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1. Literature review 

1.1 Determination of bacterial genome sequences 



 

Figure 1. Deposition of bacterial genome sequences in the NCBI database (1995-2018; May 
2). 

1.2 DNA sequencing platforms



Figure 2. Illustrative outline of the basic workflow needed for a bacterial genome-sequencing 
project via the whole-genome shotgun approach (adapted from Adams, 2008). 



Table 1. Basic attributes of DNA sequencing platforms (adapted from Liu et al., 2012 and 
Quail et al., 2012). 



Figure 3. Sanger sequencing method showing the electrophoretic separation of DNA 
fragments via the use of radioactive labelling (left) or colored fluorophores (right).  



1.3 Genome sequence data preprocessing and assembly 



 

1.4 Structural and functional annotation of bacterial genomes 







1.5 Computational pipelines for bacterial genome annotation 



1.6 Bacterial comparative and pan-genomics 





 

Figure 4. Typical development plot of new genes for a pan-genome and core genome fitted 
by power law and exponential regression, respectively.  



1.7 The genus Lactobacillus  





1.8 Lactobacillus genomics 



Figure 5. Deposition of Lactobacillus genome sequences in the NCBI database (2003-2018; 
May 2). 



nucleotide 
transport and metabolism, cell-wall biosynthesis, and post-translational modification 

 genomes have shown that amongst the predicted core genes only a small 
proportion are considered specific to the genus Lactobacillus. However, in overall 
terms, many of these pan-genomic investigations have revealed important genetic and 
functional details about the lactobacilli bacteria and their ecological lifestyle, and, in 
that way, given greater knowledge regarding the evolution, adaptability, diversity, and 
industrial use of various Lactobacillus species. 

1.9 Lactobacillus rhamnosus genomics 

L. rhamnosus is taxonomically close to L. casei and L. paracasei, and together 
these three species form what is called the “casei group” of lactobacilli (Salvetti et al., 
2012). As a group, these species are considered homogeneous, e.g., since all are 
facultative heterofermentative and their GC content is around 45-47% (Salvetti et al., 
2012). Ecologically, L. rhamnosus is a pervasive species, with various strains 
adapting to several habitats in the body, such as the digestive and respiratory tracts, 
mouth, vaginal lining, and lactating mammary glands, but also on occasion  
transiently colonizing blood and infected tissue (Ahrné et al., 2005; Martin et al., 
2007; Vancanneyt et al., 2006). Moreover, L. rhamnosus is also associated with 
fermented cheeses and yogurts (Bernardeau et al., 2008) and includes a spoilage role 



in beer (Haakensen et al., 2009). As is much the case with other Lactobacillus species, 
certain strains of L. rhamnosus are observed to have health-benefiting properties, and 
thus they have come to be promoted heavily for probiotic use in fermented dairy 
products or as dietary supplements. Yet it is also the case that some other L. 
rhamnosus strains are used industrially as adjunct starter cultures. 

Much of the impetus for unraveling the genomics of the L. rhamnosus species 
originates from a commercial interest in the molecular mechanisms behind the 
probiosis of L. rhamnosus GG (ATCC 53103), a human gut-adapted strain known for 
having many advocated health benefits and the worldwide marketing moniker of 
LGG® (for review, see Pace et., 2015). Thus, for the first detailed study of L. 
rhamnosus genomics, this involved a comparative analysis of the genomes from L. 
rhamnosus GG and L. rhamnosus LC705, a dairy starter culture strain (Kankainen et 
al., 2009). From the genomic comparison of these two strains, it appeared that their 
genomes are closely similar, e.g., as in size (~3 Mbp), number of encoded genes 
(2,944 in GG and 2,992 in LC705), and GC-content (47% each). Moreover, both 
genomes display a comparable number of rRNA operons, tRNA genes, and prophage 
clusters. However, there are also some apparent differences in the two genomes, as 
the number of transposases vary (69 in GG and 29 in LC705), and as did the 
occurrence of plasmids (one in LC705) and CRISPR loci (one in GG). Further, while 
the synteny is well conserved between the two genomes, it is noticeably interspersed 
by DNA sequence that differs from the overall genome (as in nucleotide makeup, 
codon usage, and dinucleotide occurrence) and this was taken to represent genomic 
islands, five and four in GG and LC705, respectively. Also, a comparative analysis of 
the 3000 or so predicted proteins encoded by the genomes had shown that on average 
there is a high level of amino acid identity (98%). A further examination of the gene-
encoded products revealed the number of strain-specific proteins is slightly higher for 
the genome of LC705 than that of GG (383 vs. 331). With respect to those predicted 
proteins with no counterpart in the genomes of other Lactobacillus species, these 
amounted to 143 in GG and 176 in LC705, with a good proportion (17 and 12%, 
respectively) being assigned to carbohydrate metabolism and transport functions. 

