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Abstract: Lactobacillus is a well-known and ubiquitous genus of bacteria, many species 

of which are probiotic in nature. While many lactobacilli have been characterized as 

being probiotic, the cellular mechanisms and genes exerting beneficial effects on the host 

have not been fully elucidated. The primary objective of this project is to characterize a 

potential new species of Lactobacillus isolated from prairie voles, with a specific 

emphasis on probiotic potential. This was assessed by comparative analysis with 

genomes of known probiotic species of Lactobacillus to determine the presence of genes 

related to probiosis. This work is based on generating whole genome draft sequences of 

the vole Lactobacillus strains. The Nextera XT DNA Library Prep protocol was used in 

conjunction with the Illumina MiSeq system to sequence the samples. The Qiagen CLC 

Genomics Workbench was employed for de novo assembly of paired sequence reads into 

sequence contigs. The contig numbers obtained for the Lactobacillus strain PV017, 

PV019, PV025, PV034, PV037, and PV039 genomes were 53, 42, 54, 109, 164, 90, , 

respectively.  Rapid Annotation using Subsystem Technology (RAST) was used to 

annotate the draft genomes and identify protein-encoding genes related to potential 

probiotic characteristics such as adhesion, D-alanylation of lipoteichoic acid, and bile 

hydrolysis. Psi-Blast queries were performed to determine the closest protein matches to 

those found in the six strains. Across all categories, PV034 had more distinctive results, 

indicating that is the most unique of the six strains. Potential directions for future studies 

include the improvement of the genome assemblies by using long-read sequencing across 

repetitive regions and functional characterization of probiotic candidate genes in vitro 

and in prairie voles to confirm probiotic effects.  
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CHAPTER I 
 

 

INTRODUCTION 

 

For many centuries, humans across many different cultures have consumed foods that 

contain lactic acid bacteria. Generally, these are fermented products such as yogurt, kefir, 

sauerkraut, and beer. Most, if not all, rely on bacteria of the genus Lactobacillus for the 

fermentation process [1]. Beyond their use in food production, lactobacilli are ubiquitous 

throughout nature, including the human body. Lactobacilli comprise a large part of the 

commensal microbial community found within us; collectively, these microorganisms are 

known as the microbiota [2]. This complex community of microbes can be found in many 

places such as the oral cavity [3], GI tract [3, 4], and female genitourinary tract [5, 6] of 

the human body; for this thesis, their role within the GI tract is most relevant.  

There is a growing body of research that suggests the microbiota in these various 

locations have myriad effects on the host, with significant contributions to the normal 

healthy functioning of the gastrointestinal tract. It is involved in many processes 

including proper digestion and absorption of certain nutrients, pathogen inhibition, 

promoting host immunity, maintaining the integrity of the epithelial lining, and regulation 

of host fat storage [7, 8]. This closely intertwined symbiosis did not come to be over 

night. Thanks to the insights of new technologies, the co-evolution of bacteria of the GI 

https://doi.org/10.1126/science.1104816
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microbiota and humans can be traced back thousands of years, showing that they have 

had millennia to develop such a symbiotic relationship [9, 10]. The GI microbiota as a 

whole is incredibly well adapted to our bodies, complementing and altering our own 

physiology by carrying out functions that we have not needed to evolve on our own [2, 

8]. These high levels of adaptation do pose a challenge in regards to research, as isolates 

from one organism will not necessarily thrive if transplanted into another. As such, 

researchers should be careful when drawing conclusions about the impact on human 

health from experiments done with bacterial strains from non-human organisms.  

Probiotics are an important group of bacteria that often compliment the functions of the 

resident microbial community. The key difference is that probiotics tend to exist 

transiently within a host instead of permanently. According to the World Health 

Organization, probiotics are live microorganisms that, when administered in adequate 

amounts, confer a health benefit to the host [11].  These health benefits come through 

various processes, only some of which have been elucidated (mentioned above). There 

are many reasons there is so much interest in probiotics. Whether it is the rise of drug-

resistant “super bugs” (combined with the lack of new antibiotics) or the growing threat 

of a widespread pandemic, governments and researchers are exploring new avenues of 

treatment for such issues, and probiotics are a prime candidate [4].  

While there is general consensus that probiotics have significant potential in the treatment 

of various diseases, there first needs to be a much deeper understanding of the cellular 

mechanisms underlying their positive health effects. As research continues in this area, 

new relationships and mechanisms are constantly being discovered [7]. There are many 

lactobacilli species that have been characterized as probiotics. For example, L. johnsonii 
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strains have been shown to exhibit characteristics that are beneficial to humans [14], and 

L. rhamnosus GG has been studied extensively and been shown to ameliorate nosocomial 

diarrhea in children [15].  

Despite the ubiquity of these bacteria, only for a fraction of their existence have we been 

aware of them, and an even smaller fraction of time has seen us begin to appreciate these 

incredible organisms.  Only in the last one or two decades have researchers been able to 

explore the microbiota and specifically probiotics and their complex relationship with 

their host. The advent of new technologies, primarily those related to whole genome 

sequencing and genomic analysis, has given researchers the tools they need to begin to 

elucidate the complex mechanisms these probiotic bacteria utilize to confer their benefits 

upon the host [16]. The aim of this study was to identify potentially probiotic genes 

within six different genomes of strains of Lactobacillus isolated from prairie voles [14]. 

