhamnosus GG
bacteria from different production batches exhibit consistent phenotypes for both acid
and bile tolerance.

In an in vitro assay of intestinal barrier function, all production batches stimulated a
similar increase in the TEER of Caco-2 cell monolayers (Fig. 6C), indicating that L.
rhamnosus GG stimulates a tightening of the Caco-2 cell tight junctions in vitro.
Similarly, analysis of the area under the curve (AUC) over an 18-h TEER time course
showed that there were no significant differences in the TEER responses among the
stimulated FD1 to FD7 (Fig. 6D).

In in vitro assays of monocyte-derived DCs, FD1 to FD7 all stimulated the secretion
of the cytokines IL-12p70 and TNF-� in cells derived from three different donors (Fig.
6E and F). Donor variation is typically observed for in vitro DC assays (30), and therefore,
statistical analysis was performed separately for each donor. For any given donor, there
were no statistically significant differences in either IL-12p70 or TNF-� secretion levels
stimulated by the different production batches.

Altogether, the data from multiple assays support that different production batches
of L. rhamnosus GG exhibit consistent genotypes and phenotypes.

DISCUSSION

Our study demonstrates the high genomic stability of L. rhamnosus GG during an
industrial production process. In particular, the spaCBA-srtC1 locus, which is important
for the probiotic properties of L. rhamnosus GG, is unchanged during the production
process. In addition, the high genomic stability of L. rhamnosus GG implies that other
genes important for probiotic properties are intact and conserved, such as the genes
encoding bile salt hydrolase (LGG_00501) (31) and the major secreted proteins Msp1
and Msp2 (also known as p75 and p40, respectively) (32, 33) and gene clusters involved
in the biosynthesis of exopolysaccharides (11) and lipoteichoic acid (34).

Microbial evolution studies have shown that an increased mutational rate is asso-
ciated with nutrient deficiency and stressful conditions (16, 21, 35–38). In an industrial
production process using batch fermentation, bacteria may be subjected to stress due
to, for example, the production of acidic metabolites and depletion of nutrients, which
can lead to increased mutation and recombination rates. However, industrial fermen-
tations are highly regulated to obtain maximum yield in minimal time. Therefore, the
high genomic stability observed in the large-scale fermentation could be a result of
optimal growth conditions. Importantly, in the specific production process examined
here, the number of generations from the CHCC stock to the final product is estimated
to be around 50, which limits the opportunity for mutations to occur.

The mutational rate is one method to calculate genomic stability and to assess the
influence of different growth conditions on the stability of the genome (16, 39).
Douillard et al. (16) reported a mutation rate of 2.65 · 10�9 polymorphisms per
nucleotide per generation for L. rhamnosus GG under stress-free growth conditions,
defined as classical anaerobic growth conditions in De Man-Rogosa-Sharpe (MRS) broth
at 37°C. Given this mutation rate and the approximately 50 generations from the CHCC
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FIG 6 Phenotypic comparisons of seven different production batches of L. rhamnosus GG. (A) CFU on MRS agar for 1 ml of the sample at an OD
of 1.0 after a 1-h incubation in gastric acid solution (pH 2.5) (Acid) or 10% MRS (pH 6.5) (Control) (y axis) for production batches (FD1 to FD7)
(x axis). Data points represent the means for technical triplicates from two independent experiments. (B) CFU on MRS agar for 1 ml of the sample
at an OD of 1.0 after a 1-h incubation in 1% porcine bile solution (Bile) or 10% MRS (pH 6.5) (y axis) for production batches (FD1 to FD7) (x axis).
Data points represent the means for technical triplicates from three independent experiments, and horizontal lines represent the means of data
from the three experiments. (C) Transepithelial electrical resistance (TEER) of Caco-2 cell monolayers stimulated with L. rhamnosus GG from one
of the seven freeze-dried industrial production batches measured for 18 h. The y axis shows TEER percent changes relative to the baseline. Each
line shows TEER measurements using production batches (FD1 to FD7) and the control (cell culture medium only), where data points represent
the means � SD of results from technical duplicates. The x axis shows the time in hours. (D) Area under the curve (AUC) of TEER measurements
from 0 to 18 h relative to the baseline (100%) (y axis) for production batches (FD1 to FD7) and the control (x axis), as described above for panel
C. Bars represent the means � SD for technical duplicates. ns, no statistical difference (by one-way ANOVA). (E) Concentration of IL-12p70 secreted
by monocyte-derived dendritic cells (DCs) from three different donors (y axis) that were stimulated with L. rhamnosus GG from one of seven
freeze-dried industrial production batches (FD1 to FD7) and the control (x axis). Controls were incubated in cell culture medium only. Data points
represent the results of biological replicates. Color represents the donor. Black bars represent the means � SD for each donor. (F)
Concentration of TNF-� secreted by monocyte-derived DCs from three different donors (y axis) that were stimulated with L. rhamnosus GG
from one of seven freeze-dried industrial production batches (FD1 to FD7) (x axis). The plot follows the same conventions as the ones
described above for panel E.
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stock to the freeze-dried product, approximately 4 mutational events per batch would
be estimated to occur. In the present study, no SNPs were detected in any of the
production samples of L. rhamnosus GG, indicating that no elevated mutation rate
exists. In the rare instance that a mutation did occur, there would not be enough
generations for a mutated variant to establish a noteworthy proportion of the popu-
lation.