  However, one of the most exciting outcomes from the genomic comparison 
of the L. rhamnosus GG and LC705 strains was the revelation that both genomes 
encode the genes for sortase-dependent piliation (Kankainen et al., 2009). Up until 
then, these long and limb-like surface protrusions were only known to be present 
amongst Gram-positive pathogens (e.g., certain species of Streptococcus, 
Corynebacterium, and Enterococcus) and thus quickly regarded as a key virulence 
factor of such harmful bacteria (for review, see Danne and Dramsi, 2012; Proft and 
Baker, 2009). Structurally, the sortase-dependent pilus has a distinctive composition 
and architecture, being made up of two or three types of protein subunits (called 
pilins), each with its individual location and function. For pilus assembly, the pilin 
subunits are covalently coupled together via the transpeptidase action of the pilus-
specific C-type sortase enzyme, with the polymerized form eventually attached to the 



cell wall by the housekeeping A-type sortase. In the genome, the genes for the 
sortase-dependent pilus are always grouped together in an island or operon and will 
encode for both the pilin proteins (found at the pilus tip and/or base and comprising 
the pilus backbone) and the C-type sortase enzyme.    

Based on the genomic comparison of the two L. rhamnosus strains, each of 
them contains the genes for the so-called spaFED pilus operon (i.e., spaF-spaE-spaD-
srtC2), which encodes the tip SpaF, basal SpaE, and backbone SpaD pilin subunits, 
and along with the SrtC2 C-type sortase (Kankainen et al., 2009). Yet it is only the 
genome of the GG strain that was found to have the genes for an additional pilus 
operon, known as spaCBA (i.e., spaC-spaB-spaA-srtC1), and like the spaFED operon 
that also encodes for tip, basal, and backbone pilins (called SpaC, SpaB, and SpaA, 
respectively) and a C-type sortase (SrtC1) (Kankainen et al., 2009). In all cases, it was 
shown that the predicted primary structure for each of the SpaCBA and SpaFED pilin 
subunits displays the distinguishing canonical sequence motifs and domains that are 
found in a conventional Gram-positive pilin-protein. However, further 
experimentation established that of the two pilus operons it was only the spaCBA loci 
that are constitutively active, and thus which leads to the native production of fully 
assembled SpaCBA pili on the surface of GG cells (Kankainen et al., 2009). This 
finding confirmed the results of a prior study that observed pilus-like formations at 
the cell poles of an extracellular polysaccharide-lacking mutant of the GG strain 
(Lebeer et al., 2009). On the other hand, those genes associated with the spaFED 
operon appeared to be inactive in the GG and LC705 strains of L. rhamnosus, or at 
least under the testing conditions, but otherwise were expressible in a recombinant 
form using Lactococcus lactis as an alternative host (Rintahaka et al., 2014). 
Additional characterization of the SpaCBA pilus revealed that it can adhere to human 
intestinal mucus, with the SpaC tip pilin being the main binding determinant 
(Kankainen et al., 2009). This finding clearly explained why the GG strain is a 
comparatively strong and effective binder of mucus, but as well, why this transient or 
allochthonous strain seems to have a somewhat prolonged stay in the human gut. As a 
wider outcome, the use of comparative genomics for revealing this piliated strain of L. 
rhamnosus brought in an alternative way of thinking about sortase-dependent 
piliation, meaning that it no longer just represents a virulence factor, but instead can 
be seen as also a niche-adaptation factor. Consequently, as the spaCBA-encoded pilus 
was thought to represent a new and potentially important mechanism behind the 
intestinal microecology and probiosis of the L. rhamnosus GG strain, the ensuing 
years have led to many studies aimed at characterizing its molecular and biological 
function (for review, see von Ossowski, 2017). 

