
ABSTRACT 

BRANDT, KATELYN. Genomics and Phylogeny of Probiotic Lactic Acid Bacteria Used in 

Industry. (Under the direction of Dr. Rodolphe Barrangou). 

 

Lactic acid bacteria (LAB) are known for their widespread occurrence and diverse 

commercial use. Several species of LAB are industrially formulated to enhance human health 

through probiotics and modulation of the microbiome, as well as food production as starter 

cultures. LAB are as genetically and functionally diverse as their many uses, and thus have been 

extensively investigated. Here, we use functional genomics and molecular biology to develop a 

new phylogenetic technique to improve genotyping and develop frameworks to assess potential 

industrial cultures and inform strain selection for commercial formulation.  

First, we developed a phylogenetic approach based on genes encoding enzymes driving 

the glycolysis pathway. As a universal biochemical hallmark, it has appeal with regards to 

widespread occurrence such as ribosomal RNA sequences, but also has the advantage of hinging 

on several genes encoding multiple enzymes that can be concatenated to increase resolution and 

sequence variability. We show that this technique can be used to assess the phylogeny of 

Bifidobacterium and Lactobacillus and show that this method is valuable in cases of well-

established relationships and complicated phylogeny, respectively. Conveniently, analyses can 

be carried out on the whole pathway, portions thereof, or hypervariable genes, showcasing both 

consistency with and higher resolution than 16S rRNA sequences. We also show how these 

genes reflect the evolutionary path of the rest of the genome more extensively with regards to 

GC content.  

Next, we used the aforementioned method to group select species of Lactobacillus and 

investigated an under-studied phylogenetic cluster, focusing on Lactobacillus fermentum. We 

determined the genome of the type strain ATCC 14931 and used comparative genomic analyses 



to investigate genetic diversity amongst 37 other strains within this species. Several transposon-

enriched hypervariable islands were identified; we determined the occurrence of CRISPR-Cas 

systems, revealing enrichment and diversity across the species, with focus on and 

characterization of a widespread Type I CRISPR-Cas system.  

Finally, we carried out a long-term experiment for five distinct Lactobacillus species 

cultured for one thousand generations in a simulated vaginal fluid. We selected species known to 

dominate the human vaginal microbiome, notably Lactobacillus crispatus, Lactobacillus 

jensenii, and Lactobacillus gasseri; we compared their genome evolution and transcriptional 

response to those of an intestinal species, Lactobacillus acidophilus, and a food culture, 

Lactobacillus fermentum. Growth patterns revealed vaginal species outperforming non-vaginal 

species. Genetically, we found that non-vaginal strains were more likely to acquire SNPs than 

vaginal strains. Whole transcriptome comparisons reflected the shift from a lab-rich growth 

medium to a more nutrient-constrained synthetic proxy reflecting in vivo conditions. Results 

determined that vaginal strains were more aptly equipped for growth and survival in a simulated 

vaginal environment, predictably. 

Overall, these studies provide a methodological framework for the functional genomic 

investigation of industrial lactic acid bacteria, shedding light on their phylogenetic relationships 

and genetic adaptation and transcriptional responses to various environments. This work will aid 

in the selection and development of novel probiotic strains for human gastrointestinal and 

vaginal health.  
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CHAPTER 1: FUNCTIONAL GENOMICS OF INDUSTRIAL LACTIC ACID 

BACTERIA 
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1.1. CONTRIBUTION TO THE WORK 

Katelyn Brandt is the main author on the following chapter, she wrote, edited, and 

designed figures. Rodolphe Barrangou aided in editing. Sarah Brandt aided in graphical 

representation. 
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1.2. ABSTRACT 

Lactic acid bacteria (LAB) are one of the most common industrially employed and 

studied groups of microorganisms. Derived from a shared common ancestor and connected by 

their retained ability to produce lactic acid, this complex is phylogenetically expansive, along 

with being functionally and genetically diverse. This diversity has led LAB to make homes of 

various habitats and hosts, typically representing important members of the microbiomes of 

humans, animals, and plants. Accordingly, they are widely used in the food industry. There is a 

rich history of LAB interacting with and affecting their environment, just as the environment 

interacts with and affects LAB species. This interplay has shaped several areas within the 

industry, such as the food, human health, and agricultural sectors. Here, we analyze the genomic 

trends of LAB, arising from long-term adaptation to industrially relevant environments. Next, we 

examine how specific LAB species and strains have uniquely adapted to their environments. We 

examine how these adaptations have allowed LAB species to colonize, compete, and thrive in 

various settings, such that they have become widely formulated across various industrial 

segments, notably the food industry, across the supply chain. We then reflect on how these 

changes are driving industry decisions via the impact of LAB genomics. 
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1.3. INTRODUCTION 

Lactic Acid Bacteria (LAB) are one of the most ubiquitous and utilized groups of 

microbes. These microorganisms are a part of the normal microbiota of humans, animals, and 

plants. They are also heavily used in the food industry as starter cultures for foods, such as 

fermented dairy, meat, and vegetable products. Due to their pervasiveness and documented 

history of safe use, many LAB species are labelled with the Qualified Presumption of Safety 

(QPS) status from the European Union (EU), or Generally Regarded as Safe (GRAS) status in 

the United States (US). For these reasons, these industry-relevant organisms have been the focus 

of many studies over the years. 

The LAB group is defined as microaerophilic, Gram-positive bacteria that produce lactic 

acid as their primary fermentation end product [1]. The complex consists of several genera, 

including Enterococcus, Pediococcus, Streptococcus, Oenococcus, Lactococcus, Leuconostoc, 

Weissella, and Lactobacillus [2]. Although not technically considered a bona fide member of the 

LAB group, the Bifidobacterium genus is often considered in parallel due to its similar habitats 

(notably the human gastrointestinal tract (GIT)) and applications (as widely used commercial 

probiotics). LAB are common members of the human and animal microbiomes and multiple 

studies have linked their presence to a healthy status [3-5]. In addition, LAB are the common 

strains found in probiotic products. In the food industry, strains are responsible for the effective 

fermentation of many different food products, such as sauerkraut, pickles, cheese, and sausages 

[6-9].  

The advent of omics-based technologies in the past decades, from genomics to 

transcriptomics and now metagenomics, enabled the characterization of LAB functionality in 

host environments. Mainly, research has focused on the potential benefits LAB provide in human 
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health (modulating gut homeostasis), agriculture (increased yields), and food manufacturing 

(genesis of desirable texture attributes and production of flavor compounds) [10-12]. 

Mechanistic studies have determined how each species is suited to their environment. LAB 

habitats are typically nutrient-rich and have heavily shaped the genomic trajectory of the group. 

Species of LAB have adapted to best suit their environments in numerous ways. While some of 

the adaptations and evolutionary paths are similar between species and genera (such as 

carbohydrate uptake), there is also a great deal of variation, such as the ability to produce 

exopolysaccharide (EPS) layers. Indeed, environment adaptation can be found on a genus-, 

species-, and strain-specific level. The interplay between host and strain has had a profound 

effect on the evolutionary history of LAB. Each habitat has provided its own conditions for 

species to adapt to, and beyond a few universal, well-characterized adaptations, each species has 

adapted in its own way. Yet, despite being nutrient-rich, human, animal, plant, and food habitats 

are not without their own set of stress conditions. For instance, in human and animal 

microbiomes, organisms must be able to survive GIT transit and ideally adhere to epithelial cells. 

Oftentimes, this means resisting acidic conditions and earning a competitive edge over other 

possible commensals and pathogens. While these challenges and resultant unique adaptations 

make evolutionary history in LAB difficult to parse, it also reveals the great flexibility of the 

group. The ability to uniquely adapt to various environments is what has enabled so many LAB 

species to become cornerstones in their community. Additionally, these abilities have shown 

great benefit to the agricultural, food manufacturing, and consumer industries. In this review, we 

will see how LAB have become valuable for these industry sectors, and most importantly, how 

they are adding benefit and value. 
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1.4. LACTIC ACID BACTERIA GENOMICS 

Rising accessibility of sequencing technologies has led to thorough genomic studies of 

LAB, determining their genetic content to understand the genetic basis for their phenotypic 

features of interest. This has enabled a greater understanding of phylogeny, adaptation, and 

functional attributes of LAB.  

Comparative genomics show that LAB, specifically the Lactobacillales order, have 

evolved from a common ancestor primarily through systematic gene loss and the occasional 

burst of gene acquisition [13]. This gene loss is a hallmark of LAB growing in nutrient-rich 

environments, as those found in the food manufacturing, agricultural, and consumer industries, 

with no selective pressure to maintain a large genome. Gene acquisition is lineage-dependent and 

occurs primarily through horizontal gene transfer (HGT); it is used to gain niche-specific 

adaptations for a competitive advantage in an organism’s preferred environment. Specifically, 

LAB are marked by a loss of carbohydrate degradation and cofactor biosynthesis, but also an 

increase in peptidases and transporters [13, 14]. In fact, in a typical LAB genome, transporters 

make up 15% of the coding material [15], which allows them to make use of the nutrients 

provided by their environment. 

In this review, we focus on select examples across diverse commercial applications to 

illustrate unique LAB adaptations to host environments. Our analyses focus on relevant species 

of Lactobacillus (10), Streptococcus (1), Lactococcus (3), and Bifidobacterium (3). Descriptions 

of their genomic statuses can be found in Table 1.1, while visual representation of their genomes 

can be found in Figure 1.1. The genomes range in size from 1.67Mb (Lactobacillus jensenii) to 

3.31Mb (Lactobacillus plantarum). GC content varies from 32.9% (Lactobacillus salivarius) to 

60.5% (Bifidobacterium animalis subsp. lactis). A few of the included species are known to 
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carry plasmids: Lb. plantarum, Lb. salivarius, Bifidobacterium longum, and Lactococcus lactis 

subsp. cremoris. Figure 1.1 compares genome size of the select species, as well as a visual 

representation of genomic traits of interest, such as the transporters mentioned above. 

Bacteriocin genes, EPS genes, and Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) sites are also highlighted and will be discussed below. 

Genome size, gene content, plasmids, and other genomic features may be applied in order 

to reveal general trends in the adaptation of LAB species. As one of the most widely utilized 

genera of LAB, Lactobacillus has been the focus of several recent genomic studies and serves as 

guide to trends in other LAB genera, since genomic trends of lactobacilli and LAB mimic each 

other [16]. A common school of thought is that smaller genomes belong to organisms with 

narrow habitat ranges, while larger genomes belong to those with varied habitats. Lb. jensenii, 

the organism with the smallest genome in this study, is primarily found in the human vaginal 

microbiome [17]. In contrast, Lb. plantarum, the organism with the largest genome in this study, 

has numerous habitats, showing that Lb. plantarum strains do not show specialized adaptations 

to a single environment [18]. Rather, strains maintain several genomic islands that carry the 

necessary genes to survive in various habitats [19]. This contrasts with other lactobacilli whose 

strains carry unique islands for their specialized habitat, such as was found in Lactobacillus 

rhamnosus [20]. Such flexibility of Lactobacillus is exemplified by its larger-than-average pan-

genome [21], and has allowed lactobacilli to become cornerstone members in several industry 

sectors.  

Lactobacillus is not the only LAB genus to have been shaped at a genomic level by their 

environment. For example, a study of bifidobacteria analyzed how the host’s glycan source 

shaped the evolution of bifidobacteria species [22]. In addition, it has been proposed that due to 
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its growth in dairy environments, Streptococcus thermophilus underwent genome decay and lost 

much of its virulence capabilities [23]. 
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1.5. PHYLOGENY OF LACTIC ACID BACTERIA 

LAB are considered part of the order Lactobacillales, of the Bacilli class and Firmicutes 

phylum [24]. Historically, LAB have typically been split into two groups: homofermentative 

organisms that produce lactic acid in fermentation, and heterofermentative species that produce 

lactic acid, ethanol, and carbon dioxide during fermentation [25]. Members of Lactococcus and 

Pediococcus belong to the homofermentative group while members of Leuconostoc and 

Weissella belong in the heterofermentative group; Lactobacillus has members in both groups 

[25]. Lactococcus and Streptococcus share a close phylogenetic relationship [23]. Bifidobacteria, 

although traditionally considered LAB, are phylogenetically distant to other genera of LAB [23]. 

A phylogenetic tree based on 16S rRNA can be found in Figure 1.1. It shows Lactobacillus as 

one group that is distinct from the other genera and also illustrates the close relationship between 

Streptococcus and Lactococcus.  

Lactobacillus is the largest and most diverse genus of LAB [23]. This paraphyletic clade 

contains over 200 species and subspecies, as well as several other genera including the 

Pediococcus, Leuconostoc, Oenococcus, Weissella, and Fructobacillus genera [26]. Originally, 

lactobacilli were phylogenetically defined by their fermentation capabilities, but this proved to 

be less than satisfactory and genomic approaches began to be utilized [26, 27]. Since then, 

several approaches have been developed. 

A recent phylogenetic study used niche association to develop an evolution model for 

Lactobacillus, with the common ancestor being a free-living organism from which species have 

adapted specifically to their host, the host falling into one of four categories: vertebrate, insect, 

nomadic, or free-living [28]. Of our analyzed species -- for those with available data -- most are 

vertebrate-adapted. In line with the model, the smaller genome of Lb. jensenii would be a result 
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of its narrow habitat range. In contrast, the large genome of Lb. plantarum is in line with its 

nomadic lifestyle. Its habitat range includes humans, animals, plants, and food products. This 

approach appears promising as niche adaptations have been noted as a driving force in genomic 

changes, as mentioned above for Bifidobacterium and Streptococcus. Additionally, this 

methodology still allows for the grouping of heterofermentative and homofermentative species 

[28], a split that has led to much discussion in recent phylogenetic studies of Lactobacillus [29]. 

Overall, it is apparent that LAB environments shape LAB evolution and genomics as much as 

LAB shape their environment.  
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1.6. APPLICATIONS OF LACTIC ACID BACTERIA IN AGRICULTURE 

Due to their ubiquitous nature, GRAS and QPS status, and health-promoting benefits, 

there has long been an assumed connection between LAB and agriculture. This ideology was 

enforced when LAB were continuously isolated from crops and livestock. Soon, the practice of 

adding LAB to feeds and fertilizers began, and this application has only increased with rising 

concerns over antibiotic and hormone use. As consumers become more concerned with where 

their food is coming from and how it is grown, the market has adapted to employ nature-made 

solutions – rather than man-made – in order to promote growth, add functional benefits, and to 

eliminate pathogens. This has led to a push for probiotic alternatives in the agricultural sector. 

Probiotics have been defined as “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host” [30]. For this to occur, species must be able to 

survive in their host’s environment, specifically utilize the available nutrients, tolerate stress 

conditions, and interact with the host in such a way to provide a benefit. While probiotic research 

has historically focused primarily on humans as hosts, these recent trends in agriculture have 

served as the impetus to expand their use in livestock and plants as additional hosts, and thus 

products. Initial research in livestock microbiomes and probiotics have revealed similar trends to 

those as seen in humans (see below). However, mechanistic and genomic studies meant to 

unravel the interplay between hosts and LAB in the agriculture sector are still in their infancy.   

 

1.6.1. Uses of Lactic Acid Bacteria in the Livestock Industry 

With a desire to better understand animal health and to introduce non-antibiotic measures 

such as probiotics, there has been an increasing amount of studies focusing on microbiome and 

probiotic usage in livestock. These recent studies are revealing that many animal trends mimic 
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those already known in humans; this allows us to use tools developed for other industries and 

knowledge derived from humans to improve livestock health and production. For instance, in 

addition to maintaining microflora balance in the intestine, LAB are capable of affecting animal 

immunity through their influence on intestinal permeability and their ability to produce bioactive 

molecules [31]. Furthermore, GIT homeostasis is important to animal health, and bifidobacteria 

have been identified as important members of the animal GIT, their presence being indicative of 

a healthy status [31]. Research has also shown that animal microbiomes change and adapt as the 

host ages, and that proposed benefits and adaptations are on a strain level, not a species level.  

For example, strains of Lactobacillus ruminis from infant bovine and porcine showed beta-

galactosidase activity indicative of milk (lactose) being part of the diet, but strains from adult 

racehorses did not show this activity [32]. This also means that the species and strain selected to 

be used as potential probiotics will most likely vary based on the animal, age, lifestyle, and goal 

[8]. 

Beyond general trends, studies have already begun to look at the effect LAB has on 

various livestock species. There is evidence that LAB would be effective probiotics in calves, 

pigs, and chickens [31]. Probiotics are being examined in poultry because it is believed that their 

use will prevent pathogens and promote growth of the host without the use of antibiotics [33]. 

Specifically, Lactobacillus species have been shown to inhibit the growth of several foodborne 

pathogens [33]. Additionally, LAB have been linked to increased egg production in chickens and 

milk yields in ruminants [31]. LAB species already employed as animal probiotics include Lc. 

lactis, Pediococcus acidilactici, and Lactobacillus acidophilus [8]. In addition, both Lb. jensenii 

and Lc. lactis have shown genomic attributes to improve immune response in animals (Table 

1.1).  
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One way to introduce LAB strains to livestock is through their feed. Silage is a common 

feed for livestock in certain climates [34], and is often fermented using LAB species. It is 

believed that silage fermentation begins spontaneously with LAB genera such as lactococci and 

pediococci, before finishing with lactobacilli. As such, commercial products typically 

incorporate Lb. plantarum, Lactobacillus casei, and Lb. rhamnosus [34]. LAB have specifically 

been added for their antifungal properties in order to protect grass silage during storage [35]. 

 

1.6.2. Use of Lactic Acid Bacteria in Crop Manufacturing 

In contrast to animal studies, there has been few mechanistic studies on LAB in crops. 

LAB and plants are less studied since LAB are relatively minor members of the plant 

microbiome. Most LAB plant species are considered epiphytes, with some evidence to show 

species serving as endophytes [36]. Weissella cibaria/Weissella confusa and Lb. plantarum are 

the most commonly found LAB species, while other members of the Lactobacillus, Leuconostoc, 

Pediococcus, and Enterococcus genera have also been identified occasionally [37]. Overall, LAB 

have been isolated from herbs, sugarcane, grass, cereals, fruits, and vegetables [38]. 

Plant environments differ greatly from the animal, food manufacturing, and human 

environments from which LAB are most typically isolated. Growth conditions provide a whole 

new set of challenges and, as such, LAB must uniquely adapt, typically through the formation of 

niche-specific genomic islands. Lb. plantarum and Lb. casei, two of the larger genomes analyzed 

in our set (Figure 1.1), both have genomic islands that allow them to adapt to numerous niches, 

including plants [39, 40]. Plant-specific adaptations that LAB need to thrive in this environment 

are the abilities to handle the phenolic compounds that are often a part of the metabolic pathways 

of plants and to have antimicrobial properties [36]. LAB plant strains have adapted to utilize 
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phenolic compounds in order to remove them from their environment; many strains use these 

compounds as external electron acceptors [41].  After determining which species and strains can 

grow in this different environment, studies began to look at how LAB interacted with their host. 

Most studies focused on the benefit the plants receive and evaluate the LAB’s ability to act as 

growth promoters, provide pathogenic resistance, and alter the host’s expression profile [42]. 

LAB, such as Lb. plantarum, Lactobacillus delbrueckii, Lactobacillus fermentum, and B. 

longum, have been sprayed on plants and soil as EM (effective microorganisms) to increase plant 

growth and pathogen resistance [35]. 

 

1.6.3. Agricultural Genomic Adaptations 

Since probiotics in livestock are proposed as an alternative to antibiotic use, most studies 

have focused on a proposed species ability to outcompete or eliminate pathogens. As it has 

already been employed as a probiotic in livestock, Lc. lactis has been the focus of numerous in 

vivo studies, specifically looking at the prevention of mastitis in bovine. One study showed that 

the administration of Lc. lactis was able to clear mastitis infection as well as antibiotics did [43]. 

Further studies have shown that Lc. lactis is able to modulate the host’s immune response to 

better prime the host to combat infection [44, 45]. These studies, combined with the known fact 

that Lc. lactis produces the bacteriocin lacticin, have led to the proposal that Lc. lactis is a 

suitable alternative to antibiotics (Figure 1.2) [45]. 

Like the studies completed to date in livestock, very few shed light on the genomic 

attributes and mechanisms of action of LAB in plants. The studies that have focused on LAB 

genomics and their effect on plants focus, again, mainly on pathogenic protection. Exclusion of 

pathogens not only provides a benefit to the host, but also limits competition for LAB. Lb. 
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plantarum encodes several bacteriocins that are predicted to help mitigate the effects of 

pathogenic microorganisms on their hosts (Table 1.1). Several strains of Lb. plantarum coding 

for a ClassIIb bacteriocin were able to combat the effects of fire blight on pear and apple plants 

(Figure 1.2) [46]. 
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1.7. USE OF LACTIC ACID BACTERIA FOR FOOD MANUFACTURING 

Humankind has used LAB in the food production process for millennia. This is, in part, 

due to their ubiquitous presence -- LAB species have been isolated from tomatoes, pineapples, 

peppers, carrots, eggplants, cucumbers and several other fruits and vegetables [37]. It is also due 

to LAB’s ability to spontaneously ferment many of the listed fruits and vegetables. LAB have 

uniquely adapted to be reliant on fermentation, despite it being a high-energy process, which 

enables the production of various fermented vegetables, as well as several dairy and meat 

products [47]. In fact, the production of fermented foods uses LAB as its most common starter 

[48]. 

Food fermentation is meant to achieve the development of flavor and texture, provide 

food preservation, add fortification, and decrease cooking time [48]. Depending on the starting 

material, desired flavor and textures, and the final product, strains are selectively used to drive 

the food manufacturing process, thus leading to specialized genomic adaptations, as discussed 

below. While fermentation is their main role in food manufacturing, LAB also add flavors and 

textures to food products [25]. LAB are universal in the food manufacturing process from 

causing fermentation, adding flavor and texture, providing protection from spoilage, and in some 

cases, acting as agents of spoilage [8, 49]. 

Several species have functional attributes beyond their fermentation capabilities that 

make them desirable starter cultures in the food manufacturing industry, such as having the 

ability to produce EPS for texture, protect against phages that cause spoilage, and produce 

desired sugars for taste. Beyond the development of food products, LAB bacteriocins such as 

nisin have been proposed as and used as natural food preservatives [37]. Species that have been 

used in the food manufacturing process include Lb. casei, Lb. fermentum, Lb. delbrueckii subsp. 
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bulgaricus, Lb. salivarius, S. thermophilus, Lc. lactis subsp. lactis, and Lc. lactis subsp. cremoris 

(Table 1.1). S. thermophilus and Lc. lactis subsp. cremoris have a well-documented history in the 

food manufacturing process, specifically in the production of yogurt. 

 

1.7.1. Lactic Acid Bacteria for Fermented Dairy Products 

LAB are well known for their ability to ferment dairy products including milk, cheeses, 

and yogurt. Starter cultures of LAB greatly affect the outcome of the final product, as they not 

only provide flavor compounds, but also texturizing compounds, including consistency, 

syneresis, and firmness. Depending on the species and strains used, LAB impact the flavor and 

development of dairy products through their metabolism of lactate, their lipolysis properties, and 

proteolysis capabilities [25]. Milk flavors come from the production of acetic acid, acetaldehyde, 

and diacetyl, produced by species such as Lc. lactis, S. thermophilus, and Lb. delbrueckii subsp. 

bulgaricus [50]. Ripened cheese flavors are produced through proteolysis performed by Lc. 

lactis, S. thermophilus, and Lb. delbrueckii subsp. bulgaricus [50].While fermentation is vital to 

the production of fermented dairy products, other LAB adaptations are also important to their 

development, such as EPS and antimicrobial agents. 

The ability to produce EPS is important for the development of several fermented dairy 

products. EPS’ effect differs depending on the species and the underlying structure. The EPS of 

certain LAB species have been associated with several properties of yogurt, including texture, 

stability, and sensory properties [51]. Because EPS improves sensory and rheological properties, 

there is less of a need to add chemicals to the final product [52]. LAB species in yogurt 

production that produce an EPS include Lc. lactis subsp. cremoris and Lb. delbrueckii subsp. 

bulgaricus. Additional adaptations important to yogurt production include the ability to prevent 
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pathogens. Fermented dairy products are susceptible to pathogens, which can cause spoilage and 

thus raises the cost of production. The main adaptation contributing to LAB’s ability to act as an 

antimicrobial is the fact that LAB acidify their environment during fermentation, preventing the 

growth of pathogens [25]. An additional method to prevent pathogen spoilage is CRISPR 

(discussed below).  

