Pan et al. BMC Genomics (2025) 26:1 B MC G enomics
https://doi.org/10.1186/512864-024-11177-2

The curated Lactobacillus acidophilus NCFM o

genome provides insights into strain specificity
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Abstract

Background The advent of next generation sequencing technologies has enabled a surge in the number of whole
genome sequences in public databases, and our understanding of the composition and evolution of bacterial
genomes. Besides model organisms and pathogens, some attention has been dedicated to industrial bacteria,
notably members of the Lactobacillaceae family that are commonly studied and formulated as probiotic bacteria. Of
particular interest is Lactobacillus acidophilus NCFM, an extensively studied strain that has been widely commercial-
ized for decades and is being used for the delivery of vaccines and therapeutics.

Results Here, we revisit the L. acidophilus genome, which was sequenced twenty years ago, and determined the core
and pan genomes of 114 publicly available L. acidophilus strains, spanning commercial isolates, academic strains

and clones from the scientific literature. Results indicate a predictable high level of homogeneity within the species,
but also reveal surprising mis-assemblies. Furthermore, by investigating twenty one available L. acidophilus NCFM-
derived variants, we document overall genomic stability, with no observed genomic re-arrangement or inversions.

Conclusion This study provides a comparative analysis of the currently available genomes for L. acidophilus

and examines microevolution patterns for several strains derived from L. acidophilus NCFM, which revealed no to very
few SNPs with strains sequenced at different points in time using different sequencing technologies and platforms.
This re-affirms its suitability for industrial deployment as a probiotic and its use as an engineering chassis and delivery
modality for novel biotherapeutics.

Keywords Lactobacillus acidophilus NCFM, Probiotic, Comparative genomics, Pan genome, Strain variation, Genome,
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Background

Lactic acid bacteria (LAB) constitute a distinct group of
microorganisms that produce lactic acid during fermen-
tation. LAB have been isolated from a wide range of habi-
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few decades [3, 4]. The genus Lactobacillus, once com-
prised of over 250 species that encompassed a relatively
high level of diversity in both phenotypes and genotypes,
has recently been re-classified into 25 different genera
to appropriately reflect the phylogenetic relationship of
these diverse microorganisms [1]. The amended Lactoba-
cillus genus includes species specifically adapted to verte-
brates, notably Lactobacillus acidophilus [1].

L. acidophilus is an industrially commercialized species
and several strains have been categorized as probiotics,
which are defined as “live microorganisms which, when
administered in adequate amounts, confer a health ben-
efit on the host” [5]. Numerous in vivo and in vitro studies
have documented a range of beneficial effects on humans,
such as immunomodulation [4, 6, 7], digestive health [8]
and protection against the colonization of pathogens
such as Helicobacter pylori [9]. L. acidophilus also pro-
duces lactacin B, a bacteriocin contributing to its probi-
otic activity [10, 11]. Given these reported and purported
benefits, L. acidophilus strains are often consumed as
dietary supplements and widely formulated in dairy
products such as milk, yogurt and infant formula. L. aci-
dophilus NCFM was the first commercially available pro-
biotic strain and has been industrialized since 1972 [12].
Its complete genome was first sequenced and reported
in 2005 [13] and has been characterized in-depth to sub-
stantiate its Generally Considered As Safe (GRAS) sta-
tus by the Food and Drug Administration (FDA, GRAS
Notice No 357 and 865). In addition, genome editing
tools have been developed [14] and improved upon [15,
16] facilitating the construction of vaccine [17-19] and
therapeutic strains of L. acidophilus NCFM [20, 21].