Continuing with L. rhamnosus genomics, what soon followed were some 
additional studies that offered a further comparative examination of the GG strain 
genome, but as well, other representative genomes from this and related species. For 
instance, a comparative analysis study between the genomes of L. rhamnosus GG and 
L. casei BL23 (along with for each two additional genomes of strains isolated from 



probiotic products) had revealed their sizes are comparable at ~3 Mbp and none are 
accompanied by plasmids (Douillard et al., 2013b). As for the latter point, it should be 
noted that the BL23 strain is derived from L. casei ATCC 393 (a dairy isolate) after it 
was cured of its endogenous plasmid pLZ15 (Mazé et al., 2010). In the one-to-one 
comparison of genomes from the GG and BL23 strains, the conserved synteny is high 
between the two, with the only observed perturbations being primarily from genomic 
islands containing genes for transposases, prophages, and carbohydrate transport and 
metabolism (Douillard et al., 2013b). This “mobility” aspect would seem to further 
highlight lateral gene transfer as a major evolutionary force and thus a potentially 
significant source of genetic diversity among these bacteria (Douillard et al., 2013b). 
As far as any mutual or species-specific genes between the two strains, these numbers 
summed up to 2,180 (GG and BL23), 836 (GG), and 835 (BL23), but of some interest 
was the shared presence of genes encoding the spaCBA pilus operon (Douillard et al., 
2013b). However, in this regard, a marked difference was found with the spaCBA 
genes in the GG strain, as these occur within a region containing the sequences for 
transposable elements, raising the possibility that this pilus operon was acquired 
through the lateral transfer of genes. Further, it was also found that only the spaCBA 
pilus operon of the GG strain is preceded upstream by a potential regulatory region, 
and whose origins in the genome might have been as an iso-IS30 element (Douillard 
et al., 2013b). Thus, as the presence of this putative controlling element likely 
represents the reason why L. rhamnosus GG exhibits constitutive production of 
SpaCBA pili, its absence from the genome of L. casei BL23 probably explains why 
this particular strain has an inactive spaCBA operon and is non-piliated. Other notable 
differences observed between the genomes of these two strains lie with the genes for 
carbohydrate metabolism (Douillard et al., 2013b). For example, while both strains 
have the genetic machinery to transport and metabolize maltose, the continuity of the 
maltose gene cluster is interrupted by an additional ORF in the genome of L. 
rhamnosus GG, and this in turn explains the inability of this strain to use maltose as 
an energy source. In contrast, the L. casei BL23 strain has an intact and undisrupted 
set of maltose genes, and thus is able to subsist on maltose (Douillard et al., 2013b). 
Another example involves the ability to utilize the hexose sugar fucose, which is part 
of the glycan structure of the mucin proteins that make up the epithelial mucus lining 
in the intestine, or then elsewhere within the body. While the gut-adapted L. 
rhamnosus GG strain can metabolize fucose (Becerra et al., 2015), it is not the case 
for L. casei BL23. Predictably, this particular difference between the two strains is 
reflected at the genomic level, with a cluster of fucose-related genes being found 
present in the L. rhamnosus GG genome, but which are missing for L. casei BL23 
(Douillard et al., 2013b). 

In a more expansive study of L. rhamnosus genomics, a comparative analysis 
was performed on the genomes of 100 strains that originated from numerous habitats 
and sources (Douillard et al., 2013a). Interestingly, this genomic comparison of the L. 
rhamnosus species is sometimes mistakenly referred to as a pan-genome study (e.g., 
Espino et al., 2014; Cavanagh et al., 2015; Chun et al., 2017; Duar et al., 2017), but in 



