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completeness scores of 99.5 % (98.8 % single-copy, 0.7 % duplicated, 0.5 % fragmented, 0 % 

missing), confirming their suitability for detailed comparative and functional analyses. 

Comparative genomic analysis showed that AGR1487 possesses 62 non-identical genes within 

regions of high genomic variability, suggesting horizontal gene transfer events and diversification 

or loss of these genes in other strains. Transcriptomic profiling indicated that AGR1487 expresses 

these non-identical genes before TEER assays, with 25 candidate genes potentially implicated in 

its barrier-disruptive properties. Among them, a phage-associated truncated metallopeptidase and 

mucin-binding protein were identified as strong candidates.  

Conclusion: The findings of this PhD thesis highlight strain-specific variations within L. 

fermentum, emphasising the necessity of evaluating probiotics at the strain level. The 

identification of genetic elements responsible for the barrier-disruptive phenotype in AGR1487 

underscores the complexity of bacterial-host interactions and the need for careful screening in 

probiotic applications. Future research will focus on the functional validation of candidate genes 

through knockout and complementation studies to confirm their roles in gut barrier integrity 

disruption. 
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 Chapter 1: General Introduction 

1.1.  Introduction  

Bacteria are integral to human society, playing crucial roles in food production and natural 

symbiosis. Over the years, humans have selectively consumed specific bacteria for their health 

benefits, particularly those recognised as probiotics. Probiotics are defined as "live microorganisms 

which when administered in adequate amounts confer a health benefit on the host" (Bernardeau, 

Vernoux, Henri-Dubernet, & Gueguen, 2008; Bron, van Baarlen, & Kleerebezem, 2011; Hill et al., 

2014; Lebeer, Vanderleyden, & De Keersmaecker, 2008; Marco, Pavan, & Kleerebezem, 2006). It is 

also general knowledge that some species of bacteria are pathogenic, and the distinction between 

beneficial and harmful bacteria is not always straightforward.  

Small genetic variations, such as differences in gene composition or the presence or absence of 

specific genes, can differentiate bacterial strains, even within the same species. Recent research has 

shown that these minor genetic differences can significantly impact the effects (positive or negative) 

a bacterium has on a human host (Zeevi et al., 2019). As such, evaluating bacteria at the strain level 

is crucial when assessing their safety and potential benefits. 

The phylum Firmicutes contains more than 200 species of bacteria that are widely employed in 

biotechnology and fermented food preservation (Oren & Garrity, 2021; Salvetti, Harris, Felis, & 

Toole, 2018). These bacteria are under intense study due to their considerable economic impact and 

involvement in food fermentation and spoilage, biotechnology, and therapeutics (Chaillou et al., 

2005; Cotter, Ross, & Hill, 2013; Ganzle & Ripari, 2016; Pot et al., 2013; Stefanovic, Fitzgerald, & 

McAuliffe, 2017).  

Advancements in genetic analyses have recently led to the reclassification of Firmicutes as 

Bacillota and the establishment of new genera, including Limosilactobacillus (Ksiezarek, Grosso, 
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Ribeiro, & Peixe, 2022; Pallen, 2023). Among the members of Bacillota is the species 

Limosilactobacillus fermentum, a species classified as 'generally recognised as safe' (GRAS). This 

species is widely utilised as a therapeutic agent, an acidifying starter culture, and a probiotic (Fuochi, 

Li Volti, & M Furneri, 2017; Verce, Vuyst, & Weckx, 2018; Zheng et al., 2020). The popularity of 

L. fermentum has been steadily increasing in recent years, primarily due to its commercial significance 

and potential in food production and therapeutic applications (Naghmouchi et al., 2020; Zhao, Zhong, 

Liu, Wang, & Gao, 2021). However, it is important to note that not all strains of L. fermentum strains 

are equally beneficial for human consumption, with strain-level variability playing a critical role in 

their effectiveness and safety (Anderson et al., 2016; Sengupta et al., 2015).  

L. fermentum is an irregular, non-sporing, Gram-positive, rod-shaped bacterium (McClung, 

1987). It is a gas-producing, heterofermentative, air-tolerant, obligate anaerobe that produces 

equimolar amounts of lactic acid, carbon dioxide, and ethanol from the metabolism of hexoses 

(Adegoke, 2004). This metabolic profile arises because L. fermentum lacks the majority of the citric 

acid cycle and quinone/ubiquinone biosynthesis pathways, rendering it incapable of respiration 

(Illeghems, De Vuyst, & Weckx, 2015). Despite its preference for anaerobic conditions, the species 

is oxygen-tolerant, making it commercially adaptable. L. fermentum has been isolated from diverse 

environments, including spontaneously fermenting plant-based food systems and the human 

gastrointestinal tract (Duar et al., 2017; Ganzle & Ripari, 2016; Hammes & Hertel, 2006; Mundt & 

Hammer, 1968). 

Interestingly, the properties of L. fermentum strains cannot always be predicted based on their 

source of isolation (Verce, De Vuyst, & Weckx, 2020). For example, the strains L. fermentum 

AGR1485 and AGR1487 were both isolated from the oral cavity of different healthy humans but 

displayed contrasting phenotypes (Sengupta et al., 2015). Strain AGR1487 exhibited greater bile acid 

tolerance and a broader pH range permissiveness than AGR1485. Additionally, AGR1487's genome 

is approximately 200 kbp smaller, a feature often associated with host adaptation to the 
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This research employs a variety of methodologies and tools that include a multi-omics approach 

to identify gene candidates responsible for L. fermentum AGR1487's ability to disrupt the intestinal 

epithelial barrier compared to AGR1485. These insights could redefine how we view and utilise 

bacteria in probiotics, therapeutics, and food production.

 

 

 

 

 

Figure 1.1-1: The number of L. fermentum genomes published by year. The accumulative number of genomes 
available to download from NCBI by year. Data was accessed on 9-12-2021 at 11:14 am. 
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examining phylogenetic relationships and conducting detailed genomic comparisons, ultimately 

prompting a significant revision (J. Zheng et al., 2020). 

In 2020, Zheng et al. conducted a comprehensive reclassification study using genomic data 

from 283 species previously categorised under Lactobacillus. Employing a polyphasic approach 

that integrated genomic, phenotypic, and metabolic data, the study divided the genus into 25 

distinct genera, one of which was Limosilactobacillus. L. fermentum was reclassified into this 

new genus, alongside 30 other species, based on shared genomic and ecological characteristics 

(J. Zheng et al., 2020). 

The genus Limosilactobacillus primarily comprises species that are either host-associated, 

commonly residing in the GIT of animals, or found in fermented foods (Racines et al., 2023; Y. 

Zhao et al., 2022). These species share certain metabolic traits, such as the production of lactic 

acid through heterofermentation (Sugahara, Kato, Nagayama, Sashihara, & Nagatomi, 2022). 

This reclassification provides a more refined understanding of the evolutionary pathways and 

ecological niches occupied by these bacteria (Ksiezarek, Grosso, Ribeiro, & Peixe, 2022). 

This taxonomic shift and the inclusion of modern datasets and approaches have significant 

implications for understanding the evolutionary history of the Lactobacillus genus (Ksiezarek et 

al., 2022; J. Zheng et al., 2020). By organising species into more distinct and accurate genera, 

researchers can better trace the adaptive traits and evolutionary pressures that have shaped these 

microbes (Ksiezarek et al., 2022). For L. fermentum, its inclusion in Limosilactobacillus 

highlights its capacity to inhabit diverse environments, ranging from the human intestine to plant-

based fermented foods (Y. Zhao et al., 2022). Additionally, it underscores its evolutionary 

relationship with other host-adapted species, such as Limosilactobacillus reuteri (F. Li et al., 

2023). 

2.3.  Genome Structure and Function in L. fermentum 

The genome of L. fermentum has been extensively studied, revealing a compact yet highly 

versatile genetic structure. With a typical genome size ranging between 1.8 and 2.2 megabases 
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The genomic diversity of L. fermentum is further evident at the strain level. Strains isolated 

from fermented foods often harbour genes associated with carbohydrate metabolism that are 

absent in strains from the human GIT. This strain-specific variation highlights the remarkable 

ecological versatility of this species and its ability to adapt to distinct environmental niches (Y. 

Zhao et al., 2022). 

2.4.  Ecological Niche and Distribution of L. fermentum 

L. fermentum has a small genome but is an adaptable and versatile species of LAB that 

thrives across a wide range of ecological niches. It is commonly found in diverse environments, 

including plant surfaces, fermented food systems, and the GIT of various animal hosts (Pswarayi 

& Gänzle, 2019; Y. Zhao et al., 2022). The ability of L. fermentum to inhabit such diverse 

ecosystems stems from its genetic adaptability, which allows it to modify its metabolism and 

survive under different environmental conditions (Y. Zhao et al., 2022). This section will discuss 

the ecological distribution of L. fermentum, focusing on its environmental origins, role in food 

systems, and presence in animal hosts. 

2.4.1.  Environmental Origins 

The hypothesis that L. fermentum originates from plant matter or free-living environments 

is supported by its frequent isolation from the surfaces of plants, particularly in association with 

plant fermentation systems (Figure 2.7-2) (Pswarayi & Gänzle, 2019; Sánchez, Palop, & 

Ballesteros, 2000). L. fermentum has been detected on the surfaces of leaves, roots, and other 

plant tissues, suggesting that it may have evolved as part of the plant microbiota, specifically 

within the rhizosphere (root-associated microbial communities) and phyllosphere (leaf-associated 

microbial communities) (Al -Yami, Al-Mousa, Al-Otaibi, & Khalifa, 2022; Ekundayo, 2014; A. 

O. Yu, Leveau, & Marco, 2020). Despite being less abundant in these environments compared to 

other microbial species, L. fermentum plays a significant role in the fermentation of plant 

materials (A. O. Yu et al., 2020). 
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2007). The ability of L. fermentum to ferment complex carbohydrates in sourdough is facilitated 

by its genome, which encodes enzymes capable of breaking down polysaccharides and 

oligosaccharides commonly found in flour (Ganzle & Follador, 2012). 

The success of L. fermentum in human-made food systems can be attributed to its genetic 

adaptations for energy metabolism. The genome of L. fermentum contains genes for many 

carbohydrate utilisation pathways, allowing it to metabolise both simple and complex sugars. 

Additionally, L. fermentum has developed mechanisms to tolerate the acidic conditions that arise 

during fermentation, as well as the osmotic stress associated with high sugar concentrations in 

food systems (Gaucher et al., 2019; Stefanello et al., 2019). This ability to tolerate acidic 

conditions may also contribute to L. fermentum's survival and adaptability in animal hosts, such 

as the GIT.  

2.4.3.  Animal Hosts 

Lactobacillus fermentum is also a member of the gut microbiota in various animal hosts, 

including humans (Duar et al., 2017). Its presence in the GIT of mammals, birds, and other 

vertebrates suggests that it plays a role in the microbial ecology of the GIT. However, it is 

generally considered a transient member of the gut microbiota rather than a permanent resident 

(Chou, Ho, Chen, Wu, & Pan, 2020; Duar et al., 2017; Jang, Kim, Han, Lee, & Ko, 2019). 

In humans, L. fermentum has been isolated from faecal, oral, and vaginal samples, indicating 

its broad distribution across different regions of the body (Figure 2.7-2) (Mann et al., 2021; Yan 

Zhao et al., 2021). Studies have shown that L. fermentum is part of the normal gut microbiota. 

However, it is often in lower abundance than other dominant gut bacteria from the Bacteroides 

genus and other Firmicutes spp. (Mariat et al., 2009). In the GIT, L. fermentum produces lactic 

acid and other antimicrobial compounds that help regulate the composition of the gut microbiota 

and protect against pathogenic bacteria, conferring intestinal health benefits (Ann Catherine 

Archer & Halami, 2015). 
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The role of L. fermentum in the oral cavity and vaginal microbiota is similarly important. In 

the oral cavity, L. fermentum is part of the diverse microbial community that colonises the 

mucosal surfaces, helping to maintain oral health by preventing the overgrowth of harmful 

microbes (Ahirwar, Gupta, & Snehi, 2019). In the vaginal microbiome, L. fermentum is one of 

the species associated with maintaining a healthy microbial balance, which is crucial for 

preventing infections such as bacterial vaginosis (Borges, Silva, & Teixeira, 2014). 

Although L. fermentum is commonly found in the GIT, its presence is generally transient. 

Unlike other probiotic species, such as L. reuteri, which can stably colonise the human intestine, 

L. fermentum tends to pass through the digestive system without establishing a long-term niche 

(Walter, 2008). This transient nature is likely due to its limited ability to adhere to the intestinal 

epithelium and its lower competitive advantage compared to other gut-resident microbes (Gharbi 

et al., 2019). However, despite its transient presence, L. fermentum can benefit intestinal health 

by maintaining an acidic environment unfavourable to pathogens (Pessione, 2012). 

In addition to humans, L. fermentum has been isolated from the GIT of various other 

animals, including pigs, chickens, and rodents. In these animals, L. fermentum plays a similar role 

in contributing to intestinal health and modulating the composition of the gut microbiota 

(Hautefort et al., 1999). In poultry, for example, L. fermentum has been identified as a potential 

probiotic that can enhance growth performance and improve intestinal health by reducing the 

colonisation of harmful pathogens (Jha, Das, Oak, & Mishra, 2020). Additionally, studies have 

shown that L. fermentum can colonise the GIT of rodents, suggesting its role in modulating the 

gut microbiota composition and promoting intestinal health (Walter, 2008). 

Overall, L. fermentum demonstrates remarkable adaptability to several ecological niches, 

from plant-based environments and food systems to animal hosts (Figure 2.7-2). Its ability to 

survive in diverse ecosystems is supported by its versatile genome, which enables it to metabolise 

various substrates and tolerate different environmental stresses. Whether in the rhizosphere, 
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fermented foods, or the gut microbiota, L. fermentum remains a species of significant interest due 

to its ecological diversity and potential applications in both health and food industries.  

2.5.  Comparative Genomic: L. fermentum vs other LAB Species 

The comparative genomic of L. fermentum and other closely related LAB species, such as 

L. reuteri, L. plantarum, and L. rhamnosus, provides valuable insights into the genetic adaptations 

that enable these species to thrive in different ecological niches (Drissi et al., 2014; Pasolli et al., 

2020; Salvetti et al., 2018). While sharing fundamental features like lactic acid fermentation, these 

LAB species differ significantly in their genomic content, reflecting their adaptation to specific 

environments, including fermented foods and host-associated habitats like the GIT (Pasolli et al., 

2020). 

2.5.1.  Similarities and Differences in Genomic Content 

The genomic content of L. fermentum shares several core similarities with other LAB 

species, particularly in genes related to lactic acid fermentation and basic metabolic processes 

(Illeghems, De Vuyst, & Weckx, 2015; Ullah et al., 2024). However, there are also significant 

differences in terms of gene content, particularly those associated with environmental 

adaptability, host interactions, and niche specialisation (Lehri, Seddon, & Karlyshev, 2017b). 

2.5.2.  Fermentation Pathways 

Like other LAB species, L. fermentum primarily relies on the heterofermentative production 

of lactic acid from carbohydrates (Illeghems et al., 2015). This ability is encoded by a core set of 

genes, including those responsible for glycolysis, the pentose phosphate pathway, and the 

production of lactic acid via lactate dehydrogenase (Illeghems et al., 2015). Comparative genomic 

studies have shown that the genes involved in carbohydrate metabolism are highly conserved 

across L. fermentum, L. reuteri, L. plantarum, and L. rhamnosus, reflecting the central role of 

lactic acid fermentation in all of these species (Salvetti et al., 2018). 

However, L. fermentum differs from species like L. plantarum in its metabolic versatility. 

While L. plantarum can utilise a wider range of carbon sources, L. fermentum is more specialised, 
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the GIT and dairy fermentation processes (De Angelis & Gobbetti, 2011). In contrast, L. 

plantarum, which is more versatile and often found in diverse environments, L. fermentum has an 

expanded set of genes for stress responses, including osmotic stress and temperature fluctuations, 

reflecting its broader ecological niche than L. fermentum (De Angelis & Gobbetti, 2011). 