Although it was historically challenging to determine
and distinguish different species and strains of Lacto-
bacillus by sequencing and using classical microbiology
methods, technological advances in molecular biology
and DNA sequencing over the past few decades have
substantially improved and democratized bacterial phy-
logenetic determination and typing, with notable gains in
the accuracy of probiotic strain identification and labe-
ling [22, 23]. Traditional classification methods relying on
polyphasic taxonomy, encompassing phenotypic charac-
terizations (such as carbohydrate fermentation profile)
and genetic data (such as 16S rRNA and DNA finger-
printing methods) [3] have been supplanted by draft and
whole genome sequencing (WGS) [24]. Such unambigu-
ous technologies enable unequivocal phylogenetic deter-
mination including comparative genomic analyses of L.
acidophilus [25] and provide a basis to address nomen-
clature and naming conventions sometimes exacerbated
by commercial trademarks and labeling practices, which
are legally and practically troublesome for some compa-
nies and consumers, and occasionally prove challenging
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even for scientists. Within the scientific community,
strains are sometimes re-isolated or re-named by various
labs (for instance, L. acidophilus NCFM has been previ-
ously associated with other names such NCK56, NCK45
and RL8K), and are (re)isolated from commercial prod-
ucts with subsequent re-naming and re-sequencing,

Over two decades ago, the first draft genome of NCFM
was sequenced using an ABI377 sequencer [13]. Since
then, next-generation sequencing technologies have rap-
idly evolved, rendering whole genome sequencing more
affordable and scalable. Indeed, the original~$1.6 M
price tag has been impressively reduced by 4 orders of
magnitude, concurrent with an increase in sequencing
throughput. These technological advances provide an
opportunity to determine genome sequences with high
accuracy, and investigate how precision varies across
technologies and time, including Illumina, Nanopore,
and MinION platforms, with nearly 500,000 genomes
spanning over 60 bacterial phyla now available at NCBI
(26, 27].

L. acidophilus NCFM and many of its derivatives
have been sequenced over time using different sequenc-
ing technologies and contextual settings (academic vs.
industrial). This has allowed for single-nucleotide poly-
morphism (SNP) analysis in strains selected for thermal
adaptability [28], response to a simulated vaginal envi-
ronment [29] and passage through the murine gastroin-
testinal tract [30]. In this study, we analyze and compare
the L. acidophilus NCFM genome sequences from vari-
ous vantage points, encompassing space (commercial vs.
academic sources), time (4 decades), sequencing plat-
forms, and isolates. We also examine the publicly avail-
able L. acidophilus genomes to infer the L. acidophilus
pan genome and investigate assembly consistency and
accuracy. Results establish L. acidophilus genomic stabil-
ity and microevolution, and provide insights into derived
regulatory and commercial considerations for the probi-
otic market.

Results

Core and pan genomes of L. acidophilus

The pan genome of 114 L. acidophilus genomes pub-
licly available at NCBI was determined. (Table S1).
Overall, we observed some variations in genome
size (1.98+0.70 Mb, mean+SD) and GC content
(34.6+0.12%, mean = SD). Most of the genomes are scaf-
folds or contigs (91 out of 114) with 23 genomes marked
as complete. This subset of 23 complete genomes had
an average genome size of 2.00+0.27 Mb, mean+SD
and GC content of 34.69+0.07%, mean+SD. The num-
ber of genes predicted in each genome varied by 5.9%
(1,992 +117).
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Fig. 1 The core (red) and pan (blue) genome of the 114 L. acidophilus strains were depicted using Roary (A). The Maximum likelihood
phylogenomic tree based on 1062 core genes of 114 L. acidophilus genomes (B). The complete genomes were annotated in red (n=23)

A total of 3,692 genes were identified across the pan
genome of the 114 L. acidophilus sequences (Fig. 1A and
Fig. 2). We also identified a total of 1,062 core genes that
were shared by all the genomes and 1,714 cloud genes
that were shared by less than 15% of the genomes. The
pan genome of L. acidophilus can be considered as open,
based on the gamma parameter larger than 0.17 [31]
(Fig. 1A and Supplemental Fig. 1). The pan genome of L.
acidophilus is smaller compared to other Lactobacillus
species such as L. crispatus (12,114 open pan genome)
[32] and L. paragasseri (6,535, open pan genome) [33].
This is presumably due to the relatively smaller genome
size of L. acidophilus, but also reflects the low level of
within species heterogeneity in L. acidophilus genomes
as compared to other species. When considering all
114 L. acidophilus genomes, only 28% of the total genes
were shared by every genome. However, if only complete
genomes were taken into account, over 55% of the total
genes were found to be shared. A phylogenomic tree
based on the 1,062 core genes of the 114 L. acidophilus
genomes was performed (Fig. 1B), demonstrating the
clustering of the L. acidophilus genomes.