fact it involved mapping the sequence reads of the various strains (99 in total) onto 
the L. rhamnosus GG reference genome. Additionally, a few of the strains had their 
genomic sequence reads mapped against the reference genome of L. rhamnosus 
LC705. Yet, because this was a study of mapped sequence reads, a complete analysis 
of the genetic diversity in the L. rhamnosus species is limited to that found in the GG 
strain. Nonetheless, an orthologous “core set” of 2,419 genes (covering ~80% of the 
GG genome) was defined for the large sampling of L. rhamnosus strains, with the 
number of core genes staying relatively constant irrespective of how many genomes 
(20 or more) were used in the calculations (Douillard et al., 2013a). However, what 
significantly emerged from this comparison of L. rhamnosus genomes was the 
presence of two recognizable groupings drawn along the lines of geno-phenotypic 
traits and properties (Douillard et al., 2013a). For example, among those strains 
belonging to the group “A” category, it was inferred from their genomes that they 
have a genetically adaptive predisposition for nutrient-rich environments. This was 
well exemplified by the carbohydrate metabolism of these strains, as members of this 
group are able to metabolize lactose, a disaccharide sugar commonly found in milk 
(Douillard et al., 2013a). Since many of the strains in group A are derived from 
cheese products, the ability to utilize a milk-carbohydrate would be consistent with an 
adaptation to a dairy ecological niche. Moreover, it was also found that among these 
dairy-derived strains only a few possess active spaCBA pilus genes (13%), which 
suggests that mucus-binding pili are not needed for providing an ecological advantage 
or fitness benefit to L. rhamnosus cells in the prevailing environment (Douillard et al., 
2013a). Other L. rhamnosus strains in group A are isolated from the mouth and 
vagina, but oddly enough none had the presence of a spaCBA pilus operon in their 
genomes, yet despite residing in a mucus-lined environment. 

On the other hand, those L. rhamnosus strains (GG included) falling under the 
group “B” categorization maintain a genetic bias for adaptation to the human body, 
such as in the gut, or then transiently in blood and infected tissue specimens 
(Douillard et al., 2013a). Specifically for the intestinal strains, phenotypic 
characteristics like mucus-binding piliation, mucin-fucose utilization, and bile 
resistance were held in common, and thus these would offer the competitive and 
adaptive edge for both surviving and colonizing within the gut environment 
(Douillard et al., 2013a). At a genomic level, while more than half (~56%) of gut-
adapted L. rhamnosus strains contain an intact spaCBA pilus operon, many still did 
not (Douillard et al., 2013a). Moreover, whereas intact loci for fucose transport and 
metabolism are a common attribute of the gut isolates, they are less prevalent among 
the dairy strains of group A and thus many cannot metabolize fucose (Douillard et al., 
2013a). This appears logical since as an energy source, fucose is less plentiful in milk 
(if at all present) and encoding the related genes would provide no advantageous 
fitness benefit to cells. 

In a recent pan-genomic study post-dating the work in Study II, 40 strains of 
L. rhamnosus (primarily from human-related and dairy sources) were used for in-



depth genomic comparisons that focused mainly on characterizing the variable genetic 
makeup of this species (Ceapa et al., 2016). The predicted size of the L. rhamnosus 
pan-genome was estimated at 4,711 genes, and from this amount there are 2,164 
genes comprising the core genome, with remainder making up the accessory genome. 
Among the core genes, these are less in number than what was observed in the 
genomic mapping study of L. rhamnosus (Douillard et al., 2013a), although 
expectedly they encode for the basic housekeeping functions typically needed for 
maintaining cell viability. However, in the case of the 2,547 accessory genes, these 
were found to be often associated with genetic rearrangement and lateral gene 
transfer, e.g., transposons, phages, and plasmids. Moreover, these loci also encoded a 
range of cellular functions, such as those involved with bacteriocin and pilus 
production, extracellular polysaccharide biosynthesis, carbohydrate transport and 
metabolism, CRISPR-Cas (CRISPR-associated) systems, and a variety of membrane 
transporter proteins (Ceapa et al., 2016). Based on the variability of these genetic 
traits in the different strains, the L. rhamnosus variome content, along with the 
capacity for gene movement, would be in keeping with the environmental adaptability 
of this species and its occupancy of diverse ecological niches (Ceapa et al., 2016). 