SNPs were detected only in single-colony isolates. Principally, such SNPs could (i) be
induced during the three purification steps used to prepare the single-colony isolates
(the purification process to prepare isolates would likely be more stressful than the
production conditions, as bacteria encounter prolonged exposure to low pH and
nutrient exhaustion when grown on agar plates) or (ii) be due to the fact that
subpopulations carrying different alleles are present in the production samples.

Importantly, our analysis shows that most SNPs detected in individual isolates had
a consistent minor allele frequency (as defined by the fraction of read support) in the
production samples, regardless of whether they were taken early or late in the production
process. This finding was corroborated by the high read coverage at these sites
(average coverage of 552�). This could indicate that the one SNP identified only in an
isolate sample (genomic position 1297614) was likely induced by purification steps,
whereas the remaining isolate samples represent the allele variation seen in the full
bacterial population, which does not change throughout the production process and is
consistent with the allele variation present in the original stock from 1994. This may be
because the SNPs detected were predicted to have no functional consequence and
therefore do not affect fitness. Thus, we demonstrate that this production process does
not induce measurable genetic drift and that the genome of L. rhamnosus GG in the
original stock from 1994 is identical to the genome in the products currently produced.

While genome stability is important to ensure the retention of all the genes that may
be important for strain functionality, the conditions of the production process may
influence how these genes are expressed and, hence, how the strain behaves pheno-
typically. The phenotypic assays performed are commonly used to examine probiotic
functionality and demonstrated consistent characteristics in acid and bile tolerance,
TEER, and the cytokine response, with no significant differences among any of the
production batches.

An important specific question related to genome stability and probiotic function-
ality was whether the production process impacts the propensity of L. rhamnosus GG
to express and retain pili, which are important for its probiotic properties. Some strains
of Lactobacillus casei contain an intact spaCBA-srtC1 cluster but do not express pili
under any of the conditions tested so far (26). In addition, studies have shown that the
spaCBA-srtC1 genes in L. rhamnosus GG are differentially expressed in different growth
phases (40) and that strong centrifugal forces may shear off pili from L. rhamnosus GG
(41). If the pili of L. rhamnosus GG are either not expressed or not retained in the
industrial production process, probiotic efficacy in the gastrointestinal tract may be
impaired. Our study shows that the spaCBA-srtC1 gene cluster is fully conserved during
the production process and that pili are present in the CHCC stock and all freeze-dried
samples, with no visible difference in pilus phenotype. Thus, neither the genotype nor
the pilus phenotype was modified throughout the production process. Sybesma et al.
(19) previously isolated two L. rhamnosus GG variants from dairy products lacking the
genomic region encoding pili and hypothesized that this loss may occur as a result of
the production process. Our results strongly indicate that this explanation is unlikely, as
neither the genotype nor the phenotype changed throughout the process. A more
likely scenario is that the L. rhamnosus GG variants identified by Sybesma et al. (19)
represent variants existing among different producers that are distinct from the L.
rhamnosus GG samples examined here, which are identical to the reference genome.
However, the exact mechanism underlying the pilus gene loss reported by Sybesma
et al. (19) remains to be investigated.