L. acidophilus strains share highly similar genomes (ANI)

We then focused on the complete genomes of L. acido-
philus to determine how genetically similar they are to
one another. Pairwise comparison at the 95% threshold

was performed to calculate the ANI values of 16 closed L.
acidophilus genomes (Fig. 3A). The ANI value was over
99% for all 16 genomes, reflecting high sequence conser-
vation within the species. In fact, all but two genomes
shared over 99.8% ANI values. The ANI value for YT1
was around 99.2% and for JBNU_C5 was around 99.6%
across the board. The accepted level of ANI between
genomes to be considered as the same species is 95%.
These genomes share a high level of similarities that are
not usually observed in other Lactobacillus species, for
example L. crispatus and L. gasseri [32, 33].

We next performed a mauve alignment of 16 closed
genomes which revealed that some genome regions
showed inversion or likely miss-assembly compared
to the NCFM genome (Fig. 3). Particularly, the two
locally collinear blocks (LCBs) located between 45 K bp
and 165 K bp are often inversely assembled, likely due
to long stretches of repetitive regions located in that
region. The mauve alignment also revealed some low
coverage regions in genomes YT1 and JBNU_C5, which
was consistent with the lower ANI values. We selected
eight complete genomes that had an ANI value lower
than 99.5% compared to the NCFM genome to per-
form genome-wide BLAST alignment (Fig. 4B). Overall,
when the predicted coding sequences were compared
to the NCFM genome, we observed a high level of iden-
tity scores. Similar to the mauve alignment, we observed
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Fig. 2 Heatmap depicting the presence and absence of genes from the L. acidophilus genomes. (Dark blue =presence)

more gaps in genomes YT1 and JBNU_C5 (Fig. 4B).
Upon closer examination, two additional gaps, inter-
estingly not located in YT1 and JBNU_C5, were identi-
fied through a noticeable change in GC content and a
low identity score. The first gap was around 2 kb where
NCEM encoded pbpX1 and a def2 gene that are absent
in the genomes of HNO017, NC55, NC56, LA-2 and 5460.
The second gap was around 10 kb. This island encoded
genes such as bglH, bglA, gmuC, gmuR, licA, celA and
multiple hypothetical proteins. This island was not found
in NC55, NC56, LA-2, and 5460 genomes. These four
genomes were also missing the first 2 kb gap.

Prophage prediction in L. acidophilus genomes

We predicted the presence of prophages in the 114 L.
acidophilus genomes and determined only four strains
(3.5% of genomes) encoded for intact prophages. Four
additional strains were determined to encode for incom-
plete or partial prophage genomes (Table S1). Two of the
strains L. acidophilus CIRM-BIA 444 and CIRM-BIA 447
were each predicted to have two intact, one questionable
and one incomplete prophage. A previous study with 35
L. acidophilus strains determined that the occurrence
rate for prophages was similar at 2.9% [34].
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Fig. 3 The ANI heatmap of 16 closed L. acidophilus genomes (A). BRIG genome alignment of 8 complete genomes that had an ANI value lower
than 99.5% compared to the NCFM genome (B). Regions that showed genomic variation are labeled as 1 and 2