As mentioned beforehand, in addition to benignly inhabiting various regions 
of the human body, certain strains of L. rhamnosus are found to be associated with 
infected tissue, e.g., by being present at the early phase of infection in the dental pulps 
of carious teeth (Nadkarni et al., 2014). In a comparative analysis of genomes from 
such strains, one published study tried to pinpoint whether the invasion of tooth pulp 
tissue by L. rhamnosus is dependent on a uniquely different genotype (Nadkarni et al., 
2014). For this, a genomic comparison between two dental pulp isolates of L. 
rhamnosus (i.e., LRHMDP2 and LRHMDP3), along with L. rhamnosus GG as a 
reference strain, had revealed several genetic anomalies that could conceivably be 
taken as the invasive biomarkers for bacterial tooth infection (Nadkarni et al., 2014). 
Regarding the LRHMDP2 and LRHMDP3 strains, both their genomes were found to 
encode for a cell surface morphology that differs from L. rhamnosus GG, and this was 
promoted as the possible mechanism that allows L. rhamnosus to invade dental pulps 
(Nadkarni et al., 2014). Included among the key genomic differences were the 
presence of genes for a modified exopolysaccharide layer and MabA-like protein, as 
well as a collagen-binding protein domain with a unique repeat sequence, but the 
absence of the genes for the spaCBA pilus operon (Nadkarni et al., 2014). 

The analysis of L. rhamnosus genomes was also part of broader investigations 
into the genomics of the casei group lactobacilli. For instance, in once such study, a 
pan-genomic comparison was performed with four strains from the casei group, i.e., 
L. rhamnosus ATCC 53103 (GG), L. casei ATCC 393, L. paracasei JCM 8130, and 
L. paracasei ATCC 334, and this revealed that among the 4,315 genes of the 
predicted pan-genome there are 1,793 shared genes (Toh et al., 2013). When an 
additional six strains (L. paracasei BDII, L. paracasei BL23, L. paracasei LC2W, L. 
paracasei Zhang, L. rhamnosus LC 705, and L. rhamnosus ATCC 8530) were 



included in the genomic assessment, 94% of the core genes remained in common 
(Toh et al., 2013). Here, it was proposed that this number of genes (1,682) 
approximates the size of the core genome for the casei group, and most probably these 
would have shared the same ancestral source. Moreover, it was also found that among 
the casei group genomes there is pervasive synteny, which suggests this particular 
clade of lactobacilli has maintained a high level of genomic stability (Toh et al., 
2013). However, the presence of a varied number of genomic islands (gene clusters) 
was interspersed throughout these different genomes, some of which were found in 
the same chromosomal location (Toh et al., 2013). Among the various gene clusters 
were those for carbohydrate metabolism, and in the case of the cheese-isolated L. 
paracasei ATCC 334 strain many of the genes for utilizing carbohydrates were 
missing, possibly from evolutionary decay due to habitation in dairy environs. 
Another shared gene cluster of the casei group lactobacilli was for SpaCBA piliation 
(first seen with the L. rhamnosus species), though it seemed that for certain L. 
paracasei strains the gene for the SpaC tip pilin had been subjected to truncation, and 
thus was only partially intact (Toh et al., 2013). 

Somewhat along the same lines, another quite recent study undertook a 
comparative analysis of 184 genomes as a more thorough approach to confirm the 
taxonomic positioning of the lactobacilli within the casei group (Wuyts et al., 2017). 
Genomes used for the genomic comparison were divided among 92 L. rhamnosus, 37 
L. casei, 38 L. paracasei, 15 unclassified Lactobacillus species, and two L. zeae. By 
considering the genetic nuances in GC content, molecular phylogeny, and pairwise 
genomic relatedness, the genomes could be grouped into three genetically distinct 
clades (Wuyts et al., 2017). As inferred from a core-gene phylogenetic reconstruction, 
clade A holds the genomes from most of the L. casei strains, all L. paracasei, and one 
unclassified Lactobacillus species, whereas for clade B there are the genomes from 
six L. casei, two unclassified Lactobacillus species, and both L. zeae. Clade C is the 
largest in size, containing the genomes from all of the L. rhamnosus strains and the 12 
remaining unclassified Lactobacillus species. Interestingly, among the three clades, 
only the strains of L. rhamnosus had formed a monophyletic taxon, with the 
implication they descend from a common ancestor. Overall, it was suggested that 
based on the occurrence of type strains, the clades A, B, and C should be designated 
representative of the species L. paracasei, L. casei, and L. rhamnosus, respectively 
(Wuyts et al., 2017). In addition, for this large set of genomes the size of the total 
gene pool was estimated as 521,567 genes, averaging out at about 2,828 genes per 
each genome (Wuyts et al., 2017). This gene pool was further categorized into 
orthogroups (i.e., a collection of genes derived from one gene in the latest shared 
ancestor of all species being examined) and amounted to 5,915, out of which 1,814 
and 4,101 were designated as core and accessory, respectively (Wuyts et al., 2017). 
By comparison, the size of this core orthogroup is just slightly larger than of the core 
genome in the small sampling pan-genome study of the casei group lactobacilli (Toh 
et al., 2013). Incidentally, the number of core orthogroups for the clade (C) 
encompassing a majority L. rhamnosus strains was 2,133, which is quite close to the 



