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Abstract: The genus Lactobacillus includes species that may inhabit different anatomical locations in
the human body, but the greatest percentage of its species are inhabitants of the gut. Lactobacilli are
well known for their probiotic characteristics, although some species may become pathogenic and
exert negative effects on human health. The transportome of an organism consists of the sum of
the transport proteins encoded within its genome, and studies on the transportome help in the
understanding of the various physiological processes taking place in the cell. In this communication
we analyze the transport proteins and predict probable substrate specificities of ten Lactobacillus
strains. Six of these strains (L. brevis, L. bulgaricus, L. crispatus, L. gasseri, L. reuteri, and L. ruminis) are
currently believed to be only probiotic (OP). The remaining four strains (L. acidophilus, L. paracasei,
L. planatarum, and L. rhamnosus) can play dual roles, being both probiotic and pathogenic (PAP).
The characteristics of the transport systems found in these bacteria were compared with strains
(E. coli, Salmonella, and Bacteroides) from our previous studies. Overall, the ten lactobacilli contain high
numbers of amino acid transporters, but the PAP strains contain higher number of sugar, amino acid
and peptide transporters as well as drug exporters than their OP counterparts. Moreover, some of
the OP strains contain pore-forming toxins and drug exporters similar to those of the PAP strains,
thus indicative of yet unrecognized pathogenic potential. The transportomes of the lactobacilli
seem to be finely tuned according to the extracellular and probiotic lifestyles of these organisms.
Taken together, the results of this study help to reveal the physiological and pathogenic potential of
common prokaryotic residents in the human body.
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1. Introduction

In humans and other mammals, members of the genus Lactobacillus colonize the gastrointestinal
tract (GIT), oral cavity and female genitourinary tract [1]. Members of this genus comprise a paraphyletic
group of Gram-positive and non-spore-forming lactic acid bacteria with over 239 species and
29 subspecies. Most species are non-motile; however, some species like Lactobacillus ruminis may exhibit
flagellar motility [2,3]. Generally, lactobacilli may be anaerobic or aerotolerant and can also assume
the roles of commensals, probiotics, and opportunistic pathogens [4]. During glucose fermentation
by lactobacilli, the main metabolic end product is lactic acid while acetic acid, succinic acid, ethanol,
and carbon dioxide are also produced in small amounts [5]. Based on the types of fermentative pathways
and their end metabolic products, lactobacilli can be classified into three groups: (i) metabolic group A
members (obligately homofermentative), which use glycolysis to ferment hexoses exclusively to lactic

Genes 2020, 11, 1234; doi:10.3390/genes11101234 www.mdpi.com/journal/genes

http://www.mdpi.com/journal/genes
http://www.mdpi.com
https://orcid.org/0000-0001-7600-0734
http://www.mdpi.com/2073-4425/11/10/1234?type=check_update&version=1
http://dx.doi.org/10.3390/genes11101234
http://www.mdpi.com/journal/genes


Genes 2020, 11, 1234 2 of 20

acid and are unable to ferment pentoses and gluconate, (ii) metabolic group B members (facultatively
heterofermentative), which use the glycolytic pathway to ferment hexoses to lactic acid, but also
use an enzyme phosphoketolase (enzyme of the pentose phosphate pathway) to degrade pentoses
and gluconate to acetic acid, formic acid and ethanol, and (iii) metabolic group C members (obligate
heterofermentative), which metabolize hexoses and pentose via the phosphogluconate pathway to
produce lactic acid, acetic acid or ethanol and CO2 [6]. Overall, lactobacilli have a limited metabolic
repertoire for the synthesis of essential nutrients, and consequently, they rely on other organisms or
food sources to provide vitamins, amino acids, nucleic acid derivatives and sugars [7]. The extensive
nutritional requirements of these microbes confine them to locations in the mammalian body that are
rich in these required nutrients [8].

Lactobacillus spp. are considered to be efficient probiotic organisms in the GIT of humans [9].
The ability of these organisms to produce lactic acid and other metabolites helps to kill pathogenic
microbes [10]. Among these metabolites there are antimicrobial proteins called bacteriocins; these are
small proteins or peptides that are ribosomally synthesized and are effective at killing pathogenic
microbes [11]. Other beneficial effects of lactobacilli include regulation of the immune system,
maintenance of normal intestinal homeostasis, improvement of gastrointestinal barrier function and
suppression of proinflammatory cytokines [12–14]. For further insight about the potential beneficial
roles of lactobacilli, see [12].

Generally, Lactobacillus spp. assume the role of commensal and probiotic organisms in the gut.
However, they can be opportunistic pathogens and cause a variety of infections such as abscesses,
bacteremia, endocarditis, pulmonary infections, and neonatal meningitis [15]. Most of the disease
conditions caused by lactobacilli occur in immunocompromised individuals or those that have
predisposing conditions like diabetes. Further details about the possible mechanisms of disease
mediated by lactobacilli have been elaborated in a review [16].

The research reported herein is in continuation of our project describing the transportome of
the human gut bacteriome. This is the fourth edition in the series, as previously we have reported
our findings about the physiological, metabolic, and pathogenic roles of transport proteins in E. coli,
Salmonella and Bacteroides strains [17–19]. The strains analyzed in the previous projects included
commensals, beneficial bacteria, and pathogens. In the current study, we analyzed the transportomes of
ten strains (species) of Lactobacillus. Most of the strains are residents of the mammalian GIT, while some
are members of the vaginal flora and oral cavity. All ten strains have been shown to exhibit host
beneficial attributes; however, as noted above, strains may assume pathogenic roles in various regions
of the human body.

For identification of the strains throughout this communication, the first letter from the genus
Lactobacillus (L) will be denoted in capital, followed by the first two letters as lower-case from the
species. Table 1 provides a general introduction to the ten Lactobacillus spp. examined. Some of
the strains are only probiotic with no experimentally demonstrated pathogenicity; such strains are
termed as only probiotic (OP) while strains that have both probiotic and pathogenic potential will be
abbreviated as pathogenic and probiotic (PAP).
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Table 1. Overview of the ten Lactobacillus species included in this study.