In conclusion, our results demonstrate high genome stability and consistent phe-
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notypes of pili and probiotic properties in the examined production process for L.
rhamnosus GG.

MATERIALS AND METHODS
Sampling of the bacterial strain and growth conditions. The Chr. Hansen Culture Collection

(CHCC) holds the original ampoules of L. rhamnosus GG, commercially known as LGG® (LGG® is a
trademark of Chr. Hansen A/S), received from Valio Ltd. in 1994. CHCC samples of L. rhamnosus GG have
been deposited in the German Collection of Microorganisms and Cell Cultures (DSM 33156).

From the stock in the CHCC used for the production of LGG® strain, intermediate fermentations are
performed to prepare stocks to be used as inoculation material in the large-scale fermentation producing
the final product (38). The media and cryoprotectants used in the manufacturing process are based
primarily on carbohydrates, amino acids, vitamins, and minerals, the exact compositions of which are
proprietary information of Chr. Hansen A/S. Upon the completion of fermentation, bacterial cells
are harvested and concentrated by centrifugation using a separator. The concentrated bacterial cells are
then mixed with cryoprotectants and frozen into pellets. The frozen pellets are lyophilized, resulting in
very low water activity, which ensures the viability of the freeze-dried bacteria.

Samples of the strain L. rhamnosus GG were collected from both intermediate fermentations and the
final fermentation of large-scale industrial productions to cover the different steps in the production
pipeline (Fig. 1). Samples from the intermediate fermentation were collected as frozen pellets, whereas
final batches were collected as a freeze-dried product. Samples were collected over a 6-month period
and stored at �80°C until use. Samples included seven final batches originating from two different
prefermentations. All batches originated from the L. rhamnosus GG stock in the CHCC. In addition, CHCC
samples used for assessing technical variations and the original stock from 1994 were included in the
study.

Isolates were prepared from the CHCC stock and intermediate fermentations by growing a culture
overnight and streaking it on MRS agar (Difco) plates. After 3 days of anaerobic growth at 37°C, single
colonies were selected and streaked onto new plates. After three successive streaking procedures to
ensure the purification of a single colony, one colony was inoculated into a broth culture grown
overnight to ensure that there was enough material for extraction. A culture grown overnight was also
prepared from each of the seven final batches (Fig. 1). In total, 31 samples were included in the study.

DNA extraction. DNA was extracted directly from the seven freeze-dried batches. To extract DNA
directly from industrial production samples, the freeze-dried pellets were weighed to an amount
corresponding to 5 · 109 CFU/g based on CFU counts conducted on each of the batches. Samples from
prefermentations (including isolates), the original stock from 1994, and CHCC samples used for assessing
technical variations were anaerobically incubated overnight in MRS broth (Difco) at 37°C prior to DNA
extraction.

DNA was extracted from samples using a DNeasy blood and tissue minikit (Qiagen). Frozen pellets
were thawed and adjusted to an OD at 600 nm (OD600) of 5 in TES (50 mM Tris, 1 mM EDTA, 6.7% sucrose)
buffer. Two milliliters of each sample was transferred to an Eppendorf tube, centrifuged at 6,000 � g, and
washed twice by dissolving the pellet in TES buffer. Extraction was carried out using the DNeasy blood
and tissue minikit according to the manufacturer’s protocol. In addition to the standard protocol, an extra
washing step was included after enzymatic lysis. The three samples from the original stock from 1994 and
the three CHCC samples used for comparison were prepared in a single batch and extracted at
Novogene.

Generation and processing of shotgun sequencing data. DNA from the 31 samples collected from
the industrial pipeline were whole-genome sequenced at Eurofins in paired-end reads (2 by 101 bp)
using the Illumina HiSeq 2500 system. The additional CHCC samples used for evaluating technical
variation were sequenced at two different locations: source 1 triplicates were sequenced at Novogene
using Illumina PE150, and source 2 triplicates were sequenced at Baseclear using the paired-end (2- by
101-bp) Illumina HiSeq 2500 system. The three samples from the original 1994 stock were sequenced in
a single batch with the source 1 CHCC triplicates.

Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim
low-quality base pairs from the reads. The first 5 bp from the 5= ends of both paired reads were also
trimmed due to the observation of biased quality scores and nucleotide composition.