core genome size of 2,164 genes calculated in the pan-genome study of L. rhamnosus 
(Ceapa et al., 2016), but falling short of the 2,419 cores genes predicted in the L. 
rhamnosus mapping study (Douillard et al., 2013a). 

1.10 Lactobacillus ruminis genomics 

At a taxonomic level, L. ruminis is found in the same phylogenetic clade 
containing 24 other species (i.e., L. acidipiscis, L. agilis, L. animalis, L. apodemi, L. 
aquaticus, L. aviarius, L. cacaonum, L. capillatus, L. ceti, L. equi, L. ghanensis, L. 
hayakitensis, L. hordei, L. mali, L. murinus, L. nagelii, L. oeni, L. pobuzihi, L. 
ruminis, L. saerimneri, L. salivarius, L. sucicola, L. satsumensis, L. uvarum, and L. 
vini), and collectively these are called the “salivarius group” (Salvetti et al., 2012). 
This group encompasses both homolactic and heterolactic fermenters, with L. ruminis 
falling into the former category as it possesses an obligately homofermentative 
metabolism (Salvetti et al., 2012). As another mark of diversity, the GC content of the 
salivarius group lactobacilli ranges widely between 32-44% (Salvetti et al., 2012). 
Conspicuously, this grouping of lactobacilli is noted for containing the greatest 
number of the Lactobacillus species exhibiting the motility trait (Salvetti et al., 2012), 
which in fact also includes L. ruminis (Forde et al., 2011; Yu et al., 2017). 

In regard to L. ruminis specifically, this species exists as a strict anaerobe and 
has a certain notoriety for being among the few autochthonic lactobacilli residing in 
the digestive tract of humans and animals, meaning that it is an indigenous member of 
the gut microbiota (Reuter, 2001; O’Callaghan and O’Toole, 2013). For the latter 
property, L. ruminis has seemingly evolved a genetic makeup that allows it to subsist 
on the luminal nutrients of the intestine, this exemplified by its capacity to metabolize 
carbohydrous material (O'Donnell et al., 2011; O'Donnell et al., 2015). L. ruminis has 
also acquired the genotype for the piliation trait (Forde et al., 2011), as its genome 
encodes a sortase-dependent pilus operon (i.e., lrpC-lrpB-lrpA-srtC), which has been 
proven to be active and expressed as fully assembled pilus structures consisting of the 
LrpC tip, LrpB basal, and LrpA backbone pilins (Yu et al., 2015; Yu et al., 2017). 
These pili (called LrpCBA) have been characterized with the ability to bind 
extracellular matrix (ECM) proteins (Yu et al., 2015), and this can be construed as a 
key adaptive trait of L. ruminis for its localization in the anoxic and deeply folded 
epithelium of the intestine (for review, see von Ossowski, 2017). Presumably, many 
of these genetic traits would have combined phenotypically to give L. ruminis its gut-
autochthonal behavior. 

Despite being identified way back in 1961 (Lerche and Reuter, 1961), and as 
well having a range of remarkable properties, the L. ruminis species was largely 
neglected as a topic for genomics research until just a half-dozen years ago. Because 
L. ruminis was recently judged to be an immuno-stimulative (Taweechotipatr et al., 
2009) and pathogen-displacing (Yun et al., 2005) bacterium, and then along with its 