Strain Abbreviation Accession # Genome Size (Mbp) Total # of Proteins Identified Transport Proteins
(% of Total) Location in Host Relationship with Host

Lactobacillus acidophilus NCFM Lac NC_006814.3 1.99 303 17.1 GIT, oral cavity,
vagina

Probiotic;
may cause endocarditis

Lactobacillus brevis ATCC 367 Lbr NC_008497.1 2.29 327 15.4 GIT, vagina Probiotic;
non-pathogenic

Lactobacillus delbrueckii subsp.
bulgaricus ATCC 11842 Lbu NC_008054.1 1.87 246 15.7 GIT Probiotic;

non-pathogenic

Lactobacillus crispatus ST1 Lcr NC_014106.1 2.04 328 17.8 GIT, vagina Probiotic;
non-pathogenic

Lactobacillus gasseri ATCC Lga NC_008530.1 1.89 286 16.3 GIT, vagina Probiotic;
non-pathogenic

Lactobacillus paracasei JCM 8130 Lpa NZ_AP012541.1 3.00 458 16.6 GIT Probiotic and
pathogenic

Lactobacillus plantarum WCFS1 Lpl NC_004567.2 3.31 434 14.5 GIT Probiotic and pathogenic
Lactobacillus reuteri DSM 20016 Lre NC_009513.1 2.00 281 14.9 GIT, urinary tract, skin Probiotic; non-pathogenic

Lactobacillus rhamnosus GG Lrh NC_013198.1 3.01 407 14.7 GIT, vagina Probiotic and pathogenic
Lactobacillus ruminis ATCC 27782 Lru NC_015975.1 2.07 289 15.8 GIT Probiotic; non-pathogenic

GIT- Gastrointestinal Tract.
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2. Materials and Methods

2.1. Genome-BLAST of the Ten Lactobacillus Proteomes

The FASTA formatted protein coding sequences of L. acidophilus NCFM [20], L. brevis ATCC
367 [21], L. crispatus ST1 [22], L. delbrueckii subsp. bulgarius ATCC 11,842 [23], L. gasseri ATCC 3323 [21],
L. paracasei subsp. paracasei JCM 8130 [24], L. plantarum WCFS1 [25], L. rhamnosus GG [26], L. ruminis
ATCC 27782 [27] and L. reuteri DSM 20016 (unpublished), were individually inputted into the GBLAST
program [28]. The reason behind the selection of the lactobacilli strains was the qualities of the drafts,
completeness, relevant health benefits and potential to cause diseases.

Initially, the proteomes were screened for potential homologs of proteins in the Transporter
Classification Database (TCDB; www.tcdb.org) in March 2020 using GBLAST. For each protein,
the program retrieves information for both the genome query and TC top hit sequence, the TC number
of the latter, the numbers of amino acyl residues (aas) and numbers of predicted transmembrane
segments (TMSs) in both proteins, the query to hit e-value, sequence similarity among regions, and TMS
overlap in different regions between the queries and hits (proteins). The number of TMSs are predicted
by GBLAST through the Web Based Hydropathy, Amphipathicity and Topology (WHAT) program.
This program aligns the plots of hydrophobicity and amphipathicity through the length of the proteins
(query and hit) [29,30]. However, proteins lacking TMSs were not omitted, as soluble components are
often present in multicomponent systems that could be homologs of transport proteins.

2.2. Examination of Distant Transport Protein Homologues in Lactobacillus spp.

Initially, an arbitrary e-value cut off of 0.0001 was used for the GBLAST searches, followed by manual
analysis of the proteins that had >0.0001 e-values. This examination based on topological data was
done to determine the likelihood of the proteins to be either true homologues or false positives. As two
proteins may give small e-values due to homology among hydrophilic regions, a manual examination of
overlapping regions was necessary to prevent the selection of good scoring proteins that were not actually
homologous in their transmembrane domains. The WHAT program-generated hydropathy profiles were
used to determine whether the program had made incorrect TMS predictions. Furthermore, the AveHAS
program was used for the confirmation of predicted proteins with homologues [30]. Proteins having
e-values between 0.0001 and e−8, indicated a range in which there was a possibility of the presence of
distant protein homologs. Consequently, these proteins were examined using the steps mentioned above.

2.3. Identification of Substrates Transported

According to TCDB hit entries, the predicted homologues were assigned substrate specificities.
For this purpose, the proteins with unknown substrates were assigned substrates according to literature.
In general, substrate assignments were justified depending on (1) the family to which the protein
belongs, (2) the magnitude of the e-value, and (3) the region of greatest sequence similarity.

2.4. Analysis of Multicomponent Systems

Several multicomponent transport systems encoded within the Lactobacillus genomes were
identified. If the transmembrane protein was found the system was considered to be functional
in the strains. However, when possible, all constituents of such a system were sought, and these
could sometimes be identified. This was possible because in prokaryotes, all constituents of such
a multicomponent transport system are usually (but not always) encoded within a single gene
cluster, and even within a single operon. This fact also facilitates assignment of probable substrate,
because together with the transporter genes, related metabolic enzymes may also be encoded.

www.tcdb.org
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3. Results

3.1. Subclasses of Transport Proteins

The analysis of the occurrence of transporters in the ten lactobacilli was done using the
methodologies described in the Methods section and our recent genomic publications [17–19].
For complete results of this study, see the Supporting information section (Supplementary Table S1).
The distribution of subclasses of transport proteins identified in the tens strains is given in Table 2.

Table 2. Overview of Lactobacillus transport protein numbers (left) and percentages (right), based on
TC subclass. PAP strains are in bold.

TC Subclass and Description Lac Lbr Lbu Lcr Lga Lpa Lpl Lre Lrh Lru Lac Lbr Lbu Lcr Lga Lpa Lpl Lre Lrh Lru

1.A, α-type channels 12 13 11 13 10 14 14 13 11 14 3.9 4.0 4.5 4.0 3.5 3.1 3.2 4.6 2.7 4.8
1.B, β-barrel porins 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1.C, Pore-forming toxins 7 3 4 5 4 4 7 3 3 4 2.3 0.9 1.6 1.5 1.4 0.9 1.6 1.1 0.7 1.4
1.E, Holins 1 5 0 3 3 6 8 4 5 3 0.3 1.5 0 0.9 1.1 1.3 1.9 1.4 1.2 1.0

1.S: Bacterial Micro/Nano
Compartment Shell

Protein Pores
0 3 0 0 0 0 0 3 0 0 0 0.9 0 0 0 0 0 1.1 0 0

2.A, Porters (uniporters,
symporters, antiporters) 79 114 51 68 66 94 130 100 89 59 26.0 34.8 20.8 20.7 23.1 20.5 30.0 35.6 21.9 20.4

3.A, P-P-bond-
hydrolysis-driven transporters 149 128 137 161 123 201 170 101 172 148 49.2 39.1 55.7 49.1 43.0 43.8 39.2 35.9 42.3 51.0

3.B, Decarboxylation-driven
transporters 0 0 1 2 0 3 0 0 3 0 0 0 0.4 0.6 0 0.7 0 0 0.7 0

3.D, Oxidoreduction-driven
transporters 2 3 0 4 4 3 3 5 0 3 0.7 0.9 0 1.2 1.4 0.7 0.7 1.7 0 1.0

4.A Phosphotransfer-driven
Group Translocators (PTS) 23 3 7 30 31 61 44 2 54 13 7.6 0.9 2.8 9.2 10.8 13.3 10.1 0.7 13.3 4.5

4.B, Nicotinamide
ribonucleoside uptake

transporters
0 1 0 0 0 0 0 0 0 0 0 0.3 0 0 0 0 0 0 0 0

4.C, Acyl-CoA
ligase-coupled transporters 0 1 0 1 1 1 0 0 0 0, 0 0.3 0 0.3 0.35 0.2 0 0 0 0