Whole genome sequencing was carried out using the Illumina MiSeq platform; genomes 

were assembled using the CLC Genomics Workbench, and analyzed using the Rapid 

Annotation using Subsystem Technology (RAST) platform.  

https://doi.org/10.1186/s13099-015-0082-0
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

 

Next-Generation Sequencing Platforms 

Ever since the significance of DNA became widely understood, scientists have grappled 

with the task of sequencing genomes efficiently.  Arguably the biggest undertaking in this 

regard in recent years was the Human Genome Project, an international and multi-

institutional collaboration with one goal: to sequence the human genome. This project 

cost $2.7 billion over the course of 13 years [17]. Researchers utilized Sanger 

sequencing, which is considered a first-generation technology. As impressive as this was, 

it also highlighted the need for better technologies to meet the inevitable increase in 

demand for genomic sequencing [17]. This demand has led to the development of several 

platforms that deliver vastly larger volumes of data in much less time [18]. Furthermore, 

the costs have been drastically reduced; recently, Illumina was one of the first companies 

to break the sub-$1000 mark for complete sequencing of a human genome, though that 

cost is not yet commonplace [18, 19]. In the current landscape, there are three main 

platforms that are widely used: Ion Torrent’s PGM, the Illumina MiSeq, and the Pacific 

Biosciences RS; collectively, these are considered second-generation 
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platforms [20]. The Illumina platforms utilize sequencing by synthesis, a proprietary 

process by which single nucleotides can be identified as they are incorporated into a 

growing DNA strand [21]. Each nucleotide has a unique fluorescent label, allowing for 

true base by base sequencing. One of the biggest advantages of this technique is it 

eliminates any issues with handling single nucleotide repeat sequences [22].  

Furthermore, the Illumina MiSeq offers the highest throughput per run (meaning it 

generates the most genomic data) and importantly lower error rates when compared to the 

Ion Torrent and Pacific Biosciences platforms [21, 23].   

Genes Related to Probiotic Efficacy 

The main factors when considering probiotic candidacy are host specificity, health 

benefits, and safety [24]. Host specificity generally refers to adaptations that allow the 

bacteria to better survive and persist in the host. For example, in the GI tract, a probiotic 

would need to be able to survive the extremely low pH of the stomach; furthermore, 

resistance to digestive molecules and enzymes would be imperative as well. Probiotics 

tend to exist transiently in the GI tract, but the ability to attach to the epithelial lining 

helps them better persist in the GI tract, as well as increase their ability to inhibit 

pathogens, a common health benefit of probiotics. As researchers continue to form an 

understanding of the host-probiotic paradigm, it is important that an exploration of the 

underlying genes is conducted. Currently this area is lacking, but discussed below are 

some of the genes that have been identified as being involved with probiotic mechanisms. 
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D-alanylation of Lipoteichoic Acids 

Lactobacillus is a gram-positive genus, meaning its constituents have a thick layer of 

peptidoglycan, which is composed of a complex mix of proteins, polysaccharides, and 

teichoic acids [25]. Given the number of molecules to be found in this layer, there can be 

significant inter-species and inter-strain variation in its composition, which in turn leads 

to unique properties seen in each strain and/or species [26]. Among the teichoic acids, 

lipoteichoic acid (LTA) has been linked to multiple probiotic characteristics [26].  D-

alanyl ester substitutions are commonly observed in Lactobacilli species, and this 

incorporation has been shown to affect acid tolerance, adhesion, and resistance to 

antimicrobial compounds, all of which are important factors for probiotics [27]. These 

alterations require four proteins which are coded for by the dltABCD operon: the protein 

encoded by dltA is Dcl, a carrier protein ligase responsible for ATP-dependent activation 

of the D-alanine subunit; Dcp is encoded by dltC and is a D-alanine carrier protein [28].  

dltB and dltD encode proteins whose roles cannot be stated with complete confidence, 

though there are a few studies that indicate where dltD is involved. Studies have reported 

that dltD is involved in the formation of the D-alanyl: Dcp complex, and the dltB protein 

is predicted to be involved with membrane transport of the complex [28, 29, 30].  

Studies in Bacillus subtilis and other Gram-positive bacteria have shown that targeted 

inactivation of any of these four genes results in significant phenotypic changes 

stemming from a lack of D-alanyl ester substitutions in LTA [29, 31]. These changes 

include modulations to autolysin activity, altered resistance to antimicrobial peptides, and 

modified adhesion and immunomodulation [32, 33, 34]. A study conducted in Listeria 

monocytogenes showed that a dltA knockout mutant had reduced adherence to various 

https://dx.doi.org/10.1128%2FMMBR.00017-08
https://dx.doi.org/10.1128%2FMMBR.00017-08
https://doi.org/10.1111/j.1462-2920.2007.01292.x
https://dx.doi.org/10.1128%2FAEM.02083-06
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC101995/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2195914/
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cell lines [33]. Similarly, a study conducted by Vélez, et. al. showed that dltD knockouts 

of Lactobacillus rhamnosus GG (ATCC 53103), a known probiotic strain, have a 

decreased survival in gastric juices, increased rates of autolysis, and increased sensitivity 

to human beta-defensin-2; interestingly, however, there were no significant alterations in 

adhesion to human epithelial cells or immunomodulation in in vitro experiments [29]. 

Although the four genes of the operon encode unique proteins, many studies conducted 

with various Gram-positive bacteria have illustrated that the end result is the same: a 

decrease or complete absence of D-alanyl esters in LTA [29].  