unique traits for motility, piliation, and autochthonous growth, this species suddenly 
became ecologically interesting to study, but as well, conceivably health-benefiting as 
a possible probiotic. Spurred on by this, the first genomic comparison of L. ruminis 
was published in 2011, a study whose aims were to expand the number of 
characterized genomes in the salivarius group as well as provide the necessary 
genome data for a phenotypic examination of the lactobacillar motility trait (Forde et 
al., 2011). Here, the fully sequenced genome from a bovine isolate of L. ruminis 
(ATCC 27782) was compared to the draft genome assembly of the human ATCC 
25644 strain. This comparative analysis revealed that the two genomes share a highly 
conserved synteny, which is only interrupted by a large inverted genomic segment 
near the replication terminus (Forde et al., 2011). Then again, the genomic 
comparison of L. ruminis ATCC 27782 with the L. salivarius UCC118 strain showed 
that even though their genetic content supports a phylogenetic closeness, the synteny 
between the two genomes is much less substantial, further exemplifying the relatively 
high diversity within the Lactobacillus genus (Forde et al., 2011). Nonetheless, the 
similarity between the genomes of the two L. ruminis strains extends to their size (~2 
Mbp), GC content (~44%), and rRNA operons (six each), although some differences 
are apparent, e.g., as in the number of protein-encoding genes (1,901 in ATCC 27782 
and 2,251 in ATCC 25644) and tRNAs (67 in ATCC 27782 and 49 in ATCC 25644) 
(Forde et al., 2011). Other similarities between the two genomes involve the genetics 
for various cellular attributes and functions. Some notable examples include the genes 
for flagellar biogenesis and chemotaxis, sortase-dependent piliation, CRISPR-Cas 
proteins, and bacteriocin production (Forde et al., 2011). Further, both L. ruminis 
genomes contain the genes for the proteins involved in several different pathways for 
utilizing carbohydrates, such as fructose, glucose, galactose, mannose, starch, and 
sucrose (Forde et al., 2011). Thus, at the genome level, the L. ruminis species has 
acquired a set of appropriate geno-phenotypic traits for adapting to the intestinal 
microcosm and its competitive menagerie of bacteria.   

While the above mentioned genomic comparison of L. ruminis involved the 
genomes of human and bovine isolates, a recent study published in 2015 went a step 
further to perform a comparative analysis that included the genomes from porcine and 
equine strains (O'Donnell et al., 2015). In total, this comparison involved six L. 
ruminis genomes that were derived from two human strains (ATCC 25644 and S23), 
two bovine strains (ATCC 27782 and ATCC 27780), one porcine strain (DPC 6830), 
and one equine strain (DPC 6832) (O'Donnell et al., 2015). Based on the genome 
comparison of these strains, the major genomic features (e.g., size, GC-content, and 
CDSs) were comparable to those observed previously (Forde et al., 2011), although 
with some slight variances. Moreover, while a graphical comparison of the six 
genomes showed they mainly share similar sequence (99%), there was also the 
intermingling of gaps and variable regions that mostly stemmed from genes encoding 
CRISPR, restriction-modification, phage-associated, and hypothetical proteins 
(O'Donnell et al., 2015). Since part of the aim of this study was to assess whether the 
similarities in the L. ruminis strains correlate with host-gut sources, a phylogenetic 



reconstruction was performed using a dataset of 907 core orthologous genes identified 
from the six genomes (O'Donnell et al., 2015). From the reconstructed phylogeny, the 
four genomes from the human and bovine L. ruminis strains were grouped into 
individual clades according to their isolation host, although together they would form 
a larger clade that was separate from the paired up genomes of the porcine and equine 
isolates (O'Donnell et al., 2015). In terms of L. ruminis genomics, this closer 
phylogenetic relatedness between the human and bovine strains is suggestive of a 
recent and shared ancestral origin. On the other hand, though the genomes from the 
porcine and equine strains are phylogenetically similar to each other, the genetic 
lineage of these two isolates appears more distant from the other four L. ruminis 
strains (O'Donnell et al., 2015). 