2.6.  Genome Plasticity of L. fermentum 

Genome reduction is a common evolutionary strategy observed in host-adapted 

microorganisms, including Lactobacillus species (Duar et al., 2017). This process involves the 

loss of genes that are unnecessary for survival in stable, nutrient-rich environments such as the 

GIT or human-made food systems (K. Brandt et al., 2020; Duar et al., 2017). For L. fermentum, 

genome reduction has eliminated pathways that are redundant or not required in these specific 

niches, enabling greater specialisation (K. Brandt et al., 2020; Lehri, Seddon, & Karlyshev, 

2015a). 

One notable adaptation resulting from genome reduction in L. fermentum is the loss of genes 

related to the citric acid cycle and respiratory pathways, reflecting its preference for environments 

where anaerobic fermentation is advantageous (Lehri et al., 2017b). This metabolic streamlining 

is balanced by the retention of genes essential for survival in acidic and bile-rich environments, 

such as those in the human GIT (Bernard, Chinnaiyan, Almeda, Catala-Valentin, & Andl, 2023; 

Ruiz, Margolles, & Sánchez, 2013). 

Horizontal gene transfer (HGT) drives genetic diversity in L. fermentum and other 

Lactobacillus species. HGT allows bacteria to acquire genetic material from different organisms, 

enabling rapid adaptation to new environments (van Reenen & Dicks, 2011). Through HGT, L. 

fermentum strains have acquired genes that enhance their fitness in diverse environments, 

including those related to antibiotic resistance, bile salt hydrolase activity and proton pumps, and 

carbohydrate metabolism (Anisimova & Yarullina, 2020; Chen, Yu, Tian, Zhao, & Zhai, 2022; 

Sathyanarayanan Jayashree, Pooja, Pushpanathan, Rajendhran, & Gunasekaran, 2014).  



   
 

20 
 

Key vectors for HGT in L. fermentum include mobile genetic elements such as plasmids, 

transposons, and integrative and conjugative elements (ICEs). These elements often carry genes 

related to antibiotic resistance, carbohydrate metabolism, and stress tolerance, contributing to 

strain-specific differences and enhancing survival under various conditions (van Reenen & Dicks, 

2011). 

Plasmids, autonomously replicating DNA molecules, are instrumental in transferring genes 

that confer advantageous traits (Ojha, Shah, & Mishra, 2021). For example, in fermented food 

systems, L. fermentum has been shown to acquire plasmids that enhance its ability to metabolise 

specific carbohydrates found in cereal-based fermentations, providing a competitive advantage 

(Akamine, Mansoldo, & Vermelho, 2023; Alkay & Dertli, 2024; Y. Wang et al., 2021). 

Additionally, plasmid-encoded antibiotic resistance genes have been identified in strains isolated 

from fermented foods, likely facilitated by the use of antibiotics in agriculture and food production 

(S. Jayashree et al., 2013; Ojha et al., 2021). 

ICEs are another class of mobile genetic elements that reside within the bacterial 

chromosome but can excise themselves and transfer to recipient cells via conjugation. ICEs often 

carry genes beneficial for adaptation, including those involved in metabolism and stress response 

(Gonçalves, de Assis, & Santana, 2022). Their ability to mobilise and integrate into different 

genomic contexts makes them significant contributors to genetic diversity in L. fermentum. 

Bacteriophages, viruses that infect bacteria, also play a role in the genomic diversity of L. 

fermentum. Phage-mediated HGT can transfer genetic material between bacterial strains, 

introducing new traits (van Reenen & Dicks, 2011). L. fermentum strains have developed 

bacteriophage resistance genes, which protect them from phage attacks in fermented food 

systems, a common issue in food fermentation processes (Lv et al., 2023; Pei et al., 2021). The 

acquisition of these resistance genes through HGT enhances the long-term survival and stability 

of L. fermentum populations in these environments. However, these resistance factors, such as 

CRISPR-Cas systems, are less frequent in L. fermentum than in other LAB species (Pei et al., 
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2019). Similarly, strain FUA3589, derived from mahewu, is used as a starter culture in traditional 

fermentation, improving flavour profiles and fostering beneficial microbial communities 

(Pswarayi & Gänzle, 2019). 

Some strains, such as DSM 20052, ME-3 and CECT, have been incorporated into 

commercial dietary supplements due to their extensive probiotic potential and positive effects on  

intestinal health (K. Brandt et al., 2020; Pereira & Gibson, 2002; Pereira, McCartney, & Gibson, 

2003). These strains are widely regarded as safe and effective for improving GIT function and 

modulating the gut microbiota (Ale, Rojas, Reinheimer, & Binetti, 2020).  

The phenotypic diversity of L. fermentum is closely linked to the genomic adaptations of 

each strain. For example, many strains with larger genomes, such as CRL1446 and LF2, have 

been shown to possess a broader range of functional properties, including the ability to prevent 

metabolic syndromes and promote cheese fermentation (Russo et al., 2020). Conversely, most 

strains with smaller genomes, such as ATCC 14931 and Lf1, tend to have more specialised 

functions, including specific enzymatic activities and probiotic traits often associated with host 

specialisation (Harris, Ale, Reinheimer, Binetti, & O'Toole, 2018). Still, the trend remains unclear 

due to the transient nature of the species. However, the health benefits of L. fermentum are well 

established.  

While L. fermentum is generally recognised for its beneficial traits and is widely considered 

safe, evidence suggests its potential pathogenicity in specific contexts (Chery, Dvoskin, Morato, 

& Fahoum, 2013). Notably, L. fermentum has been implicated in cholecystitis, empyema, and 

lung abscesses. For instance, Chery et al. (2013) reported a case of cholecystitis caused by L. 

fermentum, highlighting its ability to act as an opportunistic pathogen. Similarly, Stadler et al. 

(2018) documented an instance of a lung abscess associated with this species. Additionally, 

Salminen et al. (2006) discussed the potential pathogenicity of L. fermentum in various clinical 

scenarios. Despite these findings, detailed strain-level information was not recorded or discussed, 
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L. fermentum demonstrates remarkable phenotypic diversity, shaped by its adaptation to 

different ecological niches, such as food systems, the human GIT, and industrial processes (Figure 

2.7-2). The rare barrier-disruptive phenotype of AGR1487 contrasts with the typical beneficial 

effects observed in most strains, reinforcing the need for strain-level characterisation when 

evaluating L. fermentum's probiotic potential and safety. Research into the genetic and phenotypic 

diversities of L. fermentum continues to better understand the functional capabilities of this 

species and its applications in both health and industry. 
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Figure 2.7-2: Word clouds produced from NCBI metadata for 80 strains of Limosilactobacillus fermentum. 
(A) Unmodified keywords extracted L. fermentum's source metadata. (B) The source metadata was modified 
to highlight the source more directly. For example, all food-system related sources were simplified to "food", 
from leaf matter or environmental samples to "environment", etc. However, industrial or trademarked strains 
that did not have source metadata were renamed to industrial, and for strains that did not have source metadata 
were named unknown. (C) How food systems were inoculated extracted from publications associated with 
each strain where possible. 
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Table 2.7-1: Strains of L. fermentum and their properties 

STRAIN SIZE 
(MB)  GC% SOURCE PHENOTYPE OR USE REFERENCE 

NCC2970 1.95 52.2 Nestle Culture 
Collection Acidifying starter culture (Barretto et al., 2016) 

LMT2 -75 2.33 50.5 Kimchi Alcohol and acetaldehyde-
decomposing activity None 

3872 2.33 50.6 
Milk, humans, 
poultry, and 

pigs 

Probiotic - bacteriocin-
producing bacteria for 

combatting Campylobacter 
jejuni infections 

(Lehri et al., 2015a; 
Lehri, Seddon, & 
Karlyshev, 2017a) 

2760 AND 
2759 2.27 51.4 

human faeces 
matter and 

dairy 

Anti-inflammatory gene, 
adhesion and immune 
stimulatory properties 

(A. C. Archer, 
Muthukumar, & Halami, 

2021; Palani Kumar, 
Halami, & Serva Peddha, 

2021) 

FTDC 8312 2.24 51.0 Human faeces Probiotic combats 
hypercholesterolemia (Lye et al., 2017) 

USM 8633 2.24 51.0 Fermented 
meat sausage 

Probiotic, brain health 
promoting factor 

(Ewe, Wan-Abdullah, 
Alias, & Liong, 2012) 

AGR1485 2.23 51.2 Human oral 
isolate 

Probiotic, suspected to have 
anti-inflammatory behaviour 

(Bailie, Altermann, 
Young, Roy, & McNabb, 

2020) 

SNUV175 2.28 51.1 Human vagina Probiotic, bacterial vaginosis 
and pathogenic viral infections 

(S. Lee, You, Kwon, & 
Ko, 2017; Jang, S. 

(2018). 

SRCM103285 2.15 51.3 Food 
Starter culture - acetate 

fermentation and alcohol 
tolerance 

(Kang et al., 2020) 

SRCM 103290 2.12 51.4 Environmental Unknown effect None 

HFD1 2.10 51.8 Human faeces Anti-bacterial peptide 
producing (Ozhegov et al., 2020) 

IFO 3956 2.10 51.5 Egyptian Ras 
cheese 

Starter culture - proteolytic 
activity (El-Ghaish et al., 2010) 

SK152 2.09 51.9 Kimchi Antimicrobial properties (Yoo et al., 2017) 

IMDO 130101 2.10 51.5 Rye 
Sourdough Acidifying starter culture (Verce, Vuyst, & Weckx, 

2018) 

F-6 2.06 51.7 Raw milk Starter culture and 
immunosuppression 

(Z. Sun, Zhang, Bilige, 
& Zhang, 2015) 

LAC FRN -92 2.06 51.8 Human oral 
cavity Unknown effect None 

LDTM 7301 2.05 51.7 Makgeolli Immunosuppression (Ann, Choi, & Yoon, 
2023) 

CBA7106 2.04 51.7 Human faeces Unknown effect (D.-Y. Park et al., 2022) 

MTCC 25067 2.01 51.2 
Indian 

fermented 
milk, dahl 

Starter culture - thickener 
(Aryantini, Prajapati, 
Urashima, & Fukuda, 

2017) 

AGR1487 1.94 52.2 Human oral 
isolate 

Disrupts barrier integrity and 
causes inflammation (Bailie et al., 2021) 

YL -11 1.91 51.9 Fermented 
milk 

Exopolysaccharide 
Antitumoral Activity (Wei et al., 2019) 

B1 28 1.91 52.3 Fermented 
beets Unknown effect None 
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MD IIE -4657 1.91 52.3 Silage Fermentation culture None 

DS19_7 2.02 51.6 
Commercial 

dietary 
supplements 

Broadly considered beneficial None 

311 2.04 51.8 Human faeces Unknown effect None 

317 1.92 51.5 
Nono African 

fermented 
milk 

Bacteriocin and for the 
potential production of aroma 

compounds. 
None 

CECT 9269 2.08 51.7 
Tocosh, 

fermented 
potatoes 

High biotechnological None 

S30 2.16 51.2 Human Unknown effect None 
L18 2.11 52.0 Human GABA-producing probiotic (S. Kaur et al., 2023) 

CVM -347 2.09 52.5 Human oral 
and intestine Probiotic None 

DS13_7 1.99 51.8 

Humans - 
isolated from 
Commercial 

dietary 
supplements 

Probiotic None 

AF16-22LB 1.99 51.9 Human faeces Unknown effect None 

90 TC-4 1.82 51.9 Unknown 
commercial 

Probiotic - unknown 
characteristics. 

(Tochilina, Belova, 
Soloveva, Ivanova, & 

Zhirnov, 2019) 
LFU21 2.13 51.4 Human faeces Unknown effect (K. Brandt et al., 2020) 

BIO6529 1.96 51.7 Human faeces Unknown effect None 
NBRC 3959 1.93 52.1 Plant material Commercial Biotechnological None 

BFE 6620 1.98 52.1 
Gari - 

fermented 
ginger 

Starter culture for African 
vegetable fermentation (Wafula et al., 2017) 

KMB_612 1.92 52.2 
Bryndza 

cheese - sheep 
milk cheese 

Unknown effect None 

FAM 19471 2.04 51.5 Cheese Unknown effect None 

RI-508 1.91 52.2 Cocoa bean 
fermentation Unknown effect None 

KMB_613 2.00 52.1 bryndza 
cheese Unknown None 

UMB0187 2.00 52.1 Catheter - 
urine - human Female Urinary Microbiome None 

FUA3589 2.08 51.5 Mahewu 
Starter culture for African 

fermented home brew 
porridge - none alcoholic 

(Gaur & Gänzle, 2024) 

LF2 2.05 51.7 Regional Tybo 
cheese Cheese - nonstarter culture?? (Ale et al., 2016; Harris 

et al., 2018) 

LF1 1.82 52.5 Human 
intestine Probiotic (Chauhan et al., 2014) 

NCDC 400 1.90 51.6 
Indian Isolate 

of Dairy 
Origin - curd 

Starter culture for milk 
fermentation 

(Azmal Ali, Kumar, 
Mohanty, & Behare, 

2018) 

NB-22 2.01 51.8 
Human 
vaginal 

microbiota 
Probiotic (Chaplin et al., 2015) 

779_LFER 1.94 52.1 Humans Hospital infections None 
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2.8.  Molecular Interactions with the Host 

Interactions between L. fermentum and its host are critical in determining its probiotic potential, 

immune modulation capabilities, and effects on intestinal health (Valeria Garcia-Castillo et al., 2019; 

C. Ren et al., 2016). These interactions are primarily mediated by microbe-associated molecular 

patterns (MAMPs), which are recognised by host pattern recognition receptors (PRRs) (C. Ren et al., 

2016). Such interactions influence immune responses, intestinal barrier integrity, and competition 

with pathogens. This section examines these mechanisms, focusing on the distinct behaviours of L. 

fermentum where possible. 

MAMPs enable the host's immune system to distinguish between commensal and pathogenic 

bacteria (Figure 2.8-3) (Thoda & Touraki, 2023). In L. fermentum, key MAMPs include 

peptidoglycan (PG), lipoteichoic acids (LTA), and exopolysaccharides (EPS) (Abdalla et al., 2021; 

Chapot-Chartier & Kulakauskas, 2014; Teame et al., 2020). These molecules interact with PRRs such 

as Toll-like receptors (TLRs) and Nucleotide-binding oligomerisation domain- (NOD) like receptors 

(NLRs), triggering immune responses that either support homeostasis or lead to inflammation (W. 

Wang, Li, Han, Li, & Kong, 2022). PG fragments are recognised by NOD2 receptors, modulating 

intestinal immune balance. LTAs bind to TLR2, promoting immune signalling that prevents excessive 

inflammation, while EPS strengthens the mucus layer and inhibits pathogen adherence (Figure 2.8-3) 

(Oliveira-Nascimento, Massari, & Wetzler, 2012; Strober & Watanabe, 2011). The recognition of 

these MAMPs determines L. fermentum's probiotic potential by supporting commensalism or 

signalling potential threats (Thoda & Touraki, 2023; W. Wang et al., 2022). 

Many L. fermentum strains exhibit immune-modulating properties (Valeria Garcia-Castillo et 

al., 2019; Jang et al., 2019; M. R. Park et al., 2020). MTCC 5898 and VRI-003 stimulate anti-

inflammatory cytokines like IL-10, mitigating intestinal inflammation (Cox et al., 2010; Gupta et al., 

2021). MTCC 5898 enhances mucosal immunity by increasing IgA production (H. Kaur, Gupta, 
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Kapila, & Kapila, 2022). Clinical trials with VRI-003 and CECT5716 have demonstrated reduced 

inflammatory markers following long-term consumption (four months to a year), suggesting L. 

fermentum enhances immune tolerance and reduces inflammation linked to irritable bowel syndrome 

and inflammatory bowel disease (Cox et al., 2010; Rodríguez-Sojo, Ruiz-Malagón, Rodríguez-

Cabezas, Gálvez, & Rodríguez-Nogales, 2021). Strain-specific modifications of surface molecules 

like EPS and LTAs influence whether L. fermentum promotes immune tolerance or disrupts intestinal 

homeostasis (Teame et al., 2020). 