Bile Hydrolysis  

The GI tract is a very harsh environment, full of digestive enzymes and highly acidic 

gastric juices. Primary bile acids are key digestive compounds that are synthesized in the 

liver from cholesterol and then conjugated with glycine or taurine via an amide bond; this 

step is key as it increases the solubility and stability of the final molecule [35]. The 

ability to hydrolyze bile salts is often a key characteristic included in the criteria for 

selection of probiotic strains [35]. Bile salt hydrolases (BSHs) belong to the 

choloylglycine hydrolase family of enzymes, and have been found in multiple bacterial 

genera, namely Lactobacillus [36, 37, 38] and Bifidobacterium [39, 40], both of which 

have many probiotic species. BSHs act by removing the glycine or taurine, resulting in a 

decrease in bile activity. The overall importance of BSHs is not quite clear. One study 

showed that five Lactobacilli strains with varying levels of BSH activity all colonized the 

mouse GI tract equally well [36], while another showed that Lactobacillus amylovorus 

with reduced BSH activity had decreased growth rates in the presence of bile salts [41]. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC183183/
https://doi.org/10.1111/j.1365-2672.1995.tb03140.x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167369/
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Furthermore, bsh gene mutations in L. monocytogenes and L. plantarum resulted in 

increased sensitivity to bile salts [38, 42].  

The effects of BSHs on the host physiology are also unclear. Many studies have shown 

that administration of probiotics can significantly lower cholesterol levels in pigs [43, 

44]. One hypothesis suggests that these effects can be partially attributed to BSHs, either 

due to increasing demand for cholesterol for de novo bile synthesis (because 

deconjugated bile salts are excreted at a higher rate) or because lower levels of 

conjugated bile salts results in less absorption of dietary cholesterol in the GI tract [45, 

46].  

By deconjugating bile salts, BSHs could also impair the normal host handling of lipids, 

whether through micelle formation, absorption, or emulsification [47]. In this regard, 

BSH activity has been associated with growth defects in chickens [48]. Together, these 

studies highlight the fact that although there is still not a clear consensus on the exact 

role, mechanisms, or effects of BSHs in the host, they are clearly deserving of further 

exploration.   

Adhesion 

A major factor when selecting probiotic bacteria is their ability to adhere to the GI 

epithelia, as it likely promotes other desirable traits such as inhibiting the adherence of 

pathogens [49], host immunomodulation, and increased residence time in the GI tract [26, 

50]. By doing this, probiotics help strengthen the resident microbiota which are an 

important component of the GI mucosal barrier.  

https://doi.org/10.1111/j.1365-2672.1995.tb03140.x
https://doi.org/10.1079/BJN19980030
https://doi.org/10.3109/08910609409141371
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC203661/
https://doi.org/10.1111/j.1574-695X.1999.tb01381.x
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Adherence is a multifaceted process that has not yet been fully understood. The 

mechanisms of adherence are still broadly unknown, though studies have pointed to the 

involvement of many different proteins. The one most relevant for this thesis is 

fibronectin binding protein. Fibronectin is one of many extracellular-matrix (ECM) 

proteins found within the protective mucosal layer of the GI tract. It is vital for proper 

development in vertebrates, with key roles in cell adhesion, migration, growth and 

differentiation [51]. Given its prevalence in the mucosal layer, it offers a good binding 

site for bacteria trying to prolong their journey through the GI tract. A study involving 18 

strains of L. acidophilus and L. casei showed that all were able to bind to fibronectin, as 

well as collagen type IV and fibrin, two other ECM proteins found in the mucosal layer 

[52]. L. agilis has also been shown in vitro to localize in areas where fibronectin is 

present [53]. Pathogenic bacteria also target fibronectin in an attempt to anchor 

themselves in the GI tract. Streptococcus pneumoniae, S. aureus, and E. coli have all 

been shown to bind fibronectin well [54, 55]. 

Origin of Strains  

Lactobacillus is a genus of Gram-positive bacteria of the family Lactobacillaceae, order 

Lactobacillales, class Bacilli, phylum Firmicutes. The genus was first characterized by 

Martinus Beijernick in the early 1900s to describe bacteria he isolated from various 

fermented foods [56]. The genus is part of the broader group of lactic acid bacteria 

(LAB), which are characterized by the production of lactic acid as their primary or sole 

end product of carbohydrate digestion [56]. They are Gram-positive, non-spore forming, 

non-motile, and require a nutritionally rich environment for growth.  

https://doi.org/10.1016/j.idairyj.2004.12.008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC173614/
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The bacterial strains used in this study were isolated from the GI tract of prairie voles; 

they were from either the cecum or colon of the animals [14]. In order to isolate 

lactobacilli, luminal contents of the vole intestines were plated on Lactobacilli MRS (de 

Mann, Rogosa and Sharpe Medium) agar for enrichment of lactobacilli. This resulted in 

30 strains for further analysis. These strains were tested in vitro for probiotic activity 

such as acid and bile resistance, pathogen inhibition, adhesion, and antibiotic 

susceptibility [14]. Based on the results of these tests, six strains were picked for further 

genetic analysis in the present study.  

  

 

 



11 
 

CHAPTER III 
 

 

MATERIALS AND METHODS 

 

Strains and culture conditions  

The Lactobacillus strains used in this study are shown in Table 1.  The procedure and 

protocols described in previous research were followed for routine maintenance and 

culturing [14]. Briefly, all bacterial strains were grown from glycerol stocks (stored at -

80°C) in de Mann, Rogosa and Sharpe (MRS) agar and broth medium under anaerobic or 

aerobic conditions. Stocks from individual strains were used to inoculate MRS agar 

plates that subsequently were incubated under anaerobic growth conditions at 37°C for 

48 h. A GasPak™ 100 container and the EZ Anaerobe Pouch system (BD Diagnostics, 

Sparks, MD) were used to generate anaerobic growth conditions.    