As already introduced before, the L. ruminis species is autochthonously 
specialized to the human and animal gut via a number of genetic influences, one of 
which is an adaptive ability to utilize the carbohydrous luminal contents of the 
intestine (Forde et al., 2011). To expand on this further, one study undertook to 
examine the growth pattern of nine different L. ruminis strains on a wide variety of 
simple and complex carbohydrate substrates, and then try to establish a correlation 
with the metabolic genes and pathways annotated from the genomes of the bovine 
ATCC 27782 and human ATCC 25644 isolates (O'Donnell et al., 2011). From the 
metabolism profiles of 50 carbohydrates, the fermentative capacities amongst the nine 
strains had varied widely, but all strains retained some capacity to utilize prebiotic 
substrates (defined as host-indigestible polysaccharides that help stimulate the growth 
of gut-friendly bacteria or probiotics). At the genomic level, the ATCC 27782 and 
ATCC 25644 strains each encoded for 16 carbohydrate metabolism pathways (both 
complete and partial), which allowed for glycolysis, pentose-glucuronate 
interconversion, and utilization of fructose, mannose, sucrose, and starch (O'Donnell 
et al., 2011). Moreover, at least 10 and 14 carbohydrate transporters were predicted in 
the two genomes (ATCC 27782 and ATCC 25644, respectively), and these belonged 
to various transporter families, i.e., ATP-binding cassette (ABC), glycoside-
pentoside-hexuronide (GPH) cation symporter, oligosaccharide:H+ symporter (OHS), 
and phosphotransferase system (PTS) (O'Donnell et al., 2011). In addition, putative 
operons for utilizing prebiotics were identified in both genomes (three in ATCC 
27782 and six in ATCC 25644) (O'Donnell et al., 2011). For instance, among those 
predicted only for the ATCC 25644 strain was a fructooligosaccharide utilization 
operon. As glycosyl hydrolases play an important role in metabolizing (and 
synthesizing) prebiotic carbohydrates these were also identified in both genomes (14 
in ATCC 27782 and 20 in ATCC 25644), and including β-fructofuranosidase, a key 
enzyme required for the metabolism of fructooligosaccharides (O'Donnell et al., 
2011). From this geno-phenotypic assessment, it would appear that L. ruminis has the 
capacity to exploit various prebiotics as an energy source. Since L. ruminis is 
regarded as a potential probiotic candidate (Taweechotipatr et al., 2009; Yun et al., 
2005; Yu et al., 2017), this autochthonic species could be coaxed into greater numbers 



by such substrates and, as a conceivable outcome, this might further reinforce any 
health benefits to a given host already harboring this gut bacterium.            

Investigations into L. ruminis genomics were shifted beyond divulging genetic 
potential and towards revealing actual biochemical responses when one study used a 
transcriptomics approach (RNA-seq) to examine how this species is able to survive 
the competition for nutritional resources among various members of the gut 
microbiota (Lawley et al., 2013). As background, an earlier study showed that L. 
ruminis lacked the ability to utilize plant β -glucans (i.e., glucose polymer 
polysaccharides typically found in the cell-wall endosperm of cereal crops, such as 
wheat, barley, oat, and rye), though it was also observed that certain strains could 
grow on the tetrasaccharide components of hydrolyzed β-glucans (Snart et al., 2006). 
Based on this, it was reasoned that a natural source of this fermentable substrate is 
available as the released byproduct of other gut bacteria (Lawley et al., 2013). Among 
the tetrasaccharide utilizing L. ruminis strains analyzed transcriptomically in the study 
(Lawley et al., 2013), the human-derived L5 strain was shown to have elevated gene 
expression for the cellobiose utilization and chemotactic motility operons. From a 
phenotypic perspective, it was observed that L. ruminis cells were mainly flagellated 
when growing on tetrasaccharide and their movement was in the direction of this 
substrate (Lawley et al., 2013). As well, it was further revealed that the L5 strain 
could utilize the tetrasaccharide byproducts from the β-glucan degrading Coprococcus 
species, another intestinal commensal (Lawley et al., 2013). Taken together, it was 
concluded that L. ruminis manages to genetically adapt itself to the competitive 
surroundings of the gut environment, as in this case, by metabolizing the 
tetrasaccharide remnants made available when other bacteria degrade plant β-glucans 
(Lawley et al., 2013). Moreover, even though the amount of produced tetrasaccharide 
is likely limiting, this is offset by the active expression of motility and chemotaxis 
genes in L. ruminis, as this would allow the sensory movement for tracking down the 
location of this particular nutrient (Lawley et al., 2013). In all likelihood, such 
adaptive traits can help bolster the autochthonic character of the gut-dwelling L. 
ruminis species. 
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3. Materials and methods 

Table 2. Bioinformatic tools and resources used in the thesis study and their references. 
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