Molecular interactions between Lactobacillus species and the host maintain intestinal 

homeostasis by regulating mucosal integrity and immune responses (Yan & Polk, 2020). The 

intestinal epithelial barrier separates host immunity from a diverse microbial community (Okumura 

& Takeda, 2017). Lactobacillus species contribute to mucosal health by promoting the production of 

mucin, antimicrobial peptides, and secretory IgA, which protect the intestinal epithelial barrier and 

maintain microbial diversity (Ohland & MacNaughton, 2010; J. Sun et al., 2019; Zheng, Liwinski, & 

Elinav, 2020). Mucin forms a physical barrier that minimises microbial translocation, allowing 

beneficial bacteria to adhere to the mucosal layer (Fang et al., 2021; Paone & Cani, 2020). Dysbiosis, 

an imbalance resulting from infection, poor diet, or antibiotic use, can lead to epithelial barrier 

breakdown, chronic inflammation, diseases such as irritable bowel syndrome and inflammatory 

bowel disease, and metabolic disorders (Di Vincenzo, Del Gaudio, Petito, Lopetuso, & Scaldaferri, 

2024; Santana, Rosas, Ribeiro, Marinho, & de Souza, 2022). 

Direct microbial interactions with host cells involve MAMP recognition by PRRs, including 

TLRs, C-type lectin receptors (CLRs), and NLRs (Figure 2.8-3) (Kawai & Akira, 2009; Thoda & 

Touraki, 2023). PRRs help distinguish between commensal and pathogenic bacteria, modulating 

immune responses (Tanoue, Umesaki, & Honda, 2010). MAMPs such as PG, LTA, and EPS are 

integral to L. fermentum's interactions with the host (Abdalla et al., 2021; R. Sengupta et al., 2013). 

PG, a major component of the Gram-positive bacterial cell wall, is recognised by TLR2 and NOD 
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2.9.  Peptidoglycan Structure in L. fermentum 

Peptidoglycan (PG) in Gram-positive bacteria like L. fermentum consists of glycan chains of 

alternating sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), cross-

linked by short peptides (Rajagopal & Walker, 2017; Vollmer, Blanot, & De Pedro, 2008). These 

glycan strands form the backbone of PG, with peptide bridges connecting the MurNAc residues of 

adjacent strands (Vollmer et al., 2008). The primary peptide chain typically consists of L-alanine, D-

glutamic acid, meso-diaminopimelic acid (mDAP) or L-lysine, and D-alanine. In Lactobacillus 

species, these peptide bridges undergo modifications that alter immune recognition and resistance to 

environmental stress (R. Sengupta et al., 2013; Torrens & Cava, 2024). 

Cross-linking of these peptide chains gives PG a three-dimensional mesh-like structure, giving 

the bacterial cell wall strength and flexibility (Vollmer et al., 2008). The degree of cross-linking varies 

between species, influencing cell wall rigidity. In Gram-positive bacteria like L. fermentum, the PG 

layer is significantly thicker than in Gram-negative bacteria, often reaching up to 40 layers (Silhavy, 

Kahne, & Walker, 2010; Vollmer et al., 2008). This thickness provides structural support, allowing 

survival in diverse environments, including the GIT (Silhavy et al., 2010). 

PG structure varies among L. fermentum strains, with unique adaptations influencing host 

interactions (Chapot-Chartier & Kulakauskas, 2014). For instance, a study comparing two L. 

fermentum strains, AGR1485 and AGR1487, found notable differences in their effects on intestinal 

epithelial barrier function. AGR1487 decreased transepithelial electrical resistance (TEER) across 

Caco-2 cell layers, indicating a reduction in barrier integrity, whereas AGR1485 did not exhibit this 

effect (Ranjita Sengupta et al., 2015). These findings suggest that variations in cell surface structures, 

including PG composition and surface proteins, may lead to strain-specific interactions with host 

cells, resulting in differential activation of metabolic pathways and immune responses (Ranjita 

Sengupta et al., 2015). Additionally, PG provides mechanical strength and shape, preventing osmotic 
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2.12. Exopolysaccharides in Lactobacillus Strains 

Exopolysaccharides (EPS) produced by Lactobacillus strains play critical roles in bacterial 

survival, host-microbe interactions, immune modulation, and environmental adaptation (Dertli, 

Mayer, & Narbad, 2015; Nowak et al., 2020). These complex carbohydrate polymers are secreted by 

bacteria into their external environment, forming a protective matrix that encapsulates the bacterial 

cells (Dertli et al., 2015; Nowak et al., 2020). EPS is essential in biofilm formation, enhancing 

bacterial adhesion to surfaces and protecting against hostile environmental factors, including the host 

immune system. The production of EPS is a highly strain-specific trait, with significant variation 

across different species and strains of Lactobacillus, reflecting their diverse ecological niches and 

functions (Arsköld et al., 2007; Dertli et al., 2015). 

2.12.1.  Structure and Composition of Exopolysaccharides 

EPS in Lactobacillus species typically consists of repeating units of monosaccharides such as 

glucose, galactose, fructose, mannose, and rhamnose. Glycosidic bonds link these units, forming long, 

branched or linear polymer chains. EPS can be classified into capsular or free based on their 

attachment to the bacterial cell (Netrusov et al., 2023). 

Capsular polysaccharides (CPS) are covalently attached to the bacterial cell surface, forming a 

tightly bound capsule around the cell. Free or loosely bound EPS (slime) are secreted into the 

surrounding environment, forming a slimy matrix around the bacterial colonies. The specific 

composition and structure of EPS vary widely among Lactobacillus strains, and these variations are 

thought to be linked to the bacteria's specific functions and environmental adaptations. In L. 

fermentum, for instance, distinct EPS-producing strains have been associated with differing 

capabilities in biofilm formation and immune modulation (Netrusov et al., 2023; Sørensen et al., 

2022). 
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2.12.2.  Role of EPS in Biofilm Formation 

One of the most important functions of EPS in Lactobacillus strains is its contribution to biofilm 

formation (Dertli et al., 2015; Salas-Jara, Ilabaca, Vega, & García, 2016). Biofilms are structured 

communities of bacteria embedded within a self-produced EPS matrix, which attaches to surfaces 

such as the GIT, teeth, or medical devices (Khatoon, McTiernan, Suuronen, Mah, & Alarcon, 2018). 

When within a biofilm, bacteria are better protected from environmental stressors such as 

antimicrobial agents, immune responses, and fluctuations in pH or temperature (Khatoon et al., 2018). 

EPS is the primary scaffold of the biofilm, providing structural integrity and facilitating 

bacterial adhesion to surfaces (Limoli, Jones, & Wozniak, 2015). This adhesion is crucial for bacterial 

colonisation and persistence in host environments (Limoli et al., 2015). Studies have shown that EPS 

produced by L. fermentum strains enhances their ability to form biofilms in both GIT and oral 

environments, contributing to their probiotic effect (Abdalla et al., 2021). The production of EPS-rich 

biofilms also allows these bacteria to withstand environmental challenges, such as oxidative stress 

and desiccation, further enhancing their survival (Abdalla et al., 2021; Limoli et al., 2015). 

2.12.3.  Protective Role of EPS against Host Immune Factors 

EPS is critical in protecting Lactobacillus strains from the host immune system (Ciszek-Lenda, 

Nowak, Sróttek, Gamian, & Marcinkiewicz, 2011; Nowak et al., 2020; Tarannum et al., 2024). The 

EPS matrix can shield against host immune factors such as antimicrobial peptides, complement 

proteins, and phagocytic cells (Ciszek-Lenda et al., 2011; Nowak et al., 2020; Tarannum et al., 2024). 

By encapsulating bacterial cells, EPS prevents direct contact between bacterial surface molecules and 

host immune receptors, reducing immune detection and response (Ciszek-Lenda et al., 2011; Nowak 

et al., 2020; Tarannum et al., 2024). 

This protective role of EPS is critical in the GIT, where Lactobacillus strains must withstand 

constant exposure to bile salts, digestive enzymes, and immune molecules (Lebeer, Claes, Verhoeven, 
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In addition to its effects on cytokine production, EPS can influence the differentiation of 

regulatory T cells (Tregs), which play a crucial role in controlling immune responses and maintaining 

tolerance to commensal bacteria (Nowak et al., 2020; S. Ren et al., 2021). The ability of Lactobacillus 

strains to enhance Treg differentiation is an essential aspect of their probiotic potential, as it helps 

prevent inappropriate immune responses to harmless or beneficial microbes (Nowak et al., 2020; S. 

Ren et al., 2021). 

2.12.5. EPS and Microbial Adaptation 

EPS production is key in adapting Lactobacillus strains to different environments, particularly 

within the host (Nguyen et al., 2020). The ability to produce EPS allows Lactobacillus strains to 

colonise a variety of niches, including the GIT, oral cavity, and skin, by providing protection against 

environmental stressors and enhancing biofilm formation (Dertli et al., 2015; Giordani et al., 2023; 

Nguyen et al., 2020). 

In the GIT, EPS helps Lactobacillus strains persist in bile acids, digestive enzymes, and 

fluctuating pH levels (Khalil, Abd Manap, Mustafa, Alhelli, & Shokryazdan, 2018). In the oral cavity, 

EPS contributes to biofilm formation on dental surfaces, protecting salivary enzymes and immune 

molecules (Cugini, Shanmugam, Landge, & Ramasubbu, 2019). On the skin, Lactobacillus strains 

are exposed to desiccation and antimicrobial peptides. While specific studies on EPS production by 

Lactobacillus strains on the skin are limited, it is plausible that EPS provides a protective barrier, 

aiding in moisture retention and offering resistance against antimicrobial substances, thereby 

supporting bacterial survival in the skin's challenging environment. 

2.12.6. Therapeutic Potential of EPS 

Given its role in biofilm formation, immune modulation, and environmental adaptation, EPS 

produced by Lactobacillus strains holds significant potential for therapeutic applications. EPS-

producing strains of Lactobacillus strains have been explored for use in the treatment of 
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gastrointestinal disorders, including inflammatory bowel disease and irritable bowel syndrome, due 

to their ability to enhance intestinal barrier integrity and reduce inflammation (Compare et al., 2017; 

Noda, Danshiitsoodol, Kanno, Uchida, & Sugiyama, 2021). 

In addition, EPS-producing probiotics have shown promise in oral health applications, where 

they can help prevent dental caries and periodontal disease by promoting biofilm formation and 

protecting against pathogenic bacteria (Zhang, Ding, & Guo, 2022). EPS has also been investigated 

for its potential in skin health, where it may enhance barrier function and protect against microbial 

infections (Morifuji, Kitade, Fukasawa, Yamaji, & Ichihashi, 2017). 

The therapeutic potential of EPS extends beyond its direct effects on the host, as EPS can also 

influence the composition and function of the host microbiota. By promoting biofilm formation and 

immune modulation, EPS-producing Lactobacillus strains can help to maintain a healthy gut 

microbiota composition, which is essential for overall health and well-being (Bengoa, Dardis, 

Gagliarini, Garrote, & Abraham, 2020). 

EPS produced by Lactobacillus strains plays a central role in bacterial survival, biofilm 

formation, and host-microbe interactions (Netrusov et al., 2023; Singh, Datta, Narayanan, & Rajnish, 

2021; Werning et al., 2022). The strain-specific nature of EPS production reflects the diverse 

ecological niches occupied by Lactobacillus strains and their adaptive capabilities (Nguyen et al., 

2020). EPS provides a protective shield against host immune factors and promotes immune 

modulation, making EPS-producing Lactobacillus strains promising candidates for therapeutic 

applications (Kwon et al., 2020; Nowak et al., 2020). Understanding the mechanisms underlying EPS 

production and function is essential for harnessing the full potential of Lactobacillus strains as 

probiotics and for developing new strategies to promote health and prevent disease. 
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Figure 2.13-4: Diagrammatical layout of a typical TEER experiment. A cell (e.g., Caco-2) monolayer is grown on a 

semi-permeable membrane attached to a cell culture insert suspended in growth media. Media is applied to the top of 

the cells (Apical), and a volume is provided beneath the cells (Basil). The TEER electrodes are placed so that one 

electrode is above the monolayer and the other is below the monolayer.  

 

 

2.14. Applications of TEER Assays in Gastrointestinal Research 

TEER assays offer critical insights into the functioning and health of the intestinal barrier. 

Researchers use these assays to study a wide variety of factors that impact the epithelial barrier, 

including the effects of pathogens, toxins, and probiotic treatments (Boll, Winther, Knudsen, Copani, 

& Cappellozza, 2024; F. Yang et al., 2015; Yuan, van der Mei, Busscher, & Peterson, 2020). 
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The TEER assay data and the inflammatory response in germ-free rats might initially seem 

linked through a common TLR-mediated mechanism (Anderson et al., 2016). However, the Caco-2 

TEER assay does not have a mucosal layer, and supernatants from AGR1487 did not produce the 

barrier-disruptive phenotype, suggesting a distinct mechanism is possible. In TEER assays, the 

disruptive effect requires direct contact, which is impossible with a mucosal layer. The inflammatory 

response could be triggered by MAMPs engaging TLRs, but these MAMPs would have to overcome 

the mucosal layer in germ-free rats (Anderson et al., 2016; Anderson et al., 2013).  

It is possible that these MAMPs are not present in the bacterial supernatant if they are associated 

with larger cell surface structures that become pelleted during centrifugation. Alternatively, variations 

in the integrity of the intestinal mucus layer might allow contact-dependent effects in some 

circumstances but not others, explaining why inflammation is localised to the colon. These findings 

collectively suggest that AGR1487 may employ two distinct modes of action: one that directly 

disrupts epithelial tight junctions and another that incites TLR-mediated inflammatory responses. 

Unlike L. fermentum AGR1487, TEER disruption was not seen for L. fermentum PCC and other 

strains (Srimahaeak, Bianchi, Chlumsky, Larsen, & Jespersen, 2021).  

2.15.2. TEER Enhancement by L. fermentum PCC 

In an in vitro study using Caco-2 cell monolayers, exposure to L. fermentum PCC increased 

TEER by approximately 33% compared to untreated controls (Srimahaeak, Bianchi, Chlumsky, 

Larsen, & Jespersen, 2021). The study further noted that the addition of pectin amplified this effect, 

suggesting that dietary fibres may work synergistically with the probiotic to improve tight junction 

function and stabilise the epithelial barrier (Srimahaeak, Bianchi, Chlumsky, Larsen, & Jespersen, 

2021).  
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2.16. Conclusion 

Limosilactobacillus fermentum has remarkable diversity and multifaceted roles, a compact, 

versatile genome, varied phenotypic traits, and strain-specific interactions with host systems. 

Advances in whole-genome sequencing and comparative genomics have unveiled the genetic 

foundations of its probiotic functions and the adaptations that enable different strains to thrive in 

niches such as the GIT, fermented foods, and plant environments. 

Moreover, the strain-specific differences, evident in studies ranging from metabolic profiling 

and immune modulation to TEER assays of epithelial barrier function, are critical for achieving 

beneficial probiotic effects and, in rare cases, may lead to the detection of adverse outcomes. These 

insights are pivotal for the rational selection and safe application of L. fermentum strains in health-

promoting products and food fermentations. Future research should continue to elucidate the 

molecular mechanisms behind these strain-dependent effects, ensuring that only the most effective 

and safe strains are developed into targeted probiotic interventions and industrial applications. 

TEER assays have long served as an essential tool for evaluating the integrity of epithelial 

barriers, particularly within the GIT. They provide valuable insights into how probiotics, pathogens, 

and inflammation affect epithelial cell tight junctions and overall barrier function. Although TEER 

assays are limited, co-culture systems and molecular profiling are expanding their capabilities, 

making them even more potent for understanding epithelial health. 

TEER assays will remain at the forefront of GIT studies as research progresses, especially in 

developing treatments for conditions like inflammatory bowel disease and irritable bowel syndrome. 

By integrating TEER measurements with advanced technologies, a more comprehensive 

understanding of epithelial barrier function in health and disease and more effective strategies might 

help target and restore barrier integrity to improve overall human health. 
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 Chapter 3: TEER and Growth Phenotyping for AGR1485 and 

AGR1487 
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3.2.  Introduction  

Limosilactobacillus fermentum (formerly Lactobacillus fermentum) is a Gram-positive, 

heterofermentative bacterium characterised by short, long, thin rods arranged in pairs or chains 

(McClung, 1987). Commonly found in cereal and vegetable fermentations, this species has long been 

used for food preservation. It produces bacteriocins, lactic acid, and exopolysaccharides, which help 

it compete with pathogenic microorganisms (Alfano et al., 2020; Di Cagno et al., 2008; Sanchez, 

Palop, & Ballesteros, 2000). 