 

Genomic DNA Isolation  

For genomic DNA extraction, 3 to 4 isolated colonies from each of the seven strains 

(Table 1) were inoculated into 50 mL centrifuge tubes containing 45 mL of fresh MRS 

broth and incubated overnight (~14 h) at 37°C without shaking. Following overnight 

incubation, bacterial cells were harvested by centrifugation at 4°C for 10 min at 4500×g.
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Genomic DNA was isolated using a ZR Fungal/Bacterial DNA MiniPrep kit (Zymo 

Research, Irvine CA, USA) following the manufacturer’s instructions. In brief, the 

harvested cells were lysed in 750µl of ZR lysis buffer and bashed in ZR bashing tubes 

(Zymo Research, Irvine CA, USA) using a Mini Beadbeater 96 (Biospec Products, 

Bartlesville, Oklahoma, USA). After disruption the homogenates were processed for 

genomic DNA isolation following the manufacturer’s instructions (Zymo Research, 

Irvine CA, USA). Depending on the pellet size, in some strains, duplicate or triplicate 

columns were used to increase DNA yield without exceeding column (Zymo-Spin™ IV, 

and Zymo-Spin™ IIC, Zymo Research) capacities. Accordingly, purified DNA extracts 

from each column were eluted, quantitated and visualized separately. After isolation, 2µL 

of the purified Lactobacillus DNA was used for DNA quantification. DNA 

concentrations were determined by 260 nm and 280 nm readings using a Take 3 Micro-

volume plate in a BioTek Synergy 2 Multimode Microplate Reader (BioTek Instruments, 

Inc. Winooski, Vermont). To assess DNA sample purity, 260nm/280nm ratios were 

calculated for each sample. The integrity of the extracted genomic DNA was evaluated 

by agarose (1% w/v) gel electrophoresis in 1× Tris-Acetate-EDTA buffer. A high 

molecular weight DNA band (>10 kb) was indicative of good-quality genomic DNA. 

TriDyeTM 2-log DNA Ladder (0.1 – 10.0 kb; New England BioLabs Inc., Ipswich, 

Massachusetts) was used for size estimation.  

To accurately ascertain double-stranded (ds) DNA concentrations, the isolated DNAs 

were quantified with a Qubit® 2 Fluorometer (Invitrogen, Life Technologies, Carlsbad, 

CA) in conjunction with the Qubit® dsDNA HS (high sensitivity) Assay Kit (Invitrogen, 

Thermo Fisher Scientific, Carlsbad , CA). Subsequently, DNA samples were diluted with 
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molecular grade water to the optimal concentration of 1 ng in 5µl for sequencing library 

construction.  

 

Sequencing Library Construction  
 

Genomic DNA libraries were prepared using the Nextera XT DNA Library Preparation 

Kit (Illumina San Diego, CA) following the manufacturer’s instructions with the 

following exceptions: for fragmenting and tagging, and amplification steps, capped 0.2 

ml PCR tubes were used instead of a 96-well TCY plate NTA (Nextera XT Tagment XT 

Tagment Amplicon Plate).  Rather than the 96-well version of the protocol (CAA, Clean 

Amplified Plate; SGP; StoraGe Plate; LNP, Library Normalization Plate, low binding 

Eppendorf tubes (1.5 ml) were used. The main reasons for replacing 96 well plates with 

tubes was the low sample number and the unavailability of a magnetic stand for 96 well 

plates required for cleaning (PCR products), washing (beads) and normalizing (library) 

steps.  The available magnetic stand was DynaMag™-2 (Life Technologies, Eugene, 

Oregon) designed for holding Eppendorf tubes (1.5 mL).   

 

Tagmentation of Input DNA   

As per the manufacturer’s instructions, 1 ng of the input DNA was tagmented 

(fragmented and tagged with adapter sequences) by the transposome (Nextera XT 

transposome simultaneously fragments the input DNA and adds adapter sequences to the 

ends) on a PTC 200 DNA Engine thermocycler (Bio-Rad, Hercules, CA) with pre-heated 

lid and incubated at 55°C for 5 min.  The reaction was held at 10°C and immediately 

neutralized with NT (Neutralize Tagment Buffer) followed by a 5 min incubation period 

at room temperature.  
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PCR Amplification and PCR Amplicon Clean-Up  

In this step, the transposome-tagmented DNA was amplified by PCR via a limited PCR 

cycle approach (adapter sequence uses a limited PCR reaction to amplify the inserted 

DNA). Briefly, 15 µl of the Nextera PCR Master Mix (NPM), and 5 µl of each of the 

index 1 (i7) and index 2 (i5) primers (see Table Primers) were added into each individual 

tube containing transposome-tagmented DNA and then amplified by PCR to amplify the 

adapter-flanked DNA fragments. Limited cycle PCR conditions consisted of 1 cycle of 

72°C for 3 min and 95°C for 30 s; 12 cycles of 95°C for 10 s, 55°C for 30s,72°C for 30s, 

and then 1 cycle of 72°C for 5 min followed by a hold at 4°C. Following amplification, 

the reaction was cleaned-up and purified by adding 90 µl (per reaction tube) of 

Agencourt AMPure XP magnetic beads (Agencourt, Beckman Coulter, Inc., Indianapolis, 

IN). The magnetic beads were washed twice with freshly prepared 80% (v/v) ethanol and 

re-suspended in 52.5 µl of the resuspension buffer (Illumina, San Diego, CA). After 

further mixing and incubating processes the supernatants were cleared and transferred (50 

µl) into clean low binding Eppendorf tubes. The eluted supernatants were stored at -20° 

up to 24 hrs.   