Next-generation sequencing technologies reveal
sequencing errors

Next, we focused our analysis on whole genome com-
parisons of the L. acidophilus NCFM genome. Our ini-
tial analysis determined the amount of SNPs between
our currently available NCFM, and the originally sub-
mitted genome of L. acidophilus NCFM in NCBI [[13]
and NC_006814]. This allowed us to compare the out-
put from sequencing technology of the late 1990s with
our current NCFM, genome determined with both long
and short read next-generation technologies. Running
the SNP analysis on the 2005 (NC_006814) compared to
the NCFM, genome sequence revealed over 100 SNPs
including deletions and insertions (Fig. 5A). We antici-
pated that the majority of these SNPs might be sequenc-
ing errors. Therefore, we (re)sequenced the DNA from
the same glycerol stock of NCFM (NCK1070) that had
been stored as a glycerol stock since the original genome
sequencing in the late 1990s. Mapping the raw reads
from NCK1070 to NCFM, and running a SNP analysis
remarkably resulted in only one potential validated SNP.
However, with a 74% variant frequency we determined
this was in fact a mixed genotype (MG1) with an extra
T (before position 525,270) co-existing within the bacte-
rial population. This insertion would introduce a frame
shift in this gene, which encodes for an inner membrane
protein. We next examined the raw reads for NCFM, and
determined that NCFM, also had MG1 (TT vs TTT)
at this coordinate, albeit at a lower minority frequency,

since the sequence reports the dominant consensus gen-
otype. Remarkably, under the parameters tested, there
was actually no difference in the genomes of NCK1070
and NCFM, and differences noted in the initial com-
parison were due to errors in sequencing technology of
NCFM (NC_006814) at that time.

Comparison of L. acidophilus NCFM with engineering
variant genomes

Given our history of working with L. acidophilus and
numerous studies performed with deletion, knock outs,
genome editing and alteration of genes from the genome
to determine probiotic function [35-39] and/or inser-
tions for vaccine development [18, 40—42] we also had
access to 21 whole genome sequences of engineered L.
acidophilus NCFM,, variants spanning multiple decades
(Table 1 and Table S3). Twenty of the 21 strains also con-
tained the aforementioned mixed genotype MG1. L. aci-
dophilus NCK2636, had undergone 45 iterative transfers
in simulated vaginal fluid as part of a previous study [29],
which did not retain the MG1, but the TT, which would
not induce a frame shift. We also confirmed this geno-
type in raw reads from RNA sequencing data from the
same study. In fact, we determined the MG1 genotype
was present at generation 0 but lost after 50, 100, 500 and
1,000 generations in simulated vaginal fluid, presumably
through a selective bottleneck during iterative passages
in these experimental conditions.
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Fig. 4 Mauve alignment of 16 closed L. acidophilus genomes with L. acidophilus NCFM as reference genome

A second mixed genotype was located in the six strains
that were isolated from murine fecal samples. This mixed
genotype, a T or C (MG2), resulting in a change in amino
acid from a Y to an H in a hydrolase protein (coordinate
119,340) was also located in NCFM, and NCK1070 but
not the other strains, in which the T was constant with
the exception of NCK2636. After 45 transfers in simu-
lated vaginal fluid, the C genotype was also fixed in
NCK2636. The RNA sequencing raw reads also deter-
mined the MG2 co-existing at 0 generations but the fixed
C genotype at 50, 100, 500 and 1,000 generations, likely
selected for during the aforementioned passages.

We next determined whether there were any SNPs
between these 21 strains and NCFM,. We located 22
unique SNPs (Fig. 5B, Tables S3 and S4). Notewor-
thy, only one of the 22 SNPs were found in more than
one strain (Table S3 and S4). Included in the 21 WGS
sequences is the strain NCK1909 that was constructed
with a deletion in the upp gene to serve as a counter
selectable marker for subsequent constructs for gene
deletions and insertions [15]. Ten additional strains are
NCK1909 derivatives (Table 1). All 11 strains (NCK1909
and subsequent derivatives) were determined to con-
tain between one and five SNPs (Table S3). NCK1909
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contained one SNP; SNP15 (T to C) in a non-coding
region. Our data showed that SNP15 was also located
in all 10 derivatives of NCK1909 (Fig. 5B and Table S3),
indicating this SNP remained stable through subse-
quent genetic manipulations. This data demonstrated the
overall genetic stability of L. acidophilus NCFM given
the paucity of SNPs (on average, one SNP per genome,
amongst a nearly 2Mbp sequence). Key genes historically
related to probiotic efficacy that were previously stud-
ied and established are stable, notably for example car-
bohydrate utilization [36, 50], cell surface composition
[37-39, 45], and genes related to stability in the intestinal
tract such as bile salt hydrolase genes [49, 51]. Evidently,
besides the stability of the actual genomic sequence, it is
important to also note, based on the mauve alignment,
the stability of the overall chromosomal architecture,
with no observed re-arrangement or inversions.