Due to its phenotypic diversity, L. fermentum is extensively studied as a probiotic. For example, 

Jo et al. (2021) evaluated 25 strains. They identified L. fermentum MG7011 for its superior 

gastrointestinal tract (GIT) tolerance, adhesion to Caco-2 and HT-29 cells, antioxidative and anti-

inflammatory activities, and ability to protect the epithelial barrier. Other strains have shown benefits, 

such as alleviating hyperuricemia in rats (Wu et al., 2021), preventing lactational mastitis in 

breastfeeding women (Hurtado et al., 2017), and reducing cholesterol in both rats and humans 

(Kullisaar, Zilmer, Salum, Rehema, & Zilmer, 2016; Pan, Zeng, & Yan, 2011; Tomaro-Duchesneau 

et al., 2015). Despite these promising attributes, few studies have explored potentially detrimental 

phenotypes within this species.  

One notable exception is strain AGR1487, which exhibits increased resistance to bile acids and 

low pH, along with distinct carbon utilisation patterns compared to strain AGR1485 (Sengupta et al., 

2015). More importantly, AGR1487 compromises intestinal barrier integrity, as demonstrated by a 

reduction in transepithelial electrical resistance (TEER) in Cancer coli-2 cells (Caco-2) derived from 

colorectal adenocarcinoma cells, a phenomenon not observed with AGR1485 (Sengupta et al., 2015).  

TEER is a widely accepted quantitative method for assessing tight junction integrity in 

epithelial and endothelial cell models (Srinivasan et al., 2015). Caco-2 cells are cultured on semi-

permeable membranes in these assays to form a monolayer that mimics the intestinal barrier. Bacteria 
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3.3.  Aims and Hypotheses 

Because media composition can affect Caco-2 cell physiology, the TEER methodology from 

previous experimental designs established by Sengupta et al. (2015) was used to ensure 

reproducibility. Although animal testing is beyond the scope of this PhD program, further phenotypic 

characterisation of L. fermentum AGR1487 relative to AGR1485 may guide future research. 

 

Aim 1:  Reproduce the disruptive barrier phenotype in TEER assays using a Caco-2 monolayer 

grown in M199. 

Aim 2: Expand the phenotype characterisation of both L. fermentum AGR1485 and AGR1487. 

 

Hypothesis: L. fermentum AGR1487 reproducibly reduces TEER in Caco-2 cell monolayers, 

but L. fermentum AGR1485 does not. 
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3.4.  Materials and methods 

3.4.1.  Cell culture media and broths 

Numerous cell culture media were needed to maintain the bacterial strains and Caco-2 cell line. 

The recipes for all media formats are listed below (Table 3.4-2).  

Table 3.4-2: Cell growth media and bacterial growth broth. 

GROWTH MEDIA  COMPONENTS AND RECIPE 
MRS MEDIA 52.2 g of lactobacilli de Man-Rogosa-Sharpe (MRS) 

broth (Merck Ltd., Auckland, NZ) was added to 1 L of 
Milli -Q water and autoclaved for 15 minutes at 121 ºC 
before storage at room temperature. 

OMNILOG 60% MRS MEDIA 31.32 g of lactobacilli de Man-Rogosa-Sharpe (MRS) 
broth (Merck Ltd., Auckland, NZ) was added to 1 L of 
Milli -Q water and filter sterilised with 0.22 µm filter. 
The media was made fresh with 1% v/v with redox dye 
mix G (Biolog, Hayward, USA) and used immediately.  

MEM 0.5 mL of NEAA was added to 45 mL of MEM. The 
solution was mixed, filtered, and sterilised before 
storage at 4 ºC.  

MEM WITH FBS 0.5 mL of NEAA and 4.5 mL of FBS were added to 45 
mL of MEM. The solution was mixed, filtered, and 
sterilised before storage at 4 ºC 

M199  0.5 mL of NEAA was added to 45 mL of M199. The 
solution was mixed, filtered, and sterilised before 
storage at 4 ºC 

M199 WITH FBS 0.5 mL of NEAA and 4.5 mL of FBS were added to 45 
mL of M199. The solution was mixed, filtered, and 
sterilised before storage at 4 ºC 

MEM = minimal essential media, M199 = medium 199, FBS = foetal bovine serum, NEAA = non-essential 
amino acids. All human cell culture media were prepared to 50 mL. All reagents were sourced from Life 
Technologies, NZ, except MRS broth. 

3.4.2.  Culture of Caco-2 cells 

Caco-2 cells (HTB-37 American Type Culture Collection (ATCC) were kindly provided at 

passage 16 by Dr Alicia Barnett (AgResearch Ltd, Grasslands, Palmerston North, NZ) and used at 

passage 28-33 (Briske-Anderson, Finley, & Newman, 1997). All cells, cell culture media, and 

reagents were handled without antibiotics and aseptically in various class II biological safety cabinets 

(laminar flow hood) provided by AgResearch and The Riddet Institute  
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3.4.5.  Caco-2 cell counting 

Ten µL of 0.4% Trypan Blue solution (Life Technologies, Auckland, NZ) was mixed with 10 

µL cell suspension acquired during cell harvesting (Section 3.4.4). Ten µL of the cell suspension with 

dye was gently pipetted into a cell counting chamber (ThermoFisher Scientific, for Applied 

Biosystems by AsureQuality, NZ) and allowed to fill by capillary action. The cells were counted in 

brightfield mode using the Countess Automated Cell Counter (Applied Biosystems, ThermoFisher 

Scientific, AsureQuality, NZ). 

 

3.4.6.  Culture of bacterial strains 

L. fermentum AGR1485 and AGR1487 were acquired from the AgResearch culture collection 

(AgResearch, Grasslands, Palmerston North, NZ). The strains were previously isolated from the oral 

cavity of healthy volunteers (R. C. Anderson, Cookson, McNabb, Kelly, & Roy, 2010). 

Bacteria were revived from frozen stocks (Section 3.4.7) by streaking onto MRS (Table 3.4-2) 

infused agar (Bacteriological agar, Sigma-Aldrich, Merck Ltd., Auckland, NZ) plates that were 

incubated for 24 hours at 37 ºC aerobically. Single colonies were picked and used to inoculate 5 mL 

of sterile MRS media in a 15 mL Nunc tube and grown overnight at 37 ºC without shaking.  

3.4.7.  Long-term storage of bacterial strains 

Bacteria were stored in glycerol stocks made from 15% glycerol and MRS media at -80 ºC. 

Bacteria were revived from -80 ºC stocks by isolation streaking onto MRS agar plates and incubated 

aerobically overnight at 37 °C. A single colony was selected from an overnight plate to inoculate 5 

mL of sterile MRS broth. The inoculated MRS broth was grown overnight at 37 ºC without shaking. 

The overnight culture was gently resuspended by pipetting, and 800 µL was then added to 200 µL of 

75% glycerol in a 1.5 mL Eppendorf tube and mixed thoroughly by pipette. The Eppendorf tubes 

were transferred to a storage container and stored at -80 ºC.  
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while pH measurements were taken. The pH measurements were taken every hour for the first 3 hours 

and the following day, 20 hours after inoculating the MEM cell culture media. 

The experiment was performed four times, each using a different bacterial colony to represent 

a biological replicate. 

3.4.10.  Bacterial growth assays 

Growth experiments were conducted in various clean biosafety cabinets provided by Riddet 

Institute and AgResearch (Te Ohu Rangahau Kai, Massey, Palmerston North). Single colonies were 

picked from MRS recovery plates for overnight cultures (Section 3.4.6). Each growth experiment was 

conducted as eight biological replicates and repeated 2 to 3 times on separate titre plates over 24 hours 

in aerobic conditions (technical replicates). Overnight cultures were pelleted at 4,000 x g, the 

supernatant removed and resuspended in 10 mL of 0.1 M phosphate buffer, pH 7.2, twice before use. 

Cell growth media M199, MEM, M199 with FBS, MEM with FBS, FBS and MRS bacterial broth 

were inoculated with the washed bacterial strains to an OD600 = 0.2 without altering the atmosphere.  

Two hundred µL of each condition (Table 3.4-2) were loaded into untreated, sterile, 

flatbottomed 96 well-titre plates (ThermoFisher Scientific, Auckland, NZ). The titre plates were 

sealed with microplate sealing tape (ThermoFisher Scientific, Auckland, NZ) before being relocated 

to the Multiskan Microplate Spectrophotometer (ThermoFisher Scientific, for Applied Biosystems 

by AsureQuality, NZ). Growth measurements (OD600) were taken every 30 minutes for 24 hours with 

light shaking in a Multiskan (ThermoFisher Scientific, for Applied Biosystems by AsureQuality, NZ).  

Each growth experiment comprised eight biological replicates, each derived from a separate 

bacterial colony, and was repeated on three separate titre plates, with each well on a plate representing 

a technical replicate. The order of the conditions across each plate was randomised to account for 

potential plate position effects. 
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3.4.11.  Bacterial colony imaging 

Approximately 10 µL of an overnight culture of both strains were independently streaked onto 

MRS agar without antibiotics using sterile plastic loops. The streaked plates were incubated overnight 

at 37 ºC aerobically in a temperature-controlled room. The colonies were examined using a Leica 

MZ12 (Leica microsystems, Bio-Strategy, NZ) stereomicroscope. Light-normalised, calibrated 

images of the colonies were taken with an attached DFC320 (Leica microsystems, Bio-Strategy, NZ) 

camera. Both microscope and camera were calibrated, maintained, and provided by the Manawatu 

Microscopy and Imaging Centre, Palmerston North. 

 

3.4.12.  Electron microscopy 

Overnight cultures of both strains were pelleted in 15 mL Nunc tubes at 4,000 x g for 15 

minutes. The pellets were washed in 0.1 M phosphate buffer (pH 7.2) and resuspended in 10 mL of 

0.1 M phosphate buffer. The resuspension was centrifuged once more, and the supernatant was 

discarded. The pellets were resuspended in 10 mL of 0.1 M phosphate buffer. An aliquot of the cell 

suspension was diluted in phosphate buffer to an OD600 = 0.1 and fixed 1:1 with a fixing solution (3 

% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate buffer, pH 7.2) provided by the 

Manawatu Microscopy and Imaging Centre (Palmerston North, NZ). 

Raoul Solomon prepared the fixed samples for transmission electron microscopy (TEM) 

(without any dye) and scanning electron microscopy (SEM) by sputter-coating with gold at the 

Manawatu Microscopy and Imaging Centre (Palmerston North, NZ). 

Prepared TEM samples were viewed with the FEI Tecnai G2 Spirit BioTWIN electron 

microscope (Czech Republic). The SEM coupons with the fixed sample were mounted onto 

aluminium stubs and imaged with an FEI Quanta 200 (FEI Co., Hillsboro, OR, USA) electron 

microscope. 
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Figure 3.5.1-1: Caco-2-AGR1485/87 M199 TEER assays. The change in electrical resistance (% change) 
of Caco-2 cells grown in (A) M199 with or (B) without FBS along with either AGR1487 (Red), AGR1485 
(Green) or without any bacteria (Control in Blue) in the apical volume over 24 hours. The shading 
represents the 95% confidence interval (CI) of the data shaded over the trend line. The control comprises 
Caco-2 cells treated the same as the other conditions but without bacteria. For each condition, n = 3. 
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Figure 3.5.2-1: 96-well growth assay. One of three replicates from which data was collected for Figure 3.5.2-2 after 24 hours incubated at 37 ºC. 
Top: Photo taken from the top of the plate through the plate sealing tape. Bottom: The same plate was photographed from the bottom through the 
base of the plate. Phenol red was not included in MRS. 
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Figure 3.5.4-2: SEM of both strains at 16,000x magnification. Gold-coated scanning electron microscopy 
of OD600-normalised bacterial cultures for L. fermentum AGR1485 and L. fermentum AGR1487. (A) L. 
fermentum AGR1485 cells are rod-shaped, uniform, and unconnected. (B) L. fermentum AGR1487 cells 
are tightly connected and near coccoidal in shape within the tight bundles (2 and 3). 

 

 

Figure 3.5.4-3: Unstrained TEM of both strains at 8,200x. Unstained transmission electron microscopy of 
OD600 normalised bacterial cultures for (A) L. fermentum AGR1485 and (B) L. fermentum AGR1487 fixed 
with formalin. (1) L. fermentum AGR1485 cells undergoing binary fission. (2) A mature L. fermentum 
AGR1485 cell. (3) Mature L. fermentum AGR1487 cell. (4) Long L. fermentum AGR1487 cells linking 
bundle structures. 
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Figure 3.5.4-4: Unstained TEM of both strains at 20,500x. Unstained transmission electron microscopy of 
OD600-normalised bacterial cultures for (A) L. fermentum AGR1485 and (B) L. fermentum AGR1487 fixed 
with formalin. (1) Mature L. fermentum AGR1485 cell. The cell is rod-shaped with smooth edges. (2) L. 
fermentum AGR1487 cells appear nearly coccoidal in shape. The cells are tightly connected to their 
membranes or by an extracellular matrix.  
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3.8.  Appendix 

3.8.1.  TEER assays with MEM 

 

 

Figure 3.8.1-1: Caco-2-AGR1485/87 MEM TEER assays. The change in electrical resistance (% change) 
of Caco-2 cells grown in (A) M199 with or (B) without FBS along with either AGR1487 (Red), AGR1485 
(Green) or without any bacteria (Control in Blue) in the apical volume over 24 hours. The shading 
represents the 95% confidence interval (CI) of the data shaded over the trend line. For each condition, n = 
3 
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3.8.2.  pH measurements  

During the TEER assays, the addition of FBS in the presence of AGR1485 resulted in a loss of 

electrical resistance during TEER assays (Figure 3.8.1-1). However, no change in the colour of the 

indicator dye Phenol Red was observed. Phenol Red changes to yellow below pH 6.2 and shifts to 

bright fuchsia above pH 8.2. The apical volume of the TEER assays was recreated in 10 mL volumes 

in 15 mL falcon tubes. AGR1485, AGR1487 or no bacteria (blank) were added to MEM culture media 

with or without FBS and were tested directly with a pH meter. The sample populations are represented 

as box plots and grouped by replicate (A) or time (C). This data (B replicates, or D time) was plotted 

with a 95% CI to compare the samples statistically. None of the samples shifted the media pH below 

pH 6.2 or over pH 8.2 over the 20-hour time course (Figure 3.8.2-1, Figure 3.8.2-2, Figure 3.8.2-3, 

Figure 3.8.2-4 A and B). Thus, the indicator dye did not shift colour during the TEER assays because 

the pH remained around pH 7.  

When measuring the pH of MEM media with FBS containing AGR1487, the solution remained 

around pH 7.3 (Figure 3.8.2-2 C and D). AGR1487 cultured in MEM, without FBS, shifted the pH to 

around 7.9. However, the pH dropped to 7.7 over 20 hours (Figure 3.8.2-1, C and D). AGR1485 cells 

with MEM media with FBS increased the pH over the same 20-hour period from pH 7.4 to 7.7 (Figure 

3.8.2-3C and D). AGR1485, in the presence of MEM without FBS, had a higher starting pH (pH 7.8) 

(Figure 3.8.2-4 C and D) than the same test condition with FBS (pH 7.4).  