 

Library normalization  

The Nextera XT DNA Library preparation kit includes bead-based sample normalization 

steps prior to cluster generation and sequencing. As a result, 20 µl of the eluted 

supernatants were purified using a mixture of library normalization beads (LNB1) and 

library normalization additives (LNA1) following manufacturer’s instructions (Illumina, 

San Diego, CA ). Forty five µl of the combined mixture of LNB1/LNA1 (45µl) and 20 µl 

of the libraries were incubated on a shaker (at 1200 rpm) for 30 min for library 
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normalization. Following normalizations the tubes were placed on a DynaMag™-2 (Life 

Technologies) for 2 min or until the supernatants had cleared. For washing the beads, 45 

µl of LNW1 (Library Normalization Wash 1) was added to each sample tube and further 

incubated on a shaker (at 1200 rpm) for 5 min. Thereafter, the tubes again were placed on 

the DynaMag™-2 magnetic stand for 2 min or until the supernatants had cleared. The 

washing step was repeated one more time. Finally, each normalized library was eluted 

with 30µl of 0.1 N NaOH and incubated on a shaker (at 1200 rpm) for 5 min. Following 

this incubation, 30 µl of library normalization storage buffer I (LNS1) were added to each 

tube. To ensure all samples in the tubes were completely re-suspended, eluted samples 

were incubated for 5 min. Samples were well mixed by gentle pipetting up and down to 

re-suspend the beads with another short period of incubation (5 min shaking at 1200 

rpm). Following incubation, the tubes were placed on the DynaMag™-2 magnetic stand 

for 2 min or until the supernatants had cleared. From each sample, 30µl of the clarified 

supernatant was transferred to a clean Eppendorf tube and stored at -20° up to 48 hrs.   

 

Library quantification, dilution, and sequencing  

Because the Nextera XT DNA Library Preparation Kit uses bead-based sample 

normalization, library quantification was not essential, but we chose to quantify the 

normalized DNA to confirm the final library concentration. A pooled library was 

prepared by pooling equal volumes of the individual normalized libraries (5 µl of the 

normalized libraries from each of the 6 strains) from each tube, and then quantified by 

quantitative PCR using a KAPA Library Quantification Kit (qPCR assay) for Illumina 

platforms (Kappa Biosystems, Boston, MA). DNA library concentrations for the NGS 
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was then generated from the standard curve (Figure 1) and adjusted to 1.4 nM [57]. 

Subsequently, the quantified library (1.4 nM) was diluted with ice cold 

Hybridization Buffer (Illumina, Hayward, CA, USA) to a final concentration of 4 pM. 

Also, Illumina PhiX control (PhiX control v3) library (10 nM) was denatured in 0.2N 

NaOH (fresh) and diluted to a final concentration of 4 pM with ice cold Hybridization 

Buffer before being loaded onto the V2 MiSeq Illumina reagent cartridge -500 cycles-PE 

(M85888397-500V2) sequencing Kit on the MiSeq platform (Illumina, Hayward, CA, 

USA). While genomic sequencing did not rely on 16S rRNA gene amplicon sequencing, 

in the current study we also conducted to assess the role of estrogen on microbiome 

composition and diversity using the 16S rRNA primers covering the V4 hyper variable 

region. The approach was designed to integrate the sequence of the specific Illumina 

multiplexing sequencing primers and dual-index-paired-end approaches. With this 

approach since it was possible to run up to 384 samples on a single flow cell (single run) 

we decided to pool libraries from both the 16S rRNA and genomic libraries generated by 

16S rRNA primers and Nextera XT technologies, respectively, and loaded on to the same 

reagent cartridge and run for sequencing. Although sequencing of a whole genome 

library does not necessarily require the addition of PhiX control library, for low diversity 

samples (such as low complexity amplicon pools from 16S rRNA) adding as little as 5% 

PhiX DNA (Illumina Technical Support Note) provides balanced signals at each cycle to 

improve the overall run and data quality. Accordingly, a 10% PhiX control library was 

added to the mix.  For a 10 % PhiX run, 900 µl of 4 pM library (450 µl each from 16S r 

RNA and genomic libraries) and 100 µl of 4 pM of PhiX were combined in a low binding 

Eppendorf tube and 600 µl of the combined library/PhiX solution was then loaded into 
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well number 17 on the reagent cartridge for clustering and sequencing on a MiSeq 

instrument. In addition, 3 µl (at 100 µM concentration) from each of the read 1 

sequencing primer for V4 region (read 1 forward for V4 region), index primer for V4 

region and read 2 sequencing primer for V4 region (read 2 reverse primer for V4 region) 

was spiked into wells 12, 13 and 14, respectively. Notably, the combined library/PhiX 

solution loaded was 4.0 pM overall with 3.6 pM library concentration, 0.4 pM 

 PhiX concentration, and 0.000515N NaOH concentrations. Samples were sequenced 

using 2 x 250 bp paired-end reads. 

 

Table 1. List of Lactobacillus strains used in this study, as isolated by Assefa,  et al [14] 

 

Species Strains Type Character Origin 

Lactobacillus 

spp. 

PV017 Probiotic 

strain 

   Cecum 

Lactobacillus 

spp. 

PV018 Probiotic 

strain 

   Cecum 

Lactobacillus 

spp. 

PV019 Probiotic 

strain 

   Cecum 

Lactobacillus 

spp. 

PV025 Probiotic 

strain 

 * Colon 

Lactobacillus 

spp. 

PV034 Probiotic 

strain 

 * Cecum 

Lactobacillus 

spp. 