4.D, Polysaccharide
synthase exporters 2 4 1 2 2 4 4 1 2 3 0.7 1.3 0.4 0.6 0.65 0.9 0.9 0.4 0.5 1.0

4.F: Choline/Ethanolamine
Phosphotransferase 1 (CEPT1) 0 1 1 1 1 1 0 1 0 1 0 0.3 0.4 0.3 0.3 0.2 0 0.4 0 0.4

4.H: Lysylphosphatidylglycerol
Synthase/Flippases 0 1 0 0 0 1 1 1 1 1 0 0.3 0 0 0 0.2 0.2 0.4 0.2 0.4

5.A, Transmembrane
two-electron transfer carriers 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0.7 0 0 0

5.B: Transmembrane 1-electron
transfer carriers 0 3 1 3 3 11 8 4 12 1 0 0.9 0.4 0.9 1.1 2.4 1.9 1.4 3.0 0.4

8.A, Auxiliary
transport proteins 9 11 5 6 7 17 11 9 16 4 3.0 3.4 2.0 1.8 2.5 3.7 2.5 3.2 3.9 1.4

9.A, Recognized transporters of
unknown biochemical

mechanism
2 1 2 1 1 3 4 3 5 2 0.7 0.3 0.8 0.3 0.3 0.7 0.9 1.1 1.2 0.8

9.B, Putative transport proteins 17 32 25 28 30 34 27 31 34 33 5.6 9.8 10.2 8.5 10.5 7.4 6.2 11.0 8.4 11.4
Total 303 327 246 328 286 458 434 281 407 289 100 100 100 100 100 100 100 100 100 100

3.2. Channel Proteins (TC Subclass 1.A)

The number of α-type channel proteins (TC subclass 1.A) in the ten Lactobacillus spp. range
from 10 to 14 per organism, with Lga having 10. Two of the PAP strains (Lpa, Lpl) and one of
the OP strains (Lru) have the highest number (14 each) of channel proteins among the ten strains.
Only the probiotic Lru strain has the two required homologues of TC# 1.A.30.1.3 necessary to form
a flagellar motor (proton motive force (pmf )-dependent), MotAB. These MotA and MotB proteins
comprise the stator element of the flagellar motor complex and are required for rotation of the flagellar
motor [31]. The presence of these homologs in Lru indicates its potential for flagellar motility [32].
Further analysis of the motility operon of Lru revealed the presence of the constituent genes for flagellar
motility. These results are in agreement with [32]. Most of the motile Lactobacillus species belong to the
L. salivarius clade with Lru being a member of this clade [32]. The remaining nine strains included in
this study are not members of the L. salivarius clade and seem to lack genes for flagellar motility.
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Eight of the ten strains (excluding Lru and Lga) have a homologue of the CorA Metal Ion
Transporter (MIT) Family (TC# 1.A.35). Members of this family are involved in the uptake of divalent
cations, primarily Mg2+, but also Cd2+, Co2+, Ni2+, and Zn2+ [33,34]. Interestingly, all ten strains (OP
and PAP) have two homologs of each of camphor resistance proteins (TC# 1.A.43.1.1 and TC# 1.A.43.1.2).
Both transporters prevent fluoride toxicity by reducing the cytoplasmic concentration of fluoride
ions [35].

3.3. Pore-Forming Toxins (TC Subclass 1.C)

Pore-forming toxins (PFTs) are included in TC subclass 1.C. The range of toxins was 3–7 in all ten
strains, with the two PAP strains, Lac and Lpl, having 7 each. The PFTs observed in the strains are given
in Table 3. All ten strains (OP and PAP) examined have one homolog of TC# 1.C.113.1.1, a hemolysin of
the Hly III family (TC# 1.C.113). This hemolysin has been shown to have strong pore-forming activity
and causes cell lysis of mammalian cells [36,37]. Another hemolysin that seems to be present in all of the
strains is TC# 1.C.82.1.1, a member of the Pore-forming Amphipathic Helical Peptide (HP2–20) Family.
Members of this family exhibit broad spectrum antibacterial and antifungal activities by creating pores
in the cell membranes of target bacteria and fungi; however, little or no lysis of mammalian cells was
observed. Thus, the representation of this family in all ten strains is indicative of the probiotic potential
of these lactobacilli. The OP Lru strain encodes a homologue (TC# 1.C.24.1.1) of the Pediocin family
(TC# 1.C.24). This protein is a Class IIa bacteriocin Pediocin PA-1 precursor of 62 aas and has strong
bactericidal activity against Listeria monocytogenes after proteolytic processing [38].

Table 3. Occurrence of pore-forming toxins in the ten Lactobacillus strains.

TCID Family Function Lac Lbr Lbu Lcr Lga Lpa Lpl Lre Lrh Lru Type of Strains

1.C.24.1.1 Pediocin Family Pore
formation 0 0 0 0 0 0 0 0 0 1 OP

1.C.29.1.1 Plantaricin EF
Family

Pore
formation 0 0 0 0 0 0 1 0 0 0 PAP

1.C.30.1.1 Plantaricin JK
Family

Pore
formation 0 0 0 1 0 1 0 0 0 0 PAP and OP

1.C.30.1.3 Plantaricin JK
Family

Pore
formation 1 0 0 0 0 0 0 0 0 0 PAP

1.C.75.1.7

Serratia-type
Pore-forming
Toxin (S-PFT)

Family

Pore
formation 1 0 0 0 0 0 0 0 0 0 PAP

1.C.82.1.1

Pore-forming
Amphipathic

Helical Peptide
(HP2-20)
Family

Pore
formation 1 1 1 1 1 1 1 1 1 1 PAP and OP

1.C.83.1.2 Gassericin
Family

Pore
formation 0 0 0 0 0 1 0 0 0 0 PAP

1.C.105.2.9

Bacillus
thuringiensis
Vegetative
Insecticidal

Protein-3 (Vip3)
Family

Pore
formation 1 0 0 1 1 0 0 0 0 0 PAP and OP

1.C.109.1.5
Bacterial

Hemolysin
A Family

Pore
formation 1 1 1 1 1 1 1 1 1 1 PAP and OP

1.C.113.1.1 Hly III Family Pore
formation 1 1 1 1 1 1 1 1 1 1 PAP and OP

1.C.126.1.2 HlyC Family of
Haemolysins

Pore
formation

0 0 1 0 0 0 0 0 0 0 OP

1.C.126.1.3 0 0 0 1 0 0 0 0 0 0 OP

OP—only probiotic strains; PAP—both pathogenic and probiotic strains.
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Among the PAP strains, various PFTs were identified. Only Lac and Lpl encode members of the
Plantaricin JK Family (TC# 1.C.30), with Lac having a homolog of TC# 1.C.30.1.3, a two-component
bacteriocin (thermophilin) of Streptococcus thermophilus. It consists of an antibacterial peptide (ThmA)
and an enhancing factor ThmB and participates in autolysin maturation and cell surface biogenesis [39].
This bacteriocin is also considered to be pivotal in virulence expression. It has antilisterial activity but
lacks the YGNGV-C motif, typical of Listeria-active peptides. Lpl seems to possess a two-component
bacteriocin (Plantaricin J/K) (TC# 1.C.30.1.1) which has demonstrated antifungal activities against
Candida albicans [40]. This bacteriocin causes membrane potential dissipation and loss of the pmf
and cytoplasmic K+, followed by cell death, possibly due in part by the release of reactive oxygen
species [41]. Similar functions of plantaricin EF (TC# 1.C.29.1.1) have been reported [42]; a homolog
was found in Lpl. Interestingly, only Lpa encodes a homolog (TC# 1.C.83.1.2) of the Gasserin Family
(TC# 1.C.83). The hit PFT in TCDB is a butyrovibriocin of Butyrivibrium fibrisolvens AR10 and has broad
spectrum antibacterial activity against isolates of Butyrivibrium [43].