L. rhamnosus GG reference genome. The reference genome for L. rhamnosus GG used for all
genomic analyses was described previously by Kankainen et al. (11) (ASM2650v1), where L. rhamnosus GG
was obtained from the Valio culture collection (Valio Ltd.). For Fig. 2, ASM1104v1 and available Ensembl
(42) genomes for L. rhamnosus strains other than GG were also used.

Assembly and Circos visualization. Spades (43) with the “— careful” setting was used for perform-
ing de novo assembly. Using the assembled contigs, DNA contamination was examined in quality control
plots made by plotting contig coverage as a function of contig length (data not shown). Contigs with low
coverage were considered of low quality and removed from downstream analysis. Cutoffs differed based
on the observations in the quality control plots: 2- to 5-fold coverage was used for all the samples from
this study, while 2- to 2.5-fold coverage was used for samples described previously by Sybesma et al. (19),
which were of a lower sequencing depth. The majority of the filtered contigs were short contigs. The
remaining contigs were used for checking gene presence and absence across all 31 samples and the
reference genome (ASM2650v1). Assembly statistics were performed by using quast (44). The Circlize
package (45) was used to perform the circular genome plot.
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Gene calling. Prokka version 1.12 (46) was used for gene annotation of both de novo assemblies and
public reference genomes. The gene annotation outputs were then used in Roary version 3.8.0 (47) to
generate a gene presence-and-absence matrix for all the genomes analyzed.

Pairwise average nucleotide identity. Average nucleotide identity (ANI) scores against the refer-
ence genome were calculated for the 31 samples from this study, the 2 dairy isolates, and the 2 sets of
CHCC technical triplicates. For each genome X, one ANI score was generated using X as a query genome
and the reference genome as a subject genome. Pairwise ANI scores were calculated to compare the
differences between the original 1994 stock triplicates and the source 1 CHCC triplicates from the same
batch. For each pair of genomes X and Y, two ANI scores were generated: one ANI score was calculated
using X as a query genome and Y as a subject genome, and the other ANI score was calculated by
switching X to a subject genome and Y to a query genome. An online Perl script (https://github.com/
jhbadger/scripts/blob/master/ANI.pl) was used to calculate all ANIs.

Mapping and variant calling. Initially, Smalt (0.7.6; http://www.sanger.ac.uk/science/tools/smalt-0)
and Bowtie2 version 2.2.3 (48) were applied to map all sequencing libraries to the reference genome
(ASM2650v1). Base quality score recalibration (BQSR) with the gatk tool (49) was then performed to
eliminate potential biases of the base quality score from the sequencer. After BQSR, mutation analysis
was done by using three different tools: gatk, SAMtools (50), and freebayes (51) in haploid mode.
Coupled with the two above-described mapping tools, this resulted in six ways of variant calling. In
addition, breseq (52) was used to validate the outputs from the above-described methods. The intersects
from all seven approaches were used as final results in this study. SAMtools was used for quantifying read
support for the reference and alternative alleles. The impact of amino acid substitutions was predicted
using PROVEAN (28).

Immunoelectron microscopy. Selected samples were visualized by transmission electron micros-
copy. The immunogold labeling method was modified from a protocol described previously by Reu-
nanen et al. (53). Polyclonal anti-SpaA rabbit antibodies and protein A-gold particles (10-nm diameter;
Nano Biosols) were used for the detection of pili on carbon-coated copper grids (pure C, 200-mesh Cu,
catalog number 01840-F). Copper grids were discharged, and one drop of the bacterial sample contain-
ing approximately 109 CFU/ml was added to the carbon side for 30 min. The grids were washed three
times with phosphate-buffered saline (PBS). Pili were labeled for 1 h with a 1:100-diluted antibodies in
1% bovine serum albumin (BSA) in PBS. Pilus-antibody complexes were formed by incubation for 20 min
on drops with 1:55-diluted protein A-gold label in 1% BSA in PBS. Grids were then stained for 30 s with
2% phosphotungstic acid and subsequently visualized using a Leica CM 100 transmission electron
microscope.