PV037 Probiotic 

strain 

 * Colon 

Lactobacillus 

spp. 

PV039 Probiotic 

strain 

   colon 

PV, Prairie vole isolates; * Hydrogen peroxide producer 
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Table 2 List of Nextera XT Kit v2  index 1 (i7) and index 2 (i5) used for DNA 

Sequencing Library Construction 

 

Strain i7_ index 

ID 

i7_Index 

sequence  

i5_index ID i5_index 

sequence  

 

PV017 N701 TAAGGCGA S502 CTCTCTAT  

PV019 N702 CGTACTAG S502 CTCTCTAT  

PV025 N703 AGGCAGAA S502 CTCTCTAT  

PV034 N704 TCCTGAGC S502 CTCTCTAT  

PV037 N705 GGACTCCT S502 CTCTCTAT  

PV039 N706 TAGGCATG S502 CTCTCTAT  

PV, Prairie vole isolates 
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Fig. 1. A standard curve showing threshold cycle (Ct) on the y-axis and the 452 bp KAPA 

Illumina DNA standard concentrations on the x-axis. Slope (-1.48ln), y-intercept (10.521) and 

correlation (0.9919) values depicted here were calculated using Excel software to provide 

information about the performance of the real time reaction.  The DNA Library concentration for 

the NGS was generated from the standard curve by the Applied Biosystems 7500 real time PCR 

system software. Both standard (0.0002 to 20 pM) and  genomic library dilutions (1:1; 

1:10;1:100; 1:1000; 1:2000: 1:4000) were assayed in triplicate in a 10 µl reaction containing 4µl 

of the template DNA,  and 6  µl of KAPA SYBR®FASTqPCR Master Mix (20x) using the 

manufacturer’s standard protocols. The cycling conditions used were 95°C for 5 min and 35 

cycles at 95°C for 30 s and 60°C for 45 sec. Ct and Ctg; threshold cycle from the standard DNA 

and genomic DNA Library, respectively.  Actual values (average of 3 replicates) are shown 

below. 
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CHAPTER IV 
 

 

RESULTS 

 

Extracted Genomic DNA Quality 

Agarose gel electrophoresis was used for the DNA samples to determine the integrity of 

the extracted DNA. A band above 10 kb was indicative of good quality; the six strains 

picked had such bands present (data not shown). Before sequencing library construction was 

possible, the extracted DNA must be diluted to the appropriate concentration. For the Nextera XT 

DNA Prep Kit, the manufacturer’s optimal concentration is 0.2 ng/µl. The DNA extract 

concentrations were determined using the Qubit® 2 Fluorometer, and based on those 

values the samples were diluted to reach the optimal concentration (Table 1).  
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Table 3: DNA concentration quantified with Qubit® 2 Fluorometer  

  
Strain 

ID 
Assa

y 

Conc

. 

ng/m

l 

Stock 

Conc. 

ng/ml 

Assay 

Type 

Dilution 

Factor 

Stock 

Conc. 

ng/µl 

Input 

DNA  

Conc. for 

genomics 

sequencing   

Input DNA 

(µl) 

required for 

500 µl @ 0.2 

ng/µl 

Amount 

H20 

added to 

bring up 

to 500 µl 

Total 

Volume 

(µl) @ 

0.2 ng/µl 

PV017 321 6.42E+
04 
 

dsDNA 
HS 
 

200 
 

64.20 

 

0.2 ng/µl 1.56 
 

498.44 
 

500 

PV019 369 7.38E+
04 
 

dsDNA 
HS 
 

200 
 

73.80 0.2 ng/µl 1.36 
 

498.65 
 

500 

PV025 352 7.04E+
04 
 

dsDNA 
HS 
 

200 
 

70.40 0.2 ng/µl 1.42 
 

498.58 
 

500 

PV034 298 5.96E+
04 
 

dsDNA 
HS 
 

200 
 

59.60 0.2 ng/µl 1.68 
 

498.32 
 

500 

PV037 425 8.50E+
04 
 

dsDNA 
HS 
 

200 
 

85.00 0.2 ng/µl 1.18 
 

498.82 
 

500 

PV039 343 6.86E+
04 
 

dsDNA 
HS 
 

200 
 

68.50 0.2 ng/µl 1.46 
 

498.54 
 

500 

Note: the recommended input DNA at 0.2 ng/µl was prepared in large volume (500 µl) to 

minimize pipetting errors. ds, double stranded; HS, High Sensitivity; Conc., 

Concentration. 

 

Sequencing Results – Assembly and Annotation 

The six sequencing libraries were sequenced on single MiSeq run and the resulting FastQ 

files for each sample were assembled in CLC Genomics Workbench using default 

parameters for paired Illumina sequence reads. The resulting contigs for the PV017, 

PV019, PV025, PV034, PV037, and PV039 samples were used for annotation using the 

Rapid Annotation using Subsystem Technology (RAST) online service. Unsurprisingly, 

all six genomes were relatively similar in genome length. The smallest genome was 

PV017 at 1,511,831 base pairs and the largest was PV025 at 1,660,462 base pairs; the 
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remaining genome lengths are found below in Table 1. Another important value to take 

note of is the number of contigs in each genome. A lower number of contigs is indicative 

of a more complete assembly; a perfectly assembled genome would be a single contig. 

The use of short-read sequencing tends to yield a larger number of contigs than long-read 

sequencing. However, these values are generally not beyond an acceptable range. PV017, 

PV019, and PV025 had the lowest number of contigs, with 52, 42, and 54, respectively. 