Comparison to the commercial L. acidophilus NCFM
genome

Given the importance of L. acidophilus NCFM as a
commercial probiotic strain [12] we also performed
a SNP analysis on the genome sequence of the L. aci-
dophilus NCFM strain that is commercialized by IFF
(https://www.howaru.com/hcp/strains/ncfm) against
our NCFM, genome. Noteworthy, nine SNPs were iden-
tified between NCFM, and the IFF genome, NCFM.
(Table S5), somewhat establishing a benchmark for
genomic equivalency between isolates. The two genomes
are strictly collinear and differ in length by a single nucle-
otide (1,991,977 bp versus 1,991,998 bp). No mixed geno-
type loci were detected in NCFM(. including the absence
of MG1 (and hence no frameshift in the corresponding
gene) and MG2. Notably, the sequences at both of these
positions in NCFM. correspond to the dominant and
subsequently fixed genotype that the NCFM, strain
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Table 1 Details of bacterial strains

Strain NCK Number  Strain Details upp deletion No of SNPs Reference
2624 NCFM colonized in mouse GIT, mouse#1 fecal sample N 0 [30]

2625 NCFM colonized in mouse GIT; mouse#2 fecal sample N 0 [30]

2626 NCFM colonized in mouse GIT; mouse#3 fecal sample N 0 [30]

2628 NCFM colonized in mouse GIT; mouse#5 fecal sample N 0 [30]

2629 NCFM colonized in mouse GIT; mouse#6 fecal sample N 0 [30]

1070 NCFM glycerol stock used for initial WGS N 0 [13]

2627 NCFM colonized in mouse GIT; Mouset##4 fecal sample N 1 [30]

2025 deletion in phosphoglycerol transferase — LTA, lba0447 N 1 [21]

1377 Surface layer Protein A gene inactivation with plasmid N 2 [43]

2636 45X transfer in simulated vaginal fluid N 2 [29]

1818 Deletion in fuxS N 3 [44]

1909 Deletion in upp, backround strain for upp deletions Y 1 [15]

2532 Deletion in surface layer protein LBA0695 Y 1 [45]

2187 Ita (1taS1), sipX, slpB deletion Y 1 [46]

2283 Streptomycin resistant NCK1909 Y 1 unpublished
2300 Rifampicin resistant NCK1909 Y 1 [471

2031 slpB, spX, sipA deletion/inactivation Y 2 [48]

2521 deletion in bshA Y 2 [49]

2251 Hypothetical membrane protein (Ibal740) deletion Y 2 unpublished
2133 fbpA, muc (3 mucin gene) deletions Y 4 unpublished
2345 vaccine strain with PA-DCPpep and BoNT/A-Hc-Dcpep Y 5 [42]

1973b upp, slpB, sipA gene deletions/inactivation Y 5 [15]

N No and Y Yes See Table S3 for SNP details

evolved to after 45 transfers in vaginal fluid described
above. Four SNPs are located in non-coding regions not
expected to have phenotypic effects, and five resulted
in amino acid substitutions rather than frameshifts. The
NCFM commercial strain has remained genetically sta-
ble throughout decades of manufacturing for commer-
cial probiotic usage; accordingly, the current production
genome NCFM_ remains genetically identical to the old-
est seed vials archived in internal and external culture
collections. Remarkably, even the degenerate and non-
functional CRISPR locus, which is devoid of cas genes
and contains repeats that have hypervariable sequences,
is conserved and devoid of SNPs. This data further con-
firmed the overall integrity, stability and lack of genetic
drift in the L. acidophilus genome, across space and time,
including maintenance of both the genomic sequence
and the overall chromosomal architecture.