Most of the PFTs observed in all ten strains seem to be bacteriocins. These antimicrobial peptides
assist the Lactobacillus strains by killing other microbes in their surroundings. However, the presence
of certain hemolysins in all ten lactobacilli is interesting, specifically in the context of the six OP strains,
thus indicative of yet unrecognized pathogenic potential.

3.4. Holins (TC Subclass 1.E)

TC subclass 1.E consists of holins, which play numerous roles in bacterial cells such as release of
toxins, cell lysis and death, biofilm formation, virulence and as antimicrobials to influence the transport
of proteins to the extracellular environment [44]. These proteins can also be connected with the probiotic
potential of Gram-positive bacteria such lactobacilli [44]. With regards to holins, the two PAP strains,
Lpa and Lpl, contain the highest numbers (6 and 8, respectively) of such proteins. All ten strains have
homologs of the putative 3–4 TMS Transglycosylase-associated Holin (T-A Hol) Family (TC# 1.E.43);
functions of the members of this family are still not well understood. Three of the strains, Lbr, Lpl and
Lre, have members of the CidA/LrgA Holin (CidA/LrgA Holin) Family, TC# 1.E.14. Members of this
family affect antibiotic tolerance, survival during stationary phase, biofilm formation, and oxidative
stress [44]. Their syntheses are regulated in a fashion that is different from that found in other bacterial
species like Staphylococcus aureus, where a 2-component regulatory system, LytSR regulates these
genes [45–47].

Initially, the roles of holins in programmed cell death in bacteria were debatable; however,
recent findings suggest that these phage-encoded proteins may initiate lysis of the bacterial cell via
murein hydrolase activity [48]. In our analysis we found murein hydrolase genes adjacent to the holin genes
in most of the lactobacilli, showing that these holins may modulate the cell death process in these strains.

3.5. Bacterial Micro/NanoCompartment Shell Protein Pores (1.S)

TC subclass 1.S consists of bacterial microcompartment shell/pore-forming proteins (BMC-SP). In TCDB
this subclass has two families; TC# 1.S.1 (BMC-SP1) and TC# 1.S.2 (BMC-SP2). Hexameric proteins known
as microcompartment shell proteins form a tightly packed layer to constitute bacterial microcompartments
(BMCs). These proteins tend to assemble into cyclic hexamers and have narrow central pores with
diffusive molecular transport taking place via these pores [49]. Two of the lactobacilli, Lbr and Lre,
have homologs of TC subclass 1.S. Both strains seem to have the propanediol use protein PduA,
similar to that of the Salmonella typhimurium LT2 homolog (TC# 1.S.1.1.1). This latter protein is important
for the degradation of 1,2-propanediol and has a hexameric structure, with each subunit of 99 aas,
containing a well-defined pore [50]. The other BMC-SP identified in both strains is the PduB shell
protein (TC# 1.S.2.1.2) of 270 aas of a propanediol use polyhedral body.
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3.6. Secondary Carriers (TC Subfamily 2.A)

The number of secondary carriers in the ten strains range from 51–130, with Lbu having the least
and Lpa having the highest number of these transport proteins. The major facilitator superfamily
(MFS) (TC# 2.A.1) is well represented across the species with numbers ranging from 16 to 46.
Three strains (Lac, Lbu and Lru) lack members of the Sugar Porter Family (TC# 2.A.1.1). Members of
the Drug:H+ Antiporter-1 (12 Spanner) (DHA1) Family (TC# 2.A.1.2) and the Drug:H+ Antiporter-2
(14 Spanner) (DHA2) Family (TC# 2.A.1.3) were identified in all ten species. Interestingly, all of the
ten lactobacilli have a multidrug resistance (MDR) efflux pump (TC# 2.A.1.2.20); this drug exporter
confers resistance to fluoroquinolone and many other drugs [51]. With the exception of Lbu, Lre and
Lru, the rest of the stains have a homolog of TC# 2.A.1.3.33, another MDR porter. Interestingly,
the OP Lbr strain encodes a homolog of TC# 2.A.1.21.1, a macrolide efflux pump of Streptococcus
pyogenes. This protein confers resistance to various macrolides including erythromycin, oleandomycin,
azithromycin, and telithromycin [52,53]. Members of the Uncharacterized Major Facilitator-5 (UMF5)
Family (TC# 2.A.1.46) are absent in three (Lbr. Lpa, Lpl) of the ten strains. On the basis of sequence
similarity, members of this family are likely to be MDR pumps. The putative quinolone resistance
protein (TC# 2.A.1.46.5) seems to be present in the same seven strains.

Only Lga seems to lack members of the Glycoside-Pentoside-Hexuronide (GPH): Cation Symporter
Family (TC# 2.A.2). Proteins of this family catalyze the uptake of sugars. The Amino Acid-Polyamine-
Organocation (APC) Superfamily (TC# 2.A.3) is the second largest family of secondary carriers after
the MFS and is also well represented in the ten lactobacilli. Surprisingly, Lbu, an OP strain, seems to
encode only four members of the APC family, while the remaining nine strains have 10–20 such
proteins. These proteins catalyze the uptake of amino acids and their derivatives [54]. The presence of
these systems in the strains gives them an advantage as external amino acids can be used directly for
protein synthesis. In addition, these transporters may also be used for catabolism, resulting in the
availability of energy, carbon and nitrogen which may be used by these bacterial species in various
physiological processes [55]. Initially, the deficiency of transporters of the APC superfamily may point
towards a lack of competitiveness for acquisition of nutrients; however, the presence of amino acid
uptake porters in other families (e.g., secondary and primary active transporters such as ABC-type
uptake porters (TC# 3.A.1) may compensate for this deficiency.