Preparation of bacteria for phenotypic assays. Freeze-dried samples from the different production
batches (FD1 to FD7) were prepared by dissolving 0.1 g freeze-dried bacteria in 10 ml Hanks’ balanced
salt solution (HBSS). Samples were washed twice with HBSS and centrifuged to remove the cryogen (first
wash for 10 min at 10,000 � g and second wash for 5 min at 6,000 � g). Samples were subsequently
resuspended in the appropriate media for the assay.

Acid and bile tolerance assays. All samples were adjusted to an OD of 1.0 in 10% MRS (10% [vol/vol]
dilution of MRS medium in demineralized water, adjusted to pH 6.5). For each sample, the culture at an
OD of 1.0 was divided into three separate tubes and centrifuged for 5 min at 6,000 � g, and the
supernatants were carefully removed. The three bacterial pellets were resuspended in three different
media: (i) control medium (10% MRS, pH 6.5), (ii) gastric acid medium (10% MRS containing 3% [wt/vol]
pepsin [catalog number P7000; Sigma-Aldrich] and 2% [wt/vol] sodium chloride [catalog number S7653;
Sigma-Aldrich], adjusted to pH 2.5 with hydrochloric acid), and (iii) bile medium (10% MRS containing 1%
[wt/vol] porcine bile [catalog number B8631; Sigma-Aldrich] [pH 6.5]). The cultures were incubated for 1 h
at 37°C and analyzed for CFU directly thereafter.

To measure CFU per milliliter, 1 ml of the culture was diluted in 9 ml of peptone water (Dilucup; Holm
& Halby), and a 10-fold dilution series was prepared using Dilucups in the Dilushaker system. For each
dilution, triplicate MRS agar plates were prepared by adding 1 ml of the sample from the Dilucup and
pour plating melted MRS agar (pH 6.5) (catalog number 288210; Difco, UK). Plates were incubated for
2 days at 37°C, and colonies were counted. Only plates with colony counts of between 20 and 300
colonies were used for calculating CFU per milliliter. The means of data for technical triplicates from 2
to 3 independent experiments are shown.

Statistical analysis for bile and acid tolerance assays. Statistical analysis for bile and acid tolerance
assays was performed with GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA). Mean
values from 2 to 3 independent experiments were compared for each sample (control versus acid or bile
treatment) and among all samples (FD1 to FD7) within each treatment group using two-way analysis of
variance (ANOVA). P values were adjusted for multiple testing by using the Sidak method.

Transepithelial electrical resistance assay. Caco-2 cells (ACC 169; DSMZ GmbH, Germany) were
cultured at 37°C in an atmosphere of 5% CO2 in Gibco DMEM with GlutaMAX (Dulbecco’s modified Eagle
medium formulated with low glucose and sodium pyruvate; Gibco by Life Technologies, UK) supple-
mented with 20% FBS (fetal bovine serum) (South American origin; Gibco by Life Technologies), 1%
minimum essential medium (MEM) nonessential amino acid solution (Sigma-Aldrich), and 100 U/ml
penicillin G, 100 �g/ml streptomycin, and 0.25 �g/ml amphotericin B (pen-strep-ampB solution; Biolog-
ical Industries [BI], Israel). Caco-2 cells were seeded onto transwell membrane inserts in 12-well cell
culture plates (1.12 cm2, polyethylene terephthalate membranes with 0.4-�m pores; Corning) at an initial
cell density of 105 cells/well and cultured for 21 days in Gibco DMEM with GlutaMAX containing
supplements. Media in both the apical and the basolateral compartments were replaced every 3 to
4 days.
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Transwell membrane inserts with Caco-2 monolayers were transferred to wells of a CellZscope2
instrument (nanoAnalytics GmbH, Germany) and replenished with antibiotic-free cell culture medium in
both the apical and basolateral compartments 1 day prior to bacterial stimulation to allow the cells to
adapt to the CellZscope. Transepithelial electrical resistance (TEER) was measured every hour prior to
stimulation to establish baseline TEER. For bacterial stimulation, 100 �l antibiotic-free cell culture
medium was removed from apical compartments and replaced with either 100 �l of fresh antibiotic-free
cell culture medium (unstimulated controls) or 100 �l of bacterial cultures prepared in antibiotic-free cell
culture medium at an OD of 3.8, corresponding to a final OD600 of 0.5 and approximately 5 � 107 bacteria
in the wells. Under each condition, duplicate wells were analyzed. Cells were stimulated for 18 h at 37°C
with 5% CO2, and TEER was measured every hour. The TEER measure of each well was normalized to the
baseline TEER of that well before stimulation (t � 0 h), and TEER is expressed as a percent increase
relative to the baseline, where the baseline is equal to 100%. The averages and standard deviations (SD)
for the duplicates are displayed for each time point and each condition. Area under the curve (AUC)
values were calculated for each well using GraphPad Prism 8, and the averages and standard deviations
for the duplicates are shown.