While individual strains have adapted to the fermented milk environment, two strains, S. 

thermophilus and Lb. delbrueckii subsp. bulgaricus, adapted in tandem and are best known for 

their protocooperative growth. As mentioned earlier, growth in a rich medium often leads to 

genome decay in LAB species. For these two species, their decay has occurred in a 

complimentary fashion. In other words, they each provide the other with essential growth factors 

that their partner can no longer generate [53]. Intriguingly, yogurt production is better when both 

organisms are used as compared to either one alone [25]. 

 

1.7.2. Lactic Acid Bacteria and Other Fermented Foods 

Perhaps best known for their work in fermented dairy products, LAB are also commonly 

used to ferment other foods such as vegetables, fruits, and meats. LAB have been used in the 

manufacturing of several fermented vegetable and fruit products including sauerkraut, kimchi, 

capers, cabbage, radishes, cucumbers, and beets [37, 48]. The main LAB used in vegetable 

fermentations are Lactobacillus, Leuconostoc, and Pediococcus [48]. LAB are also used in meat 

production. Specifically, homofermentative LAB are preferred in meat fermentation [54]. They 

are preferred because their fermentation prevents spoilage [50] and their ability to produce 

bacteriocins combat foodborne pathogens [54]. Lactobacillus is primarily used in fermented 

meats: Lactobacillus sakei is the most commonly used species; however, Lb. plantarum has also 
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been utilized [54]. Finally, LAB have been used to create bread products, specifically used as 

common starters in sourdough. Lb. plantarum and Lb. delbrueckii have both been used in 

sourdough production, yet Lactobacillus sanfranciscensis is perhaps the most well-known [55]. 

The fermentation processes allows for a more aerated bread, and lactobacilli also contribute 

through proteolysis, anti-mold production, and the production of volatile compounds [55]. 

 

1.7.3. Genomic Adaptation to Industrial Manufacturing Environments 

LAB strains have specifically adapted to food environments. Some adaptations are 

universal -- such as their fermentation ability -- but other adaptations are specific to either 

species or strains. One such adaptation is the ability to produce EPS. As mentioned above, EPS 

is able to affect various rheological properties during dairy product fermentation. Interestingly, 

while many LAB strains have the ability to produce EPS, the exact structure of the EPS differs 

by strain, and therefore, the effect of the EPS is strain-specific. One study on EPS focused on Lc. 

lactis subsp. cremoris, a species commonly used in yogurt production. An analysis of several of 

the EPS-producing strains of Lc. lactis subsp. cremoris determined that it is the molecular 

makeup of the EPS that determines its overall impact on viscosity, not just the production of EPS 

(Figure 1.2). In other words, the more structured and viscous the EPS structure of the strain is, 

the more viscous the final fermented dairy product will be [56]. 

Also as stated above, an additional benefit of using LAB in food manufacturing is the 

ability to act as an antimicrobial. LAB have several ways of preventing phage infection and 

spoilage, however the most popular would be CRISPR. While most well-known for its genetic 

engineering capabilities and the “CRISPR craze,” CRISPR was actually first identified as an 

adaptive immune system in S. thermophilus [57, 58]. As bacteria and phage have been engaged 
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in an arms race for millennia, the identification of CRISPR in S. thermophilus revealed a new 

widespread defense system in bacteria. It was demonstrated that when S. thermophilus cultures 

were challenged with phage, the host was able to fend off the attack if the strain had a CRISPR 

system (Figure 1.2). Additionally, it was shown that the strain was able to genetically capture a 

memory of the infection in order to fend off subsequent infections. This means that culturing 

using S. thermophilus strains with functional CRISPR loci are preferred in manufacturing, as 

they will be less likely to spoil due to phage infection. 
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1.8. PROBIOTIC LACTIC ACID BACTERIA AND PROMOTING CONSUMER 

HEALTH 

While each of the previously discussed industrial sectors have benefitted from advances 

in microbiome studies, the greatest advances thus far have arguably been achieved in the human 

microbiome.  Scientists have discovered a community much more numerous, diverse, and 

complex than originally expected. Most importantly, researchers are beginning to understand 

how large a role microbiomes play in human health. LAB have been at the forefront of many of 

these studies due to their ubiquitous presence across human microbiome sites: skin, oral, GIT, 

and vaginal.  

Although ubiquitous, the majority of studies on the interaction between LAB and humans 

have primarily focused on the GIT and, more recently, on the vaginal microbiomes. The role of 

LAB in the gut microbiome is well-studied due to the use of LAB as probiotics. Scientists now 

know that the human gut is sterile at birth, is rapidly colonized, and then transitions to an adult 

microbiome in early childhood [59].  From a mechanistic standpoint, researchers have evaluated 

how LAB adhere to host cells, utilize the available nutrients, and overcome various stress 

conditions to not only grow, but to also provide a benefit to the consumer. LAB are noted as 

health-promoting in consumer microbiomes for their ability to act as an antimicrobial via the 

lowering of pH in their environment and the production of organic acids [38]. 

 

1.8.1. Lactic Acid Bacteria and the Host Gastrointestinal Tract 

The best studied microbiome is arguably that of the human GIT. Studies have shown how 

important the normal microflora is to establishing homeostasis. It is important for beneficial 

bacteria to maintain colonization to prevent pathogens, absorb bacterial metabolites, and interact 
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with the immune system of the host [60]. The main LAB genera in the GIT are Bifidobacterium, 

Lactobacillus, Enterococcus, and Streptococcus [61].  Lb. acidophilus, Lactobacillus gasseri, Lb. 

rhamnosus, Lb. casei, Lb. salivarius, B. animalis subsp. lactis, Bifidobacterium breve, B. 

longum, and Lc. lactis subsp. lactis all have functional attributes that benefit consumer gut health 

(Table 1.1). Research into how these organisms colonize, interact with, and benefit the host have 

led to better understanding of how the GIT microbiome functions and maintains a healthy state 

throughout aging.  

A decrease of lactobacilli and bifidobacteria are linked to health risks at all ages [61]. In 

infants, a high incidence of Bifidobacterium is considered a healthy state. Since infant guts are 

sterile, the colonization of bifidobacteria excludes the colonization of pathogenic bacteria. 

Bifidobacterium first gain a competitive advantage by being introduced to the gut through 

vertical transmission, passing directly from mother to child [62].  

Research has largely focused on the benefit of adding LAB to the GIT through the use of 

probiotics. Several clinical studies show that LAB have a positive impact on the health status of 

the host [61]. Lactobacillus and Bifidobacterium are heavily studied in the gut due to their 

prevalence and their potential as probiotics [61]. These studies have revealed functional 

attributes that are necessary for strains to be able to survive and provide a probiotic effect. 

Briefly, in order to survive passage, probiotic strains need to have tolerance to acid, gastric juice, 

and bile [38]. Adhesion has been shown to be important for immune modulation and pathogen 

exclusion [38], and is a way for strains to interact with and grow in the host. Studies have shown 

that one benefit of Lactobacillus probiotics is that they have been able to improve barrier 

function in the intestinal tract [63]. A final interesting note about probiotic function is that 
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lactobacilli species represent both allochthonous and autochthonous species in the GIT, however 

even allochthonous species are able to impart health benefits to the host [61]. 

 

1.8.2. Applications of Lactic Acid Bacteria to Promote Women’s Health 

Vaginal microbiome studies have gained attention in recent years due to the unique 

differences of the vaginal microbiome as compared to other human microbiomes. Unlike other 

human microbiomes, the vaginal microbiome is mainly composed of the Lactobacillus genus. 

One study found that 73% of its participants had a community dominated by one or two 

Lactobacillus species assigned to over 50% of the sequences [64]. In fact, a lack of lactobacilli is 

indicative of health issues. Lactobacillus crispatus, Lb. gasseri, and Lb. jensenii are all vaginal 

lactobacilli (Table 1.1). It has become evident that Lactobacillus vaginal species are uniquely 

suited for their environment, and while it is a relatively new area of research, several adaptation 

theories have been proposed. Unlike in the GIT, it is not clear that lactobacilli species can 

preferentially use the primary carbohydrate source, glycogen, over competing organisms [65]. 

Instead, LAB of the vaginal microbiome are known for their role in protecting the host from 

pathogens [38]. In general, the production of lactic acid by LAB vaginal species lowers the pH of 

the vaginal environment to levels that are inhibitive for competitors [66]. However, there are 

some species-specific adaptations that also inhibit pathogens (see below). 

 

1.8.3. Genomic Adaptations to the Consumer 

As mentioned above, bifidobacteria are early colonizers of the infant gut. They gain 

competitive advantage by being one of the first microorganisms present, however infant gut 

Bifidobacterium have also uniquely adapted to the available nutrients in order to gain a greater 
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advantage. Specifically, bifidobacteria utilize the niche-specific nutrients before competing 

microorganisms can. In general, gut LAB have adapted to use the readily available 

oligosaccharides found in the GIT [67]. Bifidobacterium have specifically adapted to utilize 

human milk oligosaccharides (HMO)—the oligosaccharides found in mothers’ milk [68]. They 

achieve this through a catabolism gene, such as a lacto-N-biosidase, to breakdown HMOs in 

order to access their sugars (Figure 1.2) [69]. By being the first colonizers and by utilizing the 

available nutrient source first, Bifidobacterium become dominant members of the infant gut 

microbiome.  

As mentioned above, lactobacilli are the dominant members of healthy vaginal 

microbiomes. While there is still debate over how Lactobacillus species come to dominate and 

interact with the host, it is widely held that these species are important in preventing the growth 

of pathogens. While the production of lactic acid has been shown to be an inhibitive, further 

research into vaginal species has discovered other possible mechanisms of action. For instance, a 

comparative genomic study identified several genes of Lb. crispatus that are predicted to 

interfere with the adherence of competitors. One gene, the Lactobacillus epithelium adhesion 

(LEA) gene, is predicted to interfere with or block the binding ability of Gardnerella vaginalis -- 

an indicator species of bacterial vaginosis (BV) (Figure 1.2) [70]. BV is a dysbiosis of the 

vaginal microbiome and the reason for 50% of the clinical visits by women [71]. 
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1.9. CONCLUSION 

Genomic studies have provided the framework for understanding how LAB have 

integrated themselves into our everyday lives. These studies have been enhanced by the growing 

microbiome field. As technologies become more widespread across the food supply chain from 

farm to fork, researchers will be able to elucidate how LAB function in a microbiome setting and 

additionally how the microbiome affects LAB evolution. The knowledge of how these 

microorganisms adapt to, interact with, and benefit their environment is essential to better 

understand how we can fully leverage their unique abilities. A great deal of effort has already 

been made in understanding how LAB affect human health, specifically as probiotics. This 

understanding will allow easier selection of potential strains to develop into probiotics. In fact, 

experts have recently curated a set of probiotic effector molecules to be used as criteria for 

selection [72]. Expanding on our current understanding of how probiotics interact with the 

consumer, efforts are underway to capitalize on the use of probiotics by co-opting them in 

vaccinations and biotherapeutics as an alternative to antibiotics [73, 74]. Similarly, knowledge of 

what products LAB produce that influence food texture, flavor, and stability will enhance the 

manufacturing process. Increased knowledge on how LAB function in the food manufacturing 

process has given rise to a new emerging trend in the food industry: functional foods. Functional 

foods are foods that provide a benefit beyond nutrients, such as probiotics or bioactive 

compounds. In place of synthetically derived compounds, there is a push to use the natural LAB 

found in the food manufacturing process to produce functional properties such as probiotics, 

vitamins, and EPS [52]. Advances in the consumer and food manufacturing industries will also 

benefit the agricultural industry. The food industry is facing a deadline in the year 2050 to 

support the world’s population, and traditional methods are either costly, unreliable, or time-
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consuming [75, 76]. Knowledge of how to enhance the health and yield of livestock and crops 

without using antibiotics, hormones, and engineering will have a profound effect. Finally, there 

is work to expand LAB’s effect beyond their natural habitats. There have been suggestions to use 

LAB as cell factories in industrial chemistry due to their unique abilities and simple genomes 

[77]. Overall, LAB provide a resource of highly specialized, streamlined genomes for use and 

manipulation in several industrial settings. 
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Table 1.1 | Genomic characteristic of select LAB strains. Select set of 16 LAB species and subspecies used in this study. 

Genus Species Subspecies No. 

Genomes  

Complete 

Genomes 

Reference 

Strain 

Reference 

Genome 

Genome 

Size (Mb) 

GC 

% 

Genes Plasmids Functional 

Attribute 

Market Ref 

Lactobacillus acidophilus  38 7 NCFM NC_006814 1.99 34.7 1927 
 

Surface Layer 
Proteins 

Consumer (GIT) [78] 

 
crispatus 

 
61 1 ST1 NC_014106 2.04 36.9 2036 

 
Pathogen 

exclusion 

Consumer 

(Vaginal) 

[70] 

 
gasseri 

 
31 3 ATCC 3323 NC_008530 1.89 35.3 1891 

 
Degradation of 

Oxalate 
Consumer (GIT), 

Consumer 

(Vaginal) 

[79] 

 
rhamnosus  153 17 GG NC_013198 3.01 46.7 3062 

 
Surface 

Molecules (Pili, 
EPS, etc.) 

Consumer (GIT) [80] 

 
jensenii 

 
18 1 ASM193623v1 NZ_CP018809 1.67 34.4 1626 

 
Immunobiotic 

Properties 

Agriculture 

(Animals), 
Consumer 

(Vaginal) 

[81] 

 
casei 

 
23 6 BL23 NC_010999 3.08 46.3 3236 

 
Acid stress 

resistance 

Consumer (GIT), 

Food 
(Manufacturing) 

[82, 

83] 

 
fermentum  56 16 IFO 3956 NC_010610 2.1 51.5 2134 

 
Mannitol 

production 

Food 

(Manufacturing) 

[84] 

 
plantarum  316 76 WCFS1 NC_004567 3.31 44.5 3124 3 Antimicrobial 

properties 
Agriculture 

(Plants) 
[46] 

 
delbrueckii bulgaricus 57 21 ATCC 11842 NC_008054 1.87 49.7 1961 

 
Peptide 

Synthesis 

Food 

(Manufacturing) 

[53] 

 
salivarius 

 
84 8 UCC118 NC_007929 1.83 32.9 1864 3 Bacteriocins Consumer (GIT), 

Food 

(Manufacturing) 

[85] 

Streptococcus thermophilus  53 26 JIM 8232 NC_017581 1.93 38.9 2033 
 

Phage 
Protection 

Food 
(Manufacturing) 

[53, 
57] 

Bifidobacterium animalis lactis 54 22 DSM 10140 NC_012815 1.94 60.5 1655 
 

Bile Acid 

Resistance 

Consumer (GIT) [86] 

 
breve 

 
95 40 DSM 20213 NZ_AP012324 2.27 58.9 2039 

 
Surface 

Molecules (Pili) 
Consumer (GIT) [87] 

 
longum 

 
185 20 NCC2705 NC_004307 2.26 60.1 1797 2 HMO 

utilization 

Consumer( GIT) [68] 

Lactococcus lactis lactis 72 21 Il 1403 NC_002662 2.37 35.3 2406  Antimicrobial 
properties 

Consumer (GIT), 
Food 

(Manufacturing), 

Agriculture 
(Plants), 

Agriculture 

(Livestock) 

[19, 
43, 

44, 

88] 

 lactis cremoris 40 13 158 NZ_CP015894 2.25 35.9 2255 7 EPS Food 

(Manufacturing) 

[56] 
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Figure 1.1 | Phylogenetic and Genomic Comparison of LAB Strains. (Left) A phylogenetic 

tree of 16 LAB strains from Table 1.1. Tree was generated using RAxML and is based on the 

nucleotide alignment of the 16S rRNA sequence. To the right are representations of each 

genome. Transporter (blue), EPS (yellow), CRISPR (purple), and bacteriocin (red) loci are 

highlighted.  
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Figure 1.2 | Functional Genomics of LAB. Lb. plantarum (top left) contains a bacteriocin that 

combats firelight in apple plants. Lc. lactis (top right) produces lacticin to prevent mastitis in 

cows. Lc. lactis subsp. cremoris (middle left) produces EPS for the production of fermented milk 

products. S. thermophilus (middle right) utilizes its CRISPR systems to prevent phage spoilage 

in yogurt production. Bifidobacterium (bottom left) encode lacto-N-biosidases for the utilization 

of HMOs in the infant gut. Lb. crispatus (bottom right) uses its LEA protein to inhibit the 

adhesion of pathogenic G. vaginalis in the human vaginal microbiome. 
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CHAPTER 2: PHYLOGENETIC ANALYSIS OF THE BIFIDOBACTERIUM GENUS 

USING GLYCOLYSIS ENZYME SEQUENCES 
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2.2. ABSTRACT 

Bifidobacteria are important members of the human gastrointestinal tract that promote the 

establishment of a healthy microbial consortium in the gut of infants. Recent studies have 

established that the Bifidobacterium genus is a polymorphic phylogenetic clade, which 

encompasses a diversity of species and subspecies that encode a broad range of proteins 

implicated in complex and non-digestible carbohydrate uptake and catabolism, ranging from 

human breast milk oligosaccharides, to plant fibers. Recent genomic studies have created a need 

to properly place Bifidobacterium species in a phylogenetic tree. Current approaches, based on 

core-genome analyses come at the cost of intensive sequencing and demanding analytical 

processes. Here, we propose a typing method based on sequences of glycolysis genes and the 

proteins they encode, to provide insights into diversity, typing, and phylogeny in this complex 

and broad genus. We show that glycolysis genes occur broadly in these genomes, to encode the 

machinery necessary for the biochemical spine of the cell, and provide a robust phylogenetic 

marker. Furthermore, glycolytic sequences-based trees are congruent with both the classical 16S 

rRNA phylogeny, and core genome-based strain clustering. Furthermore, these glycolysis 

markers can also be used to provide insights into the adaptive evolution of this genus, especially 

with regards to trends towards a high GC content. This streamlined method may open new 

avenues for phylogenetic studies on a broad scale, given the widespread occurrence of the 

glycolysis pathway in bacteria, and the diversity of the sequences they encode.  
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2.3. INTRODUCTION 

Bifidobacterium species are an important component of the human gastrointestinal tract 

(GIT) microbiome, and exert critical functional roles, especially during the establishment of gut 

microbial composition early in life. Consequently, they are the subject of extensive 

microbiological and genetics studies, to investigate their probiotic phenotypes, and genotypes, 

respectively. Actually, many studies are investigating the genetic basis for their health-promoting 

functionalities, both in industry and academia. This genus is often found in the GIT of animals 

(Ventura et al., 2014), and is the predominant phylogenetic group early in human life (Turroni et 

al., 2012a). Indeed, a mounting body of evidence has established vertical transmission between 

the mother and infants (Milani et al., 2015), notably through the selective nurture of 

bifidobacteria through diverse non-digestible human-milk oligosaccharides (HMOs) that are a 

critical component of breast milk (Sela, 2011). These HMOs selectively drive the colonization of 

the infantile GIT by species that encode prebiotic transporters and hydrolases (Turroni et al., 

2012b). Recently, a dichotomy has been established between healthy term babies with a normal 

gut microbiome, and preterm infants whom have not been colonized by Bifidobacterium species 

(Arboleya et al., 2015). Several studies have implicated the expansive carbohydrate uptake and 

catabolism gene repertoire of bifidobacteria as the key driver of adaptation of this genus to the 

infant diet (Milani et al., 2014). In fact, several species of bifidobacteria have shown unique 

genome composition adaptation trajectories in their carbohydrate utilization machinery, 

rendering them competitive in this environment (Pokusaeva et al., 2011, Ventura et al., 2012).  

To better understand how these organisms have emerged as potent early-life colonizers, 

there has been a surge in genome sequencing in recent years. At the time of writing, 47 

established species and subspecies have been sequenced (Milani et al., 2016), providing a wealth 



   

42 

 

of genomic information, which serves as a valuable tool for understanding the species and strain 

diversity within this polymorphic genus, as well as unraveling the key elements that drive health-

promoting and colonization phenotypes in humans. However, given the democratization of 

sequencing technologies in general, and genome and microbiome sequencing in particular, it is 

imperative that tools and methods be available to analyze this high-throughput data, and 

specifically allow experimentalists to parse out the complex phylogeny of this broad genus. 

Indeed, basic questions being addressed regarding the occurrence, diversity and functions of 

various Bifidobacterium species in the human GIT will require the ability to accurately and 

consistently assign phylogeny.  

Fundamentally, as new sequences become available, it is important to know where to 

place strains on the phylogenetic tree of Bifidobacterium. Whereas the affordability, accessibility 

and ability to generate high-throughput data have become somewhat straightforward, a key 

challenge lies in the analysis of these sequences, regarding assembly, comparative analyses and 

phylogenetic assignments. Historically, 16S rRNA sequences have been used across the 

phylogenetics field for classification and sequence tree-based assignments, but there are growing 

concerns about the adequacy and sustainability of this method (Fox et al., 1992), notably with 

regards to the availability of proper references (Clarridge, 2004), and the actual levels of 

conservation of sequences targeted by “universal” primers (Baker et al., 2003). Because of this, 

new approaches have been suggested, ranging from multi-locus approaches, using housekeeping 

genes (Eisen, 1995), to core-genome analyses (Medini et al., 2005). For Bifidobacterium, efforts 

have been focused on creating a phylogeny based on whole and/or conserved genomic 

sequences, namely the pan-genome and the core-genome, respectively (Lukjancenko et al., 2011, 

Lugli et al., 2014). While the core-genome is arguably comprehensive, core-genome assembly is 
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time consuming and computationally intense. Alternative methods need to be developed, to 

allow rapid and convenient phylogenetic screening of new and potentially unknown sequences. 

Preferably, such a method would provide high resolution, low-throughput, robust, accurate, and 

affordable information. 

Notwithstanding phenotypic diversity between organisms that have specialized metabolic 

pathway combinations, and the corresponding genomic complement, there are core biochemical 

pathways and processes that are broadly distributed across the Tree of Life. Noteworthy, 

glycolysis is a fundamental process for most cells, and may be construed as the biochemical 

backbone of most, if not all, living organisms. Indeed, this process allows for the genesis of 

energy through the catabolism of simple carbohydrates. This pathway is, at least partially, 

present in all genomes (Fothergill-Gilmore and Michels, 1993) and consequently constitutes a 

promising biochemical, and thus genetic, marker for phylogenetic studies. Because these genes 

are important, they are typically members of the house-keeping genomic set, and are widely 

dispersed across the Tree of Life. However, they are likely subject to less selective pressure than 

other phylogenetic markers (i.e. ribosomal sequences), and thus afford a more diverse set of 

sequences to encompass a broad range of assorted sequences (Fothergill-Gilmore, 1986). 

Therefore, we set out to assess the potential of glycolytic genes, and the sequences of the 

proteins they encode, for bifidobacteria phylogenetic studies. In particular, we determined the 

occurrence and diversity of these glycolytic enzyme genes in the genomes of bifidobacteria, and 

compared and contrasted sequence alignment-based trees with one another, and to those derived 

from alternative sequences, notably the core-genome, and the 16S rRNA-based reference tree. 

Our results show how the glycolysis protein sequences can be used as suitable markers to create 

a phylogeny of Bifidobacterium that is as accurate as the core-genome based phylogeny, but 
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much less computationally demanding. We also explore how basic features of the genetic 

sequences of glycolysis can reveal trends and patterns of evolution among the different 

Bifidobacterium species and the genus as a whole. 
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2.4. MATERIALS AND METHODS 

2.4.1. Genetic Sequences Sampling and Reference Genomes 

We used sequences derived from a total of 48 Bifidobacterium genomes from distinct 

species and subspecies, as listed in Table 2.1. Bifidobacterium stercoris was included in this 

analysis, as a separate species, but it was recently renamed as a strain of Bifidobacterium 

adolescentis (Killer et al., 2013). Our results (see below) show that B. stercoris is always a close 

neighbor of B. adolescentis, consistent with the newest findings. These genomes were mined for 

the presence of glycolytic enzymes using Geneious version 9.0.5(Kearse et al., 2012). We 

selectively elected to pursue a scheme based on canonical glycolysis genes, as to generate a 

broadly applicable method. Nevertheless, the classical glycolysis genes do not universally occur 

in bacterial genomes. Furthermore, some organisms do carry alternative pathways, such as the 

bifid shunt in Bifidobacterium, which could prove valuable, but are not widely distributed. The 

nine canonical glycolysis enzymes from bifidobacteria (de Vries and Stouthamer, 1967) were 

found in each genome. Four reference species (Bifidobacterium longum subsp. longum, B. 

adolescentis, Bifidobacterium animalis sub. lactis, and Bifidobacterium breve) were used to 

make a database of the nine genes. The Annotate from Database feature was used (with 40% 

nucleotide sequence similarity cut-off) to identify glycolytic orthologs in the other genomes. As 

all genomes had been previously annotated, we confirmed the original annotation to the database 

annotation manually to validate this method of mining. In cases where multiple hits were 

obtained, BLAST (Altschul et al., 1990) analyses were carried out to select the correct homolog. 