PV034 and PV037 saw a spike in the contig number, with 109 and 164, respectively; 

PV039 had 90 (Table 1).  
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An important metric of assembly quality is N50. When the contigs are arranged based on 

size, it is the length of the contig C such that 50% of the bases are contained in the 

contigs of size C or larger. A larger N50 value is beneficial because it signifies a more 

complete genomic assembly. PV017 and PV019 have the largest N50 values by far, at 

61215 and 75369 respectively (Table 1). PV025 sees the first significant decrease to 

48258; from there, PV034, PV037, and PV039 have N50s of 26296, 14908, and 26692, 

respectively (Table 1).  

RAST Subsystem Assignments 

The genome size for PV017 is 1,511,831 base pairs. The GC content is 33.8%, and RAST 

identified 1435 coding sequences and 237 subsystems (Table 1); the breakdown of the 

subsystems is shown below in Figure 1 and Table 2. These subsystem assignments 

include 47% of the genes identified by RAST (Figure 1).  

Table 4: RAST Genome Information 
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The reported genome size for PV019 is 1,512,924 base pairs. RAST identified 1438 

coding sequences and 238 subsystems (Table 1); this represents 47% of the discovered 

features of the genome (Figure 2). The breakdown of the subsystems is shown in Figure 2 

and Table 2.  

 

 

Figure 1: PV017 Gene Subsystem Assignments 
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Strain PV025 has a 1,660,462 base pair genome. This is the second largest genome, 

reporting 1606 coding regions and 242 subsystems (Table 1). The subsystem assignments 

accounts for 43% of the genome as identified by RAST (Figure 3 and Table 2). 

 

 

 

 

 

Figure 2: PV019 Gene Subsystem Assignments 
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The genome of PV034 is 1,540,138 base pairs in size, and it has 34.3% GC content – the 

highest of the six strains (Table 1). In line with this, RAST identified 252 subsystems (the 

breakdown can be found in Figure 4 and Table 2), which is also the highest. Interestingly, 

however, there are only 1480 coding sequences identified, which is on the low end for the 

six strains (Table 1).  

 

 

 

Figure 3: PV025 Gene Subsystem Assignments 
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The PV037 genome is 1,655,982 base pairs in length, with 33.8% GC content and 1579 

coding sequences (Table 1). RAST identified 242 subsystems; 44% of the identified 

genes were assigned to these subsystems (Figure 5 and Table 2).  

 

 

 

 

Figure 4: PV034 Gene Subsystem Assignments  
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At 1,664,654 base pairs, the genome of PV039 is the largest of the six strains. It has 

33.7% GC content and 1603 coding sequences. RAST identified 243 subsystems which 

include 43% of the genes identified. The breakdown of the subsystems can be seen in 

Figure 6 and Table 2.  

 

 

 

 
 

 

Figure 5: PV037 Gene Subsystem Assignments 
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Figure 6: PV039 Gene Subsystem Assignments 
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Potentially Probiotic Genes Identified by RAST 

The genomes of the six strains were further explored using Psi-Blast as well as 

PHASTER. Psi-Blast runs selected proteins against the NCBI database of submitted 

genomes and proteins and compiles matches. The proteins searched were those related to 

D-alanylation of LTA, bile hydrolysis, and adhesion. For all proteins in each category, 

PV034 had unique matches not shared by any of the other six strains. Notably, the 

remaining strains all had the same matches.  

 

Table 5: RAST Subsystem Breakdown for Six Strains 
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D-Alanylation of Lipoteichoic Acid 

RAST only identified the dltB, dltD, and dltR genes in all six strains; the absence of the 

other three genes of the operon, dltA, B, and C, is peculiar. It is worth exploring this 

more, as it may be the result of a limitation or error of RAST. In PV034, the DltB protein, 

putatively labeled as a 406 amino acid D-alanyl transfer protein. A Psi-Blast search 

identified a 405 amino acid protein in L. hominis as the most similar protein with 85% 

sequence identity. For PV017, PV019, PV025, PV037, and PV039, the DltB protein is 

the same 406 amino acid protein identified in PV034, but the best match is a 407 amino 

acid protein from L. johnsonii, with 81% sequence identity. The DltD protein in PV034 

was characterized as a 429 amino acid protein; at 72% similarity, the best match is a 440 

amino acid protein in L. gasseri. In the remaining five strains, DltD is much larger at 755 

amino acids. The best match at 62% is a 757 amino acid protein in L. hominis. In all 

strains, the DltR regulatory protein is a 222 amino acid protein. In PV034, the best match 

is a 221 amino acid protein in L. crispatus. The sequence identity is 79%. In the other 

strains, the best match is also 221 amino acids but from L. gasseri, and sequence identity 

is 74%.  

Bile Hydrolysis 

While there are multiple relevant proteins involved in bile resistance, this paper focuses 

on choloylglycine hydrolase, a protein involved in the inactivation of primary bile salts. 

In all strains, RAST identified the protein as having 326 amino acids. The best match in 

PV034 is a 325 amino acid linear amide C-N hydrolase found in L. sp. Marseille – 
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P3519, with 62% sequence identity. In the remaining strains the best match at 61% 

similarity is a 309 amino acid protein found in L. reuteri.  

Adhesion 

Fibronectin binding protein was focused on in this thesis. This protein is the only one that 

yielded the same results for all strains, except for sequence identity, which again was 

different for PV034. The protein in the six strains was characterized at 564 amino acids in 

length. The best match for all strains was a 563 amino acid protein from L. hominis; in 

PV034, the sequence identity is 82%, while the remaining strains share 79% identity.   