Members of the Cation Diffusion Facilitator (CDF) Family (TC# 2.A.4) seem to be present in all of
the strains except Lpa. These secondary carriers primarily catalyze the efflux of heavy metals from
cells and may also take them up into intracellular vesicles and organelles [56]. There are disparate
patterns for proteins of the Resistance-Nodulation-Cell Division (RND) Superfamily (TC# 2.A.6) with
Lac and Lpl (two PAP strains) lacking members, while the remaining strains encode only 1–2 proteins
of the family. All of the strains have homologs of the Drug/Metabolite Transporter (DMT) Superfamily
(TC# 2.A.7), with Lpl having the most (10) such proteins. All known members of this family transport
small metabolites and drugs, either into or out of cells [57]. Three of the PAP strains, Lpa, Lpl and Lrh,
each have a member of the 4 TMS Small Multidrug Resistance (SMR) Family (TC# 2.A.7.1). This protein
(TC# 2.A.7.1.4) is an efflux pump of E. coli for quaternary ammonium compounds. This transport
protein could prove to be useful for cell survival in the three PAP strains, as quaternary ammonium
compounds have antibacterial function which they exert by damaging the cell membrane, resulting in
the leakage of cell components and eventual cell death [58,59].

All of the strains have members of the Multidrug/Oligosaccharidyl-lipid/Polysaccharide (MOP)
Flippase Superfamily (TC# 2.A.66) with a range of 2–7. Proteins of this family use cation (usually Na+)
antiport to catalyze the efflux of their substrates [60]. Three of the PAP strains, Lpa, Lpl and Lrh,
each has a homolog of TC# 2.A.66.1.33, which is an MDR pump for quinolones, indicative of resistance
of these pathogens to quinolones, specifically, moxifloxacin, ciprofloxacin, and levofloxacin [61].
Among the OP strains, Lga seems to lack members of the Multi Antimicrobial Extrusion (MATE) Family
(TC# 2.A.66.1). On the other hand, two OP strains, Lbr and Lbu, have an MDR pump (TC# 2.A.66.1.13);
this protein exports fluroquinolones, biocides and tigecycline [62–64].
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Other families that are represented in the strains examined here include the Cadmium Resistance
(CadD) Family and the Threonine/Serine Exporter (ThrE) Family (TC# 2.A.77 and TC# 2.A.79, respectively).
Additionally, members of the Novobiocin Exporter (NbcE) Family (TC# 2.A.115) are present in nine of the
ten strains. Only Lru lacks proteins of this family, suggesting sensitivity of the strain to novobiocin.

3.7. Primary Active Transporters (TC Subclass 3.A)

The ATP-binding Cassette (ABC) Superfamily (TC# 3.A.1) is well represented across the ten
lactobacilli. Prokaryotes and chloroplasts have ABC uptake systems, but these are absent in other
compartments of the eukaryotic cell which have only ABC efflux systems. The pattern of distribution
of these proteins in the ten lactobacilli is variable between the PAP and OP strains. However, the PAP
strains generally have higher numbers of ABC transporters, with Lpa having the most with 160 such
proteins, Lrh with 136, Lpl with 127 and Lac with 103. In the OP strains, Lcr has the most with 110,
Lbu with 102, Lru with 93, Lbr with 86, Lga with 82 and Lre with only 62. The presence of large
numbers of proteins found in this subclass point to efficient efflux and uptake capabilities of the ten
strains, as they tend to be high affinity, but low efficiency transporters compared to secondary carriers.
Clearly these “scavenger”-type systems play major roles for the metabolism of the ten lactobacilli.
Their prevalence, and those of PTS transporters (see below) are consistent with a primarily fermentative
mechanism for generating energy [65,66].

The Carbohydrate Uptake Transporter-1 (CUT1) Family (TC# 3.A.1.1) is well represented across
the strains, with Lpa having the most, with 85 proteins. Members of the Carbohydrate Uptake
Transporter-2 (CUT2) Family (TC# 3.A.1.2) are also present among the ten strains. Non-digestible
oligosaccharides (NDOs) like raffinose, stachyose and fructo-oligosaccharides are resistant to enzymatic
digestion by intestinal mucosal cells and are degraded by select bacterial species that possess the
metabolic repertoire to degrade them. The NDOs mentioned above have been termed “prebiotics”
and stimulate the growth of beneficial bacteria in the gut [67]. In our analysis, both Lac and Lcr have
three components of TC# 3.A.1.1.28, a four component raffinose/stachyose transporter. The presence
of homologs of such a transport system in the two strains suggests that these lactobacilli have the
metabolic machinery to use both NDOs, which gives them a competitive advantage over their bacterial
neighbors in colonizing the gut. In addition, both Lac and Lcr have complete systems of TC# 3.A.1.1.20,
a fructo-oligosaccharide uptake porter, thus, providing both strains an edge in using another NDO.
The remaining eight strains also have considerable numbers of proteins from both families (TC# 3.A.1.1
and TC # 3.A.1.2), showing that these lactobacilli are adept at taking sugars up from their surroundings.

Transporters for the uptake of polar amino acids (TC # 3.A.1.3) are present in all ten strains with
a range of 13–26 proteins. However, members of the Hydrophobic Amino Acid Uptake Transporter
(HAAT) Family (TC# 3.A.1.4) are present only in three PAP strains, Lpa, Lpl and Lrh, and one OP strain,
Lru. These four strains contain homologs of all five components of a branched chain hydrophobic amino
acid transporter (TC# 3.A.1.4.10). This transporter has been shown to be important for the virulence of
Streptococcus pneumoniae [68]. Similarly, the presence of this branched chain amino acid transporter in the
PAP strains could assist these pathogens in causing disease. With the exception of Lre, all of the lactobacilli
have protein of the Peptide/Opine/Nickel Uptake Transporter (PepT) Family (TC # 3.A.1.5).

Each of the ten strains examined seem to have complete systems of the Polyamine (putrescine/spermidine)
uptake porter (TC# 3.A.1.11.7) of the Polyamine/Opine/Phosphonate Uptake Transporter (POPT) Family
(TC# 3.A.1.11). These polyamines serve various physiological and pathological roles in bacterial species,
such as cell growth, acid resistance, biofilm formation, and virulence [69].

Prokaryotic ABC efflux systems (TC# 3.A.1.100–3.A.1.199), have similar patterns in all ten strains.
The substrates of these transport proteins include drugs, antimicrobial peptides, proteins, and amino
acids. Lpa has the largest number of these ABC efflux systems with 55 proteins.

All of the lactobacilli possess F-type ATPases (TC# 3.A.2) for energy interconversion. An important
feature of these systems is the reversibility of the enzyme complex for either the establishment of
a proton motive force at the expense of ATP, or for ATP synthesis at the expense of the pmf [70].
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Members of the P-type ATPase (P-ATPase) Superfamily (TC# 3.A.3) are present in all ten strains,
ranging from 3 to 9 per organism and have different substrate specificities. The general secretory
pathway (Sec) (TC# 3.A.5) seems to functional with components in all ten strains.

3.8. Decarboxylation-Driven Transporters (TC Subclass 3.B)

Transport proteins of TC# 3.B are present in Lbu, Lcr, Lpa and Lrh. All four strains have at least
one Na+-transporting carboxylic acid decarboxylase family member (TC# 3.B.1). This protein couples
decarboxylation to the extrusion of sodium ions [71].