Translated sequences were confirmed using ExPasy (Gasteiger et al., 2003). For the 16S rRNA 

analysis, the 16S rRNA sequences were extracted manually from each genome. In case of 

multiple hits, BLAST analyses were carried out to select the right sequences. For increased 
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robustness, the glycolysis enzyme sequences were concatenated in order of occurrence in the 

glycolysis pathway. (Lang et al., 2013). 

 

2.4.2. Genesis of Sequence Alignment-Based Trees  

Five different alignments were made for each tree using Geneious version 9.0.5. 

ClustalW (Larkin et al., 2007) was used, with the BLOSUM scoring matrix, and settings of gap 

creation at -10 cost, and gap extension at -0.1 cost per element. For the 16S rRNA alignment, 

ClustalW was set so that the cost matrix was IUB, with a gap opening penalty of 15, and gap 

extension cost of 6.66. MUSCLE (Edgar, 2004) was used with the setting of 8 maximum number 

of iterations for the amino acid sequences and the 16S rRNA alignments. The Geneious Pairwise 

Alignment was set so that the alignment type was global alignment with free end gaps and the 

cost matrix was BLOSUM62 for the amino acid sequences. For the 16S rRNA gene analysis, the 

alignment type was global alignment with free end gaps and a cost matrix of 65% similarity 

(5.0/-4.0). MAFFT(Katoh et al., 2002) was used twice, for both the amino acid sequences and 

the 16S rRNA sequences. For the amino acid sequences the first alignment had an algorithm 

setting of auto, a scoring matrix of BLOSUM62, a gap open penalty of 1.53, and an offset value 

of 0.123. The second alignment had an algorithm setting of auto, a scoring matrix of 

BLOSUM80, a gap open penalty of 1.53, and an offset value of 0.123. For the first 16S rRNA 

alignment, the algorithm was set to auto, the scoring matrix was set to 100PAM/k=2, the gap 

open penalty was set to 1.53, and the offset value was set to 0.123. The second alignment for the 

16S rRNA was set so that the algorithm was auto, the scoring matrix was 200PAM/k=2, the gap 

open penalty was 1.53, and the offset value was 0.123. trimAl (Capella-Gutiérrez et al., 2009) 

was used to select a consistent alignment between the five alignments. The parameters were 
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compareset and automated1. Using Geneious, trees were made from the respective consistent 

alignments. The trees were generated using RaxML version 7.2.8 (Stamatakis, 2006b, 

Stamatakis, 2014). For the protein based trees the parameters were set so that the model was 

CAT (Lartillot and Philippe, 2004) BLOSUM62, the algorithm was Bootstrap using rapid hill 

climbing with random seed 1, and the number of bootstrap replicates was 100 (Stamatakis, 

2006a).  For the 16S rRNA tree, the nucleotide model was GTR CAT, the algorithm was 

Bootstrap using rapid hill climbing with random seed 1, and the number of bootstrap replicates 

was 100. A consensus tree was then built using the consensus builder in Geneious, at a 50% 

support threshold. The consensus tree was used in all further analyses. The sums of branch 

lengths for each tree were found by adding the branch lengths together in Mega6 (Tamura et al., 

2013). 

 

2.4.3. Statistical Analyses 

All statistical analyses were carried out using R version 3.2.2 (R Core Team, 2015). This 

software was also used to generate plots, graphs and display quantitative data throughout the 

manuscript.  
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2.5. RESULTS 

2.5.1. Glycolytic Enzyme Sequence-Based Phylogeny  

Bifidobacteria contain nine of the 10 traditional enzymes (Figure 2.1) commonly found in 

the glycolysis pathway (de Vries and Stouthamer, 1967). Phylogenetic analyses were carried out 

using the amino acid sequences of the proteins encoded by the aforementioned glycolysis genes. 

A comprehensive tree based on sequence alignment of the concatenated sequences of the 

glycolytic enzymes found in Bifidobacterium is shown in Figure 2.2. Six separate phylogenetic 

groups were identified, as previously established from the core-genome (Milani et al., 2016). 

These groups are: the B. longum group (orange), the B. adolescentis group (green), the 

Bifidobacterium pseudolongum group (purple), the Bifidobacterium pollurom group (blue-

green), the Bifidobacterium boum group (blue), and the Bifidobacterium asteroides group (red) 

(Bottacini et al., 2014). The number of individuals in each group varied between 3 and 11, with 

the B. longum group being the most diverse. Bifidobacterium angulatum and Bifidobacterium 

merycicum were moved to the B. adolescentis group due to a high bootstrap value in the 

concatenated tree. The concatenated tree has bootstrap values that range from 52 to 100. We 

observe a total of 34 bootstrap values of 70 and above (Figure 2.S1). Trees based on sequence 

alignments of the individual enzymes of glycolysis can be found in Figures 2.S2 to 2.S10.  

Interestingly, all of the individual trees resolved the phylogenetic groups found in the core-

genome with only the Gap and Eno trees providing alternative locations for a few branches, 

notably Bifidobacterium magnum, Bifidobacterium gallicum and Bifidobacterium 

thermacidophilum sub. thermacidophilum. Table 2.2 shows the sum of branch lengths for each 

tree. The 16S rRNA tree has the largest sum at 204.99, while the concatenated tree had the 

smallest sum at 99.56. The consistent clustering into these six phylogenetic trees illustrates how 
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robust and valuable the glycolytic sequences are with regards to phylogenetic information. It also 

shows that this method is congruent with the core-genome. 

 

2.5.2. 16S rRNA-Based Reference Phylogeny 

A reference phylogeny was generated using the 16S rRNA sequences of each of the 48 

species and sub-species included in this study (Figure 2.3). The six phylogenetic groups are 

identified and colored the same as in the concatenated tree. We elected to assign the B. 

angulatum and B. merycicum from the B. longum group to the B. adolescentis group, consistent 

with the concatenated tree. Noteworthy, the tree has bootstrap values that range from 51 to 100, 

with 17 nodes at values of 70 and above, which is half the amount found in the concatenated tree 

(Figure 2.S1). With regards to size, we point out that the concatenated tree is based on overall 

sequences ranging between 3,205 amino acids and 3,479 amino acids, which quantitatively 

compares as approximately twice the amount to the 16S rRNA ~1,600nt range, in terms of input-

information amounts.  

 

2.5.3. Genome-Wide Analyses  

The overall genome sizes in this study ranged from 1.73Mb for Bifidobacterium indicum 

to 3.26Mb for Bifidobacterium biavatii, with an average of 2.28Mb and a median of 2.17Mb. 

The GC content ranged from 52.8% for Bifidobacterium tsurumiense to 65.5% for 

Bifidobacterium choerinum, with an average of 60.4% and a median of 60.2%. This substantiates 

the perception that bifidobacteria are generally categorized as high-GC content organisms, at the 

genome-wide level (Ventura et al., 2007). However, a thorough analysis of GC content across 

the phylogenetic groups revealed that even among these high-GC organisms there are three 
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distinct subsets of high, medium, and low-GC bifidobacteria (Figure 2.4a). Most of the species 

fall in the upper medium-GC range, with the low-GC range being the least populated. There are 

some noteworthy groupings between the phylogenetic groups, specifically the B. pullorum and 

the B. boum groups, for which the entire groups are packed tightly in the high GC region and the 

medium GC region, respectively. All of the other groups, except the B. longum group, span two 

of these subsets. For the B. longum group, Bifidobacterium saguini lies just at the border between 

the low and medium GC subsets. This group has the largest spread, consistent with being the 

most diverse in the concatenated and 16S rRNA trees.  

Next, we looked at how the GC content varied across the trees. Figure 2.4b shows 

boxplots of the GC content of each tree and the total GC content. Except for the 16S rRNA and 

tpi trees, all other trees had median GC values with strong evidence of being higher than the 

median total GC content (Chambers, 1983).  Looking on an individual basis, over half of the 

genomes have 16S rRNA and tpi GC values below their total GC, while the other genes are 

either above or close to their total GC (Figure 2.5). Again, the B. pullorum and B. boum groups 

are tightly packed in regards to their GC spread amongst their glycolysis genes, 16S rRNA, and 

total GC.  In contrast, the B.longum group has the largest spread, a parallel to its higher diversity 

in the phylogenetic trees. 
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2.6. DISCUSSION 

Bifidobacterium is a diverse genus of human intestinal beneficial microbes that provide 

health-promoting functionalities, as illustrated by their broad use as probiotics in foods and 

dietary supplements (Turroni et al., 2014). Recently, extensive genomic analyses of diverse 

species, subspecies and phylogenetic groups have provided insights into their adaptation to the 

human gut, notably with regards to their ability to colonize the intestinal cavity in general, and 

utilize non-digestible carbohydrates in particular (Milani et al., 2016). Studies investigating the 

use of human breast milk oligosaccharides illustrate the important contribution of these 

probiotics in establishing the human gut microbiome at the early stages of life (Sela, 2011). Yet, 

these studies also reveal that there are many distinct and diverse Bifidobacterium species and 

phylogenetic groups that colonize the human GIT, perhaps with idiosyncratic genomic attributes, 

and their corresponding functionalities (Chaplin et al., 2015). These organisms have specifically 

adapted to their environment to competitively utilize available nutrients (Sánchez et al., 2013). In 

the human gut, these consist of non-digestible complex oligosaccharides that are not adsorbed, 

nor broken down in the upper GIT. Whereas plant-based fibers are important in the adult diet, 

human milk oligosaccharides are important components of the infant diet. Furthermore, 

Bifidobacterium have even been successful in helping each other through cross-feeding (Turroni 

et al., 2015). Thus, we addressed the need to establish practical means to allocate phylogeny with 

minimalistic information based on sequences that encode glycolysis, the biochemical spine of 

most cells.  

Here, we have shown that a multigene approach using glycolysis sequences can be used 

to uncover genomic trends and to make an accurate phylogenetic tree, based on a relatively small 

amount of information. The concatenated glycolysis tree in Figure 2.2 is congruent with both the 



   

52 

 

16S rRNA tree and the established core-genome-based tree (Milani et al., 2016). The only 

notable exception is the placement of B. merycicum and B. angulatum. However, the relocation 

was between two neighboring phylogenetic groups in the concatenated and core-genome based 

trees. The glycolysis pathway is perhaps as, if not more, robust and accurate than the 16S rRNA 

tree. Compared to the 16S rRNA, the bootstrap values of the concatenated tree were higher on 

average. This leads to more confidence in the placement of species and the identification of 

phylogenetic groups, which in comparison, can appear arbitrarily located on the 16S rRNA. The 

concatenated tree is able to identify groups as well as the core-genome based tree. In fact, all of 

the phylogenetic groups from the core-genome were consistently found across the glycolytic 

pathway based trees.  However, the glycolysis-based trees have the advantage of being much less 

labor intensive than the core-genome approach. This allows for accurate phylogenetic mapping 

of new strains or species, possibly encompassing unknown species, in less time and with less 

data than a core-genome. This approach is high resolution, low throughput, affordable, and 

accurate. Part of the success of this approach is the universality of glycolysis. Glycolysis is the 

biochemical backbone of the cell, and as such all organisms have at least some part of the 

glycolysis pathway represented (Fothergill-Gilmore and Michels, 1993). Even though these are 

slower-evolving genes, the changes that are made are enough to make an accurate phylogeny 

(Fothergill-Gilmore, 1986), evidenced from the congruence between our trees and the core-

genome based tree. Even though the glycolysis enzymes are considered “slow evolvers”, our 

data shows they are evolving at different rates amongst themselves. This can be explained by the 

fact that the glycolysis pathway is adapted by organisms to best fit their own unique environment 

and requirements (Bar-Even et al., 2012), as seen here in the Bifidobacterium and their bifid 

shunt (Sela et al., 2010). Some of the genes have specialized secondary functions, such as 
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enolase acting as a cell surface receptor in Bifidobacterium (Candela et al., 2009). All of this 

makes the glycolysis pathway an excellent phylogenetic marker candidate. The various rates in 

evolution and moonlighting abilities also allow for further applications in recognizing adaptive 

trends. 

The functional diversity of bifidobacteria is underpinned by multi-dimensional variety in 

their genomes, including overall content, organization, sequence diversity, and others. In extreme 

cases, even a two-fold difference in genome size can be observed. Despite being generally 

perceived as high GC organisms, they vary enough to have distinct relative classes of high, 

middle, and low–GC, amongst themselves (Figure 2.4a).  Yet, there are non-random patterns and 

phenomena that drive these differences. The phylogenetic groups are clustered in specific 

regions of the GC continuum. Some groups are more tightly packed than others. A general trend 

that is observed across the genus is an evolutionary movement towards a high(er) GC content. 

The higher end of the spectrum is more densely populated then the lower end of the spectrum, 

indicative of an upward trend. This is reflected by the increased GC content in the individual 

glycolysis genes, when compared to the total GC content. Of the glycolysis genes, only one, tpi, 

does not show strong evidence for being different from the genome-wide (total) GC content. 

Critically, all of the other genes are above the total GC content. When we combine the overall 

genomic data with the GC-content groupings and trends discovered using glycolysis as 

phylogenetic markers, we posit the hypothesis that, over time, the GC content within the 

genomes of bifidobacteria increases, as to deviate further away from the 50% value, as the 

organisms adapt, and their genomes evolve accordingly.  

Because of the broad occurrence of the glycolysis pathway in the Tree of Life, it is a 

suitable candidate marker to use in phylogenetic studies, likely beyond its application in 
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bifidobacteria. In addition to being conserved genes that capture genetic diversity, glycolysis 

genes are consistently amongst the most highly expressed in not only Bifidobacterium (Turroni 

et al., 2015), but other organisms as well (Barrangou et al., 2006). This reflects both the 

importance of these sequences genetically (as illustrated by GC content drift), and functionally 

(as illustrated by their propensity for high levels of constitutive transcription). Because of this, it 

may be possible to correlate transcriptional data to phylogenetic studies on a broader scale. From 

here, it could be feasible to assign species and map data to known references using 

transcriptomic, genomic, or meta-data. Indeed, as the democratization of metagenomic 

technologies continues, and the need to assign phylogenetic information to partial genomic 

information increases, we propose that this method be used to provide insights into the 

phylogeny of un-assigned contigs. Overall, this approach allows for accurate phylogenetic 

mapping, congruent with a core-genome and more robust than the 16S rRNA phylogenetic 

approach, as well as inference on genomic adaptation, using either genomic, transcriptomic, or 

meta-data in a timely fashion and with minimal computation. 
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Table 2.1 | Species and Genome List. List of the 48 species and subspecies used in this study. 

Accession numbers and naming conventions included. 

Genus Species Subspecies Strain Accession Number Naming Convention Locus Tag 

Bifidobacterium actinocoloniiforme 
 

DSM 22766 NZ_CP011786 B_actinocoloniiforme AB656 

Bifidobacterium adolescentis 
 

ATCC 15703 NC_008618 B_adolescentis BAD 

Bifidobacterium angulatum 
 

LMG 11039 NZ_JGYL00000000 B_angulatum BIANG 

Bifidobacterium animalis animalis ATCC 22527 NC_017834 B_animalis_a BANAN 

Bifidobacterium animalis lactis DSM 10140 NC_012815 B_animalis_l BALAT 

Bifidobacterium asteroides 
 

PRL 2011 NC_018720 B_asteroides BAST 

Bifidobacterium biavatii 
 

DSM 23969 NZ_JDUU00000000 B_biavatti OU23 

Bifidobacterium bifidum 
 

LMG 13200 NZ_JSEB00000000 B_bifidum LMG13200 

Bifidobacterium bohemicum 
 

DSM 22767 NZ_JDUS00000000 B_bohemicum OU21 

Bifidobacterium bombi 
 

DSM 19703 NZ_JDTS00000000 B_bombi OT95 

Bifidobacterium boum 
 

LMG 10736 NZ_JGYQ00000000 B_boum BBOU 

Bifidobacterium breve 
 

UCC 2003 NC_020517 B_breve Bbr 

Bifidobacterium callitrichos 
 

DSM 23973 NZ_JGYS00000000 B_callitrichos BCAL 

Bifidobacterium catenulatum 
 

JCM 1194 NZ_AP012325 B_catenulatum BBCT 

Bifidobacterium choerinum 
 

LMG 10510 NZ_JGYU00000000 B_choerinum BCHO 

Bifidobacterium coryneforme 
 

LMG 18911 NZ_CP007287 B_coryneforme BCOR 

Bifidobacterium crudilactis 
 

LMG 23609 NZ_JHAL00000000 B_crudilactis DB51 

Bifidobacterium cuniculi 
 

LMG 10738 NZ_JGYV00000000 B_cuniculi BCUN 

Bifidobacterium dentium 
 

Bd1 NC_013714 B_dentium BDP 

Bifidobacterium gallicum 
 

DSM 20093 NZ_ABXB00000000 B_gallicum BIFGAL 

Bifidobacterium gallinarum 
 

LMG 11586 NZ_JGYX00000000 B_gallinarum BIGA 

Bifidobacterium indicum 
 

LMG 11587 NZ_CP006018 B_indicum BINDI 

Bifidobacterium kashiwanohense 
 

JCM 15439 NZ_AP012327 B_kashiwanohense BBKW 

Bifidobacterium longum longum NCC 2705 NC_004307 B_longum BL 

Bifidobacterium longum infantis ATCC 15697 NC_011593 B_longum_i Blon 

Bifidobacterium longum suis LMG 21814 NZ_JGZA00000000 B_longum_s BLSS 

Bifidobacterium magnum 
 

LMG 11591 NZ_JGZB00000000 B_magnum BMAGN 

Bifidobacterium merycicum 
 

LMG 11341 NZ_JGZC00000000 B_merycicum BMERY 

Bifidobacterium minimum 
 

LMG 11592 NZ_JGZD00000000 B_minimum BMIN 

Bifidobacterium mongoliense 
 

DSM 21395 NZ_JGZE00000000 B_mongoliense BMON 

Bifidobacterium moukalabense 
 

DSM 27321 NZ_AZMV00000000 B_moukalabense BMOU 

Bifidobacterium pseudocatenulatum 
 

JCM 1200 NZ_AP012330 B_pseudocatenulatum BBPC 

Bifidobacterium pseudolongum globosum LMG 11569 NZ_JGZG00000000 B_pseudolongum_g BPSG 

Bifidobacterium pseudolongum pseudolongum LMG 11571 NZ_JGZH00000000 B_pseudolongum_p BPSP 

Bifidobacterium psychraerophilum 
 

LMG 21775 NZ_JGZI00000000 B_psychraerophilum BPSY 

Bifidobacterium pullorum 
 

LMG 21816 NZ_JGZJ00000000 B_pullorum BPULL 

Bifidobacterium reuteri 
 

DSM 23975 NZ_JGZK00000000 B_reuteri BREU 

Bifidobacterium ruminantium 
 

LMG 21811 NZ_JGZL00000000 B_ruminantium BRUM 

Bifidobacterium saeculare 
 

LMG 14934 NZ_JGZM00000000 B_saeculare BSAE 

Bifidobacterium saguini 
 

DSM 23967 NZ_JGZN00000000 B_saguini BISA 

Bifidobacterium scardovii 
 

LMG 21589 NZ_JGZO00000000 B_scardovii BSCA 

Bifidobacterium stellenboschense 
 

DSM 23968 NZ_JGZP00000000 B_stellenboschense BSTEL 

Bifidobacterium stercoris 
 

DSM 24849 NZ_JGZQ00000000 B_stercoris BSTER 

Bifidobacterium subtile 
 

LMG 11597 NZ_JGZR00000000 B_subtile BISU 

Bifidobacterium thermacidophilum porcinum LMG 21689 NZ_JGZS00000000 B_thermacidophilum_p BPORC 

Bifidobacterium thermacidophilum thermacidophilum LMG 21395 NZ_JGZT00000000 B_thermacidophilum_t THER5 

Bifidobacterium thermophilum 
 

JCM 7027 - B_thermophilum BTHER 

Bifidobacterium tsurumiense   JCM 13495 NZ_JGZU00000000 B_tsurumiense BITS 

 

  



   

62 

 

Table 2.2 | Sum of Branch Lengths for each tree. Sum of branch lengths for each tree. EC 

number for each enzyme is also listed. 

Gene E. C. 

Number 

Sum  

Phosphoglucomutase (pgm,1) 5.4.2.2 125.03 

Glucose-6-phosphota isomerase (pgi,2) 5.3.1.9 153.43 

Fructose bisphosphate aldolase (fba, 4) 4.1.2.13 151.76 

Triose phosphate isomerase (tpi, 5) 5.3.1.1 170.61 

Glyceraldehyde 3-phosphate dehydrogenase (gap, 6) 1.2.1.12 103.07 

Phsophoglycerate kinase (pgk, 7) 2.7.2.3 132.41 

Phosphoglycerate mutase (gpm, 8) 5.4.2.11 174.7 

Enolase (eno, 9) 4.2.1.11 145.06 

Pyruvate Kinase (pyk, 10) 2.7.1.40 107.56 

Concatenated - 99.56 

16S rRNA - 204.99 
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Figure 2.1 | Glycolysis Pathway. Traditional biochemical pathway of glycolysis. Enzyme 

names are listed to left of arrows, and gene names and EC numbers are shown on the right. 6-

phosphofructokinase is faded to represent its absence in Bifidobacterium.  
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Figure 2.2 | Glycolytic proteins concatenated Tree. Consensus tree based on alignment of the 

concatenated amino acid sequences of the glycolysis pathway found in Bifidobacterium. Trees 

were made using RaxML. Bootstrap values are found on each node. Phylogenetic groups are 

colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green, 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pollorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names follow the 

naming convention from Table 2.1. 
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Figure 2.3 | 16S rRNA phylogenetic Tree. Consensus tree based on alignment of the 16S rRNA 

sequences. Trees were made using RaxML. Bootstrap values are found on each node. 

Phylogenetic groups are colored as follows: Bifidobacterium longum is orange, Bifidobacterium 

adolescentis is green, Bifidobacterium psdeudolongum is purple, Bifidobacterium pollorum is 

blue-green, Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names 

follow the naming convention from Table 2.1. 
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Figure 2.4 | GC content by species and glycolytic genes. (A) shows the total GC content of 

each species organized by the glycolytic concatenated tree. Spectrum is split into three groups: 

Low GC from 0.52 to 0.567 (gray), Medium GC from 0.567 to 0.613 (pink), and High GC from 

0.613 to 0.66 (yellow). Phylogenetic groups are colored as follows: Bifidobacterium longum is 

orange, Bifidobacterium adolescentis is green, Bifidobacterium psdeudolongum is purple, 

Bifidobacterium pollorum is blue-green, Bifidobacterium boum is blue, and Bifidobacterium 

asteroides red. Species names following the naming convention from Table 2.1. (B) contains 

notched boxplots of the GC values of each gene and total GC. Boxes are ranked in order of 

median. Notches that do not overlap are indicative of strong evidence of difference between two 

medians. 
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Figure 2.5 | Overall GC content patterns across species. GC percent for each glycolysis gene, 

16SrRNA and overall genome, for species listed in Table 2.1.  
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Figure 2.S1 | Histogram of Bootstrap Values. Histograms of bootstrap values from the 

consensus trees of the 16S phylogenetic tree (right) and the glycolytic proteins concatenated tree 

(left). 
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Figure 2.S2 | Pgm Tree. Consensus tree based on alignment of the amino acid sequences of 

Pgm. Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic 

gropus are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis 

is green Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S3 | Pgi Tree. Consensus tree based on alignment of the amino acid sequences of Pgi. 

Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic gropus 

are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S4 | Fba Tree. Consensus tree based on alignment of the amino acid sequences of Fba. 

Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic gropus 

are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S5 | Tpi Tree. Consensus tree based on alignment of the amino acid sequences of Tpi. 

Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic gropus 

are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S6 | Gap Tree. Consensus tree based on alignment of the amino acid sequences of 

Gap. Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic 

gropus are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis 

is green Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 



   

74 

 

 

Figure 2.S7 | Pgk Tree. Consensus tree based on alignment of the amino acid sequences of Pgk. 

Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic gropus 

are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S8 | Gpm Tree. Consensus tree based on alignment of the amino acid sequences of 

Gpm. Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic 

gropus are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis 

is green Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S9 | Eno Tree. Consensus tree based on alignment of the amino acid sequences of Eno. 

Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic gropus 

are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis is green 

Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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Figure 2.S10 | Pyk Tree. Consensus tree based on alignment of the amino acid sequences of 

Pyk. Trees were made using RaxML. Bootstrap values are found on each node. Phylogenetic 

gropus are colored as follows: Bifidobacterium longum is orange, Bifidobacterium adolescentis 

is green Bifidobacterium psdeudolongum is purple, Bifidobacterium pullorum is blue-green, 

Bifidobacterium boum is blue, and Bifidobacterium asteroides is red. Species names following 

the naming convention from Table 2.1. 
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CHAPTER 3: USING GLYCOLYSIS ENZYME SEQUENCES TO INFORM 

LACTOBACILLUS PHYLOGENY 
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3.1. CONTRIBUTION TO WORK 

Katelyn Brandt is first author on “Using glycolysis enzyme sequences to inform 

Lactobacillus phylogeny” published in Microbial Genomics. She was responsible for planning 

and executing experiments. She and Rodolphe Barrangou analyzed data and wrote the 

manuscript. The following chapter is from Brandt and Barrangou, Microbial Genomics 2018;4. 
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3.2. ABSTRACT 

The genus Lactobacillus encompasses a diversity of species that occur widely in nature 

and encode a plethora of metabolic pathways reflecting their adaptation to various ecological 

niches, including human, animals, plants, and food products. Accordingly, their functional 

attributes have been exploited industrially and several strains are commonly formulated as 

probiotics or starter cultures in the food industry. Although divergent evolutionary processes 

have yielded the acquisition and evolution of specialized functionalities, all Lactobacillus species 

share a small set of core metabolic properties, including the glycolysis pathway. Thus, the 

sequences of glycolytic enzymes afford a means to establish phylogenetic groups with the 

potential to discern species that are too closely related from a 16S rRNA standpoint. Here, we 

identified and extracted glycolysis enzyme sequences from 52 species and carried out individual 

and concatenated phylogenetic analyses. We show that a glycolysis-based phylogenetic tree can 

robustly segregate lactobacilli into distinct clusters and discern very closely related species. We 

also compare and contrast evolutionary patterns with genome-wide features and transcriptomic 

patterns, reflecting genomic drift trends. Overall, results suggest that glycolytic enzymes provide 

valuable phylogenetic insights and may constitute practical targets for evolutionary studies. 
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3.3. DATA SUMMARY 

RNA sequencing data has been deposited at the National Center for Biotechnology 

Information, BioProject PRJNA420353.  
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3.4. INTRODUCTION 

Genome adaptation is an important feature for speciation, and evolutionary processes 

balance various adaptive techniques for optimal growth and survival. At the genome level, 

adaptation features may include gene synteny conservation, G+C mol% drift, as well as codon 

bias optimization (1-3). A working balance of these and other forces enable an organism to 

become uniquely adapted to its niche, and build up competitive advantages in shifting 

environmental conditions, or overcome predators and competitors. Such unique adaptations are 

the basis of phylogenetic studies and allow researchers various degrees of discrimination. At the 

genus and species levels, additions and deletions of genes can be used to define the pan- and 

core-genome, respectively, and genome architecture can be used to evaluate synteny (4). At the 

strain level, nucleotide polymorphisms afford the highest resolution opportunities, with the 

ability to compare and contrast nearly identical isolates and even clonal relatives (5, 6).  

For prokaryotic species, various tools and methodologies have been used to compare and 

contrast genomes, but the challenges are often genus or species-specific, and approaches can 

vary depending on the desired resolution and encompassed genetic diversity (7). In some cases 

where within genus diversity is extensive, such as in bifidobacteria and lactobacilli, using 

canonical housekeeping genes or universal markers (i.e. 16S) has proven difficult or limited (8-

11). Also, there has yet to be defined a consistent set of genes to be utilized for MLST studies. 

Indeed, while universally conserved 16S sequences afford opportunities for metagenomic 

analyses, their shortcomings and biases are increasingly under scrutiny (12-14).  

For some genera, it has become obvious that the 16S resolution limit has been met and a 

new set of criteria must be established. One such genus is Lactobacillus. Belonging to the Lactic 

Acid Bacteria (LAB) group, this genus is composed of over 150 Gram-positive, low G+C 
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species (15, 16). Lactobacilli have been used as starter cultures in the food industry for decades, 

and by humankind for millennia, and as such have been labeled Generally Regarded as Safe 

(GRAS) and benefit from the Qualified Presumption of Safety (QPS) (17). Food-related studies 

have led to the assertion that some strains in select species are to be considered probiotic  (“live 

microorganisms which when administered in adequate amounts confer a health benefit on the 

host”) (18), and as such, are now predominantly featured in dairy foods and widely formulated in 

probiotic dietary supplements (19). Recently, the advent of microbiome studies has revealed that 

microbial populations are more numerous, diverse, and variable than originally thought (20, 21). 

With both qualitative and quantitative considerations, associations and sometimes even 

correlations have been established between members of the microbiome and host health, though 

the accuracy and precision with which bacteria are identified vary widely and are not universally 

satisfactory. One such instance concerns the genus Lactobacillus, which has been established as 

an important colonizer of the human gastrointestinal tract (GIT) (22). Additional research is thus 

needed in this area, as researchers better grasp the role of this genus in health and disease (23-

28).  Some are already being exploited, such as using lactobacilli as a tool to deliver vaccines 

(29). Arguably, we are far from exhausting all the possible uses of this functional genus. 

However, in order to be able to fully utilize the numerous functions of Lactobacillus, we must 

first establish a method that enables us to properly identify and relate the many diverse species 

within this genus. While 16S sequencing has gotten us this far, it has a limited ability to 

distinguish between closely related species and represent overall genomic content and reflect 

genome-wide trends. These shortcomings are certainly not unique to Lactobacillus, and with the 

ever-increasing expansion of our understanding of the microbial world (30), there is a need to 

identify 16S-independent genomic features that capture diversity on a more granular level. It is 
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thus imperative that a standard method be developed which allows the proper identification of 

species. In order to achieve this, we assessed the potential of the widespread glycolysis pathway 

enzyme sequences to inform phylogeny.  

In this paper, we applied a previously used method of phylogenetic analyses using the 

classical glycolysis enzymes as phylogenetic markers (31) to a diverse set of Lactobacillus 

species in order to establish its effect on a complicated genus. Though previous studies had used 

glycolysis as an expansion of ribosomal trees (32), we determined how a broad glycolysis-based 

phylogeny compares to the ribosomal tree. Specifically, previous studies have applied 

glycolysis-based approaches to Lactic Acid Bacteria in order to define an evolutionary pathway. 

By adding data from the entirety of the glycolysis and pentose phosphate pathways, Salvetti, et 

al.  were able to apply phenotypic data to explain the branching of the LAB tree, as well as 

highlight some areas of misclassification in the 16S tree (31). Here, we propose using the 

entirety of the canonical glycolysis pathway as a replacement phylogenetic marker for the 16S 

rRNA. Conveniently, glycolysis enzymes, much like the 16S rRNA, are universally present, at 

least partially, and conserved, and constitute suitable candidates for phylogenetic analyses (33, 

34). Here, we demonstrate that this method can assign phylogenetic relationships consistent with 

what is known from the 16S marker, though at a much higher discriminatory power. Specifically, 

we compared sequence-based alignment trees of a representative set of lactobacilli using 16S 

rRNA and glycolysis generated trees. We also analyzed the occurrence and location, expression, 

and G+C mol% of each glycolysis gene. The location and transcriptional profiles confirm that 

these genes are conserved and highly transcribed with varying levels of drift. 
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3.3. IMPACT STATEMENT 

Though 16S rRNA-based phylogeny methods have been broadly used, they have a 

limited ability to precisely ascribe genus-species across the prokaryotic branch of the Tree of 

Life. In this study, we have shown that using glycolysis enzyme sequences for phylogenetic 

analyses can be applied to the diverse genus Lactobacillus, and is able to consistently unravel 

phylogenetic groups and precisely ascertain relatedness, even between species nearly identical on 

the classical ribosomal tree. Because of its universal presence and its greater diversity compared 

to 16S rRNA sequences, we posit that these sequences could be valuable markers in future 

phylogenetic and microbiome studies, specifically by providing connections to the other major 

branches, and enabling increased resolution. This can also be used to help identify unknown and 

un-culturable species, as the glycolysis enzymes are widespread, variable and allow for greater 

discriminatory power. Importantly, variability within some of the hypervariable regions within 

glycolytic sequences can also provide discrimination within a species. Looking forward, 

expanding this analysis to other genera and phylogenetic branches could open new avenues for 

evolutionary studies, and investigating the phylogeny, composition and diversity of microbial 

populations in complex microbiomes.  
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3.6. METHODS 

3.6.1. Genomes  

We selected 52 diverse species and subspecies of Lactobacillus for analysis, sampled 

across and throughout the 16S and core- and pan-genome tree (Table 3.1). We ensured this set 

was representative of this paraphyletic genus, and included species from various niches, as 

previously established (16). The genomes were mined using Geneious version 9.0.5 (35) to 

identify the classical glycolysis genes in each species (Fig. 3.S1-2). Four references genomes 

were used to make a curated database for the glycolysis genes, namely Lactobacillus 

acidophilus, Lactobacillus gasseri, Lactobacillus reuteri, and Lactobacillus rhamnosus. The 

Annotate from Database feature was used to annotate the other genomes. To validate the 

annotations, especially in the case of multiple hits, a combination of BLAST, 

GET_HOMOLOGUES, and mRNA-Seq data were used (36, 37). The 16S rRNA sequences 

were extracted from the genomes and BLAST was used to validate any cases where there were 

multiple hits. Once annotated and curated, the genes were extracted from the genome. The 

glycolysis genes were then translated and confirmed by ExPASy (38). For the concatenated tree, 

the amino acid sequences were joined together in order of their presence in the glycolysis 

pathway (Fig. 3.S1). 

 

3.6.2. Transcriptional Profiles of Glycolysis Genes  

We analyzed RNA transcription profiles from mRNA-Seq analyses for six species (L. 

acidophilus, L. amylovorus, L. crispatus, L. delbrueckii_b, L. gasseri, L. helveticus)  with the 

previously published isolation method, analyses, and mRNA-sequencing (39). Briefly, we used 

mRNA-Seq data generated by our laboratory to determine the boundaries and quantitative 
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amounts of RNA transcripts for glycolysis genes as previously described. Samples were grown 

to mid-log phase and flash-frozen. Single-read RNA-Sequencing was performed on the extracted 

RNA using an Illumina HiSeq 2500.Data was then quality assessed, trimmed, filtered, and 

mapped on the reference genomes.  Samples were grown to mid-log phase and flash-frozen. 

Single-read RNA-Sequencing was performed on the extracted RNA using an Illumina HiSeq 

2500. Presumably, levels of constitutive transcription reflect biological relevance in the tested 

conditions and transcript boundaries inform on co-transcribed functional pairs.   

 

3.6.3. Alignments and Trees 

Alignments and trees were generated using a previously described methodology (31). 

Briefly, once curated sequences were extracted, we aligned the sequences using ClustalW (IUB, 

gap penalty of 15, gap extension of 6.66), MUSCLE (8 iterations), Geneious (global alignment 

with free end gaps, cost matrix was BLOSUM62 (amino acids) or 65% similarity (nucleotide)), 

and MAFFT (algorithm was auto, scoring matric was BLOSUM62 and BLOSUM80 (amino 

acids) or 100PAM or 200PAM (nucleotide), gap penalty of 1.53, offset 0.123), then used trimAl 

(compareset and automated1) to find a consistent alignment (35, 40-43). Trees were then 

generated using RaxML (CAT BLOSUM62 (amino acids) or CAT GTR (nucleotide), Bootstrap 

using rapid hill climbing with random seed 1, replicates were 100).  (44). A consensus tree was 

then established using a 50% threshold level.   

 

3.6.4. R Analyses 

Statistical analyses were performed using R version 3.2.2. (45). R was used to create 

plots, graphs, and quantitative data. Statistical tests used included a two-tailed t-test for 
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comparing G+C contents. Default settings were used to preform statistical analyses and assess 

quantitative distributions.  
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3.7. RESULTS 

3.7.1. 16S rRNA Phylogeny 

We first generated a 16S rRNA-based tree to use as a reference for our subsequent 

analyses. A phylogenetic tree based off of the alignment of the 16S rRNA sequences from a 

representative set of 52 species and sub-species of Lactobacillus is depicted in Fig. 3.1. Six 

phylogenetic groups were identified based on their branching: the Lactobacillus animalis group, 

the Lactobacillus vaginalis group, the Lactobacillus buchneri group, the Lactobacillus 

rhamnosus group, the Lactobacillus acidophilus group, and the Lactobacillus gasseri group. 

These groupings are consistent with historically established relationships, as well as recent core-

genome analyses (16, 46). Some of these groups also encompass species that have been 

historically associated with distinct niches and points of isolation (i.e. mucosal vs. intestinal vs. 

dairy origins) (16). The groups ranged in size from four to nine genomes with the L. rhamnosus 

group as the smallest and the L. animalis group as the largest. The bootstrap values for the 16S 

tree ranged from 51 to 100. There were 27 nodes that had a bootstrap of 70 or greater (Fig 3.S3). 

We used these six phylogenetic groups as references for our subsequent analyses, though some 

species were not assigned to one of these six groups.  

 

3.7.2. Glycolysis Gene Expression 

Before using the glycolysis enzymes as phylogenetic markers, we first explored their 

genetic properties in Lactobacillus. Of the 52 Lactobacillus species and sub-species selected, 35 

species encoded all ten of the classical glycolytic genes present. In contrast, 16 species 

(encompassing the L. vaginalis and L. buchneri groups) presented eight of the canonical genes 

(missing pfk and fba) (Fig. 3.S2). In such cases, alternative metabolic pathways may be utilized, 
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such as the pentose phosphate pathway (Lactobacillus fermentum) or the phosphoketolase 

pathway (L. buchneri) (47, 48). Lactobacillus reuteri uses a mixture of the Embden-Meyerhof 

pathway and phosphoketolase pathway and thus was the only species with six of the glycolysis 

genes (Fig. 3.S2) (49).  

Next, we characterized the transcripts of glycolysis genes in Lactobacillus. Chromosome 

location and mRNA sequence data were analyzed from six species: L. acidophilus, Lactobacillus 

amylovorus, Lactobacillus crispatus, Lactobacillus delbrueckii subsp.  bulgaricus, L. gasseri, 

and Lactobacillus helveticus. These six species fall into the L. acidophilus and L. gasseri groups, 

and all six species contain the complete glycolysis genes complement, allowing for inferences on 

all of the genes in this study, instead of just a subset. Fig. 3.2 depicts the location of the 

glycolysis genes on normalized chromosomes for each of these six species. Noteworthy, two 

operons can be visualized: the gap, pgk, and tpi operon, as well as the pfk and pyk operon. 

Furthermore, the operon boundaries are clearly seen in the mRNA coverage data for each of the 

six species (Fig. 3.3). The remaining five genes have clear start and stop boundaries. Notably, L. 

helveticus has a unique arrangement of the glycolysis genes compared to the other five species, 

possibly due to the large number of IS elements leading to genome decay, however the operons 

remain conserved (50). Next, we compared the expression levels of the glycolysis genes to the 

whole transcriptome. We found that the glycolysis genes are among the most highly expressed 

genes. Indeed, considering the top 10% of the most highly expressed genes in the cell, nine of the 

ten glycolysis genes are listed (Fig. 3.4).  The only gene absent from the top 10% is pgm. 

Noteworthy, the gap gene is consistently among the top three most highly expressed genes in all 

six species. Such a consistently high transcription level indicates that the gap gene is critical to 

the functionality of the cell and perhaps, as such, less susceptible to changes. This is also 
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reflected by the conserved location of gap in the genome and operon structure amongst the 

strains studied (Fig. 3.2), potentially indicating uses for gap in identification These results 

demonstrate that glycolysis genes are genomically conserved, organizationally syntenous, and 

transcriptionally important, showcasing their use as potential phylogenetic markers.   

 

3.7.3. Glycolysis-Based Phylogeny 

To create a glycolysis-based phylogeny for the 52 selected Lactobacillus species and 

subspecies, the concatenated amino acid sequences of the glycolysis enzymes were used (Fig. 

3.5). The enzymes were concatenated in their order of occurrence in the glycolysis pathway (Fig. 

3.S1). For organisms with all enzymes present, this meant ten sequences were concatenated 

together, whereas only six to eight amino acid sequences were concatenated for the other species 

(Fig. 3.S2). The six phylogenetic groups identified from the 16S reference tree, namely: L. 

animalis, , L. vaginalis, L. buchneri, L. rhamnosus, L. acidophilus, and L. gasseri, were also 

identified in the concatenated tree and follow the same clustering (colouring) scheme. The 

bootstrap values for the concatenated tree ranged from 52 to 100. Nodes with bootstrap values 

equal to or greater than 70 numbered 43, a 59% increase from that of the 16S tree. Overall, the 

concatenated tree correctly assigned the phylogenetic groups established from the 16S tree. In 

addition, the concatenated tree better discerned how the phylogenetic groups relate to one 

another, even within groups. This is supported by the higher bootstrap values (Fig. 3.S3). Trees 

based off of the individual glycolysis enzymes can be found in Fig. 3.S4-13. The sum of branch 

lengths for each tree can be found in Table 3.S1. A detailed comparative analysis of various trees 

structures revealed that overall, there is high congruence in clustering both between and within 



   

92 

 

the six established groups, though with various levels of discrimination across each protein 

sequence. Repeatedly, glycolysis-based trees provided more discriminatory power than 16S.  

 

3.7.4. G+C Content Analyses 

Next, we looked at the G+C mol% and genomic drift of the glycolysis genes across the 

various species. Fig. 3.6 shows a notched boxplots comparing the G+C mol% of each sequence 

set (the 16S sequence, the 10 genes, and the concatenated sequences) in this study, compared to 

the genome-wide G+C mol%, ranked in increasing order. The G+C mol% of the pgm gene is 

closest to that of the total genome, while the 16s rRNA gene is the farthest and an outlier. The 

notches are indicative of strong evidence that the medians differ when the notches do not overlap 

(51).  The 16S rRNA gene does not overlap with any other gene. In fact, a two-tailed t-test with a 

P value less than 0.001 (2.2 x 10-16) revealed that the G+C mol% of the 16S rRNA sequence was 

statistically distinct from that of the total genome G+C mol%. This indicates that the 16S rRNA 

gene is not matching the pace of drift of the total genome with regards to G+C mol%. In contrast, 

all of the glycolysis genes, with the exception of pfk and eno were not statistically different from 

the total genome G+C mol% (P value greater than 0.01), indicating that G+C mol% drift for 

glycolysis genes provide insights into the genome-wide G+C mol% drift. This further supports 

glycolytic sequences as intriguing candidates for both phylogenetic studies, and representatives 

of genome-wide trends. 

The genome sizes in this study ranged from 1.28Mb (Lactobacillus iners) to 3.65Mb 

(Lactobacillus pentosus), again reflecting the extensive genomic diversity within this genus. The 

total G+C mol% ranged from 32.50% (L. iners) to 57.00% (Lactobacillus nasuensis), which is 

intriguing given the general assumption that all lactobacilli are low G+C mol% organisms. 
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Nevertheless, the mean G+C mol% was 40.70%, consistent with Lactobacillus being generally 

perceived as low G+C mol% organisms. Splitting the species into high, medium, and low 

categories, it becomes apparent that most species are trending towards the lower end of the 

spectrum, and away from the higher G+C mol% range (Fig. 3.7a). Some of the phylogenetic 

groups are closely clustered, such as the L. acidophilus group, L. gasseri group, and the L. 

rhamnosus group, with the exception of L. delbrueckii_b (a dairy bacterium) and L. nasuensis 

(an aforementioned outlier in G+C mol%). The L. animalis group and L. buchneri group are 

similarly clustered, albeit more loosely. These observations hold true when comparing the G+C 

mol% of all the individual genes in their respective genomes, perhaps reflecting a consistent and 

genome-wide pace of drift, rather than variable speeds of drift for each gene (Fig. 3.7b). Again, 

the 16S sequence has a much higher G+C mol% than most of the other studied genes, with the 

outlier L. nasuensis deviating from the consensus. The G+C mol% of the glycolysis genes within 

clusters are often times very close, as exemplified by the L. acidophilus group. 
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3.8. DISCUSSION 

The genomic and functional attributes of Lactobacillus render it a pervasive genus, both 

in research and in the industry. The benefits and uses of this diverse set of species are well-

established and exhaustive, and yet, the list continues to grow. Many Lactobacillus strains are 

now considered to be health-promoting in the form of probiotics and are often found to be a part 

of a healthy microbiome (26), and are being engineered to promote health host-microbe 

interactions, and deliver bioactive compounds such as vaccines (52). As microbiome studies 

expand, we anticipate that the interest in Lactobacillus is set to increase, especially given their 

occurrence in several human-associated microbiomes, encompassing intestinal, vaginal, oral, and 

skin (21). Many studies have been published discussing the role of Lactobacillus in the 

microbiota, including research into the microbiota changes through disease, enhancing the 

microbiome as a form of treatment, and how the microbiome reacts to drugs (53-55). The 

continuously expanding list of uses and studies just illustrates how important it is to accurately 

identify Lactobacillus species. While all species of Lactobacillus share some classical features of 

LAB organisms, notably their ability to produce lactic acid, the similarities between species are 

relatively few. In fact, even basic characteristics such as niche and isolation source can vary 

radically. Proper identification is an increasing concern especially when it comes to disease 

modeling in the human microbiome, as well as the formulation, tracking and efficacy of 

probiotic strains. Innovative techniques are continuously being developed and often use a 

combination of 16S rRNA with developing technologies, such as MALDI-TOF (56). However, 

these tools are not broadly accessible and still rely partially on the sometimes unsatisfactory 16S 

rRNA. Here, we provide a practical alternative to the classical use of 16S sequencing. 
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In this paper, we applied the previously proposed methodology of using glycolysis 

sequences to perform phylogenetic studies (31) in the genus Lactobacillus. We demonstrated that 

this method is a practical and robust approach for Lactobacillus. Compared to the traditional 16S 

rRNA method, this approach was able to consistently identify phylogenetic groupings, with 

notably high-resolution between closely-related species. While the 16S rRNA-based tree was 

able to identify the six phylogenetic groups, the concatenated tree was able to add more 

discrimination both between and within groups, evidenced by the higher bootstrap values in the 

glycolysis based tree. Our grouping is consistent with a previous study using glycolysis 

sequences for phylogenetic analysis of Lactobacillus species (31). Further analyses based on 

genomic content revealed clues as to why the glycolysis-based tree was better able to assign 

species.   

