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CHAPTER 1 
 
 

Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

A. THESIS OVERVIEW 

 

Beneficial microbes have been implemented into human health practices for centuries; 

however, there are many unanswered questions on the role and function of these bacteria 

as a therapeutic. Researchers have only begun to understand that probiotic bacteria in 

the commensal microbiome can prime the immune system and protect against many 

infections during early life and adulthood, particularly those caused by respiratory viruses. 
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The exact mechanisms by which these symbiotic organisms convey protection to the host 

are not fully understood, limiting the clinical application of the microbiome in disease 

treatment and diagnostics. In this thesis work, I examine the effect of the probiotic 

bacterial genera Lactobacillus on the outcomes of acute viral infection by Respiratory 

Syncytial Virus (RSV) in cotton rats and explore potential mechanisms of action to bring 

therapeutic insight to commensal microbes. Chapter 1 of this thesis is focused on the 

significance and pathogenesis of RSV, as well as the history and role of the microbiome. 

Further, the microbiome is defined in the context of the gut and respiratory tract and how 

bacterial interactions can protect from disease. In Chapter 2, I described the first 

comprehensive characterization of the cotton rat microbiome and revealed how genetics 

contribute to host-microbiome structure. In Chapter 3, I generated and applied two de 

novo cotton rat transcriptome references to analyze gene changes during RSV infection. 

In Chapter 4, I utilized the cotton rat model to study the contribution of commensal 

Lactobacillus in the protection from severe RSV outcomes. In Chapter 5, I further 

investigated a mechanism of action for Lactobacillus-mediated protection through the 

secreted protein p40. Finally, in Chapter 6, I discussed how these findings present a 

model for understanding the relationship between host and microbe during respiratory 

viral infections and the future directions of these studies. 
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B. RESPIRATORY SYNCYTIAL VIRUS (RSV) 

 

 

 

i. The significant health burden of RSV in humans 

 

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract 

infection (LRTI) and hospitalization in children below the age of two years. While RSV is 

a health burden in all age groups, it is a severe global threat to preterm infants,  

immunocompromised individuals, and the elderly (1, 2). More than 33 million episodes of 

lower respiratory tract infections, 3.6 million hospital admissions, and over 100,000 in-

hospital deaths in children < 5 years occur each year due to RSV (3), with mortality rates 

estimated to be higher due to underestimation in low-income countries (4).  

An estimated 30-60% of children are infected with RSV in the first year of life, with 

nearly all children having been infected before the age of two (5, 6). Most infections cause 

mild to moderate acute respiratory infection (ARI) with cold-like symptoms (7). However, 

some patients may develop severe infection and airway inflammation, resulting in 

respiratory complications that persist into early adulthood (8, 9). RSV LRTIs are one of 

the most common causes of hospitalization of infants in the United States (10, 11). RSV-

related hospitalization in early life is associated with 4-fold increased odds of developing 

recurrent wheezing or childhood asthma (12). There is also a significant association 

between severe RSV ARI in infancy and an increased risk of recurrent wheezing and 

childhood asthma (13). In addition, severe RSV infection in early life is also a risk factor 
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for developing sensitization to common allergens (14, 15). Although all children are 

infected with RSV, not all develop severe outcomes, suggesting intrinsic and extrinsic 

factors in disease risk that remain unclear.  

Once the host airways become infected, RSV replicates in the upper respiratory 

tract for 2-8 days, with viral titers peaking around day 3-5 (16).  In response to viral-

induced damage signals, the airways are rapidly infiltrated with immune cells and develop 

edema in the interstitium (17). In severe cases, the immune cell infiltration may lead to 

uncontrolled inflammation called a “cytokine storm” that limits the host’s ability to 

sequester infected tissue and limit viral-induced cell death. Subsequent necrosis of the 

airway tissue leads to epithelial sloughing and increased mucus production that obstructs 

the airways and spreads the infection to the lower respiratory tract. LRTIs are often 

associated with other complications, such as bacterial superinfection and pneumonia. 

Since the lung is among the last organs to mature after birth, there are more incidences 

of RSV LRTI in young infants (< 6 months) that often result in life-threatening bronchiolitis 

(inflammation of the lung’s small airways) and pneumonia (infection of the lungs) (17).  