Presence of Phages 

Phage Search Tool Enhanced Release (PHASTER; [58] ) analysis was used to identify 

prophage genes or genomes in the Lactobacillus genome sequences. Table 4 lists phage-

related sequences detected by PHASTER. No phages of were detected in the draft 

genomes of PV017 and PV019. Intact prophages were detected in the genomes sequences 

of PV025, PV037, and PV039. PV025 and PV039 harbored additional incomplete phage-

related sequences. Two regions in the PV034 genome showed putative remnants of two 

phages, one of which scored relatively high in the PHASTER analysis (for details see 

Table 4.) 
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Table 6: Putative phage-derived sequences as detected by PHASTER analysis 
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CHAPTER V 
 

 

CONCLUSION 

When selecting and studying bacteria for their probiotic potential, it is important to 

consider not just probiotic factors but also host adaptation factors. Without the ability to 

survive long enough in a host, a probiotic bacteria cannot exert its positive effects. Host 

adaptation factors were the primary focus of this study, specifically those related to 

survival and persistence through the GI tract. All strains have genes related to adhesion, 

bile resistance, and D-alanylation of LTA, all of which have been shown to be contribute 

to probiotic potential.  

Genomic annotation by RAST showed that all six strains are quite similar. When 

comparing protein families, all strains except for PV034 showed nearly identical protein 

presence [Appendix, Figure A1], as well as no variance between the six strains in the 

presence of the genes and proteins relevant to this study. It is unsurprising to see such 

high similarity, as these strains have likely had significant time to become highly adapted 

to their prairie vole host. The RAST subsystem breakdown in Table 2 shows that there is 

very little variance across all subsystems for five strains. Interestingly, PV034 is quite 

unique. As can be seen in Figure A1, PV034 has substantially lower protein family 

similarity as well as subsystem assignments [Results, Table 2]. Additionally, PV034 

reported unique best match proteins in all cases except in fibronectin binding protein, but 
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even there the percent identity was slightly higher for PV034. Given this clear distinction, 

PV034 certainly warrants further attention in future studies. 

NGS platforms have greatly reduced the complexity of the task of whole genome 

sequencing. That said, there is still much room for improvement. For example, while the 

Illumina MiSeq platform was used in part because of its ability to handle single 

nucleotide repeat sequences, the genomic assembly quality is still hindered by the short 

read lengths. Genomes often have repeat sequences, or multiple copies of a gene or set of 

genes. The sequencer will not be able to identify these elements as unique from one 

another if the read lengths are shorter than the repeat region. If this occurs, extra contigs 

will be formed, thus creating a less contiguous assembly. While there are platforms that 

can better resolve repeat sequences, these long read sequencers also have their own 

pitfalls. Longer read lengths are more difficult for the sequencer to handle, resulting in 

less read depth in each base throughout the sequenced fragment. Combining the two 

techniques is possible, but the cost and complexity of this can be prohibitive for many 

researchers. In addition to the sequencers themselves, the assembly and annotation 

software are similarly limited, adding in additional inaccuracies to final genomic 

assemblies and data.  For example, PV017, PV019, and PV025 all have a low number of 

contigs, while PV034, PV037, and PV039 are much higher although still acceptable. 

However, this illustrates that none of the assemblies are complete or closed, so there is 

likely misplaced or missing genomic data. Furthermore, RAST was only able to assign 
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approximately 50% of discovered genes to subsystems, and such annotation tools may 

assign genes incorrectly. Although these steps all have flaws, it should not be 

misunderstood that the current landscape of whole genome sequencing and analysis is 

vastly better than before the development of NGS platforms, which are continuously 

being improved.  

It is important to note that many of the mechanisms for probiotic action are putative. 

While new technologies have allowed significant insights into the world of probiotics, 

mutant analysis studies, which are perhaps the best way to connect genotype to 

phenotype, are still fairly limited in probiotic Lactobacilli strains [26]. Studies involving 

gene-knockout mutants offer a more direct path to establishing causal relationships 

between specific genes and probiotics’ positive health effects. In this regard, this study is 

meant to serve as a catalog, albeit not an exhaustive one, of genes of interest for future 

studies involving mutant strains. Going forward, there are many other genes and elements 

worth exploring. For example, the presence of phage elements in all strains but PV017 

and PV019 have some amount of phage presence, whether questionable or fully intact. 

Phages are often considered sources of novel genetic diversity [59]. In this way, it is 

possible that infection by a phage can imbue a bacteria with very unique and 

advantageous characteristics, making it a better probiotic candidate. As such, these phage 

elements identified should be explored further to establish what genes they are carrying. 

In regards to native genes and functions, the three focused on in this study are multi-

faceted processes that have not been fully understood but certainly involve many 

proteins. For example, there are many other extracellular matrix proteins in addition to 

fibronectin present in the mucosal layer of the GI tract that bacteria can target. Similarly, 
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bile salt hydrolases are not the only proteins relevant to bile resistance. Multidrug efflux 

pumps have been indicated in this process as well [26, 60], and all six strains have these 

efflux pumps.   

To contextualize this study, it is important to understand that researchers have only 

uncovered a small fraction of the intricate interplay of the microbiota and probiotics with 

their hosts. There is not a definitive consensus on what genes or functions are most 

important for probiotic potential. The six strains studied all have genes that the literature 

has implicated in probiosis; likely, there are many more that have yet to be identified as 

important. The results of this study certainly implicate these strains as good probiotic 

candidates in the prairie vole model. Future studies can use the methods and genes 

identified here to further characterize these strains and establish more firm connections 

between the genes and any probiotic effects they may have.  
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