First, looking at the organization of the genes in the genomes revealed two conserved 

operons in Lactobacillus, the gap operon and the pfk operon, with the remaining enzymes 

showing clear start and stop boundaries. This shared synteny emphasizes the importance of 

glycolysis gene conservation. Next, we looked at expression level. The glycolysis genes were 

consistently among the most highly expressed genes in the cell, with the gap gene always in the 

top three most abundant transcripts. These high expression levels indicate a great use and energy 

expenditure, and thus arguably reflect the biological importance of this gene to the cell. Because 

of this importance, the glycolysis genes are much less likely to be subjected to loss. The operon 

structures and expression levels of the glycolysis genes are significant because a main criterion 

for selecting the 16S rRNA as a phylogenetic marker was its high conservation among species 

(57). Next, we looked at how the glycolysis genes reflected genomic drift in terms of G+C 

mol%. First, it would appear that the genus is reaching a stabilizing point in its G+C mol% drift, 
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though some species with high G+C mol% still have margin for extending the trend (L. 

nasuensis, L. zymae, L. fermentum). Next, we saw that the glycolysis gene G+C mol% was 

extremely close to that of the genome-wide G+C mol%, while the 16S rRNA was startlingly 

higher (P<0.001), underscoring the fact that the 16S rRNA is by all accounts much different than 

that of the total genome, whereas the majority of the glycolysis are significantly similar to the 

total genome G+C mol% (Fig. 3.6). This provides a possible explanation for the reason why the 

16S rRNA analyses have been limited at a high-resolution level in Lactobacillus and why the 

glycolysis based tree was able to reach a higher-resolution level. In fact, it has long been noted 

that 16S rRNA is unable to discriminate between species of lactobacilli due to its high similarity 

amongst them (58). The individual glycolysis genes are much more similar to the genome as a 

whole (Fig. 3.6). Additionally, individual glycolysis genes are also able to accurately assign 

species to groups with a high-resolution (Fig. 3.S4-13). The gap gene is of particular note, due to 

its presence in an operon, consistently high expression, G+C mol% and ability to accurately 

define species groups. Overall, the glycolysis-based approach was able to provide a higher-

resolution phylogeny for Lactobacillus, due in part to its conservation, expression, and reflection 

of genomic drift. 
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Table 3.1 | Species and Genome List. Representative set of 52 Lactobacillus species and sub-

species used in this study. Accession numbers and naming conventions included. 

Genus SSpecies Subspecies Strain Accession Number Naming 

Convention 

Locus Tag 

Lactobacillus acidipiscis 
 

KCTC 13900 NZ_BACS00000000 L_acidipiscis GSS 

Lactobacillus acidophilus 
 

NCFM NC_006814 L_acidophilus LAB 

Lactobacillus algidus 
 

DSM 15638 NZ_AZDI00000000 L_algidus FC66 

Lactobacillus amylolyticus 
 

DSM 11664 NZ_ADNY00000000 L_amylolyticus HMPREF0493 

Lactobacillus amylovorus 
 

GRL1118 NC_017470 L_amylovorus LAB52 

Lactobacillus animalis 
 

DSM 20602 NZ_AEOF00000000 L_animalis LACAN 

Lactobacillus aquaticus 
 

DSM 21051 NZ_AYZD00000000 L_aquaticus FC19 

Lactobacillus brevis 
 

ATCC 367 NC_008497 L_brevis LVIS 

Lactobacillus buchneri 
 

CD034 NC_018610 L_buchneri LBUCD034 

Lactobacillus cacaonum 
 

DSM 21116 NZ_AYZE00000000 L_cacaonum FC80 

Lactobacillus casei 
 

DSM 20011 NZ_AZCO00000000 L_casei FC13 

Lactobacillus coryniformis torquens DSM 20004 NZ_AEOS00000000 L_coryniformis_t EWE 

Lactobacillus crispatus 
 

ST1 NC_014106 L_crispatus LCRIS 

Lactobacillus curvatus 
 

CRL 705 NZ_AGBU00000000 L_curvatus CRL705 

Lactobacillus delbrueckii bulgaricus ATCC BAA-

365 

NC_008529 L_delbrueckii_b LBUL 

Lactobacillus farciminis 
 

DSM 20184 NZ_AEOT00000000 L_farciminis LACFC 

Lactobacillus fermentum 
 

CECT 5716 NC_017465 L_fermentum LC40 

Lactobacillus floricola 
 

DSM_23037 NZ_AYZL00000000 L_floricola FC86 

Lactobacillus gallinarum 
 

DSM 10532 NZ_BALB00000000 L_gallinarum JCM2011 

Lactobacillus gasseri 
 

ATCC 33323 NC_008530 L_gasseri LGAS 

Lactobacillus helveticus 
 

CNRZ32 NC_021744 L_helveticus LHE 

Lactobacillus hilgardii 
 

DSM 20176 NZ_ACGP00000000 L_hilgardii HMPREF0519 
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Table 3.1 | (continued). 
Lactobacillus hominis 

 
DSM 23910 NZ_CAKE00000000 L_hominis BN55 

Lactobacillus iners 
 

DSM 13335 NZ_ACLN00000000 L_iners HMPREF0520 

Lactobacillus jensenii 
 

DSM 20557 NZ_AYYU00000000 L_jensenii FC45 

Lactobacillus johnsonii 
 

NCC 533 NC_005362 L_johnsonii LJ 

Lactobacillus kimchicus 
 

JCM_15530 NZ_AZCX00000000 L_kimchicus FC96 

Lactobacillus lindneri 
 

DSM_20690 NZ_JQBT00000000 L_lindneri IV52 

Lactobacillus mali 
 

DSM 20444 NZ_AKKT00000000 L_mali LMA 

Lactobacillus mindensis 
 

DSM_14500 NZ_AZEZ00000000 L_mindensis FD29 

Lactobacillus mucosae 
 

LM1 NZ_CP011013 L_mucosae LBLM1 

Lactobacillus nasuensis 
 

JCM_17158 NZ_AZDJ00000000 L_nasuensis FD02 

Lactobacillus oeni 
 

DSM_19972 NZ_AZEH00000000 L_oeni FD46 

Lactobacillus oris 
 

F0423 NZ_AFTL00000000 L_oris HMPREF9102 

Lactobacillus otakiensis 
 

DSM 19908 NZ_BASH00000000 L_otakiensis LOT 

Lactobacillus parabuchneri 
 

DSM_5707 NZ_AZGK00000000 L_parabuchneri FC51 

Lactobacillus paracasei 
 

N1115 NZ_CP007122 L_paracasei AF91 

Lactobacillus pasteurii 
 

DSM 23907 NZ_CAKD00000000 L_pasteurii BN53 

Lactobacillus pentosus 
 

DSM_20314 NZ_AZCU00000000 L_pentosus FD24 

Lactobacillus plantarum 
 

16 NC_021514 L_plantarum LP16 

Lactobacillus reuteri 
 

DSM 20016 NC_009513 L_reuteri LREU 

Lactobacillus rhamnosus 
 

GG NC_013198 L_rhamnosus LGG 

Lactobacillus rossiae 
 

DSM_15814 NZ_AZFF00000000 L_rossiae FD35 

Lactobacillus ruminis 
 

ATCC 27782 NC_015975 L_ruminis LRC 

Lactobacillus sakei sakei DSM 20017 NZ_BALW00000000 L_sakei_s JCM1157 

Lactobacillus salivarius 
 

CECT 5713 NC_017481 L_salivarius CECT 5713 

Lactobacillus sanfranciscensis 
 

TMW 1.1304 NC_015978 L_sanfranciscensis LSA 

Lactobacillus suebicus 
 

DSM 5007 NZ_BACO00000000 L_suebicus GSK 

Lactobacillus sunkii 
 

DSM_19904 NZ_AZEA00000000 L_sunkii FD17 
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Table 3.1 | (continued). 
Lactobacillus vaginalis 

 
DSM 5837 NZ_ACGV00000000 L_vaginalis HMPREF0549 

Lactobacillus versmoldensis 
 

DSM 14857 NZ_BACR00000000 L_versmoldensis GSQ 

Lactobacillus zymae 
 

DSM_19395 NZ_AZDW00000000 L_zymae FD38 
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Table 3.S1 | Sum of Branch Lengths. The sum of branch lengths for each tree can be found in 

this table. Included are abbreviations for each glycolysis gene and their E.C. number. 
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Figure 3.1 | 16S rRNA Tree. Tree based on the alignment of the 16S rRNA sequences using 

RaxML. Bootsrap values are recorded on the noedes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, the L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, and the L. gasseri group in 

blue. The representative species in each group is in bold. Species names follow the naming 

convention shown in Table 3.1. 
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Fig. 3.2 | Genomic Location. Normalized glycolysis gene locations in L. acidophilus, L. 

amylovorus, L. crispatus, L. delbrueckii_b, L. gasseri, L. helveticus. Normalization was 

calculated by dividing the location on the genome by the total genome size. Right arrows 

indicate forward direction, left the reverse direction. The genomes are organized in the 5' to 3' 

direction. Colours are as follows: pgm in red, pgi in blue, pfk in yellow, fba in dark green, tpi in 

purple, gap in maroon, pgk in navy, gpm in mustard, eno in light green, and pyk in lavender. 
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Fig. 3.3 | Glycolysis Genes Transcription. Each plot represents the mRNA-Seq coverage, log2 

transformed, for the corresponding glycolysis gene over its length +/-100 represents the number 

of bases away from the start/end of the gene. The species are as follows: L. acidophilus is red, L. 

amylovorus in blue, L. crispatus in yellow, L. delbrueckii_b in green, L. gasseri in purple, and L. 

helveticus in maroon. 
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Fig. 3.4 | Ranked Order of mRNA Expression. Top 10% most highly expressed genes in L. 

acidophilus, L. amylovorus, L. crispatus, L. delbrueckii_b, L. gasseri, and L. helveticus. Data is 

represented as a log2 transformed RPKM. Transcripts are ranked from most abundant to least 

abundant. Glycolysis genes are coloured as follows: pgm in red, pgi in blue, pfk in yellow, fba in 

dark green, tpi in purple, gap in maroon, pgk in navy, gpm in mustard, eno in light green, and pyk 

in lavender. 
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Fig. 3.5 | Concatenated Glycolysis Tree. Tree based off of the alignment of concatenated amino 

acid sequences of glycolysis enzymes using RaxML. Bootstrap values are recorded on the nodes. 

Groups are coloured as follows: the L. animalis group in purple, the L. vaginalis group in green, 

L. buchneri group in red, the L. rhamnosus group in yellow, the L. acidophilus group in maroon, 

the L. gasseri group in blue. The representative species in each group is in bold. Species name 

follows the naming convention in Table 3.1. 
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Fig. 3.6 | G+C mol% analysis of Lactobacillus Glycolysis Genes. Depicted are notched 

boxplots of G+C mol% for each glycolysis gene, concatenated genes, 16S rRNA, and total 

genome. Genes are placed in order of increasing median. If two notches do not overlap, it is an 

indication of strong evidence for differing medians. 
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Fig. 3.7 | G+C mol% analysis of Lactobacillus Genomes. (a) shows the total G+C mol% for 

each species. Species are coloured according to their phylogenetic group. (b) shows the G+C 

mol% of the glycolysis genes, the concatenated glycolysis genes, the 16S, and total G+C mol% 

for each species. Species are named according to Table 3.1. 
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Fig. 3.S1 | Glycolysis Pathway in Lactobacillus. Depicted is the glycolysis pathway. Products 

are to the right of the dots and the enzymes used in this study are to the left of the arrows.  

Enzyme abbreviations can be found in Table 3.S1. 
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Fig. 3.S2 | Glycolysis Presence in Lactobacillus.  Shows the presence of each glycolysis gene in 

each species of this study. Absence is reflected by a white box. Species follow the naming 

convention from Table 3.1. Gene abbreviations can be found in Table 3.S1. 
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Fig. 3.S3 | Histogram of Bootstrap Values. (a) shows the bootstrap values for the 16S based 

trees. (b) shows the bootstrap values for the Glycolysis-based Concatenated Tree. 
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Fig. 3.S4 | Pgm Tree. Tree based off of the alignment of amino acid sequences of Pgm using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S5 | Pgi Tree. Tree based off of the alignment of amino acid sequences of Pgi using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S6 | Pfk Tree. Tree based off of the alignment of amino acid sequences of Pfk using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. rhamnosus group in yellow, the L. acidophilus group in maroon, 

the L. gasseri group in blue. The representative species in each group is in bold. Species name 

follows the naming convention in Table 3.1. 
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Fig. 3.S7 | Fba Tree. Tree based off of the alignment of amino acid sequences of Fba using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. rhamnosus group in yellow, the L. acidophilus group in maroon, 

the L. gasseri group in blue. The representative species in each group is in bold. Species name 

follows the naming convention in Table 3.1. 

  



   

121 

 

 

Fig. 3.S8 | Tpi Tree. Tree based off of the alignment of amino acid sequences of Tpi using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S9 | Gap Tree. Tree based off of the alignment of amino acid sequences of Gap using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S10 | Pgk Tree. Tree based off of the alignment of amino acid sequences of Pgk using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S11 | Gpm Tree. Tree based off of the alignment of amino acid sequences of Gpm using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S12 | Eno Tree. Tree based off of the alignment of amino acid sequences of Eno using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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Fig. 3.S13 | Pyk Tree. Tree based off of the alignment of amino acid sequences of Pyk using 

RaxML. Bootstrap values are recorded on the nodes. Groups are coloured as follows: the L. 

animalis group in purple, the L. vaginalis group in green, L. buchneri group in red, the L. 

rhamnosus group in yellow, the L. acidophilus group in maroon, the L. gasseri group in blue. 

The representative species in each group is in bold. Species name follows the naming convention 

in Table 3.1. 
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CHAPTER 4: FUNCTIONAL AND GENOMIC CHARACTERIZATION OF 

LACTOBACILLUS FERMENTUM ATCC 14931 
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4.1. CONTRIBUTION TO THE WORK 

The following is a manuscript in preparation titled “Functional and Genomic 

Characterization of Lactobacillus fermentum ATCC 14931” with the following authorship: 

 

Katelyn Brandt1,2, Matthew A. Nethery1,2, Sarah O’Flaherty2, and Rodolphe Barrangou1,2 

1Functional Genomics Graduate Program, North Carolina State University, Raleigh, NC 27695 

2Department of Food, Bioprocessing and Nutrition Sciences, North Carolina State University, 

Raleigh, NC 27695 

 

Katelyn Brandt is first author on this publication. She carried out experiments and 

analyzed data. Katelyn also wrote the manuscript. 
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4.2. ABSTRACT 

Lactobacillus fermentum, a member of the lactic acid bacteria complex, has recently 

garnered increased attention due to documented antimicrobial activity and interest in assessing 

the probiotic potential of select strains that may provide human health benefits. Here, we 

genomically and functionally characterize the L. fermentum type strain ATCC 14931 as a 

canonical representative of this species. Functionally, we determined carbohydrate utilization, 

morphology, and stress tolerance. Genomically, we determined the polished whole genome 

sequence of this type strain and compared it to 37 available genome sequences within this 

species. Results reveal genetic diversity across nine clades, with variable content encompassing 

mobile genetic elements, CRISPR-Cas immune systems and genomic islands, as well as 

numerous genome rearrangement.  Interestingly, we determined a high frequency of occurrence 

of diverse Type I, II, and III CRISPR-Cas systems in 72% of the genomes, with a high level of 

strain hypervariability.  
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4.3. INTRODUCTION 

Lactobacillus are low-GC, microaerophilic, Gram-positive microorganisms that are 

members of the lactic acid bacteria (LAB) group (Pot et al., 1994). They are considered 

ubiquitous in nature and many species and strains benefit from Generally Regarded as Safe 

(GRAS) or Qualified Presumption of Safety (QPS) status (Bernardeau et al., 2008). They have 

had a large impact on the food manufacturing, human health, and biotechnology industries. Their 

ability to spontaneously ferment foods and produce lactic acid has ingratiated lactobacilli into the 

food manufacturing process, specifically as starter cultures to produce yogurt, cheese, and 

fermented vegetables (Pfeiler and Klaenhammer, 2007). Several strains of Lactobacillus are used 

as probiotics, meaning they are “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host” (Hill et al., 2014; Lebeer et al., 2018).  Several 

species are widely studied and utilized, such as Lactobacillus acidophilus, Lactobacillus gasseri, 

and Lactobacillus delbrueckii. Additionally, Lactobacillus serves as a valuable source of 

clustered regularly interspaced short palindromic repeats (CRISPR) and associated proteins 

(Cas), which may be repurposed for a diversity of applications, including the development of 

genome editing tools (Sun et al., 2015). Recently, there has been an increased interest in 

assessing the potential of various Lactobacillus species and strains for the development of new 

functional foods, biotechnology tools, and next-generation probiotics. Lactobacillus fermentum 

is one such candidate species being examined for its potential use. 

A survey of metagenomic study data using Integrated Microbial Next Generation 

Sequencing (IMNGS) revealed that the most common metagenomes for L. fermentum are 

fermentation and human gut metagenomes, implying use or effectiveness in food manufacturing 

and human health. Various studies over the years have looked at the ability of L. fermentum to 
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serve as a potential probiotic or biotechnology tool beyond its current uses in food 

manufacturing. L. fermentum is known for its biofilm formation phenotype and has been studied 

as a potential biosurfactant in numerous capacities, including for the sterilization of surgical 

implants (Velraeds et al., 1996; Gan et al., 2002). Some strains of L. fermentum have been shown 

to inhibit pathogens through the production of bacteriocins and antifungal metabolites (Varma et 

al., 2010; Ghazvini et al., 2016). This, combined with the ability to survive bile salts and lower 

cholesterol, suggests that some L. fermentum strains may have some potential for probiotic 

applications (Pereira and Gibson, 2002; Pereira et al., 2003). In fact, two L. fermentum strains, 

ME-3 and CECT 5716, have been characterized and both are considered probiotic. L. fermentum 

ME-3 has antioxidant properties as well as having demonstrated antimicrobial capabilities 

against Gram-negative organisms, such as Enterococci and Staphylococcus aureus (Mikelsaar 

and Zilmer, 2009). L. fermentum CECT 5716 has the ability to modulate immune responses of 

host organisms (Diaz-Ropero et al., 2007).  

Despite the interest in L. fermentum, there have been relatively few studies overall, 

especially regarding the type strain ATCC 14931 (DSM 20052), with which there is limited 

knowledge with regards to species genetic and genomic diversity. One study compared five L. 

fermentum strains, but did not include the type strain (Yoo et al., 2017). In order to fully leverage 

the potential of L. fermentum, we should first assess functional and genetic species diversity and 

identify strains of interest. In this study, we characterized the type strain ATCC 14931 and 

provided comparative genomic analyses against 37 strains in this species.  
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4.4. MATERIALS AND METHODS 

4.4.1. Growth Conditions  

The L. fermentum type strain ATCC 14931 was used in functional characterization of 

carbohydrate utilization, morphology, and stress tolerance. The strain was sourced from DSMZ 

(20052, Germany). Carbohydrate utilization was tested using the API strip according to the 

manufacturer’s instructions (bioMérieux). For growth curves, overnight cultures were inoculated 

1% (v/v) into a 96-well microplate in triplicate. Each well contained 200 µL of SDM (Semi-

Defined media (Kimmel and Roberts, 1998)) with 1% carbohydrate. Plates were then sealed with 

a clear Thermalseal film. Plates were read at 37°C in a Floustar Optima microplate reader (BMG 

Labtech, Cary, NC) at 600nm for 48 hours. 

For scanning electron microscopy, L. fermentum ATCC 14931 was grown overnight in 

MRS (de Man, Rogosa, Sharpe) broth. Cells from 10mL of culture were harvested by 

centrifugation (20 min, 5,000 rpm), then resuspended in 10mL of 3% glutaraldehyde in 0.1M Na 

cacodylate buffer (pH 5.5). Suspensions were then filtered using a 0.4 µM pore polycarbonate 

Nucleopore filter. Filters were washed with 0.1M Na cacodylate buffer (pH 5.5) three times in 

30-minute changes. Cells were then dehydrated through a graded series of ethanol to 100% 

ethanol and were critical-point dried in liquid C02. Filters were then mounted on stubs with tape 

and silver paint and were then sputter coated with 50 Å Au/Pd. Samples were viewed using a 

JEOL JSM-5900LV scanning electron microscope at the Center for Electron Microscopy at 

North Carolina State University, USA.   

Simulated intestinal and gastric juices were prepared as previously described (Charteris et 

al., 1998; Frece et al., 2005). Overnight cultures were pelleted, washed two times, and 

resuspended in distilled water. Cells (0.2 mL) were then added to 1 mL of freshly made 
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simulated gastric or intestinal juice and incubated at 37°C. Viable cell counts were determined 

by plating on MRS agar at regular intervals. 

 

4.4.2. Genome Sequencing 

Long and short reads were generated for L. fermentum ATCC 14931. PacBio sequencing 

was performed by RTL Genomics (Texas, US). DNA was extracted using Qiagen’s MagAttract 

HMW DNA Kit with the following modifications: sample was incubated at 37°C, shaking (900 

RPM) overnight with the addition of lysozyme and mutalysin, then eluted with AE. Quality 

check was performed using dsDNA Broad Range DNA kit on the Qubit Fluorometer 3.0 and 

Fragment Analyzer by Advanced Analytical Technologies with the High Sensitivity Large 

Fragment 50KB Analysis kit. Library preparation was performed from SMRTbell Libraries using 

PacBio Barcoded Adapters for Multiples SMRT sequencing with the following modifications: 

samples were pooled equimolar, 500 ng per sample of DNA were used, ligation was overnight, 

and final elution was 12 µL EB. dsDNA High Sensitivity DNA kit on the Qubit Fluorometer 3.0 

and Fragment Analyzer using High Sensitivity Large Fragment 50KB Analysis Kit were used to 

perform library QC. Library preparation for sequencing was performed following PacBio’s 

protocol with a pre-extension time of 120 minutes and final loading of 6pM. Short reads were 

generated by CoreBiome, Inc. (MN, USA). DNA was extracted using Qiagen’s MO Bio 

PowerFecal for high throughput on QiaCube with bead beating in 0.1mm glass bead plates. 

Invitrogen’s Qiant-iT Picogreen dsDNA Assay was used to quantify DNA. Library preparation 

was completed using an adapted procedure from Illumina’s Nextera Library Prep Kit. 

Sequencing took place on an Illumina NextSeq using paired-end 2 x 150 reads and Illumina’s 

NextSeq 500/550 High Output V2 kit. Sequence Quality Control was set to filter a Q-Score <20 
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and length <50; cutadapt (v.1.15) was used to trim adapter sequences. SPAdes (v3.11.0) was 

used to assemble contigs and QUAST (v4.5) analysis was performed on contigs greater than 

1,000 bases. Short and long reads were then combined using Unicycler with default options. 

Remaining contigs were then hand-curated and joined using primer walking. The genome 

sequence was annotated using Rapid Annotations Subsystems Technology (RAST) (Aziz et al., 

2008). Genomic features can be found in Table 4.1. COG (Clusters of Orthologous Groups) 

annotations were determined using eggnog-mapper, based on eggnog 4.5 data (Huerta-Cepas et 

al., 2015; Huerta-Cepas et al., 2017). Antibiotic resistances genes were searched for using 

ResFinder v 3.1 (Aarestrup et al., 2012).  

 

4.4.3. Comparative Analyses 

Thirty-eight L. fermentum strains were selected for phylogenetic analyses (Table 4.1). A 

phylogeny was developed using the glycolysis gene phosphoglucomutase as its basis, following 

a previously proposed methodology (Brandt and Barrangou, 2018). After extracting the 

phosphoglucomutase gene sequence, nucleotide sequences were aligned using MUSCLE 

(maximum iteration was eight) (Edgar, 2004). Trees were then generated using RAxML (CAT 

GTR, Bootstrap using rapid hill climbing with random seed 1, and 100 replicates) (Stamatakis, 

2014). A consensus tree was generated using a 50% threshold. Metadata was added to the 

cladogram using CLC Genomics (https://www.qiagenbioinformatics.com/).  

Seven L. fermentum genomes were used for whole genome comparisons (ATCC 14931, 

LT906621, NZ_AP017973, NZ_CP019030, NZ_CP021790, NC_021235, and NC_017465). A 

BRIG image was generated using BRIG 0.95, following parameters outlined in the manual 

https://www.qiagenbioinformatics.com/
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(Alikhan et al., 2011). A MAUVE alignment using all complete genomes was generated using 

default settings (Darling et al., 2004).  

 

4.4.4. Identification and Annotation of CRISPR-Cas Systems  

Potential CRISPR loci were identified in 38 L. fermentum strains using the CRISPR 

recognition tool (CRT) (Bland et al., 2007). Each predicted CRISPR-Cas system was then hand-

curated for integrity, content, and assigned a type. Spacer visualization was achieved using 

CRISPRViz with standard options (Nethery and Barrangou, 2018). mRNA and smRNA were 

used to analyze transcriptional profiles of the CRISPR loci in ATCC 14931. Cells were grown to 

mid-log phase and flash-frozen. Total RNA was extracted using Zymo Direct-Zol Miniprep kit 

(Zymo Research, Irvine, CA) according to a previously described protocol (Theilmann et al., 

2017). Library preparation and sequencing were performed by the Roy J. Carver Biotechnology 

Centre from the University of Illinois (Urbana-Champaign, IL) using an Illumina HiSeq2500. 