Regardless of the presence of FBS or bacteria, the pH stayed within the red pH (above pH 6.3) 

range of the indicator dye. The variation between test conditions could also be due to random 

sampling, which does not appear to result from biological activity.  
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Figure 3.8.2-1: pH measurements of AGR1487 in MEM without FBS. A. Box plots of the data grouped by replicate and averaged across the time 
points. B. The same data as A represent as a dot plot with a 95% confidence interval. C. Box plot of the replicates grouped by time. D. The average 
per time point was plotted with a 95% confidence interval. The pH of the samples did not exceed the upper or lower limit of the Phenol Red indicator 
dye. 
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Figure 3.8.2-2: pH measurements of AGR1487 in MEM in the presence of FBS. A. Box plots of the data grouped by replicate and averaged across the time points. 
B. The same data as A represent as a dot plot with a 95% confidence interval. C. Box plot of the replicates grouped by time. D. The average per time point was 
plotted with a 95% confidence interval.  
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Figure 3.8.2-3: pH measurements of AGR1485 in MEM in the presence of FBS. A. Box plots of the data grouped by replicate and averaged across the time points. B. 
The same data as A represent as a dot plot with a 95% confidence interval. C. Box plot of the replicates grouped by time. D. The average per time point was plotted 
with a 95% confidence interval 
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Figure 3.8.2-4: pH measurements of AGR1485 without FBS. A. Box plots of the data grouped by replicate and averaged across the time points. B. The same data as 
A represent as a dot plot with a 95% confidence interval.. C. Box plot of the replicates grouped by time. D. The average per time point was plotted with a 95% 
confidence interval. The pH of the samples did not exceed the upper or lower limit of the Phenol Red indicator dye, nor did the pH change significantly over time 
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 Chapter 4: DNA sequencing and genome assembly for AGR1485 and 

AGR1487 

 

The following chapter contains material from the published manuscripts listed below: 

Book Chapter: 

Altermann, E., Bailie, M., Fraser, Karl., E., Young, W. (2021). NexGen Sequencing Data: 

Bioinformatic Tools for Visualisation and Analysis. Elsevier, Comprehensive Foodomics, pages 47 

- 90. https://doi.org/10.1016/B978-0-12-816395-5.00001-0 

 

Publications: 

Bailie, M., Altermann, E., Young, W., Roy, N., & McNabb, W. (2020). Complete Genome 

Sequence of Lactobacillus fermentum Strain AGR1485, a Human Oral Isolate. Microbiology 

Resource Announcements, 9(36). doi: 10.1128/mra.00841-20 

Bailie, M., Altermann, E., Young, W., Roy, N., & McNabb, W. (2020). Complete Genome 

Sequence of Lactobacillus fermentum Strain AGR1485, a Human Oral Isolate. Microbiology 

Resource Announcements, 9(36). doi: 10.1128/mra.00841-20 

 

  

https://doi.org/10.1016/B978-0-12-816395-5.00001-0
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4.1.  Abstract 

Background: Limosilactobacillus fermentum is widely recognised as a probiotic species found 

in food products and holds Generally Recognised as Safe (GRAS) status with the U.S. Food and Drug 

Administration. However, strains AGR1487 and AGR1485 exhibit divergent phenotypes. While 

AGR1487 disrupts barrier integrity in Caco-2 transepithelial electrical resistance (TEER) assays and 

increases colon inflammation in germ-free mice, AGR1485 shows neither effect. 

Aim: This study aimed to sequence and assemble the complete genomes of both strains to 

elucidate the genetic basis for their differing phenotypes. 

Methods: Initial de novo assemblies using 454 Pyrosequencing and Illumina short-read data 

produced incomplete, error-prone draft genomes. These limitations were overcome by a hybrid 

assembly that combined Illumina short-reads with PacBio long-read sequencing. The resulting 

assemblies were validated by comparing in silico restriction digest fragmentation patterns with 

published pulse-field gel electrophoresis data. 

Results: The hybrid assembly yielded reference-quality genomes of approximately 2.2 Mbp for 

AGR1485 and 1.9 Mbp for AGR1487. Both genomes exhibit similar GC contents (51.15% for 

AGR1485 and 52.17% for AGR1487) and lack plasmids. The agreement between the in silico and 

published fragmentation patterns confirms that the assemblies accurately represent the true genomic 

structures. 

Conclusion: The generation of high-quality genome assemblies for both strains provides a 

robust foundation for identifying the genetic determinants underlying their divergent phenotypes. 

These findings pave the way for future studies to elucidate the molecular mechanisms responsible for 

the barrier-disruptive properties observed in AGR1487.   
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Illumina reads was evaluated for length, quality, and adapter content using FastQC (v0.11.9) 

(Andrews, 2010), and primers and low-quality read ends were removed with Trimmomatic (v0.39) 

(Bolger, Lohse, & Usadel, 2014). Assemblers were run with default settings unless specified 

otherwise, and assembly graphs were inspected using Bandage (v0.8.1) (Ryan R Wick, Schultz, 

Zobel, & Holt, 2015) before final assembly and polishing. Assemblies were iteratively refined with 

Pilon (v1.22) (Walker et al., 2014) until no further improvements were observed. Genome 

completeness and contamination were assessed with CheckM (v.1.0.18) (Parks, Imelfort, Skennerton, 

Hugenholtz, & Tyson, 2015), and assembly statistics, including GC content and sequencing errors, 

were calculated using QUAST (v4.6.3) (Gurevich, Saveliev, Vyahhi, & Tesler, 2013).  

For manual k-mer optimised short read assemblies, SPAdes (v3.11.1) (A. Bankevich et al., 

2012) was run manually (designated SPAdes_3.11.1). The Unicycler pipeline provided automatically 

optimised SPAdes assemblies (yielding Uni-SPAdes assemblies) (Ryan R. Wick, Judd, Gorrie, & 

Holt, 2017), and the Ray assembler by S. Boisvert, Laviolette, and Corbeil (2010) was employed as 

a benchmark control using a de Bruijn graph assembly followed by overlapping layout consensus 

(OLC) for contig extension. Various long-read assemblers were trialled in parallel (Table 4.4-5) and 

recombined with short-read assemblies using Metassebler to generate hybrid assemblies for both 

strains (Wences & Schatz, 2015). Unicycler (v0.4.7) was also run in hybrid mode using the Pacbio 

and Illumina datasets (Ryan R. Wick et al., 2017). This methodological framework provides valuable 

insights into the trade-offs and efficiencies of different assembly strategies. 
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Table 4.4-5: List of software used during genome assembly 

SOFTWARE 
PACKAGE  

USE LICENSE  REFERENCE 

NEWBLER 3.0 Assembler Proprietary (Margulies et al., 
2005) 

BANDAGE Assembly graph 
visualisation 

Free (Ryan R Wick et al., 
2015) 

UNICYCLER  Assembler Free (Ryan R. Wick et al., 
2017) 

ABYSS Assembler Free (Simpson et al., 2009) 
CELERA  Assembler Free (Myers et al., 2000) 
C.A.B.O.G. Assembler Free (Miller et al., 2008) 
SOAPDENOVO Assembler Free (R. Li et al., 2010) 
KIKI  Assembler Free (GitHub, 2021) 
MEGAHIT  Assembler Free (D. Li, Liu, Luo, 

Sadakane, & Lam, 
2015) 

VELVET  Assembler Free (Zerbino & Birney, 
2008) 

SPADES Assembler Free (Anton Bankevich et 
al., 2012) 

MASURCA Assembler Free (Zimin et al., 2013) 
RAY Assembler Free (Sébastien Boisvert, 

Raymond, 
Godzaridis, 
Laviolette, & Corbeil, 
2012) 

FASTQC V.1.0.4 Quality checker Free (Andrews, 2010) 
CHECKM  Quality checker Free (Parks et al., 2015) 
Q.U.A.S.T. Quality checker Free (Gurevich et al., 

2013; Mikheenko, 
Valin, Prjibelski, 
Saveliev, & Gurevich, 
2016) 

R.E.A.P.R. Quality checker Free (Hunt et al., 2013) 
GENEIOUS Bioinformatics 

Software for 
Sequence Data 
Analysis 

Proprietary (Geneious, 2021) 

UGENE Bioinformatics 
Software for 
Sequence Data 
Analysis 

Free (Golosova et al., 
2014; Okonechnikov, 
Fursov, Golosova, & 
team, 2012; Rose, 
Tiunov, 
Sukhomlinov, 
Golosova, & Prosperi, 
2018) 



   
 

124 
 

ARTEMIS  Bioinformatics 
Software 

Free (McQuillan, Parkhill, 
Berriman, Harris, & 
Carver, 2011) 

ARTEMIS 
COMPARISON 
TOOL  

Genome visulisation Free (Carver et al., 2008) 

GAP5 Genome finishing Free (Whitwham & 
Bonfield, 2010) 

METASSEMBLER  Hybrid assembler Free (Wences & Schatz, 
2015) 

SEALER Gap closer and 
finishing tool 

Free (Paulino et al., 2015) 

GAPCLOSER Gap closer and 
finishing tool 

Free (Luo et al., 2012) 

GAPBLASTER Gap closer and 
finishing tool 

Free (de Sá et al., 2016) 

GAPFILLER  Gap closer and 
finishing tool 

Free (Nadalin, Vezzi, & 
Policriti, 2012) 

SAMTOOLS Data formatting Free (H. Li, 2011; H. Li et 
al., 2009) 

 

4.4.6.  Data handling 

All sequencing data were converted to FASTQ format for quality control. Roche 454-

Pyrosequencing data were screened for adapters and converted to FASTQ using custom Python 

scripts(Weisburg et al.). In contrast, Illumina data were provided as FASTQ files with standardised 

headers featuring paired-end reads free of adapters. Both datasets were assessed with FastQC 

(Andrews, 2010) before and after trimming with Trimmomatic (Bolger et al., 2014). Trimmomatic 

was configured to search for all known adapter sequences to ensure complete removal. FastQC was 

used iteratively to determine optimal trimming positions, eliminating low-quality sequence 

information from the read ends.  
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4.5.  Results 

4.5.1.  Roche 454-Pyrosequencing assembler benchmarks 

Genome assembly benchmarking was conducted using several assemblers on 454 

pyrosequencing data. Notably, only the Newbler assembler could process the 454-pyrosequencing 

data in paired-end mode due to unique header information not understandable by modern assemblers. 

The other assemblers were limited to single-end mode without the header information. Benchmarking 

with CheckM assessed completion and contamination for the short-read assemblers. Despite 

optimisation, Velvet failed to produce any assemblies, whereas Megahit showed improvements with 

further iterations (Figure 4.5-1). QUAST statistics indicated that most assemblers yielded fragmented 

assemblies, with Newbler producing the most contiguous results (Figure 4.5-2). However, the 

Newbler assemblies contained 12,217 Ns for the AGR1485 assembly and 7,289 Ns for the AGR1487 

assembly. 

 

Figure 4.5-1: Roche 454-Pyrosequencing CheckM results for different assembly results. CheckM 
completeness (Purple) and contamination (Gold bar) scores were estimated using gene markers inferred 
automatically from a reference tree based on detected gene content. The assembler results were split by 
strain. A. AGR1487 and B. AGR1485. All assemblers were run using default parameters. 
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4.5.4.  Data set similarity 

Genome assemblies generated from Illumina and Pyrosequencing data were aligned using 

Nucmer. Alignments between AGR1485 and AGR1487 revealed significant differences, consistent 

with their distinct genome sizes and expected structural variations. In contrast, alignments of 

Pyrosequencing and Illumina datasets for the same strain demonstrated strong concordance. 

 

4.5.5.  Novel sequence detection by global alignment 

Whole-genome alignments using Nucmer were performed on the Newbler (454-

Pyrosequencing) and Ray (Illumina) assemblies to evaluate the efficacy of short-read hybrid 

assembly, focusing on detecting novel sequences. The Ray assembly was chosen as the reference 

because it contained fewer errors and was constructed using de Bruijn graph methods combined with 

contig extension via OLC. The Newbler assemblies for AGR1485 and AGR1487 were globally 

aligned to their corresponding Ray assemblies (Figure 4.5-7 and Figure 4.5-8). 

The Nucmer plots were partitioned into panels using R, each representing a single contig. 

Alignments were filtered to retain only those with a minimum match length of 10 kbp, and the contigs 

were then graphed by sequence identity and annotated for comparison (Figure 4.5-9 A and B). This 

analysis revealed novel genomic regions in each dataset that did not appear to be contaminated but 

represented sequences absent from the reference (Figure 4.5-9 C and D). Thus, the two datasets 

captured different genomic regions, suggesting their combined use in a hybrid assembly may facilitate 

better genome closure or the discovery of new genes. 
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Figure 4.5-7: Nucmer global genome alignment for AGR1485. This figure displays the default 
MUMmerplot output comparing the draft reference genome (Ray assembly) with the Newbler assembly 
derived from 454 pyrosequencing data. Note that both assemblies are in draft form, so the contig order 
is not established. Nucmer was run using the following options: -maxmatch -l 100 -c 500.. 

 

 

 

Figure 4.5-8: Nucmer global genome alignment for AGR1487. This figure displays the default 
MUMmerplot output comparing the draft reference genome (Ray assembly) with the Newbler assembly 
derived from 454 pyrosequencing data. As both assemblies are in draft form, the contig order is not 
established. The alignment was generated using Nucmer with the options -maxmatch -l 100 -c 500.  
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Figure 4.5-10: Short-read hybrid assembly with Metassembler. Nucmer alignments are shown before and after combining datasets, with Newbler on the 
Y-axis and the Illumina Ray or hybrid assembly on the X-axis. (A) AGR1485: Newbler vs Ray assembly before hybridisation. (B) AGR1485: 
Metassembler output comparing Newbler with the Metassembler scaffold from the recombination of Ray, AByss, and Megahit Illumina assemblies. (C) 
AGR1487: Metassembler output comparing Newbler 3.0 with the corresponding Metassembler scaffold. (D) AGR1487: Metassembler output comparing 
Newbler 3.0 with the corresponding Metassembler scaffold. Note that the reduction in contig count simplifies the scaffold appearance; this improved 
scaffolding is an artefact of including the reference in the hybrid assembly and does not reflect the true genome structure. 
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4.5.7.  Long-read hybrid assembly 

The Unicycler hybrid assembly approach (Figure 4.5-11) independently assembles long- and 

short-read datasets before recombining them to close gaps, much like the Metassembler approach, 

rather than using short-reads solely for error correction of long-reads. The resulting assembly graphs, 

visualised with Bandage (Figure 4.5-12), show that the automatically k-mer optimised de novo 

SPAdes graphs for AGR1485 and AGR1487 were incomplete (Figure 4.5-12 A). Miniasm assemblies 

using only long-read PacBio reads successfully were contiguous, and the reads could be successfully 

mapped back to the assemblies (Figure 4.5-12 B). The Miniasm assemblies contained whole genome 

duplications and underestimated genome sizes that were not corrected by Racon polishing (Figure 

4.5-12 B). In contrast, the Unicycler hybrid assembly corrected internal SNPs and provided accurate 

genome sizes by integrating short-read data that prevented genome duplication (Figure 4.5-12 C). 

The PacBio long-read data scaffolded the short-read SPAdes assemblies by bridging gaps, leaving 

complete genome assemblies by sampling repetitive elements that prevented the SPAdes assembly 

from completing contigs due to frayed ropes in the graph (Figure 4.5-12 C). 

The Unicycler approach outperformed single-dataset and short-read hybrid assemblies by 

producing the fewest contigs (Table 4.5-6), and, despite yielding fewer predicted genes (Table 4.5-7), 

it eliminated detectable gene duplications and errors. Final assemblies assessed by CheckM showed 

99.18% completeness and 0.546% contamination for both genomes. QUAST confirmed that 

AGR1485 and AGR1487 were each assembled into a single contig spanning 2,226,862 bp and 

1,939,032 bp, respectively, with G+C contents of 51.15% and 52.17%, and no missing or ambiguous 

nucleotides. Average read coverage was 989.2× for AGR1485 and 1,510.51× for AGR1487, the latter 

benefiting from an extra PacBio lane. The chromosomes were predicted to be Circular by Unicycler 

and validated by in silico digestion (Figure 4.5-13) with UGENE and pulse-field gel electrophoresis 

(Table 4.5-8). No plasmids were detected during assembly or by commercial plasmid preparations. 

Overall, the final assemblies are closed, circular, reference-quality genomes. 



https://github.com/rrwick/Unicycler
https://journals.plos.org/ploscompbiol/s/licenses-and-copyright
https://journals.plos.org/ploscompbiol/s/licenses-and-copyright
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Table 4.5-6: The number of contigs per assembly method 

ASSEMBLER AGR1485 AGR1487 

SPADES 140 110 

METASSEMBLER 23 8 

UNICYCLER 1 1 

 

 

Table 4.5-7: The number of unique genes predicted with each method 

ASSEMBLER AGR1485 AGR1487 

SPADES 1,654 1,577 

METASSEMBLER 1,773 1,634 

UNICYCLER 1,742 1,587 

 

 

Table 4.5-8: Digital restriction digest results for a linear and circular topology 

FRAGMENT 
NUMBER 

AGR1485 
LINEAR (BP)  

AGR1485 
CIRCULAR 
(BP) 

AGR1487 
LINEAR (BP)  

AGR1485 
CIRCULAR 
(BP) 

1 1,030,370 1,030,370 802,398 802,398 

2 551,219 736,861 511,150 701,934 

3 551,219 341,542 329,243 329,243 

4 185,642 83,273 190,784 77,822 

5 83,273 34,796 77,822 27,615 

6 34,796 None 27,615 None 
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published PFGE results confirmed their accuracy and a comparison was published in each genome 

announcement (Sengupta et al., 2015, Bailie et al., 2020, Bailie et al., 2021). 