3.9. Oxidoreduction Driven Transporters (TC Subclass 3.D)

Lactobacilli include anaerobic and aero-tolerant species and are classically regarded as strictly
fermentative [72]. However, some species show aerobic respiration via a rather simple and
non-redundant electron transport chain consisting of an NADH dehydrogenase, a menaquinol pool
and a bd-type cytochrome. Moreover, proton pumping electron transfer complexes are characteristic of
aerobic bacteria species; however, constituents seem to be present in the lactobacilli. These include
members of the H+ or Na+-translocating NADH Dehydrogenase (NDH) Family (TC# 3.D.1) and the
Proton-translocating Cytochrome Oxidase (COX) Superfamily (TC# 3.D.4).

3.10. Possible Group Translocators (TC Class 4)

All ten strains have homologs of phosphotransfer-driven group translocators (PTS) (TC# 4.A).
The PAP strains have far more of these proteins (range, 23–64) compared to the OP strains (range, 3–31).
The presence of these translocators in higher numbers in the PAP strains suggests that much of the
sugar transport mediated by these lactobacilli, particularly in Lpa (61 proteins) and Lrh (54 proteins) is
mediated by PTS transporters. Our results for Lac (23 proteins) and Lpl (44) are also in agreement
with [73] and [20], suggesting that PTS sugar uptake systems are the major transport systems in these
two species. Another important aspect is the lack of members of the PTS Mannose-Fructose-Sorbose
(Man) Family (TC# 4.A.6) in Lre; this is in accordance with [74], in which similar observations were
reported. The remaining nine strains have homologs of this family. Members of TC# 4.A.6 usually
exhibit broad specificity for a range of sugars, rather than being specific for just one or a few sugars.

Four strains, Lbr, Lcr, Lga, and Lpa, have members of the Proposed Fatty Acid Group Translocation
(FAT) family (TC# 4.C.1) in TC subclass 4.C of Acyl CoA Ligase-coupled transporters. While the activities
of these ligases have been established [75], their association with transport is still not accepted [76].
Each of the Lactobacillus strains has 1–4 polysaccharide synthase/exporters (TC# 4.D). These proteins
have exopolysaccharide synthesis activities that are considered to be coupled to the secretion of
polysaccharides [77]. As exopolysaccharides are known to play pivotal roles in biofilm formation,
they may have similar functions in the ten strains. Also, six strains (Lbr, Lpa, Lpl, Lre, Lrh, and Lru) have
one protein each of the lysylphosphatidylglycerol synthase/flippases (TC# 4.H). Proteins belonging to this
subclass confer resistance to cationic antimicrobial agents such as daptomycin [78].

3.11. Transmembrane Electron Carriers (TC Class 5)

Members of this class are associated with cellular energetics. Of the ten strains, only Lpl has members
of this subclass. It has two components of an anaerobic, respiratory, membrane-bound nitrate reductase
(TC# 5.A.3.1.1) and one component of another nitrate reductase (TC# 5.A.3.1.2). This suggests that Lpl may
have the capacity to use nitrate as an electron acceptor during anaerobic growth. These observations are
in agreement with previous research, which revealed that narGHJI genes, encoding a nitrate-reductase
A complex, are present and expressed in Lpl. This species is able to reduce nitrate to nitrite only in the
presence of both heme and menaquinone [79]. With the exception of Lac, all lactobacilli have proteins
of the transmembrane 1-electron transfer carrier subclass (TC# 5.B). Three PAP strains, Lpa, Lpl and
Lrh, have six components each of the eight component flavin-based extracellular electron transfer chain
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TC# 5.B.14.1.1. Similar to this transfer chain, characterized in Listeria monocytogenes, the lactobacilli may
use the same type of flavin shuttle for transmembrane electron transfer.

3.12. Auxiliary Transporters (TC Subclass 8.A)

Eight of the ten lactobacilli, all except Lbr and Lre, have proteins of the Cytoplasmic
Membrane-Periplasmic Auxiliary-1 (MPA1) Protein with Cytoplasmic (C) Domain (MPA1-C or
MPA1+C) Family (TC# 8.A.3).It has been proposed that Members of this family function in combination
with the Polysaccharide Transport Family (TC# 2.A.66.2). Homologs of the Stomatin/Podocin/Band
7/Nephrosis.2/SPFH (Stomatin) Family (TC# 8.A.21) are also present in the strains of lactobacilli;
these homologs probably function in membrane stress adaptation [80].

3.13. Incompletely Characterized Transport Systems (TC Class 9)

A few (1–5 per organism) poorly characterized transporters are encoded within the genomes of the
ten strains. The overall range of proteins in this subclass for all ten strains is 17–34. An overview of the
average percentages of the various TC classes observed in the OP and PAP strains is presented in Figure 1.
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Figure 1. The average percentages of major classes in the six only probiotic strains (a) and the four
pathogenic and probiotic strains (b). (a) The best represented TC subclasses for transport proteins in
the six OP strains are primary active transport proteins (3.A) (45.6%) followed by secondary carriers
(2.A) (25.9%). Out of the major classes, the auxiliary transport proteins are the least well represented
within the OP strains (2.4%). (b) In the PAP strains, TC subclass 3.A is also the best represented class
followed by 2.A. However, in these strains, the α-type channels (2.A) are the least well represented.

3.14. Differences in Substrates Transported by PAP and OP Strains

The substrate specificities of the transport proteins of all ten strains (PAP and OP) are shown in
Table 4. Among the four PAP lactobacilli, Lac seems to have the smallest number of transport proteins
with unknown function (73), whereas the range among the other three strains is 95–131. These numbers
are much higher than the OP strains which have 66–95 proteins with unknown substrate specificities.
Correspondingly, the PAP strains have more peptide and protein transporters (30–45) in comparison to
the OP strains (19–36). Most of these transporters seem to bebacteriocins, and are thus indicative of the
probiotic potential of all of the strains. On average, the PAP strains have more cation transporters than
the OP strains (30–54 versus 25–43). This shows that these lactobacilli are more adept in resistance
to heavy metals, ionic homeostasis, and osmotic regulation. In all ten strains, the numbers of anion
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transporters are significantly less than those of the cationic porters with a range of 4–9. The three main
anions transported are chloride, fluoride, and phosphate.

Table 4. Overview of predicted substrate specificities of transport proteins (expressed in numbers) in
the ten Lactobacillus strains. The PAP strains are in bold.