Data was uploaded into Geneious (v. 11.1.5, https://www.geneious.com). Reads were then 

processed by trimming to an error probability limit of 0.001 and filtered to exclude reads less 

than 10 nt (smRNA) or a range of 28-150 nt (mRNA). Reads were mapped to the reference 

genome using Bowtie2 (Langdon, 2015). trans-activating-crRNA (tracrRNA) prediction was 

performed as previously described (Briner et al., 2016). Briefly, we searched for the five 

modules of tracrRNA and the terminal GC-rich hairpins. Protospacer adjacent motif (PAM) 

prediction was carried out as previously described (Crawley et al., 2018). Briefly, protospacer 

hits were determined by BLASTing spacers against publicly available datasets. The flanking 

regions of positive hits were then used to identify sequence motifs. 

  

https://www.geneious.com/
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4.5. RESULTS 

4.5.1. Microbial Phenotypic Characterization  

We began by characterizing the growth and survival of the type strain for L. fermentum. 

First, carbohydrate utilization was determined using API strips. Of the 49 sugars tested, L. 

fermentum ATCC 14931 utilized eleven. These sugars were: D-ribose, D-galactose, D-glucose, 

D-fructose, esculin ferric citrate, D-maltose, D-lactose, D-melibiose, D-saccharose, D-raffinose, 

and potassium gluconate. Growth curves were performed to confirm growth for galactose, 

fructose, and D-xylose (Figure 4.1A). These curves showed similar growth for galactose and 

fructose, and little growth was observed in D-xylose, as indicated by the API strips. We then 

examined cell morphology, due to the presence of the exopolysaccharide (eps) locus in the 

genome. L. fermentum ATCC 14931 colonies were of the ropy phenotype, an indication of EPS 

formation (data not shown). Further evidence of a potential EPS layer can be visualized in 

scanning electron microscopy photos (Figure 4.1D, E, and F). Cellular material are shown 

between clumps of cells (Figure 4.1E) and extending from single cells (Figure 4.1D and F).  

Finally, we tested stress tolerance. L. fermentum ATCC 14931 was exposed to simulated 

intestinal juice and simulated gastric juice (Figure 4.1B and C, respectively). After two hours in 

simulated intestinal juice, there was 49% survival. This continued to decrease until hour six 

where there was 15% survival and remained steady into hour eight. In simulated gastric juice, L. 

fermentum ATCC 14931 showed 70-75% survival for the first 30 minutes after exposure. By the 

one-hour point, there was no survival in simulated gastric juice. Growth in media supplemented 

with oxgall or porcine bile was minimal (data not shown). 
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4.5.2. Complete Genome Sequence of L. fermentum ATCC 14931  

A draft genome for L. fermentum ATCC 14931 was previously deposited at NCBI in 

2009 and updated in 2017 as NZ_ACGI, which contained 74 contigs. We polished and 

completed the genome sequence and generated a single contig (1.89Mb). The genomic traits for 

L. fermentum ATCC 14931 can be found in Table 4.1. The genome size is 1.89Mb with a GC 

content of 52.5%. We identified no plasmids in L. fermentum ATCC 14931. Next, we annotated 

the genome using RAST, which identified 1,900 coding sequences and 73 RNAs (15 rRNA and 

58 tRNA). We then applied COG identifiers to the genome sequence using EggNOG. Of the 

1,900 coding sequences, 1,237 were given a COG designation. The largest COG group was the 

[S] group (15% of assigned coding sequences), or the unknown function group (Tatusov et al., 

2000). Of note, closer examination of the genome revealed several loci of interest, including a 

putative eps locus and one CRISPR-Cas (CRISPR associated) locus. Additionally, there were 

several annotated transposases and mobile genetic elements (MGE). As the spread of antibiotic 

resistance is of growing concern, we next analyzed L. fermentum ATCC 14931 for any antibiotic 

resistance genes using ResFinder and found none, which is consistent with the aforementioned 

GRAS status of this species.  

 

4.5.3. L. fermentum Species Genetic Diversity  

With a complete genome sequence for the type strain, we next determined how ATCC 

14931 compares to other L. fermentum strains and carried out comparative genomic analyses. 

Thirty-seven strains, in addition to ATCC 14931 (Table 4.1), were chosen for comparative 

analysis using the glycolysis gene phosphoglucomutase (Figure 4.2). Nine clades were identified 

in the phylogeny.  L. fermentum ATCC 14391, highlighted by a red asterisk (*), was found to be 
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a part of a four-member clade that included the strains HFB3 (LJFJ01.1), L930BB (NZ_CBUR), 

and Lfu21 (NZ_PNBB). Interestingly, HFB3 and Lfu21 were isolated from human fecal 

samples, while L930BB was isolated from a human colon biopsy (Table 4.1).  

Next, we selected six strains to perform whole genome comparisons with L. fermentum 

ATCC 14931. The genomes chosen for further analyses were: LT906621 (IMDO 130101, 

sourdough), NZ_AP017973 (MTCC 25067, fermented milk), NZ_CP019030 (SNUV175, human 

vagina), NZ_CP021790 (LAC FRN-92, human oral), NC_021235 (F-6, unknown), and 

NC_017465 (CECT 5716, human milk). These genomes were chosen as a representative set of 

the phylogeny generated in Figure 4.2 and are highlighted in red. They all contain a single contig 

or closed genome and range in size from 1.95Mb to 2.18Mb. GC content for each strain was 

~51% (Table 4.1). MTCC 25067 and SNUV175 both carry plasmids. Using these six genomes in 

addition to ATCC 14931, whole genome analysis was carried out with BRIG (Figure 4.3). From 

the BRIG analysis, there are several islands in L. fermentum ATCC 14931 that do not occur 

within the other genomes. These islands at approximately 180kbp, 760kbp, and 1550kbp also 

correlate with GC dips. Further examination of these three islands did not reveal loci of note 

(Figure 4.S1-3), but several transposases in or around each island were identified (Figure 4.3). 

There are several smaller GC dips throughout the genome that correlate to either transposases or 

minor assembly gaps. There were no GC spikes observed. Another island of note is the CRISPR 

locus of L. fermentum ATCC 14931, which is only present in LT906621, annotated at 880kbp. 

Finally, the GC skew switches around 50kbp and 1090kb. Due to the large presence of 

transposases, we next used MAUVE to determine gene synteny amongst L. fermentum genomes 

(Figure 4.4). For this analysis, we used all genomes consisting of a single contig/closed genome, 

in addition to the strains used for the BRIG analysis (Table 4.1). Examination of the MAUVE 
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alignment showed several small blocks of synteny among the strains, in contrast to the expected 

large blocks of similarity. These small blocks generated by MAUVE could be combined into 

larger regions of synteny (outlined in boxes). In addition, there were several rearrangements 

observed, especially for genomes NZ_CP019030 (SNUV175, human vagina), NZ_CP021790 

(LAC FRN-92, human oral), and NZ_CP017151 (NCC2970, unknown) (Figure 4.4). These 

smaller blocks of synteny and genome rearrangements could be due to the presence of 

transposons in the genomes. 

 

4.5.4. CRISPR-Cas Immune Systems Diversity 

Next, we examined the occurrence and diversity of CRISPR-Cas systems in L. fermentum 

across 38 strains (Figure 4.2). Potential CRISPR loci were identified using the CRISPR 

recognition tool (CRT) and then hand-curated. Types I, II, and III were all identified in L. 

fermentum. Several loci did not contain the complete cas complement due to draft genome 

sequences or transposons and were thus labelled unknown (Figure 4.2). Of the 38 strains 

analyzed, 71.8% encoded putative CRISPR-Cas systems. 53.8% of the strains analyzed 

contained a Type I system, 41.0% a Type II system, and 2.56% a Type III system. This is 

relatively hypervariable within a species, given the very high relative level of occurrence, and the 

absence of a single CRISPR-Cas system type that is widely shared across the species is 

noteworthy. Interestingly, one strain (OKQY01.1), contained a Type I, II, and III system, which 

is very rare in bacteria. This was the only strain with over 91 spacers in its genome (Figure 4.2).  

We then used CRISPRViz to compare the spacer content and, presumably, the history of 

the strains (Figure 4.5). Type I, II, and III spacers grouped based on CRISPR-Cas systems. As 

expected, Type I systems encoded for a greater number of spacers than that of the Type II 
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systems (Toms and Barrangou, 2017). The spacers in L. fermentum as a whole were very diverse 

and we were unable to identify common ancestral spacers for the majority of the strains. Three 

genomes (NZ_AVAB, NC_010610, and NC_017465) had the most similar spacer arrays, only 

differing by one or two spacers in any of their Type I loci (Figure 4.5). Interestingly, each of 

these three genomes belonged to a different clade in the L. fermentum phylogeny (Figure 4.2). Of 

those with Type II systems, the genomes NZ_CP021104, CP020353, NZ_CP011536, NZ_PNBB 

shared some spacers, but also each had a great deal of unique spacers (Figure 4.5). Specifically, 

they shared a common ancestry and some newer additions; the main deviation was the large 

number of additional spacers in NZ_CP011536 (Figure 4.5). Interestingly, these genomes were a 

part of the same clade, with the exception of NZ_PNBB (Figure 4.2). A few other genomes, such 

as NZ_JQAU and NZ_PTL, also shared common spacers amongst each other. Even though the 

spacers varied widely, the repeats in L. fermentum did group with high similarity (Figure 4.6). 

Next, we characterized the L. fermentum ATCC 14931 Type II CRISPR-Cas system. Of 

the strains used in the BRIG analysis, only IMD0 130101 (LT906621) also coded a Type II 

system (Figure 4.2). A comparison of the two strains’ Type II loci is found in Figure 4.7A. Each 

strain has the following cas genes: cas9, cas1, cas2, and csn2. Cas9 is the signature protein for 

Type II systems and csn2 is the genetic marker for subtype II-A (Koonin et al., 2017). There 

were several more spacers in LT906621 (20) than ATCC 14931 (12). The repeat sequences for 

both systems were the same, only differing in their ancestral repeats, which often acquires SNPs. 

mRNA-Seq expression was overlaid on ATCC 14931’s locus to show active transcription of the 

cas genes (Figure 4.7A). 

smRNA-Seq and in silico predictions were used to further characterize L. fermentum 

ATCC 14931’s CRISPR-Cas system (Figure 4.7). Expression levels for the CRISPR array, 
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CRISPR RNA (crRNA), leaderRNA (ldrRNA), and tracrRNA were determined as shown in 

Figure 4.7 (B, C, D, and E, respectively). In the CRISPR locus, the last two crRNAs (most 

ancestral) were found to be the most highly expressed spacers in the cell. Boundaries were 

determined for the crRNA, ldrRNA, and tracrRNA. The crRNA was found to consist of a 21 bp 

section of the CRISPR repeat and a 20 bp section of spacer, which is common in Type II-A 

CRISPR-Cas systems (Deltcheva et al., 2011; Crawley et al., 2018). The ldrRNA contains a 21 

bp portion of repeat and a 20 bp leader. The tracrRNA was found to be 75 bp, which was much 

shorter than predicted (Figure 4.7E). The structure of the tracrRNA was determined using 

NUPAK (Figure 4.7G). The tracrRNA sequence modules are colored as previously described 

(Briner et al., 2014). L. fermentum ATCC 14931’s tracrRNA consists of all expected modules 

and contains only a single hairpin. Examining the BLAST results of L. fermentum’s Type II 

spacers, we predicted the PAM of ATCC 14931 to be (C/T)AAA (Figure 4.7F). Finally, a 

BLASTp comparison between L. fermentum ATCC 14931’s Cas9 gene sequence, the 

Streptococcus thermophilus (Sth) Cas9 gene sequence, and the Streptococcus pyogenes (Spy) 

Cas9 gene sequence found at most only 32% AA identity between L. fermentum ATCC 14931’s 

Cas9 and the other Cas9s. L. fermentum ATCC 14931’s Cas9 is 1,378 AAs long and its closest 

relatives are Lactobacillus gorillae and Lactobacillus mucosae, with 72% and 57% identity, 

respectively. 
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4.6. DISCUSSION 

In this study, we assess the genetic and phenotypic potential of the Lactobacillus 

fermentum species with focus on the type strain ATCC 14931. Metabolically, L. fermentum 

ATCC 14931 showed the ability to uptake and catabolize a diversity of carbohydrates 

encompassing D-ribose, D-galactose, D-glucose, D-fructose, esculin ferric citrate, D-maltose, D-

lactose, D-melibiose, D-saccharose, D-raffinose, and potassium gluconate. Utilization was then 

confirmed using growth curves in SDM for galactose, fructose, and D-xylose (Figure 4.1A). The 

cell morphology of L. fermentum ATCC 14931 revealed a ropy phenotype, typical of an EPS-

producer. There is a putative eps locus in the genome and SEM images appear to visualize an 

EPS layer on and between cells (Figure 4.1D-F). Close examination of the SEM images revealed 

strands of cellular material extending from the cells, notably at the extremities (Figure 4.1 D and 

F). In Figure 4.1F, it appears as if these strands are reaching towards the chain of cells (indicated 

by a white arrow). EPS has implications in food manufacturing for texture, in human health for 

biofilm formation, and in biotechnology for pathogen exclusion (Berlanga and Guerrero, 2016; 

Mende et al., 2016; Sarikaya et al., 2017). In stress challenges (Figure 4.1B and 1C), L. 

fermentum ATCC 14931 showed 15% survival in simulated intestinal juice and no survival after 

one hour in simulated gastric juice.  This contrasts with the well-characterized probiotic L. 

acidophilus, which showed over 80% survival in simulated intestinal juice after five hours and 

~20% survival in simulated gastric juice after 50 minutes (Johnson et al., 2013). In addition, 

there was little to no growth in media containing oxgall and porcine bile. This implies that L. 

fermentum ATCC 14931 would survive poorly in the human GIT and most likely serves only as 

an allochthonous species introduced to the microbiome through diet. This would potentially pose 

a major problem for the survival of and colonization of the GIT by L. fermentum ATCC 14931.
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 Improving the previously published genome sequence of L. fermentum ATCC 14931 

allowed us to set a baseline genomic analysis for the type strain. The GC content (52.50%) is 

higher than what is typical for the low-GC Lactobacillus genus (Brandt and Barrangou, 2018). 

As lactobacilli are typically considered low-GC organisms, this finding may suggest that L. 

fermentum has seen less genomic drift. It is generally believed that as Lactobacillus species 

become more adapted to their environment, they begin to undergo genome decay (Makarova et 

al., 2006). Typically, lactobacilli with more than one niche have larger genomes and have 

undergone less genome decay. This is corroborated by a recent study looking at niche-

adaptations in Lactobacillus; L. fermentum, while included in the study, did not have enough 

information to assign it a particular niche category (Duar et al., 2017). This could imply that L. 

fermentum is a member of various niches and is still in the process of active adaptation. The 

portion (15%) of unknown/hypothetical genes certainly implies that there is still much to 

discover about L. fermentum ATCC 14931. We also examined the genome for genes that are 

relevant for industrial use. As antibiotic resistance genes are raising concerns in both health and 

biotechnology applications, we examined L. fermentum ATCC 14931 for any predicted antibiotic 

resistance genes and found none.  

After examining the genome of L. fermentum ATCC 14931, we performed a global 

phylogeny of L. fermentum using 38 genomes (Figure 4.2). This analysis revealed a great deal of 

diversity among L. fermentum strains. Nine clades were identified, with L. fermentum ATCC 

14931 as a part of a four-member clade, consisting of the strains HFB3 (LJFJ01.1), L930BB 

(NZ_CBUR), and Lfu21 (NZ_PNBB). Even though L. fermentum ATCC 14931 was isolated 

from fermented beets, its clade members were isolated from human feces/colon biopsies. We 

would anticipate that similar strains would have similar isolation sources. Since this is not the 
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case for L. fermentum ATCC 14931, this could imply L. fermentum enters the human 

microbiome through food sources and is a transient member (allochthonous), rather than a 

permanent member of the human microbiome (autochthonous). This fits with data found in 

IMNGS databases that show L. fermentum’s main environments to be food and human gut 

metagenomes. As transient members, it would also explain why L. fermentum does not have a 

specific niche-adaptation (Duar et al., 2017). This finding also reflects the low survival found 

under GIT conditions. 

Next, we performed whole genome comparisons using BRIG and Mauve with L. 

fermentum ATCC 14931 and other complete genomes. For the BRIG Analysis, six genomes, 

NC_017465, NC_021235, LT906621, NZ_CP021790, NZ_AP017973, and NZ_CP019030 were 

chosen to represent the phylogeny from Figure 4.2. Their average genome size and GC% is 

2.07Mb and 51.6%, respectively, making L. fermentum ATCC 14931 slightly smaller (1.89Mb) 

and have a slightly higher GC% (52.5%) as compared to the other strains in the analyses. As 

seen in Figure 4.3, comparing the seven strains via BRIG revealed three genomic islands in L. 

fermentum ATCC 1493 that are absent in the other L. fermentum genomes. These islands are 

identifiable not only based on their absence in the other strains, but by a corresponding decrease 

in GC content. Further examination revealed that transposases and mobile genetic elements were 

frequently in and around these islands, which is indicative of acquired genes—potentially 

through horizontal gene transfer. No other loci of interest were identified (Figure 4.S1-3). 

Another L. fermentum ATCC 14931 island encompassed the CRISPR locus - which is absent in 

the other genomes - with the exception of LT906621. A continuing examination of GC dips 

resulted in the identification of several other smaller GC dips in the BRIG alignment, which 

again correlated mostly with transposases and minor assembly gaps. These loci were often absent 
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in the other L. fermentum genomes. We next analyzed gene synteny using whole genome 

MAUVE analysis (Figure 4.4). Due to the large number of transposons identified in the BRIG 

analysis, we elected to include all completed genomes in the MAUVE analysis. Typically, the 

strains of a species are highly similar, and this manifests as large blocks of co-linearization in the 

MAUVE alignment. However, our analysis showed only small blocks of similarity and many 

rearrangements. This is unsurprising given the large number of MGEs discovered in L. 

fermentum ATCC 14931. We were able to show that many of the small blocks identified by 

MAUVE remained in the same order and could be considered larger blocks of synteny (Figure 

4.4). Interestingly, genomes NZ_CP019030, NZ_CP021790, and NZ_CP017151 showed very 

little commonalities with the other L. fermentum genomes. While this could be a reflection of 

MGE’s, it may also imply inaccurate assemblies.  

As CRISPR-Cas systems are a valuable reservoir of Cas-based genome editing 

technologies, we determined the occurrence and diversity of CRISPR systems in the thirty-eight 

analyzed L. fermentum genomes. On a species level, we found that 71.8% of strains encoded a 

predicted CRISPR system (Figure 4.2). This is higher than Lactobacillus in general (62.9%), and 

bacteria as a whole (46%), suggesting that L. fermentum is a potential reservoir for novel 

CRISPR-based tools (Sun et al., 2015). Type I is the most common system found in L. 

fermentum (53.8%), which reflects the overall dominance and diversity of Type I systems in 

nature (Makarova et al., 2015). Type I CRISPR-Cas systems have recently been studied for 

antimicrobial properties, and as such L. fermentum could be potentially explored as a 

programmed antimicrobial in microbiome settings (Gomaa et al., 2014). While Type I is more 

common than Type II systems, it is the Type II’s signature Cas9 programmable endonuclease 

that is the most popular tool of the CRISPR toolbox (Jinek et al., 2012). 41% of L. fermentum 
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strains contain a predicted Type II system. This is slightly higher than the Type II occurrence 

rate in lactobacilli (36%) and much higher than the occurrence rate in all bacteria (5%) 

(Chylinski et al., 2014; Sun et al., 2015). It is of note that one genome (OKQY01.1) was 

predicted to contain a Type I, II, and III system-- a rare occurrence (Horvath and Barrangou, 

2010). Of the strains chosen for whole genome comparisons, all contained a putative Type I 

system except for L. fermentum ATCC 14931, and only L. fermentum ATCC 14931 and 

LT906621 contained a putative Type II system.  A global analysis of the spacers found in L. 

fermentum revealed greater diversity than expected (Figure 4.5). Typically, strains of a species 

share similar spacer history, or, “vaccination records,” resulting in the sharing of spacers, 

especially towards the ancestral ends of loci. In our analysis, we found only a limited number of 

shared spacers. Of the predicted Type II systems, NZ_CP021104’s, CP020353’s, 

NZ_CP011536’s, and NZ_PNBB’s loci shared common history, specifically in the ancestral 

spacers. However, there were several deletions or additional spacers in each locus, making the 

shared spacers a minority. With the exception of NZ_PNBB, these genomes were found in the 

same clade (Figure 4.2). In contrast, the genomes with the most similar predicted records were 

NZ_AVAB, NC_010610, and NC_017465. All three putative Type I loci in each strain shared 

the same vaccination record as the other strains, with the exception of one or two spacers. 

Intriguingly, these genomes did not share clades (Figure 4.2). Although there was not much 

congruity in the spacers, the predicted repeats of the L. fermentum CRISPR loci did share a high 

degree of similarity (Figure 4.6).  

We then performed an in-depth in silico analysis of L. fermentum ATCC 14931’s putative 

CRISPR loci and revealed it to be a Type II-A, as evidenced by the csn2 gene (Figure 4.7A). As 

the only other strain with a putative Type II CRISPR-Cas system from those genomes selected 
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for BRIG comparison, L. fermentum LT906621 was used to compare CRISPR loci. Both 

predicted systems were Type II-A, with L. fermentum LT906621 coding for a slightly larger 

CRISPR array. The repeats for each strain were identical, but they shared no common spacers. 

We also examined the expression levels of L. fermentum ATCC 14931’s putative CRISPR loci 

using mRNA and smRNA-seq. mRNA expression levels showed that the cas genes are 

transcribed in L. fermentum ATCC 14931. Analysis of expression in the CRISPR array using 

smRNA-seq revealed that the two most ancestral crRNA are the most highly expressed in L. 

fermentum ATCC 14931’s CRISPR locus. This is highly unusual, as the newly acquired crRNA 

are typically the most highly expressed since they are more recently exposed to infection (Wei et 

al., 2015; McGinn and Marraffini, 2016). It is possible that there is an internal promoter driving 

the expression of the ancestral crRNAs, and thus why the expression does not fit canonical 

expectations. The crRNA, ldrRNA, and tracrRNA had similar sizes as reported previously in 

lactobacilli (Figure 4.7B-6D) (Crawley et al., 2018). The in silico prediction of the tracrRNA 

was longer than the true boundaries predicted through smRNA-Seq, which has been previously 

reported (Crawley et al., 2018). This implies that our predictions are conservative compared to 

what is used in vivo. The tracrRNA structure showed the appropriate modules including the 

lower stem, bulge, upper stem, nexus, and contained a single hairpin (Figure 4.7G). Finally, we 

predicted L. fermentum ATCC 14931’s PAM to be (C/T)AAA (Figure 4.7F). It is similar to 

several predicted PAMs in L. gasseri (TAA) (Sanozky-Dawes et al., 2015). Overall, expression 

for L. fermentum ATCC 14931’s CRISPR loci fit canonical expectations, with the exception of 

the highly transcribed ancestral spacers. Despite its similarities to canonical Type II loci, the 

Cas9 in L. fermentum ATCC 14931 is unique, only sharing 32% AA identity with either Sth’s or 

Spy’s Cas9—two of the most commonly used Cas9s in genome editing. This is especially 
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intriguing as the Cas9s of Sth and Spy only share ~32% AA identity with each other. This marks 

L. fermentum ATCC 14931 as a potential new orthogonal Cas9 for tool development. 

Overall, this study provides a basis for functional and genetic analysis of L. fermentum 

strains, with characterization of the type strain ATCC 14931. We determined the complete 

genome sequence of the type strain and carried out comparative genomic analyses revealing high 

variability within the species, encompassing MGEs and genomic islands. This genetic variability 

is also illustrated by the occurrence and diversity of hypervariable CRISPR-Cas systems. These 

observations highlight the value of determining the complete genome sequence of reference and 

type strains within a species, along with opening new avenues for the study of Lactobacillus 

fermentum strains and related species.  
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Table 4.1 | Genome List. Genomic features of 38 L. fermentum strains used in this study. 