The host immune response to RSV does not elicit long-lasting natural immunity 

(18), leaving individuals susceptible to multiple infections with RSV in their lifetime. 

Unfortunately, to date, there is no approved RSV vaccine and only one monoclonal 

antibody preventative strategy (Palivizumab), which is used only in high-risk children (19, 

20). The failure of the formalin-inactivated RSV vaccine in the 1960s, which 

counteractively enhanced disease in vaccinees upon encounter with the virus, hampered 

the development of new RSV vaccines for decades (21-23). However, there is a recently 

renewed effort to develop RSV preventatives, with 14 vaccine candidates and alternative 
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anti-viral strategies against RSV (recombinant antibodies (24), nanobodies (25), and 

small molecule inhibitors analogs (26)) that are at various stages of development 

(reviewed in (27)). As 93% of RSV LRTI cases and 99% of RSV mortality occurs in 

developing countries, the need for effective vaccines and low-cost preventatives is critical 

(28). Additionally, previous vaccine complications highlight the need for an appropriate 

pre-clinical model for vaccine and drug development against RSV. 

 

ii. Virus-host interactions during RSV infection and pathogenesis 

 

RSV was initially discovered in chimpanzees suffering from colds and coryza (29) 

but was not associated with humans until 1957 when isolated from two children with 

respiratory disease (30).  RSV is an enveloped virus of the Pneumoviridae family (Genus 

Orthopneumovirus). The viral structure can be spherical, filamentous, or asymmetric 

depending on its exposure and life cycle (31), and the capsid contains a negative-sense, 

single-stranded, non-segmented RNA genome. RSV infects the respiratory epithelia, 

specifically primary ciliated columnar cells, and pneumocytes (17). The viral envelope 

contains three transmembrane glycoproteins that mediate entry into the cell and delay 

programmed cell death. The G glycoprotein facilitates attachment via toll-like receptor 2 

(TLR2) (32), CXC3 chemokine receptor 1 (CX3CR1) (33), and heparan sulfate 

proteoglycans (HSPGs; although only implicated in vitro) (34). These receptors are crucial 

in contributing to host protein mimicry (G protein contains a conserved CX3C motif that 

binds to CX3CR1 (35)) and immune evasion, such as suppressing type 1/3 interferon- 
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producing plasmacytoid dendritic cells and TNF-α-producing monocytes (36) and 

promoting Th2-polarized responses (37). Non-structural proteins (NS1, NS2) also 

promote Th2-polarized responses (37). Non-structural proteins (NS1, NS2) also interfere 

with the host transcription of type 1 interferons (38). The fusion (F) protein mediates viral-

cell fusion via multiple host receptors, including epidermal growth factor receptor (EGFR; 

inducing micropinocytosis and airway mucus secretion) (39), nucleolin (viral 

internalization) (40), insulin-like growth factor 1 (IGF1R; translocates nucleolin from 

nucleus to cell membrane via protein kinase activity (41)), and intracellular adhesion 

molecule 1 (ICAM-1; promotes neutrophils and eosinophil adhesion to airway tissues 

(42)).  F protein binding also modulates actin polymerization in the host membrane to 

allow better infected-cell motility, neighboring cell fusion, and cell-to-cell infection (43, 44). 

These clusters of fused, multi-nucleated cells are called “syncytia,” which is the 

histological hallmark of this aptly named virus.  

Recognition of the virus by the host initiates an innate immune response 

dominated by type 1 interferons (IFN-α, IFN-β) and interferon-stimulated genes. Adaptive 

immune responses embody a spectrum of cell-mediated responses that vary depending 

on which type of CD4+ T helper cells (Th1 or Th2) are activated and recruited (45). Th1 

cells are activated by INF-γ and function to clear intracellular infections via production of 

type 1 cytokines (IL-2, IFN-γ, TNF-α) and high CD8+ cytotoxic T cells, which can 

effectively clear RSV from the tissue while causing minimal pathology. On the other hand, 

Th2 cells are activated by IL-4 and produce type 2 cytokines (e.g., IL-4, IL-5, IL-13) that 

induce IgE isotype switching, eosinophil and mast cell recruitment, and mucus production.  