Statistical analysis for the TEER assay. Statistical analysis for the TEER assay was performed with
GraphPad Prism 8 software. To compare the AUCs of the unstimulated control and the different bacterial
samples (FD1 to FD7), one-way ANOVA followed by Tukey’s multiple-comparison test was performed.

Cytokine secretion from human dendritic cells. The in vitro generation of human dendritic cells
(DCs) from monocytes was slightly modified from a protocol described previously by Zeuthen et al. (54).
Briefly, human peripheral blood mononuclear cells (PBMCs) were separated from buffy coats of three
healthy donors by density gradient separation using Ficoll-Paque Plus (GE Healthcare, Freiburg, Ger-
many). Monocytes were isolated by positive selection for CD14 using magnetically activated cell sorting
with CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured at a density of 2 � 106

cells/ml in complete DC medium (RPMI 1640 supplemented with 10 mM HEPES [Sigma-Aldrich, Schnell-
dorf, Germany], 50 �M 2-mercaptoethanol [2-ME; Sigma-Aldrich, Schnelldorf, Germany], 2 mM
L-glutamine [Life Technologies Ltd., Paisley, UK], 10% heat-inactivated fetal bovine serum [Invitrogen,
Paisley, UK], 100 U/ml penicillin [Biological Industries, Kibbutz Beit-Haemek, Israel], and 100 �g/ml
streptomycin [Biological Industries, Kibbutz Beit-Haemek, Israel]). The DC medium also contained
30 ng/ml human recombinant IL-4 and 20 ng/ml human recombinant granulocyte-macrophage colony-
stimulating factor (GM-CSF) (both from Sigma-Aldrich, St. Louis, MO, USA). Cells were kept at 37°C with
5% CO2. Fresh complete DC medium containing full doses of IL-4 and GM-CSF was added after 3 days
of culture. At day 6, differentiation to immature DCs was verified by surface marker expression analysis
(CD14, �3%; CD11c, �97% expression; CD1a, �95%).

Immature DCs were resuspended in fresh complete DC medium containing no antibiotics, seeded
into 96-well plates at 1 � 105 cells/well, and allowed to acclimate at 37°C in 5% CO2 for at least 1 h before
bacterial stimulation. DCs were stimulated for 20 h with the different production batches (FD1 to FD7)
at a final concentration of an OD of 0.01. For the control, DCs were left unstimulated. Cells were kept at
37°C with 5% CO2. After stimulation, DC supernatants were sterile filtered through a 0.2-�m Acro-Prep
Advance 96-well filter plate (Pall Corporation, Ann Arbor, MI, USA) and stored at �80°C until cytokine
quantification.

Secreted levels of IL-12p70 were quantified using V-plex human proinflammatory panel 1 from Meso
Scale Discovery (MSD) (catalog number K15049D), and secreted levels of TNF-� were quantified using a
customized U-plex panel (MSD, Rockville, MD, USA) according to the manufacturer’s instructions. The
means of the lower detection limits were 0.05 pg/ml for IL-12p70 and 0.26 pg/ml for TNF-�.

Statistical analysis for cytokine secretion. Statistical analysis for cytokine secretion was performed
with GraphPad Prism 8 software. Donor variation is typically observed for in vitro DC assays (30), and
therefore, statistical analysis was performed separately for each donor. For each donor, cytokine secretion
levels stimulated by the different bacterial samples (FD1 to FD7) were compared using a Kruskal-Wallis
test followed by Dunn’s adjustment for multiple testing. Data are expressed in picograms per milliliter.
Values below the detection limit or below the fitting curve were replaced by the half-limit of detection.

Data availability. All DNA sequence data are stored at the Gene Expression Omnibus (GEO) database
under series accession number GSE123727.
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