The final assemblies, as assessed with CheckM (99.18% completeness, 0.546% contamination), 

BUSCO (C:99.5%[S:98.8%,D:0.7%],F:0.5%,M:0.0%,n:402), comprised single contigs of 2,226,862 

bp (AGR1485) and 1,939,032 bp (AGR1487), with GC contents of 51.15% and 52.17%, respectively, 

and no ambiguous nucleotides. Average read coverages were 989.2× for AGR1485 and 1,510.51× 

for AGR1487. Unicycler predicted circular chromosomes, confirmed via in silico digestion with 

UGENE, and both BWA and Bowtie successfully mapped all Illumina reads. 

No plasmids were detected during laboratory DNA extractions using plasmid kits or analysing 

the long- and short-read datasets for plasmid sequences and structures. Furthermore, all the data 

aligned back to the genome assemblies with no plasmids. Given that all the data could be realigned 

with the genome assemblies, those assemblies matched the PFGE results for genome sizes. It is 

unlikely that plasmids were present in strains or datasets generated from them. The lack of plasmids 

suggests that the barrier-disruptive phenotype of AGR1487 is likely encoded within its single, closed 

genomic sequence.  
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4.7.  Conclusion 

The genomes of L. fermentum AGR1485 and AGR1487 were successfully sequenced using 

multiple technologies. Although short-read hybrid assemblies initially produced high completeness, 

they exhibited significant limitations that could not be resolved within the timeframe of this PhD 

program. Consequently, an alternative strategy that combined PacBio SMRT long-read sequencing 

with Illumina short-reads was successful. This hybrid approach yielded closed, reference-quality 

genome assemblies for both strains. The final assemblies were circular and plasmid-free, and they 

passed all quality control tests, including validation against published PFGE results. In subsequent 

chapters, these high-quality genome assemblies will serve as the foundation for genetic analyses and 

as alignment templates for mRNA sequencing.  
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 Chapter 5: Genetic Analysis of AGR1487 
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5.4.  Materials and Methods 

All software applications were run using their default settings unless otherwise stated. The 

applications were regularly updated before running the analyses. All software packages were run 

locally on workstations or servers within Conda (v22.11.1) environments on the Linux Ubuntu 

20.04.5 LTS (Focal Fossa) operating system. NCBI RefSeq GenBank files were used for all analyses. 

All scripts associated with the workflows described here are provided in the digital appendix under 

the same chapter name. In this chapter, various scripts were utilised and written in multiple 

programming languages, including Bash (Bourne Again SHell), Perl, Python, and R. These diverse 

languages facilitate the efficient execution of different analytical tasks in these bioinformatics 

pipelines. Statistics were handled by the packages and pipelines used for these analyses and stored in 

the digital appendix. 

 

5.4.1.  Linearisation and Start Sites 

For correct alignment, the circular genomes of the L. fermentum strains were linearised for 

comparison. Since linearisation could occur at any locus within a genome assembly, a fixed reference 

site was established for all strains to avoid alignment artefacts. The dnaA gene (accession number: 

UniRef90_B2GEU8) was selected as a reference point because the gene is conserved and necessary 

for chromosome replication. The software Circulator (1.5.5) was employed to synchronise the start 

of all linearised genome assemblies (n = -1) upstream of the dnaA gene locus.  

circlator fixstart \ 

--genes_fa Starting_gene_sequence.fasta \ 

--orig_fa original_genome_assembly.fasta output_prefix 
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the pangenome software packages used for this work; therefore, it was necessary to write custom 

scripts and BLAST databases to find the non-identical genes.  

5.4.5.  Non-Identical Gene Identification 

A unique gene is defined as an AGR1487 genes for which no 100% identical, full-length 

BLASTP match exists in any other L. fermentum strain (xxii  - Thesis specific definitions). Standard 

pan-genome analysis tools (PANX, BPGA, Roary) identify orthologous gene clusters across strains 

but do not directly output strain-specific gene lists. To identify genes present only in AGR1487, a 

custom BLAST database was constructed containing all AGR1487 protein sequences with their 

accession numbers. The pan-genome outputs were queried against this database to identify 

AGR1487-specific entries. For Roary analysis, the internal BLASTP results (_blast_results file) and 

clustered protein sequences (_clustered file) were used to extract percent identity, percent coverage, 

and bit scores for each AGR1487 gene. This approach enabled filtering of the pan-genome 'cloud' 

gene category to identify candidates that were non-identical to proteins in other L. fermentum strains 

at the specified identity thresholds (100% and 95%). 

Nucleotide and protein databases were constructed with the following commands:  

esearch -db protein -query PRJNA596816 | efetch -format fasta > ref/AGR1487_proteins.fa 

makeblastdb -in ref/AGR1487_proteins.fa -dbtype prot -out ref/AGR1487_prots -parse_seqids 

PANX results were combined into a single file for ease of use and translated into protein 

sequences to employ the BLAST pipeline. The individual text files for each of the positive, unique 

hits in nucleic acid were translated with a standard loop:  

for file in ref/panx/alignments/*.fa; do transeq -sequence $file -outseq 

ref/panx/translation/$(basename $file .fa).fasta; done as follows: cat ref/panx/translation/*.fasta > 

ref/panx/panx_combined.txt; done 
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�x aa Length: Amino acid length of the translated protein, calculated as nucleotide length 

divided by 3. 

�x Best Hit  Strain: The strain containing the closest homolog to the AGR1487 protein, or "No 

hit" if no significant similarity was found. 

�x Best Hit  Percent ID : Percentage sequence identity from BLASTP alignment against the 

closest homolog in other strains. "No hit" indicates genes unique to AGR1487. 

�x Best Hit  Percent Coverage: Percentage of the AGR1487 protein sequence aligned in the 

best BLASTP hit, indicating whether the match represents a full-length or partial protein 

alignment. 

�x Best Hit  E-value: BLASTP E-value representing the statistical significance of the alignment; 

lower values indicate more significant matches. 

�x Best Hit  Bit  score: BLASTP bit score representing the quality of the alignment; higher scores 

indicate better matches. 

Genes showing "No hit" across all columns represent proteins that are absent from the other 39 

L. fermentum strains, indicating AGR1487-specific gene content. Genes with low percent identity 

(<50%) represent strain-specific variants with distant homologs, while higher identity values indicate 

conserved proteins with sequence variation. 

 

5.4.6.  Gene ranking 

Two custom pipelines (map.sh and annotate.py) were developed to identify, score, and annotate 

AGR1487 candidate genes based on sequence homology and specificity across L. fermentum strains 

using the MMseqs2 bitscores are provided in the deletion priority score (DPS) folder in the digital 

appendix. The bitscore reported by MMseqs2 are a normalised measure of alignment strength that 
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integrates both match quality and alignment length. It is derived from the raw alignment score and 

adjusted using statistical constants that allow comparisons across databases and sequence lengths. In 

practical terms, a higher bitscore indicates a longer, more identical, and more confident alignment 

between two sequences. Unlike percentage identity alone, the bitscore accounts for alignment 

coverage, substitution matrix weights, and gap penalties, making it a robust indicator of overall 

sequence similarity. The ranking also integrates transcriptional activity measured during AGR1487 

cultivation in MRS media, prioritizing genes that are actively expressed and down-weighting those 

with minimal or absent expression. 

The bitscores were used because they provide a unified measure of sequence relatedness, 

enabling fair comparisons across genes of different lengths and between self and non-self-alignments. 

This allows the ranking algorithm to emphasize genes that are strongly conserved within AGR1487 

but weakly matched in other L. fermentum strains, highlighting potential strain-specific loci. 

Table 5.4-10: terms, names and variables used for the ranking output 

TERM  DESCRIPTION CONTRIBUTION TO 
RANKING  

RSID Gene identifier from the AGR1487 
genome (e.g., RS03620). 

Key identifier used for 
joining annotations. 

QID Query ID of the AGR1487 protein 
sequence in the reference genome. 

Maps the sequence in the 
assembly. 

CP Contig or chromosome accession 
(e.g., NZ_CP047585.1). Context for genomic origin. 

BEST_SELF_BITSCORE Highest BLAST bitscore when 
aligned against AGR1487 (self). 

Reflects intra-strain sequence 
strength. 

MEAN_SELF_BITSCORE Mean bitscore of all self-hits for that 
RSid. 

Captures within-strain 
conservation. 

N_SELF_HITS Number of self-hits. Indicates paralogy or 
redundancy. 

BEST_NONSELF_BITSCORE Highest bitscore against any non-
AGR1487 strain. 

Measures potential cross-
strain similarity. 

SELF_VS_NONSELF_RATIO Ratio of self vs non-self bitscore. Higher ratio = higher strain 
specificity. 

NEW RANK  Composite score integrating the above 
metrics. 

Used to order genes by 
AGR1487-specificity. 

ORDER Rank order (1 = highest specificity). Final priority measure for 
candidate selection. 
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the genomes have roughly a 3.1% ANI and Mash distance difference, each genome could theoretically 

hold 66.6 unique genes, which is 3.1% of the average number of detected OPFs found for L. 

fermentum. This value will be tested during the pan-genome analysis. 

 

 

Table 5.5-11: Plasmids found by Mash  

ACCESSION NUMBER NCBI ANNOTATION  
CP011537.1 Limosilactobacillus fermentum 3872 
CP047585.1 Limosilactobacillus fermentum strain AGR1487 

chromosome, complete genome 
CP033371.1 DR9 host of 3375.1 
CP033375.1 Limosilactobacillus fermentum strain DR9 plasmid 

unnamed4, complete sequence 
CP076447.1 Limosilactobacillus fermentum strain L1 plasmid 

unnamed1, complete sequence 
CP034100.1 Limosilactobacillus fermentum strain LMT2-75 

plasmid p1, complete sequence 
AP017974.1 Lactobacillus fermentum plasmid pLF25067 DNA, 

complete genome, strain: MTCC 25067 
CP019032.1 Limosilactobacillus fermentum strain SNUV175 

plasmid pSNU175-3, complete sequence 
CP035055.1 Limosilactobacillus fermentum strain SRCM 

103290 chromosome, complete genome (plasmid 
inserted) 

AP024321.1 Limosilactobacillus fermentum ike38 plasmid 
pike38 DNA, complete sequenc 
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Figure 5.5-1: ANI heat map. The ANI results were coloured from red (100% similarity) to green (97%). Genomes with little or no similarity were coloured grey if their 
similarity fell below 50%. The dataset contains 30 closed genomes of L. fermentum and the L. plantarum WCFS1 genome (control) from the NCBI RefSeq library.   
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5.5.2.  Whole Genome Alignments 

Please note that ORF in this chapter referred to annotation translated open reading frames 

(ORF) so that the protein sequences can be compared. MMseq2 is a software package that 

employs the RBH approach to compare protein sequences and identify orthologous regions 

(Steinegger & Söding, 2017). Individual p-scores for each translated ORF alignment were stored 

in the digital appendix. The results were filtered (p < 0.05) before further analysis. On average, 

L. fermentum genomes have a total of 2,147 ORFs, of which Mmseq2 found homology for an 

average of 1,622 of the available ORFs. The average identity match for the homologous ORFs 

was greater than 95% for all the strains of L fermentum. The Mmseq2 results implied that, on 

average, 525 of the ORFs were non-homologous because the application reported partial 

homology between ORFs. For instance, the alignment between AGR1485 and L. plantarum 

WCFS1 found 1297 homologous ORF with an average similarity of 55.80%. The number of 

homologous ORF and non-homologous reading frames changed depending on the genome pairing 

and was sensitive to which genome was used as the reference. An example of some of the 

alignments is provided in Table 5.5-12 and visually in Figure 5.5-2.  

The ORF order between L. fermentum genomes was highly conserved and limited to defined 

regions, separated by gaps with unconserved content. The unconserved content ranged from 

unique genes to degraded or missing loci. The gaps had few or no alignments with other genomes, 

indicating areas of high variation. The inversion observed in AGR1485 when the AGR1487 

genome was used as a reference is no exception and fell within one of these high variation zones. 

The locus was not inverted in strains AGR1487, B44, L1 and 2760. Still, its location was 

inconsistent between the genomes. Palindromic repeats border the inversion, and the gene content 

between the repeats contains transposons and various phage-related genes. Despite this inversion, 

the genomes had an average similarity of 98.37% (Table 5.5-12).  

LCBs were calculated using ProgressiveMauve to enhance the visualisation of indels, 

inversions, and translocation events for the AGR1487, B44, L1 and 2760 strains. A clear inversion 

was identified to start at position 1,550,000 nt into the AGR1485 genome, which translocated and 
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inverted at position 750,000 nt in the AGR1487 genome (Figure 5.5-3). While other translocation 

events were observed, no other large inversions were found.  

These results show that the structure, gene order and identity of the features within genomes 

from strains of L. fermentum are conserved. Unfortunately, TEER assay testing is limited, and the 

barrier-disruptive phenotype has not been described for any other strain tested here. Given that 

AGR1485 does not produce the barrier-disruptive phenotype and shares these regions of 

similarity with AGR1487 and the other strains, these regions of similarity are unlikely to be the 

source of the barrier-disruptive phenotype. With the understanding of what was shared between 

strains, finding the unique gene content was the next step. However, an all-versus-all analysis was 

impractical for the 40 NCBI RefSeq genomic sequences available as a dataset at the time of 

writing. Pan-genome analyses could achieve this goal.  

Table 5.5-12: MMseq2 alignment 

ALIGNMENT  NUMBER OF 
ALIGNED FEATURES  

AVERAGE MATCH AS A 
PERCENTAGE 

AGR1487 VS B44 1,568 97.88% 
B44 VS L1 1,632 98.77% 
L1 VS 2760 1,680 97.95% 

2760 VS AGR1485 1,934 98.87% 
AGR1485 VS WCFS1 1,297 55.80% 
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Figure 5.5-3: ProgressiveMauve LCB map. Closed L. fermentum AGR1487, 2760, L1, AGR1485, B44 and 
L. plantarum WCFS1 aligned with ProgressiveMauve. Locally, Collinear Blocks are coloured independently 
according to their identity, which is determined as a homologous region. A connecting line with the same 
colour as the LCB was used to connect the LCBs between genomes. All LCBs in the forward or similar 
direction are shown above the genome line, and any LCBs shown below the line are inversions relative to 
the reference sequence. AGR1485 was held as the reference sequence for this experiment. 
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Figure 5.5-4: Roray Pan-genome analysis. A. Pan-genome open reading frames displayed as a pie chart. B. Refractory plot of total genes and core genes as 
genomes are randomly added with each iteration. C. After all interactions were completed, the number of conserved genes or core genes was extracted from 
the refractory plot dataset. D. The average number of unique genes detected as genomes are randomly added to the analysis per iteration. The pan-genome 
analyses were done with 1,000 interactions. The data reach convergence with the inclusion of 17 genomes.  

 







   
 

179 
 

The location of each gene relative to the genome was not provided by the pan-genome 

software. The gene accession numbers were matched to the genes annotated on the genome. The 

genome gene model and gene annotation calculated by PGAP, Prokka, and Glimmer3 were 

mapped onto the AGR1487 genome atlas, revealing their location. The unique genes were found 

within regions of high variation. The genome was arbitrarily divided into five regions to aid the 

discussion (Figure 5.5-5). 
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Table 5.5-13: 62 AGR1487 specific cloud genes identified by the Roary pan-genome analysis with 100% sequence identity threshold. 