Strain Sequence 

Length 

GC% #Sequences #Plasmids Accession Isolation 

ATCC 14931 1887974 52.50% 1 0 
 

Fermented beets 

MTCC 25067 1954694 51.50% 1 1 AP017973.1 Fermented Milk 

VRI-003 1949297 52.10% 1 0 CP020353.1 Commercial Probiotic 

IMD0 130101 2089202 51.50% 1 0 LT906621.1 Sourdough 

IFO 3956 2098685 51.50% 1 0 NC_010610 Fermented plant material 

CECT 5716 2100449 51.50% 1 0 NC_017465 Human milk 

F-6 2064620 51.70% 1 0 NC_021235 Unknown 

3872 2297851 50.70% 1 1 NZ_CP011536 Milk 

NCC2970 1949874 52.20% 1 0 NZ_CP017151 Unknown 

47-7 2098685 52.50% 1 0 NZ_CP017712 Unknown 

SNUV175 2176678 51.50% 1 3 NZ_CP019030 Human vagina 

FTDC 8312 2239921 51.00% 1 0 NZ_CP021104.1 Human feces 

LAC FRN-92 2063606 51.80% 1 0 NZ_CP021790.1 Human oral 

LfQi6 2098510 52.50% 1 0 NZ_CP025592.1 Human microbiome 

HFB3 
 

51.80% 7 0 LJFJ00000000.1 Human gut 

28-3-CHN 
 

52.20% 42 0 NZ_ACQG00000000 Human 

39 
 

51.60% 55 0 NZ_LBDG00000000 Unknown 

L930BB 
 

52.10% 72 0 NZ_CBUR000000000 Unknown 

222 
 

52.10% 73 0 NZ_CBZV000000000 Cocoa bean 

RI-508 
 

52.20% 74 0 NZ_MKGE00000000.1 Cacao bean fermentation 

MD IIE-4657 
 

52.30% 74 0 NZ_PTLW00000000.1 Silage 

S6 
 

52.30% 82 0 NZ_FUHZ00000000.1 Unknown 

S13 
 

52.30% 85 0 NZ_FUHY00000000.1 Unknown 

90 TC-4 
 

51.90% 93 0 NZ_LBDH00000000 Unknown 

SHI-2 
 

52.10% 93 0 NZ_NJPQ00000000.1 Human saliva 

DSM 20055 
 

52.40% 102 0 NZ_JQAU00000000 Human Saliva 

UC0-979C 
 

51.90% 108 0 NZ_LJWZ00000000 Human gastric 

279 
 

52.00% 108 0 NZ_PGGI00000000.1 Human feces 

103 
 

51.80% 110 0 NZ_PGGE00000000.1 Human cecum 

311 
 

51.80% 111 0 NZ_PGGJ00000000.1 Human feces 

MTCC 8711 
 

49.70% 116 7 NZ_AVAB00000000 Yogurt 

CECT 9269 
 

51.70% 129 0 NZ_OKQY00000000.1 Tocosh 

LfU21 
 

51.70% 131 0 NZ_PNBB00000000.1 Human feces 

NB-22 
 

51.80% 137 0 NZ_AYHA00000000 Human vagina 

NCDC 400 
 

51.60% 138 0 NZ_PDKX00000000.1 Curd 

BFE 6620 
 

52.10% 149 0 NZ_NIWV00000000.1 Gari 

779_LFER 
 

52.10% 169 0 NZ_JUTH00000000 Unknown 

Lf1 
 

52.60% 250 0 NZ_AWXS00000000 Human gut 
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Figure 4.1 | Functional Attributes of ATCC 14931. (A) 48h growth curves of ATCC 14931 on 

substrates galactose (circle), fructose (square), and D-Xylose (triangle). Data points are the 

average of two biological replicates. Survival in simulated intestinal (B) or simulated gastric (C) 

juice. Data is the average of two biological replicates. SEM photos of ATCC 14931 at 15kV and 

10000X (E), 15000X (F) or 20000X (G) zoom. A white arrow indicates a feature of interest. 
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Figure 4.2 | L. fermentum Phylogeny. Phylogenetic tree generated of 38 L. fermentum strains 

using RAxML based on the nucleotide alignment of phosphoglucomutase. ATCC 14931 is 

indicated by a red asterisk (*). Genomes in red are used for subsequent BRIG comparisons. 

Rings refer to CRISPR-Cas analyses performed on the genomes and are (from inside out): 

number of spacers in the genome, number of total systems in the genome, number of Type I 

systems in the genome, number of Type II systems in the genome, number of Type III systems in 

the genome, and number of undefined Types in the genome. Ring legends are in the insets. Strain 

names can be found in Table 4.1. 
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Figure 4.3 | BRIG Analysis. BRIG alignment of seven L. fermentum genomes with ATCC 

14931 as the reference. The innermost ring denotes genome location. The other rings and color 

specifications can be found to the right of the ring image. Transposases, CRISPR genes, and 

minor assembly gaps are annotated outside of the rings. Strain names can be found in Table 4.1. 
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Figure 4.4 | Whole Genome Comparisons. MAUVE alignment of all complete L. fermentum 

genomes with ATCC 14931 set at the reference. Grouped blocks of similarity are boxed. Strain 

names can be found in Table 4.1. 
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Figure 4.5 | Global Spacer Visualization. Visualization of CRISPR spacers for 38 L. 

fermentum strains using CRISPRViz. Spacers for putative Type I loci are on the top, with Type 

III loci in the middle, and Type II loci on the bottom. Ancestral spacers are on the right-hand side 

of the figure. Strain names can be found in Table 4.1. 
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Figure 4.6 | Global Repeat Visualization. Visualization of CRISPR repeats for 38 L. fermentum 

strains using CRISPRViz. Repeats for putative Type I loci are on the top, with Type III loci in 

the middle, and Type II loci on the bottom. Ancestral repeats are on the right-hand side of the 

figure. Strain names can be found in Table 4.1. 
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Figure 4.7 | ATCC 14931 CRISPR Expression. (A) Loci comparison of the putative Type II-A 

CRISPR-Cas loci in ATCC 14931 (top) and LT906621 (bottom). cas genes are annotated. The 

repeat spacer arrays are visualized with the standard diamond/rectangle scheme. mRNA data for 

ATCC 14931’s loci is overlaid. smRNA-seq expression profiles for the (B) repeat spacer array, 

(C) crRNA (yellow), (D), ldrRNA (green), and (E) tracrRNA (blue), the sequencing coverage is 

on the y-axis. In (B), the right y-axis shows the log transformed coverage for the boxplots. The 

leader is highlighted in green. In (C), the spacer (rectangle) and repeat (diamond) boundaries are 

labelled. In (D), the leader and repeat (diamond) boundaries are labelled. In (E), the predicted 

boundary is in gray and the actual is labelled. In (F) WebLogo of the proposed PAM sequence 

for the system. (G) Predicted structure of the tracrRNA with the lower stem (green), bulge 

(yellow), nexus (blue), and hairpin (red) highlighted.    
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Figure 4.S1 | GC Island at 180kpb. Results of a NCBI Conserved Domain Search of the GC 

island at 180kpb in L. fermentum ATCC 14931. 
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Figure 4.S2 | GC Island at 760kpb. Results of a NCBI Conserved Domain Search of the GC 

island at 760kpb in L. fermentum ATCC 14931. 
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Figure 4.S3 | GC Island at 1550kpb. Results of a NCBI Conserved Domain Search of the GC 

island at 1550kpb in L. fermentum ATCC 14931. 
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CHAPTER 5: ADAPTIVE RESPONSE TO ITERATIVE PASSAGES OF FIVE 

LACTOBACILLUS SPECIES IN SIMULATED VAGINAL FLUID 
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authorship: 

 

Katelyn Brandt1,2 and Rodolphe Barrangou1,2 

1Functional Genomics Graduate Program, North Carolina State University, Raleigh, NC 27695 

2Department of Food, Bioprocessing and Nutrition Sciences, North Carolina State University, 
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5.1. ABSTRACT 

Abstract: Microbiome and metagenomic studies have given rise to a new understanding 

of microbial colonization of various human tissues and their ability to impact our health. One 

surprisingly under-studied human microbiome, the vaginal microbiome, stands out given its 

importance for women’s health, and is peculiar in terms of its relative bacterial composition 

simplicity and typical domination by a small number of Lactobacillus species. The loss of 

Lactobacillus dominance is associated with disease states such as bacterial vaginosis, and efforts 

are now underway to understand the ability of Lactobacillus species to colonize the vaginal tract 

and adapt to this dynamic and acidic environment. Here, we investigate how various 

Lactobacillus species often isolated from the vaginal and intestinal cavities genomically and 

transcriptionally respond to iterative growth in simulated vaginal fluid. We determined the 

genomes and transcriptomes of L. acidophilus, L. crispatus, L. fermentum, L. gasseri, and L. 

jensenii and compared profiles after 50, 100, 500, and 1,000 generations. Overall, we identified 

relatively few genetic changes consisting of single nucleotide polymorphisms, with more 

mutations for non-vaginal isolated. Transcriptional profiles were more impacted over time and 

quantitatively more extensive for non-vaginal species, reflecting a more extensive need to adapt 

to a more unfamiliar environment. 

Importance: With greater understanding of how the microbiome affects the host and 

impacts human health, recent studies are opening new avenues for the development of probiotics 

for areas beyond the gastrointestinal tract, notably in women’s health. In order to properly 

develop probiotic formulations, we must first determine the composition and functionalities of 

the vaginal microbiome, and identify the genetic and functional features that drive adaptation to 

this niche and its environmental conditions. Thus, we determined the genetic and transcriptional 
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profile of intestinal and vaginal Lactobacillus species over time during extensive culturing in a 

simulated vaginal fluid to assess the bacterial basis for adaptation to this environment. 

 



   

170 

 

5.3. INTRODUCTION 

It was originally documented in 1892 that the presence of Lactobacillus is the hallmark of 

a healthy vaginal microbiome [1]. However, it took over a century and the establishment of the 

Human Microbiome Project (HMP) in 2007 to truly start to understand and extensively study 

how microbes and microbial genes affect their human hosts, contribute to disease, and impact 

health [2, 3]. The project has spurred several subsequent microbiome studies, and in 2010, a 

landmark study shed light on the 1892 observation.  In a large cohort, the study showed that the 

vaginal microbiome of women is not only largely dominated by lactobacilli, but often primarily 

consists of a single species of Lactobacillus. The study identified four state types that were each 

dominated by a select Lactobacillus species: Lactobacillus crispatus, Lactobacillus iners, 

Lactobacillus gasseri, and Lactobacillus jensenii [4]. These results were confirmed by 

subsequent studies, in different populations [5-7]. The HMP revealed that the vaginal 

microbiome is qualitatively and quantitatively distinct from other sites of the human body, 

especially with regards to composition and relatively limited diversity [3]. This indicates that 

different principles shape vaginal microbiome composition and function, and that a specific 

approach should be considered to understand how these bacteria impact vaginal health and 

determine how to approach the development of probiotic products for women’s health.  

A loss of lactobacilli or a dysbiosis in the vaginal microbiome typically correlates with 

Bacterial Vaginosis (BV) [8]. Treatment of BV results in a cure rate of 80% but a re-occurrence 

rate of 50% [9]. Additionally, BV is the cause of over 50% of visits by women to health clinics, 

and as such has been the focus of several studies [9]. Specifically, as the etiology of BV is 

unknown [10], several groups have been investigating how the microbiome fluctuates to a BV 

state in order to better manage this condition. Drawing from the success of probiotics in the 
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gastrointestinal tract, several groups have thought to develop a women’s probiotic using 

Lactobacillus with varied results [11]. However, we still have relatively little knowledge and a 

shallow understanding of how community state types (CSTs) associate, correlate, or possibly 

cause disease states such as BV. Some correlations have been established and L. crispatus is 

typically considered protective against BV, while L. iners is considered an in-between state. [12, 

13].There is limited knowledge with regards to which phylogenetic units, let alone species or 

strains, may provide the most promise for vaginal health.  

In order to be an effective probiotic, a species must presumably be able to survive 

environmental conditions, grow using available resources, and ideally colonize the niche of 

interest. In this study, we set out to examine how various strains from five distinct Lactobacillus 

species isolated from vaginal and intestinal environments alter their genomes and transcriptomes 

during long-term serial passages in a simulated vaginal fluid. We specifically selected L. 

crispatus, L. gasseri, and L. jensenii strains to represent CSTs associated with a healthy vaginal 

status [4], as well as Lactobacillus acidophilus and Lactobacillus fermentum, strains found in the 

intestinal cavity that have also been occasionally used commercially as potential vaginal 

probiotics [14, 15].  
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5.4. MATERIALS AND METHODS 

5.4.1. Strain Selection 

In order to evaluate the adaptive response to the vaginal environment, five species of 

Lactobacillus were selected: L. crispatus JV-V01, L. gasseri JV-V03, L. jensenii DSM-20557, L. 

acidophilus NCFM, and L. fermentum ATCC 14931. These strains represent vaginal species (L. 

crispatus, L. gasseri, and L. jensenii), intestinal contaminants (L. acidophilus), and an outgroup 

(L. fermentum). Table 5.1 contains information on each strain, encompassing their source of 

isolation as well as their genomic profiles.  L. acidophilus and L. gasseri both had publically 

available genomes [16]. The L. fermentum’s genome was completed as previously described 

[Chapter 4]. The L. jensenii’s genome, RB055, was sequenced at CoreBiome (St. Paul, MN). 

Briefly, samples were isolated using MO Bio PowerFecal (Qiagen) for high-throughput on 

QiaCube (beading beating 0.1mm). DNA quantification was determined using Invitrogen’s 

Qiant-iT Picogreen dsDNA Assay. Library preparation was performed using the Nextera Library 

Prep kit (Illumina). Sequencing was carried out using Illumina NextSeq 500/550 High Output V2 

kit using paired-end reads (2 x 150 reads). Reads were then filtered (Q-score <20; length <50) 

and adapter sequences were removed using cutadapt (v1.15). Sequences were then assembled 

using SPAdes (v3.11.0) and QUAST (v4.5). We then annotated RB055 using RAST. The L. 

crispatus’s genome was sent to the Roy J. Carver Biotechnology Centre from the University of 

Illinois (Urbana-Champaign, IL) for DNA extraction and sequencing. Briefly, library preparation 

for short reads was completed using the Hyper Library construction kit from Kapa Biosystems 

(Roche). It was then quantified using qPCR before sequencing on a MiSeq flow cell using a 

MiSeq 500-cycle sequencing kit (v2). Demultiplexing was achieved using bcl2fastq (v2.20) 

Conversion Software (Illumina). Long reads were generated by converting 600ng of DNA to 
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barcoded Nanopore libraries suing the Rapid Barcoding kit SQK-RAD004. Sequencing then 

occurred using a GridION x5 sequencer on SpotON R9.4.1 FLO-MIN106 flow cells. Guppy 

(v1.8.1) was used for base-calling and Porechops (v0.2.3) was used for demultiplexing and 

adapter removal. Reads were then assembled using the Unicycler assembler (v0.4.4) and 

annotated using Prokka (v1.12). 

 

5.4.2. Growth Conditions 

Our lab recently developed a simulated vaginal fluid to mimic the vaginal environment 

and conditions in a laboratory setting (SFV, Table 5.2). Based off of a semi-defined medium, 

SVF incorporates nutrients and enzymes common to the vaginal environment, such as glycogen, 

α-amylase, and a pH of 4.5 [17]. Directed evolution was achieved by passaging these strains for 

1,000 generations in preconditioned, anaerobic SVF. We assessed adaptation at five generations: 

0, 50, 100, 500, and 1,000. These generations were used throughout this study. Generation 0 is 

defined as the first passage from freezer stock in MRS to growth in SVF and represents the first 

naïve exposure to a vaginal environment. This serves as our reference point for all other time 

points analyzed.  

Growth medium was preconditioned for 24 hours before inoculation. At inoculation, α-

amylase (2mU/mL) was added. Passages were inoculated 1% (vol/vol) from the previous day. 

Strains were grown for 24 hours anaerobically at 37°C, and passed iteratively for a total of 1,000 

generations (6.6 generations/transfer for 151 transfers). After reaching a generation of interest, 

cultures were stocked during the following inoculation. 

For growth curves, MRS and SVF were preconditioned for 24 hours with cysteine 

(0.05%, wt/vol). Cultures were inoculated from freezer stocks (of the desired generation) into 



   

174 

 

preconditioned SVF (MRS for generation 0) and grown for 24 hours anaerobically at 37°C.  96-

well microplates were inoculated 1% (v/v) from the overnight culture in triplicate. Each well 

contained 200 µL of SVF or MRS. A clear Thermalseal film was used to then seal the plates. 

Using a Floustar Optima microplate reader (BMG Labtech, Cary, NC), plates were read at 37°C, 

600nm for 48 hours. Growth curves were completed three times. Analyses were carried out 

between the biological replicates (averages of the technical replicates). 

 

5.4.3. Transcriptome Analysis 

Cells were inoculated from freezer stock (of the desired generation) and grown overnight 

in preconditioned SVF (MRS for generation 0) anaerobically at 37°C. Cells were then passed 

(1% v/v) and grown to mid-log phase and flash frozen. Zymo Direct-Zol Miniprep kit (Zymo 

Research, Irvine, CA) was used to extract total RNA, as previously described [18]. mRNA 

library preparation and sequencing were completed at the Roy J. Carver Biotechnology Centre 

from the University of Illinois (Urbana-Champaign, IL) using an Illumina HiSeq2500. Data was 

uploaded into Geneious (v. 11.1.5, https://www.geneious.com). Read processing included 

trimming (error probability limit of 0.001) and filtering (length extracted 28-150 nt). Reads were 

then mapped to the reference genome using Bowtie2 [19].  

 

5.4.4. Data Analysis 

Statistical analyses were completed using R (v3.5.1). Expression levels were calculated in 

Geneious (count as partial matches/CDS). Levels were compared using Geneious’s built in 

method (transcripts/median of gene expression rations). Gene significance was determined using 

the Geneious metrics Differential Expression Absolute Confidence (>|6|) and the Differential 

https://www.geneious.com/
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Expression Log2 Ratio (>|2|). Significantly expressed genes were hand curated from Geneious 

and then assigned Clusters of Orthologous Groups (COGs) by eggnog-mapper, based on eggnog 

4.5 data [20, 21]. SNP variations were calculated using Geneious and default settings. 

Generation 0 was used as the reference genome for SNP calling. SNPs were additionally filtered 

by removing SNPs generated through runs and a coverage cutoff of 20. Chromosomal location of 

SNPs from non-closed genomes was determined by ordering contigs by size. Mutation rates were 

determined by total number of SNPs per genome size per generation. Student’s t-test (α=0.05) 

was used to determine significance between groups. 
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5.5. RESULTS AND DISCUSSION 

5.5.1. Bacterial Growth in Simulated Vaginal Fluid 

In this study, we sought to understand how Lactobacillus species adapted to a simulated 

vaginal environment over time. Directed evolution and adaptation have been studied in bacteria 

for several species under various conditions through iterative passages [22-25]. Here, we 

examined how vaginal and non-vaginal strains from five distinct Lactobacillus species adapted 

to iterative passages for 1,000 generations in SVF. Strain selection was guided by several recent 

studies highlighting their occurrence and potential role in women’s health. From the 

establishment of CSTs, L. crispatus, L. gasseri, and L. jensenii strains were included as 

representatives of normal microbiomes. We strategically elected to forego L. iners due to its 

controversial status, potentially linked to its different properties of the other CST species, as well 

the practical need this species has to grow in blood, rendering it an impossible comparative 

growth outlier [13, 26]. We chose to include L. acidophilus as a representative of an intestinal 

strain and potential vaginal contaminant to compare and contrast vaginal vs. intestinal isolates. 

Additionally, L. acidophilus is a well-known gut probiotic and has been proposed and even 

commercialized as a vaginal probiotic [27, 28]. Finally, L. fermentum, isolated from beets, was 

used as an outgroup, as a food isolate which can also be found the human GIT, though this 

species is also a candidate for women’s health applications [29, 30].  

To date, the primary concept underlying protection of the vaginal environment by 

Lactobacillus species colonization is competitive exclusion [31], which presumably hinges on 

the ability of these strains to survive and grow in the vaginal environment. Therefore, we began 

our analyses by comparing strain growth in MRS (primary defined medium for Lactobacillus 

species growth in a laboratory setting) and SVF [17].  As anticipated, all strains grew well in 
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MRS and did not showcase altered growth in this medium over the time course of the 

experiment. As expected, strains grew better in the Lactobacillus-optimized medium, MRS, than 

they did in SVF (Figure 5.1). L. fermentum grew the best, while L. jensenii grew the least in 

MRS. In terms of SVF, the vaginal representative strains grew better than their intestinal 

counterparts, with L. crispatus showcasing highest growth, followed by L. gasseri and L. 

jensenii. Over time, L. crispatus and L. gasseri showed relatively little growth change across 

generations, presumably because they are already adapted to the environmental conditions 

provided by this simulated vaginal fluid. Towards the latter stages of the experiment, it appears 

the growth of L. acidophilus increases, though the improvement may be relatively limited and 

growth benefits would likely warrant a more extensive period of time.  

 

5.5.2. Genomic Variations 

Having carried out iterative passages over time and sampled the strains at select time 

points through the 1,000 generations of growth, we next determined their genome sequence to 

monitor genetic plasticity over time. We did this by mapping draft genome content on the 

reference genome to assess the occurrence of genetic mutations such as insertions, deletions, 

duplications and the appearance of single nucleotide variations in a population of cells using 

deep sequencing. SNPs were called from mRNA-Seq data using Geneious. We then filtered 

SNPs that were part of runs or had coverage less than 20 reads. Figure 5.2 depicts the number of 

SNPs over time. Both fixed SNPs (changes observed in 100% of the reads) and partial SNPs 

(changes observed in over 50% of reads) were mapped. Based on similar studies with 

Escherichia coli, we anticipated adaptation at an early passage stage, with less modifications at 

the latter stages [32], and our results suggest that indeed the bulk of fixed mutations did occur by 
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generation 50, though some SNPs appeared thereafter. L. gasseri, L. acidophilus, and L. 

fermentum overall had the most amount of SNPs at 50% frequency. L. gasseri, L. jensenii, and L. 

fermentum had more SNPs in early generations and either remained steady or dropped in 

subsequent generations (Figure 5.2A). The L. acidophilus SNPs increased over time, in a pattern 

somewhat consistent with the aforementioned increase in growth in SVF over the course of the 

experiment. Intriguingly, L. crispatus had very little SNPs at 50% frequency (Figure 5.2A). The 

total SNPs at 50% frequency for L. crispatus was significantly different compared to all other 

species with the exception of L. jensenii (Figure 5.2B). For fixed SNPs, the five species 

distributed in the same two groups, with L. gasseri, L. acidophilus, and L. fermentum 

encompassing the high-SNP group, and L. crispatus and L. jensenii constituting the low group 

(Figure 5.2C). Within the high group, L. gasseri had the most SNPs of the group at generation 

50, L. fermentum at generations 100 and 500, and L. acidophilus at generation 1,000. Of the low 

group, L. crispatus had no fixed SNPs at any time point. L. crispatus was significantly different 

from all species. L. jensenii and L. fermentum were also significantly different (Figure 5.2D). 

Mutation rates, defined as number of SNPs per genome size per generation, can be found in 

Table 5.3. With the exception of L. crispatus, mutations rates were similar to those reported for 

Lactobacillus rhamnosus, but slightly higher than those in E. coli [33, 34]. None of the strains 

took on a mutator phenotype [23, 33, 35]. 

After enumerating the number of SNPs per generation, we next examined how individual 

SNPs change over time. Figure 5.3 depicts SNPs at 50% frequency (open circles) and 100% 

frequency (closed circles) at chromosome locations. SNPs are also separated based on the 

generation they were called. Due to the level of magnification shown on the figure, some SNPs 

are indistinguishable from others, as in L. gasseri. One gene, rpn family recombination-
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promoting nuclease/putative transposase, had four SNPs occur in subsequent generations, all of 

which resulted in synonymous changes. Here, it can be seen in most strains that once a SNP is 

fixed, it typically remains in successive generations. This is most noticeable in L. gasseri, whose 

majority of SNPs fix early and remain fixed. In contrast, L. fermentum continuously acquires and 

loses SNPs, although overall numbers remain fairly steady. This diversity reflects the presence of 

a mixed microbial population and the rise and fall of various genotypes with no apparent gain of 

fitness over the course of the experiment. This contrasts with L. acidophilus, which increases in 

total SNPs and especially fixed SNPs in later generations, which is noteworthy and could reflect 

a functional benefit acquired over time by some members of the mixed population. Overall, 

mutations occurred throughout the chromosomes, at various locations across species with no 

common hot-spot, similar to previous studies [33]. It is noteworthy that we did not detect any 

insertion, deletion, duplication or genomic re-arrangement in any of these five species, perhaps 

reflecting the overall genetic stability of these strains in these conditions (Figure 5.4). In fact, 

evolution studies in other LAB species (L. rhamnosus and Lactococcus lactis) identified large 

deletions, which was contributed to insertion sequence (IS) elements [33, 35, 36].  