Substrate Category Lac Lbr Lbu Lcr Lga Lpa Lpl Lre Lrh Lru

Inorganic Anions 7 8 3 6 4 8 5 6 7 9

Inorganic Cations 30 43 27 39 25 38 54 38 31 27

Amines 4 5 4 4 4 4 5 4 4 4

Amino acids 36 31 30 35 37 43 47 39 38 35

Non-selective 44 52 39 45 46 75 77 36 57 44

Drugs 12 21 13 14 16 20 25 8 19 11

Nucleobases,
Nucleosides,
Nucleotides

26 22 13 24 17 14 19 18 13 10

Proteins, Peptides 30 27 24 29 19 45 35 20 37 36

Sugars and
Sugar Derivatives 30 8 13 43 33 61 56 12 63 25

Lipids 4 2 3 4 4 3 2 2 3 2

Vitamins 7 13 11 10 7 16 14 11 15 12

Unknown 73 95 66 75 74 131 95 87 120 74

Total 303 327 246 328 286 458 434 281 407 289

The numbers of amino acid transporters in the PAP strains are higher than of the OP strains
(36–47 vs. 30–39). Amino acid transporters have been shown to play multiple roles in bacterial
pathogens and are pivotal to their growth and persistence in their ecological niches. These transporters
are also associated with increased virulence of the species that encode them [81,82]. The PAP strains
have more drug exporters (12–25) than their probiotic counterparts (8–21). Lpl has the most (25). Thus,
it may indicate increased antibiotic resistance in the strain; however, this may not be necessarily true,
as drug efflux pumps may have numerous specificities.

The most commonly exported drugs by the ten lactobacilli include fluoroquinolones, macrolides,
aminoglycosides, and bacitracin.

Various transporters for vitamins are present in the lactobacilli; however, the PAP strains have
somewhat more of these transporters (7–16 vs. 7–13). Most of the vitamins transported belong to
the B vitamin family and include riboflavin, thiamine, folic acid, and biotin. Thiamine is an essential
component required by bacterial species for glycolysis, branched chain amino acid metabolism,
and nucleotide metabolism [83]. All of the strains have components of a putative thiamine porter
(TC# 3.A.1.30.2), thus showing the potential of these strains to take up thiamine from their respective
environments. The PAP strains also have higher numbers of sugar transporters than the OP strains
(30–61 versus 8–43). The major sugars transported by the ten strains include maltose, trehalose,
rhamnose, glucose, fructose, lactose and raffinose.

3.15. Major Families/Superfamilies Found in Lactobacillus Strains

The four best represented families in all of the ten strains are shown in Table 5. Members of the
ATP-binding Cassette (ABC) Superfamily (TC# 3.A.1) are abundant in both the PAP and OP strains
with a range of 62–160. Overall, a total of 1061 proteins of this family are present in the lactobacilli,
and average percentages of these proteins relative to the total transport proteins is 22–41.4%. Interestingly,
the remaining three prominent families (the Major Facilitator Superfamily (MFS) (TC#2.A.1), the Amino
Acid-Polyamine-Organocation (APC) Superfamily (TC#2.A.3) and the Drug/Metabolite Transporter (DMT)
Superfamily (TC#2.A.7) have a much smaller average percentage (1.3–6.1%) as compared to the ABC transport
proteins. This is to be expected for fermentative microbes with few pmf -generating electron flow carriers [66].
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Table 5. Tabulation of the four largest transport protein families encoded within the genomes of the ten Lactobacillus strains. Both the total number of proteins (left)
and average percentages of major family members (right) are shown. PAP strains are marked in bold.

Family name, abbreviation, and TC# Lac Lbr Lbu Lcr Lga Lpa Lpl Lrh Lre Lru Total # Lac Lbr Lbu Lcr Lga Lpa Lpl Lrh Lre Lru Average%

The Major Facilitator Superfamily
(MFS) (TC#2.A.1) 12 32 10 13 15 25 38 30 23 11 209 3.9 9.8 4.1 3.9 5.2 5.5 8.8 7.3 8.2 3.8 6.1

The Amino Acid-Polyamine-
Organocation (APC) Superfamily

(TC#2.A.3)
15 12 4 15 13 10 12 13 20 6 120 4.9 3.6 1.6 4.6 4.5 2.2 2.8 3.2 7.1 2.1 3.7

The Drug/Metabolite Transporter
(DMT) Superfamily (TC#2.A.7) 5 6 3 3 4 4 10 4 6 1 46 1.7 1.8 1.2 0.9 1.4 0.8 2.3 1.0 2.1 0.3 1.3

The ATP-binding Cassette (ABC)
Superfamily (TC#3.A.1) 103 86 102 110 82 160 127 136 62 93 1061 33.9 26.2 41.4 33.5 28.7 34.9 29.2 33.4 22.0 32.1 31.6

Totals 135 136 119 141 114 199 187 183 111 111 1436/3359 44.4 41.4 48.3 42.9 39.8 43.4 43.1 44.9 39.4 38.3 42.7
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4. Discussion

The genus Lactobacillus is regarded as the largest group of the lactic acid bacterial (LAB) and consists
of many species that are associated with fermentation of plants, meat, and milk [84]. Members are
also inhabitants of the mammalian gut, though various species may also thrive in other anatomical
locations like the oral cavity and the urinary and genital tracts [85]. As these microbes have a broad
range of environmental niches, they are equipped with the necessary metabolic repertoire (transporters,
enzyme systems) to cope with fluctuations in nutrient availability. Lactobacilli are routinely used as
probiotics due to their health benefits; however, some strains have the potential to cause serious clinical
infections such as bacteremia, endocarditis, and intra-abdominal abscesses [86].

The present transportome analysis provides interesting facts about the mechanistic, physiological,
metabolic, and pathogenic capabilities of the ten strains. All of the lactobacilli in this study encode
proteins that enable them to thrive in individual ecological niches. The metabolites transported by the
strains seem to assist them in their extracellular probiotic lifestyles. For, instance all ten lactobacilli
have numerous vitamin and sugar transporters that help in the use of available metabolites, and in turn,
these probiotic species can convert them into compounds that may be of benefit to the host. Some of
the ABC transporters observed in the ten strains are involved in the export of antimicrobial peptides
(e.g., lantibiotics, bacteriocins and competence peptides) in agreement with the suggestions of de Jong
et al., 2006 [87]. Our results show that antimicrobial peptide export via ABC transporters is common in
lactobacilli and probably contributes to their probiotic potential. Overall, the large contingents of ABC
transporters can also be associated with carbohydrate metabolic flexibility [84].

All ten strains examined have homologs of pore-forming toxins (PFTs), although most of these
toxins, prevalent in the lactobacilli, are bacteriocins. Many of the toxins identified in the strains have
antifungal properties; the antifungal effects of lactobacilli have been studied in some detail [88–90].
Some of the toxic proteins, however, have pathogenic effects on mammalian cells. In the case of the
PAP strains, these toxins may assist in causing disease symptoms, and for the OP strains, the presence
of these toxins may indicate yet unrecognized pathogenic potential. The PFTs may cause pathogenesis
directly, when the lactobacilli strains translocate to extra-abdominal locations in the body.

The presence of holins in the genus Lactobacillus has been reported previously [91]. Although the
identification of holins is hindered by their small sizes and often, low degrees of sequence similarity,
they do share overall structural and functional features that are commonly conserved in prokaryotes
and bacteriophages. The presence of holin homologs in all ten lactobacilli suggests that these proteins
contribute to the probiotic and possibly the pathogenic attributes of both PAP and OP strains.