Discussion

The advent of next-generation sequencing (NGS) tech-
nologies, together with scalable bioinformatic tools has
fueled a bona fide revolution in genetics and the inher-
ent deposit of vast genomic and other omic data at
NCBI. Yet, despite the intriguingly large volume of data
available, there may be issues regarding the quality of

this quantitatively massive dataset. This challenge is
confounded by differences in sequencing technologies
(throughput and quality), assembly pipelines (consistency
and standards) and users (expertise, sophistication, ana-
lytical insights, and extent of curation).

Despite the overall stability of the L. acidophilus
genomes and their conservation across strains, it is note-
worthy that this study revealed perplexing species mis-
attribution and mis-assemblies. It has been nearly two
decades since the original publication of the first com-
plete genome sequence of L. acidophilus NCFM [13].
Since then, high-quality assemblies have been generated
by combining the accuracy of short-read sequencing
technologies, typically Illumina, with the gap-filling and
assembly capabilities of long-read sequencing technolo-
gies such as PacBio and Nanopore. In fact, the first L.
acidophilus NCFM genome sequencing project show-
cases this progress firsthand, considering the financial
resources, human capital and time required for comple-
tion of a curated closed genome. Our analysis showed
no difference in the genomes of the originally sequenced
NCK1070 and NCFM, as differences in the initial com-
parison are due to errors in sequencing technology
of NCFM (NC_006814) at that time. Therefore, while
this study illustrates how improvements in sequencing
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technology have enabled accurate WGS, it reinforces
the need to re-sequence and update the public database
with curated genomes of biologically and industrially rel-
evant strains. This is important as technology advances;
for example, precision genome editing using CRISPR-Cas
systems typically hinges on a PAM sequence that can be
just two nucleotides in length [16].

Genomic data is essential for other purposes such as
strain tracking, typing, genetic drift and genetic popu-
lation diversity [52, 53]. Genomic data also allows for
the identification of the virome, a more recent research
focus in relation to human health [54]. We confirmed a
previous report demonstrating the lack of prophages in
L. acidophilus genomes. It has been suggested that strain
isolation source may play a factor in prophage scarcity
L. acidophilus genomes [34] but the reason still needs to
be determined. Our data is also similar to that reported
previously [25] where comparative genomic analysis of 46
strains of L. acidophilus also determined high ANI val-
ues>97%, similar GC content (34.66%) and genome size
of ~2 Mb and an open pan genome [25].