ID  ANNOTATION  START END NT 
LENGTH  

AA 
LENGTH  

BEST HIT 
STRAIN 

BEST HIT % 
ID  

BEST HIT % 
COVERAGE 

BEST HIT 
E VALUE  

BEST 
HIT BIT 
SCORE 

RS00155 ABC transporter permease 33309 34472 1164 388 YL-11 82.3 99.7 0.00E+00 513 
RS00325 aspartate ammonia-lyase 78029 79408 1380 460 SRCM103285 96.4 100 6.91E-16 67.4 
RS00335 diguanylate cyclase 79768 79980 213 71 No hit No hit No hit No hit No hit 
RS00340 GNAT family N-acetyltransferase 80164 80748 585 195 No hit No hit No hit No hit No hit 

RS00350 
aminotransferase class I/II-fold 
pyridoxal phosphate-dependent 

enzyme 
82665 83840 1176 392 No hit No hit No hit No hit No hit 

RS00355 hypothetical protein 84100 84333 234 78 SRCM103285 99.3 100 0.00E+00 833 
RS00580 DUF4422 domain-containing protein 133628 134314 687 229 YL-11 32.5 53.5 1.06E-15 76.3 

RS00585 capsular polysaccharide synthesis 
family protein 134503 135306 804 268 SRCM103285 36.5 61.9 2.14E-28 112 

RS00590 glycosyltransferase 135358 135633 276 92 No hit No hit No hit No hit No hit 
RS00595 EpsG family protein 136344 137534 1191 397 MTCC 25067 95.9 100 4.54E-113 318 
RS00600 serine acetyltransferase 137657 138151 495 165 L1 91.4 99.6 0.00E+00 872 
RS00910 hypothetical protein 198689 199249 561 187 PMC101 96.3 100 1.58E-106 301 
RS00925 hypothetical protein-flavodoxin 201038 201547 510 170 No hit No hit No hit No hit No hit 
RS00930 hypothetical protein 201534 201890 357 119 PCC 92.7 87.4 6.62E-148 416 
RS01080 hypothetical protein 231127 231687 561 187 B44 48.9 96.9 1.87E-93 278 
RS01085 aldo/keto reductase 231926 232783 858 286 PCC 97.4 100 0.00E+00 603 
RS01090 aldo/keto reductase 232797 233660 864 288 PCC 98.9 100 2.35E-128 358 
RS01665 beta-galactosidase 351969 353981 2013 671 NCC2970 100 100 1.37E-68 200 

RS01670 glycoside-pentoside-hexuronide 
(GPH):cation symporter 353974 355419 1446 482 YL-11 99.5 100 5.13E-149 411 

RS01675 LacI family DNA-binding 
transcriptional regulator 355552 356574 1023 341 ike38 100 100 3.13E-57 170 

RS01680 SDR family oxidoreductase 356885 357679 795 265 YL-11 98.6 100 2.25E-156 431 
RS02170 IS5 family transposase 453952 454727 776 258 No hit No hit No hit No hit No hit 
RS02660 hypothetical protein 548139 548309 171 57 VHProbi O48 99.7 100 0.00E+00 663 

RS03575 Arm DNA-binding domain-containing 
protein 718176 718397 222 74 AGR1485 98.7 100 5.11E-50 160 
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RS03615 hypothetical protein (metal-sulfur 
cluster assembly factor) 723640 724083 444 148 No hit No hit No hit No hit No hit 

RS03620 ImmA/IrrE family metallo-
endopeptidase 724110 724334 225 75 SNUV175 99.2 100 7.24E-83 238 

RS03625 hypothetical protein 724306 724605 300 100 JNU 532 97.9 100 0.00E+00 1052 
RS03635 transposase 725263 725586 324 108 YLF016 100 100 6.12E-148 408 

RS03640 helix-turn-helix transcriptional 
regulator 725742 725957 216 72 M4 94.6 100 9.22E-119 332 

RS03645 phage antirepressor 725990 726778 789 263 M4 98 100 4.22E-109 308 
RS03655 hypothetical protein 727859 728179 321 107 2760 97.1 100 0.00E+00 1175 
RS03660 Inositolphosphorylceramide synthase 728323 728490 168 56 AGR1485 92.6 100 1.15E-82 238 

RS03695 hypothetical protein (lactate utilisation 
protein C) 731789 732790 1002 334 AGR1485 98.7 100 0.00E+00 1099 

RS03700 
hypothetical protein (LutB/LldF 

family L-lactate oxidation iron-sulfur 
protein) 

732832 733278 447 149 AGR1485 61.6 80.6 0.00E+00 723 

RS03795 phage tail 751294 753579 2286 762 3872 98.7 100 1.02E-51 156 
RS03820 hypothetical protein 754886 755383 498 166 AGR1485 65.8 100 2.16E-57 174 

RS03860 IS5 family transposase 761687 762007 321 107 IMDO 
130101 99 100 0.00E+00 579 

RS03875 MucBP domain-containing protein 762847 765993 3147 1049 DM075 97.6 90.3 0.00E+00 548 

RS03905 TIGR02328 family protein 769281 769643 363 121 IMDO 
130101 99 100 0.00E+00 783 

RS03925 site-specific integrase 772259 773065 807 269 SNUV175 100 100 3.77E-51 154 

RS04875 Rgg/GadR/MutR family 
transcriptional regulator 969916 970833 918 306 YL-11 99.6 100 0.00E+00 521 

RS04890 phage scaffolding protein 973696 973944 249 83 YL-11 99.3 100 8.49E-110 308 
RS05065 hypothetical protein 1004935 1005072 138 46 PCC 92.2 74.7 0.00E+00 649 

RS05330 type II toxin-antitoxin system 
RelE/ParE family toxin 1061383 1061667 285 95 SRCM 

103290 98.6 100 4.95E-99 280 

RS05370 methyltransferase domain-containing 
protein 1068394 1069104 711 237 YLF016 98.9 100 1.73E-61 181 

RS05375 transposase 1069264 1069599 336 112 SRCM103285 100 100 0.00E+00 588 
RS05405 hypothetical protein 1076705 1076884 180 60 MTCC 25067 100 100 2.24E-111 317 

RS05410 SEC10/PgrA surface exclusion 
domain-containing protein 1076986 1077975 990 330 SCB0035 99.4 100 0.00E+00 685 
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RS05415 SEC10/PgrA surface exclusion 
domain-containing protein 1078030 1078374 345 115 M4 100 100 7.04E-82 234 

RS05420 LPXTG cell wall anchor domain-
containing protein 1079146 1079724 579 193 ike38 99.7 100 0.00E+00 804 

RS05425 hypothetical protein 1079715 1080389 675 225 ike38 100 100 5.43E-128 357 

RS05540 TetR family transcriptional regulator 
C-terminal domain-containing protein 1101609 1101818 210 70 AGR1485 99.6 100 0.00E+00 553 

RS05945 IS5 family transposase 1181855 1182630 776 258 No hit No hit No hit No hit No hit 
RS06245 hypothetical protein 1248542 1248784 243 81 JNU 532 100 100 0.00E+00 516 

RS07340 IS200/IS605 family element 
transposase accessory protein TnpB 1446759 1447004 246 82 No hit No hit No hit No hit No hit 

RS08060 DUF421 domain-containing protein 1572916 1573539 624 208 SRCM 
103290 98.5 100 6.60E-43 132 

RS08065 DUF3290 family protein 1573552 1573995 444 148 YLF016 100 100 8.42E-162 445 
RS08410 hypothetical protein 1685595 1685798 204 68 ike38 98 100 1.88E-110 310 

RS08610 glycerophosphodiester 
phosphodiesterase 1686096 1687742 1647 549 No hit No hit No hit No hit No hit 

RS08770 HigA family addiction module 
antidote protein 1714184 1714540 357 119 PMC101 99.2 100 0.00E+00 537 

RS09860 putative holin-like toxin 1500217 1500309 93 31 No hit No hit No hit No hit No hit 

RS09865 Subtilisin-like protein hydrolase 
activity (serine) 1500407 1500604 198 66 MTCC 25067 97.1 100 5.59E-73 215 

BLASTP STATISTICS SHOW PERCENT IDENTITY, PERCENT QUERY COVERAGE, AND BIT SCORES FOR THE BEST MATCH TO PROTEINS ACROSS 
39 NON-AGR1487 L. FERMENTUM STRAINS. GENE COORDINATES AND LENGTHS ARE DERIVED FROM BLAST ALIGNMENTS AGAINST ROARY 
PAN-GENOME REPRESENTATIVE SEQUENCES AND MAY NOT REFLECT FULL OPEN READING FRAME BOUNDARIES. GENES WITH "NO HIT" 
HAD NO SIGNIFICANT MATCH IN OTHER STRAINS AT THE SEARCH THRESHOLD . VALIDATION USING FULL -LENGTH PROKKA -ANNOTATED  

PROTEINS (SEE SECTION 5.5.5) CONFIRMED GENE IDENTIFICATION BUT REVEALED DIFFERENT SEQUENCE STATISTICS DUE TO ORF 
BOUNDARY DIFFERENCES. 
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Table 5.5-14: 21 AGR1487 specific cloud genes identified by the Roary pan-genome analysis with 95% sequence identity threshold. 

ID  ANNOTATION  START END NT 
LENGTH  

AA 
LENGTH  

BEST HIT 
STRAIN 

BEST HIT % 
ID  

BEST HIT % 
COVERAGE 

BEST HIT 
E VALUE  

BEST 
HIT BIT 
SCORE 

RS00335 diguanylate cyclase 79768 79980 213 71 No hit No hit No hit No hit No hit 

RS00340 GNAT family N-
acetyltransferase 80164 80748 585 195 No hit No hit No hit No hit No hit 

RS00350 
aminotransferase class I/II-
fold pyridoxal phosphate-

dependent enzyme 
82665 83840 1176 392 No hit No hit No hit No hit No hit 

RS00355 hypothetical protein 84100 84333 234 78 SRCM103285 99.3 100 0.00E+00 833 

RS00580 DUF4422 domain-
containing protein 133628 134314 687 229 YL-11 32.5 53.5 1.06E-15 76.3 

RS00585 capsular polysaccharide 
synthesis family protein 134503 135306 804 268 SRCM103285 36.5 61.9 2.14E-28 112 

RS00590 glycosyltransferase 135358 135633 276 92 No hit No hit No hit No hit No hit 
RS00595 EpsG family protein 136344 137534 1191 397 MTCC 25067 95.9 100 4.54E-113 318 
RS00910 hypothetical protein 198689 199249 561 187 PMC101 96.3 100 1.58E-106 301 
RS00930 hypothetical protein 201534 201890 357 119 PCC 92.7 87.4 6.62E-148 416 

RS03615 
hypothetical protein (metal-

sulfur cluster assembly 
factor) 

723640 724083 444 148 No hit No hit No hit No hit No hit 

RS03695 hypothetical protein (lactate 
utilisation protein C) 731789 732790 1002 334 AGR1485 98.7 100 0.00E+00 1099 

RS03700 

hypothetical protein 
(LutB/LldF family L-lactate 

oxidation iron-sulfur 
protein) 

732832 733278 447 149 AGR1485 61.6 80.6 0.00E+00 723 

RS03795 phage tail 751294 753579 2286 762 3872 98.7 100 1.02E-51 156 

RS05370 methyltransferase domain-
containing protein 1068394 1069104 711 237 YLF016 98.9 100 1.73E-61 181 
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RS05415 
SEC10/PgrA surface 
exclusion domain-
containing protein 

1078030 1078374 345 115 M4 100 100 7.04E-82 234 

RS07340 
IS200/IS605 family element 

transposase accessory 
protein TnpB 

1446759 1447004 246 82 No hit No hit No hit No hit No hit 

RS08060 DUF421 domain-containing 
protein 1572916 1573539 624 208 SRCM 

103290 98.5 100 6.60E-43 132 

RS08065 DUF3290 family protein 1573552 1573995 444 148 YLF016 100 100 8.42E-162 445 
RS08410 hypothetical protein 1685595 1685798 204 68 ike38 98 100 1.88E-110 310 

RS08610 glycerophosphodiester 
phosphodiesterase 1686096 1687742 1647 549 No hit No hit No hit No hit No hit 

THIS SUBSET OF 21 GENES FROM TABLE 5.5-13 SHOWS BLASTP RESULTS AGAINST 39 OTHER L. FERMENTUM  STRAINS. GENE BOUNDARIES 
ARE DERIVED FROM ALIGNMENTS TO ROARY REPRESENTATIVE SEQUENCES RATHER THAN COMPLETE ORF ANNOTATIONS. GENES 

WITH "NO HIT" WERE NOT DETECTED IN OTHER STRAINS, WHILE THOSE WITH LOW SIMILARITY SCORES REPRESENT REGIONS WHERE 
THE ROARY Q UERY SEQUENCE DIVERGED FROM AGR1487. SUBSEQUENT VALIDATION USING FULL -LENGTH PROKKA ANNOTATIONS 
DEMONSTRATED THAT MOST GENES IN THIS SUBSET HAVE NEAR -IDENTICAL HOMOLOGS (96 -100% IDENTITY) WHEN COMPLETE ORF 

SEQUENCES ARE COMPARED. 
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5.5.5.  Candidate gene ranking 

The gene ranking analysis compared protein sequences from Limosilactobacillus fermentum 

AGR1487 against both its own genome and 39 other L. fermentum genomes to test and rank the unique 

gene candidates. Each gene was assessed using quantitative parameters: best_self_bitscore, which is the 

highest BLAST alignment score for a gene matching itself; self_vs_nonself_ratio, representing how 

much more strongly a gene aligns within AGR1487 than with other strains; mean_self_bitscore, the 

average strength of all intra-strain matches; and n_self_hits, the number of homologous hits identified 

within the same genome. The bitscore is a normalised measure derived from BLAST that indicates the 

statistical strength of an alignment and the length of an alignment, with higher values corresponding to 

greater similarity and lower probabilities of random matches. 

To further refine the ranking, RNA expression data from AGR1487 cultured in MRS media were 

incorporated into the scoring model. This adjustment rewarded genes that were transcriptionally active 

under growth conditions while penalising those with low or no expression, ensuring that the final ranking 

prioritised genes that are not only sequence-specific but also biologically expressed. 

Several genes were among the highest-ranked based on strong self-conservation and limited 

similarity to other L. fermentum strains. The top five genes identified were RS08610 

(glycerophosphodiester phosphodiesterase), RS03875 (MucBP domain-containing protein), RS01665 

(beta-galactosidase), RS00585 (capsular polysaccharide synthesis protein), and RS03795 (S74 domain 

protein with hydrolase activity similar to Lactobacillus phage JNU P5 tail fibre). These genes 

demonstrate high within-strain similarity and divergence from related L. fermentum genomes. 
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Table 5.5-15: Candidate rankings 

RSID 
NEW 

RANK 
SCORE 

BEST 
SELF 

BITSCORE 

MEAN 
SELF 

BITSCORE 

N 
SELF 
HITS 

BEST 
NONSELF 
BITSCORE 

SELF VS 
NONSELF 

RATIO  

PROKKA 
PIDENT 

PROKKA 
COVERAGE 

PENALTY 
FACTOR 

PROKKA 
AA 

LENGTH  
ANNOTATION  

RS08610 5752.1 1036.0 569.0 2.0 104.0 10.0 99.6 100.0 0.5 224.0 glycerophosphodiester 
phosphodiesterase 

RS03875 4838.6 1918.0 1918.0 1.0 516.0 3.7 97.6 100.0 0.5 375.0 MucBP domain-containing 
protein 

RS03795 3052.8 1425.0 1425.0 1.0 485.0 2.9 96.9 100.0 0.5 655.0 
S74 domain; Lactobacillus 
phage JNU P5 tail fibre; 

hydrolase activity 

RS01665 3021.9 1425.0 1425.0 1.0 461.0 3.1 99.4 100.0 0.5 315.0 beta-galactosidase 

RS00585 3001.0 625.0 625.0 1.0 74.0 8.4 99.7 99.0 0.5 395.0 capsular polysaccharide 
synthesis protein 

RS00325 2985.1 913.0 417.3 3.0 361.0 2.5 42.7 97.0 0.9 391.0 aspartate ammonia-lyase 

RS00590 2268.8 657.0 349.5 2.0 117.0 5.6 98.2 89.0 0.5 62.0 glycosyltransferase 

RS05415 1756.5 595.0 356.5 2.0 130.0 4.6 97.6 100.0 0.5 492.0 
SEC10/PgrA surface 

exclusion domain-containing 
protein 

RS00350 1479.1 807.0 258.2 9.0 321.0 2.5 98.3 100.0 0.5 298.0 
aminotransferase class I/II-
fold pyridoxal phosphate-

dependent enzyme 

RS05410 1427.0 595.0 332.5 2.0 166.0 3.6 98.3 100.0 0.5 229.0 
SEC10/PgrA surface 

exclusion domain-containing 
protein 



   
 