 

5.5.3. Transcriptional Response to Growth in Simulated Vaginal Fluid 

After determining the genomic changes over time, we next examined how the 

transcriptome changed over time to assess whether the regulation of select transcripts reflected 

adaptation to SVF composition and substrates. We began by comparing expression levels 

between generation 0 and subsequent generations for each strain (Figure 5.5). Overall, relatively 

few transcripts showed extensive differential expression. However, there were significant 

differences in expression for each species, highlighted by colored dots (Figure 5.5). The greatest 
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number of significant changes were found in L. gasseri and L. fermentum. L. jensenii and L. 

crispatus had the least number of changes (Table 5.4). In fact, there were no significant changes 

in expression between generation 0 and generation 50 for L. crispatus.  

After determining which genes were significantly differentially expressed, we 

investigated the potential functions of these genes. First, we ascribed COG designation for each 

significantly expressed gene using eggnog. COG definitions can be found in Table 5.S1. Then, 

we determined the number of genes that were upregulated or downregulated by COG designation 

(Figure 5.6). After showing no significant changes in generation 50, L. crispatus began to show 

significant changes at tested subsequent generations, with no obvious global trend (Figure 5.6). 

At generation 100, L. crispatus showed the most change in the downregulation of genes of the 

COG designation replication, recombination and repair (L) and the upregulation of genes with 

unassigned COGs (NA).  Profiles for generation 500 and generation 1,000 both showed 

downregulation of unassigned COGs (NA) and upregulation of genes with the designation of 

unknown function (S). Additionally, profiles for generation 500 and generation 1,000 showed 

up-regulation in amino acid transport and metabolism (E) and nucleotide transport and 

metabolism (F), respectively. In contrast, L. gasseri largely showed downregulation across its 

significantly expressed genes (Figure 5.6). Additionally, L. gasseri had a large number of 

significantly expressed genes at generation 50 and gradually increased over time. Of the 

downregulated genes, most were of the designation carbohydrate transport and metabolism (G), 

function unknown (S), or unassigned a COG (NA) (Figure 5.6). Of the genes upregulated in L. 

gasseri, most were a part of the nucleotide transport and metabolism (F) designation. At 

generation 1,000, L. gasseri showed the most upregulation across all tested species notably for 

designations function unknown translation, ribosomal structure and biogenesis (J), nucleotide 
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transport and metabolism (F), and function unknown (S). L. jensenii showed the least amount of 

significant changes and seemed most defined by downregulation over upregulation (Figure 5.6). 

In general, most downregulation occurred at generations 500 and 1,000 in carbohydrate transport 

and metabolism (G). Overall, L. acidophilus showed relatively more changes in expression than 

L. jensenii, with no obvious functional patterns (Figure 5.6). The most commonly downregulated 

genes comprised an unassigned COG function (NA). In terms of upregulation, generation 50 and 

generation 1,000 stand out for upregulation of nucleotide transport and metabolism (F). L. 

fermentum had the most significant changes at generations 500 and 1,000 (Figure 5.6). 

Downregulation was common in both, specifically in amino acid transport and metabolism (E) 

and carbohydrate transport and metabolism (G). Upregulation occurred the most in generation 

500 and occurred primarily in translation, ribosomal structure in biogenesis (J), and function 

unknown (S). Overall, downregulation was common, which perhaps reflects the rich composition 

of MRS, in which more substrates are available. Across species, the COG designation (G) 

carbohydrate transport and metabolism was often downregulated and (F) nucleotide transport 

and metabolism was upregulated. Additionally, changes occurred often in the unknown function 

(S) and unassigned (NA) groups.  These changes have been noted in other studies as well [17]. In 

contrast to genetic changes, which primarily occurred early on (most SNPs detected by 

generation), it appears most transcriptional impact was detected at later generations, suggesting a 

more significant impact over time on the transcriptome than the genome (Table 5.4). 

 

5.5.4. Selected Transcription 

Finally, we highlighted one locus from each species (Figure 5.7). These genes were 

selected from Figure 5.5 based on their consistent significance, and have been marked by an 
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asterisk (*). Figure 5.7 depicts a select locus highly impacted for each species and the 

corresponding transcriptional profile at each analyzed generation. Each gene represented a 

different COG: L. crispatus-unassigned, L. gasseri-(G), L. jensenii-(O), L. acidophilus-(S), and 

L. fermentum-(E) and (G). L. crispatus and L. fermentum loci both had decreasing transcription 

as generations passed. L. gasseri and L. jensenii had genes that downregulated early and 

remained around the same level. For L. crispatus, a hypothetical gene was selected. This gene 

was one of three hypothetical genes that were significantly downregulated at generations 500 and 

1,000, as compared to generation 0. It was not assigned a COG, and this group was more 

downregulated in generations 500 and 1,000. A domain search of the hypothetical gene depicted 

returned no known domains. From L. gasseri, a PTS fructose transporter subunit II ABC locus is 

depicted (Figure 5.7). It is one of two genes that were consistently downregulated in all 

generations compared to generation 0 and was easily distinct in two-way plots (Figure 5.5) (the 

other pfkb). Its assigned COG group (G) was downregulated in all generations (Figure 5.6). A 

clpE-like protein locus is depicted for L. jensenii (Figure 5.7). It was one of the few genes that 

showed significant expression between generations 0 and 50, and remained significantly 

expressed in subsequent generations (Figure 5.5). Its expression profile for generations 50, 100, 

500, and 1,000 was quite consistent. The clpE-like gene was assigned the COG (O) for post-

translational modification, protein turnover, and chaperones. Though a small group, it was 

consistently downregulated across generations, while a few of this group were upregulated in 

generation 1,000 (Figure 5.6). L. fermentum had many genes significantly expressed across 

generations and a few were expressed in subsequent generations (Figure 5.5). One such gene was 

gluconate permease, which was downregulated in all generations compared to 0; its expression 

profile is shown in Figure 5.7. It was assigned both an (E) and (G) COG designation. Each group 
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was downregulated in generation 50 and 100. However, in generations 500 and 1,000, genes of 

each group were both down- and upregulated (Figure 5.6). 

The locus in L. acidophilus was perhaps the most interesting. This was the only 

highlighted loci that also had an acquired nonsynonymous SNP (Figure 5.7), reflecting a 

convergence between the transcriptional response and genetic mutation pattern over the course of 

the experiment.  This was the only gene to show subsequent SNPs in the same location and a 

correlated significant change in expression. The SNP was a change from an A to a C 

(transversion) and caused an amino acid change from a glutamic acid to alanine. Intriguingly, 

this SNP was acquired in generation 500 and remained in generation 1,000. In correlation, there 

was no significant change of expression until generation 500. It was significantly downregulated 

in generation 500 and generation 1,000 but was not significantly expressed in generation 50 and 

generation 100 (Figure 5.5). The locus (LBA1020) is annotated as a mucus binding protein. It 

had no homologs (threshold of 40% similarity) in any of the other Lactobacillus strains in this 

study. Additionally, no other works reference this locus. Despite this, it is highly interesting 

because mucin is added to SVF, indicating a direct adaption. 
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5.6. CONCLUSION 

In conclusion, we established how vaginal and non-vaginal strains adapt to a simulated 

vaginal environment. Previous directed evolution experiments in LAB showed niche-specific 

and stress adaptations after 1,000 generations, with defined phenotypes [33, 35], however we did 

not see strong changes in phenotype. The only correlation between passage, genomic change, 

and transcription change was the mucin binding locus in L. acidophilus, as mucin is a component 

of SVF. As this locus has not been fully characterized, it is a potential feature of interest for 

future studies. Additionally, we did not see the previously reported large chromosome changes or 

mutator phenotypes [33, 35]. We did see greater growth in SVF and less mutations in our vaginal 

strains, specifically L. crispatus, as compared to the non-vaginal strains.  

Overall, vaginal strains showed better growth in SVF, fewer genetic alterations and 

modest transcriptional changes compared to non-vaginal strains. Additionally, while performing 

relatively poorly at initial exposure to SVF, non-vaginal strains did not greatly improve over 

time in a simulated vaginal environment. They had modest growth gains, relatively few genetic 

changes primarily consisting of SNPs, and limited transcriptional responses, reflecting media 

composition differences.  This implies that the differences between vaginal strains and non-

vaginal strains is functionally, genetically, and transcriptionally significant. These findings open 

new avenues to investigate and characterize members of the vaginal microbiome and inform the 

genetic and functional assessment of strains of potential value for enhancing women’s health, 

with preference for vaginal over intestinal isolates for candidate probiotics.  
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Table 5.1 | Strains Selection. Selection of Lactobacillus strains used in this study. 

Species Strain Genome Origin Representation Code Color Ref 

Lactobacillus crispatus JV-V01 RB287 Vaginal Flora Vaginal Species Lcr Purple This 

Study 

Lactobacillus gasseri JV-V03 NZ_ACGO Urogenital Vaginal Species Lga Light 

Green 

 

Lactobacillus jensenii DSM20557 RB055 Vaginal 

Discharge 

Vaginal Species Lje Pink This 

Study 

Lactobacillus acidophilus NCFM NC006814 Milk Intestinal 

Contaminant 

Lac Light Blue [16] 

Lactobacillus fermentum ATCC 

14931 

ATCC 14931 Fermented Beets Outgroup Lfe Orange Chapter 4 
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Table 5.2 | Simulated Vaginal Fluid Composition [17]. Components of vaginal media used in 

this study. 

Component Final Concentration (w/v) 

Tween 80 0.1% 

Ammonium citrate 0.2% 

Sodium acetate 0.5% 

MgSO4-7H2O 0.01% 

MnSO4-H2O 0.005% 

K2HPO4 0.2% 

No. 3 Protease Peptone 0.3% 

Urea 0.05% 

Glucoses 1% 

Glycogen 1% 

Lactic Acid 88mM 

Mucin 0.025% 

Albumin 0.4% 

Vitamin Solution 1X 

α-Amylase 2mU/mL 
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Table 5.3 | Mutation Rate. Mutation rate for fixed mutations at generation 1,000. 

Species # Mutations Genome Size (bp) Mutation Rate 

L. crispatus 0 2318358 0 

L. gasseri 6 2011855 2.98 x 10-09 

L. jensenii 3 1610429 1.86 x 10-09 

L. acidophilus 13 1993560 6.52 x 10-09 

L. fermentum 10 1887974 5.30 x 10-09 
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Table 5.4 | Significantly Expressed Genes. Number of significantly expressed genes compared 

to generation 0. 

Species Generation 50 Generation 100 Generation 500 Generation 1,000 

L. crispatus 0 32 78 67 

L. gasseri 83 98 117 191 

L. jensenii 5 8 33 59 

L. acidophilus 60 53 76 83 

L. fermentum 8 67 234 137 
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Table 5.S1 | COG Description. COG symbols and their descriptions. 

COG Symbol Description 

NA Unassigned 

Z Cytoskeleton 

Y Nuclear structure 

W Extracellular structures 

V Defense mechanisms 

U Intracellular trafficking, secretion, and vesicular transport 

T Signal transduction mechanisms 

S Function unknown 

R General function prediction only 

Q Secondary metabolites biosynthesis, transport, and catabolism 

P Inorganic ion transport and metabolism 

O Post-translational modification, protein turnover, and chaperones 

N Cell motility 

M Cell wall/membrane/envelope biogenesis 

L Replication, recombination and repair 

K Transcription 

J Translation, ribosomal structure, and biogenesis 

I Lipid transport and metabolism 

H Coenzyme transport and metabolism 

G Carbohydrate transport and metabolism 

F Nucleotide transport and metabolism 

E Amino acid transport and metabolism 

D Cell cycle control, cell division, chromosome partitioning 

D Energy production and conversion 

B Chromatin structure and dynamics 

A RNA processing and modification 
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Figure 5.1 | Growth in SVF and MRS. 48-hour growth curves performed in SVF (blue) and 

MRS (red). Standard error bars are over three biological replicates. Species are organized in rows 

and are labelled on the left. Generations are organized by columns and are labeled at the top. 

Species are labeled according to Table 5.1. 
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Figure 5.2 | SNP Count. Total number of sites with (A) over 50% frequency or (C) 100% 

frequency. Number of SNPs is on the y-axis and generation is on the x-axis. Average number of 

SNPs with (B) over 50% frequency or (D) 100% frequency. Significance determined by a 

Student’s t-test (p<0.05) is indicated by an asterisk (*). Species are labelled and colored 

according to Table 5.1. 
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Figure 5.3 | SNPs by Location. SNPs are recorded by chromosome location and generation in 

which they occur. Chromosome is represented by a colored line and species label is on the y-

axis. Genome location is recorded on the x-axis. SNPs with over 50% frequency are represented 

by an open circle. SNPs with 100% frequency are represented by a closed circle. Species are 

labeled and colored according to Table 5.1. 
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Figure 5.4 | Whole Genome Transcription. mRNA coverage over the entire genome. The 

chromosome location (bp) is on the x-axis. The log coverage is on the y-axis. Species are 

labelled and colored according to Table 5.1. For each species, the top graph is generation 0, the 

bottom graph is generation 1,000. 
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Figure 5.5 | Two-way Expression. Two-way plots comparing expression between generation 0 

and remaining generations. Generation 0 is along the y-axis. The x-axis denotes the compared 

generation. The red line is a fitted linear model. Significantly expressed genes are colored. A 

blue asterisk (*) denotes genes that are analyzed in Figure 5.7. Species are ordered by row and 

are labelled on the left. Species are labeled and colored according to Table 5.1. 
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Figure 5.6 | COG Regulation. Counts of upregulated and downregulated significantly expressed 

genes by COG designation. COGs definitions are in Table 5.S1. Species are organized in rows 

and are labelled on the left. Generations are organized by columns and are labeled at top. Species 

are labeled according to Table 5.1. 
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Figure 5.7 | Locus Transcription. Expression of select locus for each species. Locus of interest 

is colored according to Table 5.1. Two loci upstream and downstream of the locus are shown and 

colored in gray (L. jensenii was at the end of a contig, so only loci upstream are shown). 

Expression is on the y-axis; position is on the x-axis. Arrows denote gene direction. Species are 

organized in rows and are labelled on the left. Species are labeled according to Table 5.1. 



   

201 

 

CHAPTER 6: FUTURE DIRECTIONS 
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6.1. CONCLUDING THOUGHTS 

6.1.1. Further Research in Lactic Acid Bacteria Phylogenetic Analyses 

The phylogenetic method described in Chapter 2 and applied in Chapter 3 was developed 

to allow for easy identification and phylogenetic assignment of lactic acid bacteria (LAB) using 

the universal glycolysis pathway. The glycolytic approach was applied to all sequenced species 

in Bifidobacterium in Chapter 2. However, Chapter 3 applied the methodology to a subset of 

Lactobacillus. The approach should then be applied to all known and sequenced Lactobacillus 

species. The glycolytic approach provides a robust phylogeny in less time and uses less 

computational power as compared to core genome analyses. This is invaluable in a genus for 

which taxonomy is often subject to debate. The methodology should be extended to other LAB 

genera, such as Lactococcus, Pediococcus, Streptococcus, and others. Once validated in other 

genera, it would then be desirable to perform a complex analysis across LAB using the glycolytic 

gene-based method.  

While using the entire glycolysis pathway has advantages, it should be determined 

whether the process can be streamlined. Chapters 2 and 3 analyzed the ability of the glycolysis 

enzymes to determine phylogeny on an individual basis, as well as a whole pathway. No single 

enzyme performed as well as the whole pathway, but some did provide a basis for strong 

phylogenetic branches, such as glyceraldehyde 3-phosphate and pyruvate kinase. It should be 

determined whether a subset of genes (perhaps three or four) would provide the necessary 

information for robust analyses, thus further refining and enhancing the process.  

Finally, future analyses should focus on applying the glycolysis method at a strain level. 

Chapter 4 briefly explored this for a phylogenetic tree of Lactobacillus fermentum species using 

the phosphoglucomutase enzyme. This approach will need to be validated in several other 
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species to determine its universal potential and appeal. As strains can be relatively similar, care 

will have to be taken to determine if the full pathway, a subset of enzymes, or a single enzyme is 

the best approach. At a strain level, using nucleotide sequences over amino acid sequences would 

be preferred as synonymous variations would be captured and add an extra layer of granularity. 

When testing the validity of using a subset or single enzyme, care must be taken in selection. 

Several species lack some glycolytic genes, most notably Lactobacillus reuteri. Despite the care 

needed, there is no reason that this approach should not be applied outside of Bifidobacterium 

and Lactobacillus, nor why it should not be applied at a strain level.  

 

6.1.2. Further Research in Species Characterization 

Consumer interest has shifted in the last few years. Rising concerns from antibiotic use 

and a push for “natural” products opens the door for the development of microbial products as 

probiotics, functional foods, and biotherapeutics. In order to do this, scientists must investigate 

and characterize new species of interest. In Chapter 4, we examined the type strain of 

Lactobacillus fermentum and investigated the species’ genomic diversity. This provides a basis 

to identify functional attributes of interest. In order to determine the suitability of L. fermentum 

as a valuable industrial species, future studies should perform in vivo characterization of some 

important functional features, such as adhesion for probiotics, CRISPR-Cas systems for 

biotechnology, and exopolysaccharide (EPS) production for biotherapeutics. More importantly, 

due to the high level of genome variability determined in Chapter 4, strain level characterization 

will be needed. Beyond L. fermentum, more species and strains of Lactobacillus and LAB should 

be investigated. The long history of use and presence of LAB in relevant environments reviewed 

in Chapter 1 implies the rich reservoir for potential tool development in LAB. Future work 
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should expand the promising, well-characterized LAB toolbox in order to diversify the molecular 

toolbox, industrial applications, and fields of use. 

 

6.1.3. Future Work in the Vaginal Microbiome 

In Chapter 5, we investigated how Lactobacillus species adapt and grow in a simulated 

vaginal environment. Future work should establish how Lactobacillus species interact with one 

another within such an environment. As the vaginal microbiome is commonly dominated by a 

single species, these studies should encompass a diverse mixed population, to determine the rules 

that guide dominance and determine competitiveness.  Beyond the ability to compete, it would 

be interesting to determine whether there are any synergistic effects between select Lactobacillus 

species. Finally, studies should be completed to examine the loss of competition, or to determine 

when a species is no longer fit to dominate. This would mimic dysbiosis and could possibly shed 

light on how bacterial vaginosis forms or re-occurs. 

Beyond microbial interaction, studies need to focus on host interaction as well. Some 

studies have correlated host behavior with changes in the vaginal microbiome, but there is not a 

genetic component involved as of yet. This is very interesting due to the established ethnic 

imbalance among the Community State Types. In order to better understand the genetic 

underpinnings of the vaginal microbiome, the Human Microbiome Project should be further 

utilized. Recent work has included the survey of metagenomics data, which should be analyzed 

for potential functional genes of interest. This work and the work mentioned above is especially 

important in determining which genes and species to utilize in commercial formulations. While 

Lactobacillus crispatus has the strongest association with host health, it may not be the healthiest 

option for everyone. Without knowing how L. crispatus will grow in the presence of other 
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lactobacilli, nor how it comes into dominance, it is not possible to state that L. crispatus should 

be universally used. Single-species studies are essential to ascertaining some of these answers, 

but to answer the problem in full, community studies will need to be undertaken. 

Lastly, a human vaginal model must be developed. This will be essential in establishing 

community relationships, validating mode of action, and the development of probiotics and 

treatments. One option would be an animal model that creates similar environmental conditions, 

such as cell structure and carbohydrate availability. It may then be possible to modify the 

microbiome so that it mimics humans. The further development and advancement of three-

dimensional models may be an alternative route. This is appealing as there is no known mammal 

that matches the human vaginal microbiome in biology or microbiome. 
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6.2. CONTRIBUTION TO THE FIELD 

In this work, we have applied genomic techniques to help expand the LAB toolbox in 

industry. We hope our findings will inform product development and guide the design of future 

studies. As our understanding of how microbes affect and interact with their environments 

deepens, we need to apply our knowledge of genomics, as performed here, to fully leverage the 

opportunities provided and technologies available. 

The glycolytic phylogeny methodology has several benefits to industry. At the time of 

writing, there was no accepted universal method in LAB, and certainly not for Lactobacillus. 

Traditional 16S rRNA provided an unsatisfactory phylogeny. Core-genome methods provide 

strong phylogenies, but are heavy computationally. And while studies have attempted similar 

approaches using different enzymes, there has not been a set group. The glycolytic approach 

provides a uniform, quick, and robust method of phylogeny and taxonomic assessment. This is 

vital for the assignment of new species and the identification of new isolates, which are 

particular assets in microbiome research. This method may also be applied to current products in 

quality control, such as probiotics. Finally, these findings can aid in the selection and 

development of species and strains for product development.  

The analysis of L. fermentum was performed due to the increased interest in assessing the 

potential of this species as a next-generation probiotic or a potential biotherapeutic. Before either 

could be safely applied, a more in-depth understanding of how the species functions and its mode 

of action needs to be determined. Vital to species characterization is the type strain, in this case 

being ATCC 14931. The type strain sets the benchmark on which other strains are compared. 

Here, we provided some of the first studies on the type strain L. fermentum ATCC 14931. 

Mainly, we performed genome analyses that compared ATCC 14931 to other L. fermentum 
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strains. At the time of writing, we had no knowledge of any other studies that attempted this. Our 

results showed that L. fermentum is highly variable. This means that each strain must be 

individually assessed and that claims cannot be generalized to the species as a whole. We do find 

a potential untapped reservoir of putative CRISPR systems that could be used as genome editing 

tools. There is variety in the species as a whole and the type strain’s Type II system is distinct 

from those used in industry, allowing for an expansion of the CRISPR toolbox.  

The human vaginal microbiome has been the subject of numerous microbiome and 

metagenomic studies. While this has provided insights into the structure of the environment, it 

has not been able to reveal how it functions. There is interest in harnessing the natural healthy 

microbiome to combat issues such as dysbiosis—similar to probiotics modulating the gut 

microbiome. In order to do this, functional assays must be performed, but first, proper species 

selection is needed. Our studies help guide this selection process. Work looking into the potential 

development of vaginal probiotics often includes species that are not dominant members of the 

vaginal microbiome. Our study shows that vaginal species are perhaps a better alternative. We 

have shown that vaginal species are better suited to their environment over non-vaginal species, 

underscoring the importance of isolation source in product development. Additionally, by 

performing a long-term experiment, we showed that adaptation to vaginal environment is not 

trivial for non-vaginal species—human adapted or not. This shows that the engineering of a non-

vaginal species may not be an easy feat. This study will aid in new development of potential 

vaginal probiotics. It also lays the foundation for the evaluation of how species grow and come 

to dominate the vaginal environment. 
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C.1. CONTRIBUTION TO WORK 

The following is a reprint of Crawley et al. “Characterizing the activity of abundant, 

diverse and active CRISPR-Cas systems in lactobacilli”, published in Scientific Reports 8: 

11544. Katelyn Brandt is an author on this publication. She helped carry out experiments and 

analyze data for this manuscript. She was involved in the editing process. 
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AND ACTIVE CRISPR-CAS SYSTEMS IN LACTOBACILLI” 

 



   

238 

 

 

 



   

239 

 

 

 



   

240 

 

 

 



   

241 

 

 

 



   

242 

 

 

 



   

243 

 

 

 



   

244 

 

 

 



   

245 

 

 

 



   

246 

 

 

 



   

247 

 

 

 



   

248 

 

APPENDIX D: APPLICATIONS OF CRISPR TECHNOLOGIES ACROSS THE FOOD 
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D.1. CONTRIBUTION TO THE WORK 

 

Katelyn Brandt is first author on “Applications of CRISPR technologies across the food 

supply chain” published in Annual Reviews: Food Science and Technology. She and Rodolphe 

Barrangou wrote the manuscript and prepared the figures. The following chapter is from Brandt 

and Barrangou Annual Review of Food Science and Technology 10(1), 133-150. 
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