Commercial implications are also important to moni-
tor strain genetic integrity, track strain dissemination and
(re)isolation, and document genetic content and stabil-
ity in regulatory dossiers. L. acidophilus NCFM has been
commercially produced as a probiotic bacterium since
the 1970s, and continues to be one of the most impor-
tant and widely consumed probiotic strains. Our lab
has almost half a century of experience working with
L. acidophilus NCFM and has generated vast amounts
of genomic, transcriptomic, proteomic and phenotypic
data on this strain. We previously investigated and dem-
onstrated the genome integrity of L. acidophilus NCFM
post colonization through the mouse GIT [30] and after
transfers in simulated vaginal fluid [29]. We identified
zero SNPs and 100% genome-wide sequence conserva-
tion when we compared our NCFM, genome with the
re-sequenced genome (NCK1070), and very few incon-
sequential SNPs in L. acidophilus NCFM derivatives and
the genome from a commercially available NCFM strain.
The identified mixed genotypes were also present in the
NCEM, genome. However, we observed that certain
mixed genotypes will undergo genetic drift during pas-
sage in simulated vaginal fluid, indicating the importance
of updated WGS of strains genomes during extensive
passages, industrial fermentation and the manufactur-
ing process. We also highlighted that publicly available
assemblies alone can be misleading, and occasionally
incorrect. Although base calling has been mostly accu-
rate, when it comes to determining the accuracy of SNPs
and the identification of M@Gs, it is essential to have raw
reads accessible for full confidence.
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As discussed above and previously reported, L. acido-
philus is a homogenous species, with the publicly avail-
able closed genomes sharing over 99% ANI scores. This
brings up the practical question of the definition of a bac-
terial strain, and the practical challenges to defining the
genetic sequence of a specific commercial strain. It has
been documented that even a single or small number of
SNPs can lead to dramatic phenotypic variation such as
carbohydrate metabolism [55] and genome engineer-
ing efficiencies [56]. Yet, the commercial context hinges
on specific strains, with customized formulations and
tailored supplements touting the benefits of very spe-
cific probiotic strains related to particular published
literature and documented functional attributes. This
is further exacerbated by some rampant issues in the
dietary supplement industry, in which products are fre-
quently mis-labeled, encompassing species and strain
mis-identification, as well as viable cell count variability
and shortcomings [22]. Best practices for maintaining
genetic integrity within an industrial fermentation set-
ting include the designation and archiving of master seed
vials in a culture collection that are verified to be free
from contamination and variants. The purity of the mas-
ter seed vial can be confirmed by traditional streak-plat-
ing and WGS sequencing of several individual colonies.
A complete genome that has been manually curated for
accuracy can then be generated and subsequently serve
as a gold standard reference to confirm the genetic integ-
rity of materials to be used in clinical trials, to monitor
for genetic drift in fermentation runs and to validate new
seed vials. As these species and strains are increasingly
used in therapeutic formulations and for vaccine deliv-
ery, while their history of use and human consumptions
establishes safety, their efficacy will continue to be deter-
mined in human clinical trials.

Conclusions

This work emphasizes the importance of monitoring
genetic drift and SNP occurrence throughout the indus-
trial manufacturing and clinical trial process, while also
stressing the importance to select probiotic strains with
stable genomes. Overall, this study affirms L. acidophilus
NCEM as a valuable, stable and reliable model organism
for lactic acid bacteria, as a promising live biotherapeu-
tic and as a useful chassis for the genetic engineering of
next-generation therapeutic bacteria.

Methods

Lactobacillus acidophilus genomes

L. acidophilus genomes (drafts and complete genome)
were retrieved from the NCBI database in March 2024
(n=114, Supplementary Table S1). The 114 genomes
were annotated using Prokka v1.14.6 to predict open
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reading frames (ORF) for subsequent pan genome analy-
sis [57]. CheckM analysis to check for genome complete-
ness and contamination was ran on the 114 genomes [58]
(Table S2). For reference, we used our in house NCFM_
Academic (NCFM,) genome (see below). Additionally,
the curated industrial NCFM genome, NCFM_HOW-
ARU_Commerical (NCFM() provided by IFF sequenced
using Illumina and Nanopore technology was used as a
comparative reference. The genome of NCK1070 was
sequenced as described below by Corebiome (www.diver
sigen.com).

Prophages were predicted in the 114 genomes using
the PHASTEST (Phage search tool with enhanced
sequences translation) tool [59]. Prophages were deter-
mined according to the PHASTEST scoring system and
determined to be intact when the score was>90, ques-
tionable with a score between 70 to 90 and incomplete
with a score <70. We determined 2 prophages to be par-
tial with a score >90 but each only encoded for 7 proteins
(Table S1).