187 
 

RS07340 1330.9 837.0 837.0 1.0   98.7 100.0 0.5 234.0 
IS200/IS605 family 

accessory protein TnpB-
related protein 

RS01670 1243.3 945.0 627.5 2.0 612.0 1.5 99.6 100.0 0.5 243.0 
glycoside-pentoside-

hexuronide (GPH):cation 
symporter 

RS01675 1175.8 687.0 414.0 2.0 295.0 2.3 99.5 100.0 0.5 412.0 LacI family DNA-binding 
transcriptional regulator 

RS00595 1174.2 753.0 753.0 1.0   99.7 100.0 0.5 346.0 EpsG family protein 

RS01085 1071.1 591.0 224.9 8.0 233.0 2.5 99.3 100.0 0.5 273.0 aldo/keto reductase 

RS04875 1068.8 613.0 436.5 2.0 267.0 2.3 98.2 100.0 0.5 221.0 Rgg/GadR/MutR family 
transcriptional regulator 

RS03695 1068.3 668.0 668.0 1.0   98.4 100.0 0.5 183.0 hypothetical protein 

RS05370 970.9 493.0 240.7 3.0 172.0 2.9 99.7 100.0 0.5 360.0 class I SAM-dependent 
methyltransferase 

RS00155 912.5 773.0 773.0 1.0 641.0 1.2 98.8 100.0 0.5 325.0 ABC transporter permease 

RS00580 894.7 558.0 352.0 2.0 265.0 2.1 99.4 100.0 0.5 181.0 DUF4422 Family-
glycosyltransferase 

RS03925 887.7 531.0 379.5 2.0 261.0 2.0 96.1 100.0 0.5 388.0 site-specific integrase 

RS00925 850.6 359.0 169.7 3.0 98.0 3.7 99.7 100.0 0.5 346.0 hypothetical protein-
flavodoxin 

RS05405 770.3 709.0 709.0 1.0 702.0 1.0 98.5 100.0 0.5 66.0 hypothetical protein 

RS01080 748.7 376.0 175.3 3.0 134.0 2.8 98.3 100.0 0.5 242.0 hypothetical protein 
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RS08770 713.1 664.0 223.1 8.0 653.0 1.0 97.6 100.0 0.5 248.0 HigA family addiction 
module antidote protein 

RS01090 673.4 589.0 230.9 8.0 488.0 1.2 99.1 100.0 0.5 451.0 aldo/keto reductase 

RS00340 648.9 417.0 417.0 1.0   99.8 100.0 0.5 466.0 GNAT family N-
acetyltransferase 

RS03620 648.3 603.0 603.0 1.0 603.0 1.0 98.8 100.0 0.5 249.0 ImmA/IrrE family metallo-
endopeptidase 

RS03645 647.8 536.0 536.0 1.0 419.0 1.3 99.2 100.0 0.5 121.0 phage antirepressor 

RS08060 639.0 409.0 409.0 1.0   99.6 100.0 0.5 269.0 DUF421 domain-containing 
protein 

RS00910 615.4 397.0 397.0 1.0   100.0 100.0 0.5 215.0 hypothetical protein 

RS05425 595.6 376.0 376.0 1.0   98.9 100.0 0.5 443.0 hypothetical protein 

RS01680 562.6 529.0 180.2 6.0 484.0 1.1 100.0 100.0 0.5 148.0 SDR family oxidoreductase 

RS03820 545.9 357.0 357.0 1.0 195.0 1.8 97.8 100.0 0.5 183.0 hypothetical protein 

RS05420 523.9 334.0 334.0 1.0   99.4 100.0 0.5 505.0 LPXTG cell wall anchor 
domain-containing protein 

RS08065 465.2 292.0 292.0 1.0   98.6 100.0 0.5 295.0 DUF3290 family protein 

RS03625 463.2 440.0 282.0 2.0 440.0 1.0 99.0 100.0 0.5 195.0 hypothetical protein 

RS03615 458.8 296.0 296.0 1.0   100.0 100.0 0.5 120.0 hypothetical protein 

RS03700 441.3 277.0 277.0 1.0   98.6 100.0 0.5 357.0 hypothetical protein 

RS03905 414.0 265.0 265.0 1.0   99.6 100.0 0.5 246.0 TIGR02328 family protein 

RS00930 402.2 252.0 252.0 1.0   98.5 100.0 0.5 841.0 hypothetical protein 
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RS08410 395.4 297.0 297.0 1.0 194.0 1.5 99.4 100.0 0.5 171.0 hypothetical protein 
alpha/beta hydrolase 

RS05375 370.2 344.0 253.3 13.0 344.0 1.0 98.1 100.0 0.5 466.0 transposase 

RS00600 357.6 332.0 332.0 1.0 324.0 1.0 99.3 100.0 0.5 553.0 serine acetyltransferase 

RS03635 356.2 227.0 227.0 1.0 119.0 1.9 97.8 100.0 0.5 321.0 transposase 

RS03860 332.0 229.0 109.0 3.0 126.0 1.8 99.4 100.0 0.5 162.0 IS5 family transposase 

RS03575 322.2 143.0 143.0 1.0 46.0 3.1 96.4 100.0 0.5 1028.0 Arm DNA-binding domain-
containing protein 

RS09860 311.5 64.0 64.0 1.0 48.0 1.3 No hit - 2.0  putative holin-like toxin 

RS03655 280.4 236.0 236.0 1.0 187.0 1.3 99.7 100.0 0.5 386.0 hypothetical protein 

RS00355 263.9 165.0 165.0 1.0   98.4 100.0 0.5 314.0 hypothetical protein 

RS00335 221.6 141.0 141.0 1.0   99.3 100.0 0.5 406.0 diguanylate cyclase 

RS03640 219.3 139.0 139.0 1.0   99.1 100.0 0.5 215.0 helix-turn-helix 
transcriptional regulator 

RS05540 212.2 199.0 199.0 1.0 196.0 1.0 99.6 100.0 0.5 271.0 
TetR family transcriptional 

regulator C-terminal domain-
containing protein 

RS04890 195.5 155.0 155.0 1.0 109.0 1.4 100.0 100.0 0.5 148.0 phage scaffolding protein 

RS02660 173.6 112.0 112.0 1.0   100.0 100.0 0.5 247.0 hypothetical protein 

RS05330 169.3 156.0 156.0 1.0 156.0 1.0 98.3 100.0 0.5 235.0 type II toxin-antitoxin system 
RelE/ParE family toxin 

RS06245 154.3 144.0 144.0 1.0 138.0 1.0 100.0 100.0 0.5 123.0 hypothetical protein 
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RS03660 128.6 107.0 107.0 1.0 87.0 1.2 98.4 74.0 0.5 250.0 Inositolphosphorylceramide 
synthase 

RS05065 123.3 91.0 91.0 1.0 59.0 1.5 98.7 100.0 0.5 386.0 hypothetical protein 

RS09865 82.3 64.0 64.0 1.0 48.0 1.3 97.1 65.0 0.5 267.0 Subtilisin-like protein 
hydrolase (serine) 

CLOUD GENES WERE RANKED USING A COMPOSITE SCORE INTEGRATING MMSEQS2 ALIGNMENT METRICS AND A PENALTY FACTOR DERIVED 
FROM FULL -LENGTH PROKKA PROTEIN BLAST VALIDATION AGAINST 39 L. FERMENTUM  STRAINS.  

COLUMN DESCRIPTIONS: RSID, AGR1487 GENE IDENTIFIER; NEW RANK SCORE, COMPOSITE RANKING SCORE AFTER APPLYING THE PROKKA -BASED 
PENALTY FACTOR; BEST SELF BITSCORE, HIGHEST MMSEQS2 BITSCORE WHEN ALIGNED AGAINST AGR1487 PROTEINS (SELF -ALIGNMENT); MEAN 
SELF BITSCORE, AVERAGE BITSCORE ACROSS ALL SELF -HITS; N SELF HITS, NUMBER OF SELF -HITS INDICATING POTENTIAL PARALOGS; BEST 
NONSELF BITSCORE, HIGHEST BITSCORE AGAINST ANY NON -AGR1487 STRAIN; SELF VS NONSELF RATIO, RATIO OF SELF TO NON -SELF BITSCORE 
WHERE HIGHER VALUE S INDICATE GREATER STRAIN SPECIFICITY; PROKKA PIDENT, PERCENT IDENTITY OF FULL -LENGTH PROKKA -ANNOTATED 
PROTEIN TO BEST HIT IN OTHER STRAINS; PROKKA COVERAGE, PERCENT QUERY COVERAGE OF THE PROKKA BLAST ALIGNMENT; PENALTY 
FACTOR, MULTIPLIER APPLIED TO ORIGIN AL RANKING SCORE BASED ON PROKKA IDENTITY (VALUES <1.0 PENALISE GENES WITH NEAR -
IDENTICAL HOMOLOGS; 2.0 REWARDS TRULY UNIQUE GENES); PROKKA AA LENGTH, FULL -LENGTH PROTEIN SIZE FROM PROKKA ANNOTATION; 
ANNOTATION, FUNCTIONAL ANNOTATION.  

TWO IS5 FAMILY TRANSPOSASES (RS02170, RS05945) WERE EXCLUDED AS THESE IDENTICAL SEQUENCES WERE MASKED DURING MMSEQS2 
ANALYSIS DUE TO THEIR REPETITIVE NATURE, AND THEIR ABSENCE OF PROKKA BLAST HITS REFLECTS TECHNICAL MASKING RATHER THAN 
BIOLOGICAL UNIQUENES S. 
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5.5.6.  Genome atlas with all results 

 

Figure 5.5-5: Genome atlas of AGR1487. The genome atlas of AGR1487 over layed with additional detail. Outter ring to inner ring Forward CDS, Reverse CDS, Unque 
genes from the 95% list, Unique genes from the 100% list, Conserved CDS alignments calculated with Mmseq2 reciprocal best hits approach, GC content, GC skew. 
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the genes present in various decay states? A comparative and synteny analysis of the coding 

sequences (CDS) regions was conducted using Mmseqs2 to answer these questions. Mmseqs2 is 

a fast and sensitive software suite for protein sequence analysis, capable of identifying orthologs 

between species based on the highest-scoring protein sequence alignments. The Mmseq2 

alignments highlighted a high degree of conservation in identity match, and CDS order yet 

revealed significant genomic variations. For instance, L. fermentum AGR1487 has a genome size 

of 1,939,032-bp, which is 287,830-bps smaller than the strain AGR1485 (2,226,862-bp). The 

287,830 bps of DNA missing from AGR1487 was not located in a single deletion but was spread 

through the genome. There was also a notable inversion and sequence translocation. The inverted 

locus was also present in half the strains in the dataset. The inverted locus did not produce the 

same alignment score between strains, nor was it the same size, underscoring the complex nature 

of genetic evolution within L. fermentum.  

To better visualise these genomic rearrangements, LCBs for the genome were calculated by 

ProgressiveMauve, enabling the identification and illustration of homologous regions and 

rearrangements such as inversions and translocations. This analysis provided a clearer picture of 

the genomic landscape. The most prominent genetic event distinguishing the AGR1485 and 

AGR1487 is a single inversion that also translocates from a nucleotide position of approximately 

1,550,000 in the AGR1485 genome to around 750,000 in the AGR1487 genome. These distinct 

inversion and translocation are indicators of horizontal gene transfer (HGT). To further support 

that this was a HGT event, the LCBs for this region were compared to the other strains. The 

translocation position was inconsistent between genomes, and the LCB was absent from the B44 

genome, a sign that this LCB is not a universal feature of this species of bacteria in support of 

previous BLAST analyses. The LCB could have eroded in B44, a naturally occurring event 

commonly known as reductive evolution, where unconserved genes are lost gradually over time. 

Given the varying MMseq2 scores and the change in locus alignment sizes between strains, this 

locus showed signs of reductive evolution.  
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reduction in bacterial lineages. Due to the reductive evolution observed in the locus above, the 

phenotype may still reside within the 41 genes that did not agree between lists when changing the 

cutoff threshold. Still, the list of 21 genes that agreed between the lists represents the unique genes 

in AGR1487. However, their locations relative to all the other data (such as the MMseqs2 

alignments) could provide further information regarding which parts of the genome could be 

responsible for the barrier disruptive-phenotype.  

The gene candidates were further tested to quantify their sequence-level uniqueness and 

evaluate their specificity across all 40 L. fermentum strains. Using a custom MMseqs2- and 

BLAST-based ranking framework, each gene was assigned a composite score reflecting both its 

conservation within AGR1487 and its divergence from homologous sequences in other strains. 

The ranking was further weighted by whether the genes were expressed by AGR1487 when 

exposed to MRS media. To validate these results and address potential discrepancies from the use 

of Roary pan-genome representative sequences, full-length Prokka-annotated proteins were 

compared against 39 other L. fermentum (AGR1487 excluded) strains using BLASTP. This 

validation revealed that most cloud genes had near-identical homologs (96-100% identity) in at 

least one other strain when complete ORF sequences were compared, indicating that their 

classification as cloud genes reflects rarity within the pan-genome rather than absolute sequence 

uniqueness. The original ranking scores were subsequently modified by a penalty/bonus factor 

based on Prokka BLAST identity: genes with high identity to other strains were penalised, while 

the single truly unique gene (RS09860) received a bonus. This quantitative approach 

complements the qualitative alignment results by identifying which genes are truly AGR1487-

specific rather than artifacts of assembly variation, truncation, or pan-genome rarity. Genes with 

the highest rank scores represent the most distinct loci in the AGR1487 genome and may therefore 

underpin the barrier-disruptive phenotype observed in this strain. 

To visualise the regions where other AGR1487 unique genes were found relative to other 

L. fermentum strains, the Mmseq2 results were aligned to the AGR1487 genome atlas from 

Chapter 4, along with the unique genes found during the pan-genome analysis. The AGR1487 
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Region 5 encompassed eight unique genes, including RS07340, an IS200/IS605 family 

accessory protein TnpB-related protein; RS08060, a DUF421 domain-containing protein; 

RS08065, a DUF3290 family protein; RS08410, a hypothetical protein with a predicted alpha/beta 

hydrolase; RS08610, a glycerophosphodiester phosphodiesterase; RS08770, a HigA family 

addiction module antidote protein; RS09860, a putative holin-like toxin; and RS09865, a 

subtilisin-like protein with hydrolase activity targeted at serine; and CP047585.1, an IS5 family 

transposase. Transmembrane helices, domains, or signalling peptides were not detected within 

this region due to incomplete annotations or annotations that did not span the entire reading frame; 

these genes cannot be ruled out. Some of these genes have predicted functions that could give rise 

to the barrier-disruptive phenotype.  

Overall, the unique genes were all observed to align with AT-rich regions of the genome in 

high variation zones, which often had genes associated with phage, palindromic repeats, and 

transposases. This observation indicates potential occurrences of horizontal gene transfer events. 

The presence of fragmented transposases and genes initially identified as fragments by Roary 

(such as RS03620, later confirmed as full-length) within these variable regions is consistent with 

the dynamic nature of these loci, where mobile genetic elements facilitate gene acquisition, 

duplication, and subsequent decay through pseudogenisation. These events were not localised, 

suggesting they did not happen simultaneously but gradually over time.  

 

5.7.  Conclusion 

The genomes of L. fermentum were highly conserved in gene identity and gene order. The 

genomes had a similarity of approximately 97%. The 3.1% difference between the genomes 

amounted to around 67 unique genes per genome. AGR1487 contained 62 unique genes that were 

not localised into a single region but dispersed throughout the genome. All the unique genes were 

limited to areas with a high AT content surrounded by palindromic repeats. Many of these also 
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contained fragments of phages or transposons, suggesting that the primary source of divergence 

between genomes of L. fermentum arose from horizontal gene transfer events. 

The gene candidates contributing to this barrier-disruptive phenotype most likely fall within 

these regions of high variation. Two of these regions contained genes that have the potential to 

cause the barrier-disruptive phenotype and are part of domesticated phages. Two of these 

candidates are enzymes, a metalloendopeptidase and a hydrolase, which are rare in other L. 

fermentum strains and may represent the primary focus for future research. 

Integrating genomic data with other omics approaches like transcriptomics during the TEER 

assay may offer a more comprehensive perspective on the molecular mechanisms behind this 

disruptive phenotype and facilitate the discovery of biomarkers. The next chapter focuses on 

which high-variation regions are turned on during the barrier-disruptive phenotype, and the 

identified unique genes were tested for expression during the transcriptomics assays carried out 

in Chapter 6. 




















































































































