Lactobacilli can use a variety of carbohydrates which reflects the nutrients available in their
respective environments. It has been suggested that PTS transporters are the main carbohydrate
transporters in Lactobacillus strains [92]. This suggestion was confirmed through genomic studies,
especially for Lac, Lga and Lpl, and results correlated with the predicted broad carbohydrate use
capabilities for these strains. Our results are in agreement with previous research, as eight strains
contain large numbers of these transporters. Moreover, the higher numbers of PTS transporters in the
PAP strains is interesting. It has been suggested that several of the PTS transporters may be linked
to virulence; however, this depends upon the types of bacterial species and hosts involved. This is
certainly an area of study that deserves more attention.

A comparative analysis of the transport proteins of the ten lactobacilli described here with strains of
E. coli (extracellular and intracellular pathogens, probiotics, and commensals), intracellular pathogens
of Salmonella and seven extracellular Bacteroides strains (both pathogenic and probiotic) provides
interesting comparisons. The percentages of α-type channels in strains of the previous studies were
3.4 to 4.2% for E. coli and Salmonella strains and 2.9 to 5.4% for the Bacteroides strains, and the percentages
of these channel proteins in the lactobacilli are comparable, 2.7 to 4.8%.

As Gram-positive firmicutes, the strains in this study lack β-barrel porins altogether; not one of
these proteins was found to be encoded within the genomes of the ten strains. PFTs accounted for
0.2–1.4% in E. coli and Salmonella and 0.3–0.9% for the Bacteroides strains, but the overall percentages
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in the lactobacilli proved to be significantly higher (0.7–2.3%). However, similar to E. coli and
Salmonella, there are no members of the Membrane Attack Complex/Perforin Family (MACPF) [93] in
the lactobacilli, and the larger percentages of PFTs is primarily due to bacterium-targeting bacteriocins.
Additionally, the percent of holins in the Lactobacillus strains is 0–1.9%, quite similar to the percentage
of holins in E. coli and Salmonella (0.8–1.3%) and Bacteroides (0.5–0.8%).

The overall percent range of secondary porters (subclass 2.A) in the lactobacilli is 20.4–35.6%;
this is similar to and overlapping with the Bacteroides strains (20–26.6%) and the E. coli and Salmonella
strains (27.4–32.5). However, much higher percentages (35.9–55.7%) of the primary pyrophosphate
hydrolysis-driven transporters (TC subclass 3.A) are present in the Lactobacillus strains; in the case of two
probiotic strains (Lbu and Lru), these transport proteins comprise over 50% of the overall transportome!
The percentages of these transporters were much lower in E. coli/Salmonella (26.9–32.5%) and Bacteroides
(20.3–26.6%). Considering that all four genera are inhabitants of the mammalian gut, the higher
numbers of primary pyrophosphate hydrolysis driven transporters in the lactobacilli may give them
metabolic advantages over the other strains for nutrient acquisition and colonization in shared,
largely anaerobic, ecological niches. This would be first, because the primary active transporters and
PTS systems generally exhibit higher affinities for their substrates than secondary carriers, and second,
because only the lactobacilli generate ATP primarily via substrate level phosphorylation [65,83].

The percentages of oxidoreduction-driven transporters are much lower (0–1.7%) in the primarily
fermentative lactobacilli by comparison with the heterotrophic and more versatile E. coli/Salmonella
(4.1–5.9%) and Bacteroides (4.7–6.7%) species. This is as expected for the lactobacilli as noted above,
although some of these strains may perform a limited amount of aerobic respiration via rather simple
electron transport chains. Additionally, the lactobacilli contain more auxiliary transport proteins
(1.8–3.9%) than E. coli and Salmonella (1.7–2.6), but far fewer than Bacteroides (12–23%). However,
the Lactobacillus strains have much higher overall percentages (5.6–11.4%) of recognized transporters
of unknown biochemical mechanism than the strains (E. coli/Salmonella, 0.8–1.2% and Bacteroides,
0.3–1.1%) of our previous studies. Overall, we assume that the transportomes of the strains included
in the present communication and previous studies are finely tuned according to their lifestyles
(intra-organismal and free living, extra- and intra-cellular, probiotic, and pathogenic) requirements.

With respect to the genome size of the ten strains in this study (see Table 1), the larger sizes
of three of the PAP strainsLpa, Lpl, and Lrh may explain patterns of results observed in this study.
For instance, these three strains have much higher number of drug transporters, amino acid transporters,
sugar transporters and unknown transporters in comparison to the other strains. The larger genome
sizes of the three PAP strains equips them with higher numbers of transport proteins (range of 407–458)
in comparison to the remaining seven strains (range of 246–328). Due to larger transportomes, the three
strains are able to flex their metabolic muscle better than the other strains, thus enabling them to be
major players in acquiring different nutrients in their respective ecological niches.

In this study, the transport proteins comprise a range of 14.5–17.9% of the proteomes of the ten
strains examined, substantially higher than the percentages noted for the Gram-negative bacteria
of our earlier studies. The overall transportomes of the lactobacilli reflect key features of their
metabolic capabilities, pathogenic and probiotic potential, and reduced genome sizes, which are
directly responsible for their reduced biosynthetic capacities. Additionally, the presence of PFTs and
higher proportions of drug exporters in both OP and PAP strains is interesting as this may point toward
yet undisclosed hidden pathogenic characteristics. Future analysis of the observed drug transporters
would be intriguing, as it may enhance our understanding of patterns of antibiotic resistances in
Lactobacillus spp. and will also be helpful in devising effective treatments for antimicrobial resistance
among these strains. Additionally, the high numbers of carbohydrate and amino acid transporters are
undoubtedly important for niche adaption. As this genus has a broad range of environmental niches,
the transportomes of these species enable them to cope with and benefit from the differing nutrients
they encounter, particularly oligosaccharides, peptides, and glycopeptides. Lactobacilli are well-known
for their antibacterial effects by producing and exporting various types of bacteriocins. We also found
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a wide range of bacteriocins in the ten strains, thus confirming some of their probiotic attributes;
these antimicrobial peptides could be further studied for the improvement of the probiotic potential
of the strains and for the development of novel types of antibiotic and antifungal agents, all through
the use of genetic manipulation techniques. Further efforts would also enable the identification of
potential diseases that may be caused by the OP Lactobacillus strains.

The mammalian gut has a plethora of microbial residents that are in constant contact with their
host and stuck in a constant battle for nutrient acquisition and niche colonization with their microbial
counterparts. The transportome of these microbial residents is pivotal for their survival and persistence
in the gut. Results from this communication in conjunction with our previous reports on other residents
of the mammalian gut may provide valuable insights about the transportome of the mammalian gut
bacteriome. Further comparative genomic studies on other gut residents will also be of value and
comparisons could be made to increase our current understandings.

To reiterate and summarize, as of now, the OP strains included in this study have no recorded
pathogenic effects. Based on results presented in this study; however, the transporters identified in
these strains will help in the generation of modified lactobacilli strains with increased probiotic and
decreased pathogenic potential. We hope this study will also be of value for the development of
potential therapeutics for the pathogenic lactobacilli in the future.
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