Lactobacillus acidophilus NCFM strains sequencing

and SNP analysis

The L. acidophilus NCFM, genome was sequenced with
methods detailed previously [16]. Briefly, DNA extrac-
tion, library preparation, whole-genome sequencing with
[llumina and Nanopore technologies, and assembly were
performed at the Roy J. Carver Biotechnology Center
(University of Illinois at Urbana-Champaign, Urbana,
IL). Genomic DNA was extracted with the MasterPure
DNA purification kit (Lucigen). For the Illumina platform
libraries were prepared with the MasterPure DNA puri-
fication kit (Lucigen) and shotgun genomic libraries pre-
pared with the KAPA HyperPrep library construction kit
(Roche). Libraries were sequenced (one lane, 251 cycles)
on a HiSeq 2500 system using the HiSeq Rapid SBS
sequencing kit v2. For long read sequencing, the genomic
DNAs were converted into Nanopore libraries with the
NBD114 and 1D (SQK-LSK109) library kits which were
sequenced in two SpotON R9.4.1 FLO-MIN106 flow cells
for 72 h, using a GridION X5 sequencer. Additionally,
L. acidophilus genomes from our in-house culture col-
lection (Table 1) were sequenced using the StrainView
platform by Corebiome (www.diversigen.com) as fol-
lows: DNA was extracted from cell pellets with MO Bio
PowerFecal (Qiagen) automated for high throughput on
QiaCube (Qiagen), with bead beating in 0.1 mm glass
bead plates. DNA Quantification Samples were quanti-
fied with Qiant-iT Picogreen dsDNA Assay (Invitrogen).
Libraries were prepared with the Nextera Library Prep
kit (Illumina) and sequenced on an Illumina NextSeq
using paired-end 2x 150 reads with a NextSeq 500/550
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High Output v2 kit (Illumina). DNA sequences were fil-
tered for low quality and length, and adapter sequences
were trimmed using cutadapt (v.1.15).

The NCFM, genome was used to map raw reads for
each strain to obtain each genome using the Geneious
mapper in Geneious Prime [60]. For the SNP analysis,
all samples were compared to the NCFM, reference
genome. SNPs were determined using the find variations/
SNPs tool in Geneious, with settings at a minimum cov-
erage of 20 and minimum variant frequency of 0.5. SNPs
were then manually curated to ensure accuracy. The RNA
sequencing datasets from simulated vaginal tract samples
were determined previously [29] are available at NCBI
under BioProject PRINA600659.

Average nucleotide identity analysis

FastANI v1.33 [61] was used to calculate the paired aver-
age nucleotide identity (ANI) values matrix among 16
selected closed L. acidophilus genomes. The ANI matrix
values were depicted using the “pheatmap” package
v1.0.12 in RStudio v1.1.463.

Whole genome alignment

All vs. NCFM genome alignments were visualized using
the BLAST Ring Image Generator (BRIG) [62], depict-
ing one ring per genome as well as the GC content and
GC skew rings. BLASTn was implemented using the
following parameters: 90% as the upper identity thresh-
old and 70% as the lower identity threshold. Genomic
regions that showed low identity scores repetitively were
manually inspected. Mauve alignment was performed in
Geneious Prime software V. 11.0.12, using the progres-
sive Mauve algorithm with a minimum LCB score of
100,000 [63].

Pan genome and phylogenomic analysis

The core and pan genome of the 114 L. acidophilus
strains were determined using Roary v3.12.0, with the
flags -env and the standard threshold of 95% BLASTp
identity [64]. The core genome was aligned using the
PRANK algorithm to generate the multi-FASTA align-
ment file. The alignment file was then imported into
ClustalW v2.1 [65] to generate the phylogenomic tree
using the RAXxML (Randomized Axelerated Maximum
Likelihood) method [66] The core genome phylogenomic
tree was depicted with FigTree v1.4.4 (http://tree.bio.ed.
ac.uk/software/figtree/). Methods described by Tette-
lin et al. [31] were used to determine if the pan genome
was open or closed. The total number of genes found is
plotted against an increasing number of L. acidophilus
genomes. The exponent gamma>0 indicates an open
pan-genome species. The unique vs. new genes graph
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and conserved vs total genes graph were generated using
the create_pan_genome_plots. R script included in the
Roary package. The gene presence/absence heatmap was
generated using the roary_plots.py script included in the
Roary package.
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