As these cells mostly function to fight extracellular infections such as helminths, Th2 
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imbalances during RSV infection impairs viral clearance, increases inflammation, and 

significantly increases the risk wheezing outcomes and childhood asthma (46, 47). The 

balance between Th1- and Th2-dominant responses can be influenced by several host 

risk factors/comorbidities, including immunodeficiency (48), heart/lung disease (49), and 

SNPs in airway remodeling and innate immune genes (50). However, the most prominent 

risk factor is dependent on age and prematurity, as preterm and young infants have 

underdeveloped airways and immune system (51) that produce low levels of Th1-

activating cytokines (52) and high levels of Th2-activating cytokines in nasal secretions 

(53). Still, researchers and clinicians have struggled to find effective prevention and 

intervention for at-risk individuals.  
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C.  THE COMMENSAL MICROBIOME 

 

 

 

Recent literature on the gut and airway commensal bacteria has suggested a microbiome-

mediated influence on immune homeostasis during RSV infection (54, 55). Furthermore, 

several studies have linked the microbiome's composition to RSV outcomes in animal 

and clinical models, which will be discussed in detail. A better understanding of these 

mechanisms can aid in developing targeted therapeutics and preventatives for RSV and 

other viruses. 

 

i. A brief history of bacteria as a human therapeutic 

 

The relationship between human-associated commensal bacteria and overall 

health has been studied since the microscopic observation of bacteria by Antonie van 

Leeuwenhoek in 1675.  After bacteria were identified in the production and preservation 

of food products in the early 1700s (56), scholars toyed with the idea of utilizing bacteria 

to maintain or “improve” health. In the early 1900s, Nobel-Prize-winning Russian 

embryologist Elie Metchnikoff inferred that health and longevity could be promoted by 

repopulating the colonic flora, which he termed a “vestigial cesspool” of microbes harmful 

to the host, with host-friendly bacteria. This idea stemmed from his observation of 

impoverished but century-living residents of Eastern European communities and their diet 
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of bacteria-laden yogurt, which he isolated and implemented into his diet with self-

reported success that was never scientifically-validated (57).  

Microbial ecology studies by Stamen Grigorov and Ernst Moro later classified this 

beneficial bacterium under the genus Lactobacillus (58, 59) due to their production of 

beneficial lactic acid and their rod-like shape. Species of Lactobacilli (which have been 

recently classified into 23 different genera (60)) are among microorganisms that, when 

administered in adequate amounts, confer a health benefit on the host–formally known 

as “probiotics” (61). These species can coexist with several other probiotic genera, 

including Bifidobacterium, Enterococcus, Streptococcus, Pediococcus, and Bacillus 

species. Probiotics are not only found in fermented foods and over-the-counter 

supplements but also in the oral, gut, respiratory, and vaginal microbiome of humans and 

animals (62). However, probiotic therapy has remained on the fringes of medical practice 

due to an unclear mechanistic understanding of exactly how these bacteria convey health 

benefits.  

The microbiome was first showcased as a clinical therapeutic in 1958 when 

Benjamin Eiseman used fecal transplantation from healthy patients to cure those with 

severe diarrhea caused by Clostridiodes difficile enterocolitis (63). With the utilization of 

germ-free mice in 1963, scientists tested how individual members of the healthy 

microbiome interacted with the host in the absence of other microbes (64). Next-

generation sequencing revolutionized the field, allowing the identification and study of 

thousands of unculturable bacteria on a community-wide scale. The early use of 16S 

rRNA gene sequencing described the contents and dynamics of the host microbiome, 

and studies began to connect unique microbiome community structures to different 
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populations and diseases. Concordantly, immunologists were working towards 

uncovering how the host distinguishes pathogens from self (65), danger from non-danger 

(66), and commensal bacteria from non-commensal bacteria (67). The overlap of these 

two fields rapidly uncovered evolutionarily conserved crosstalk between microbiota and 

the host immune system that redefined the study of immunology and infectious disease.  

Today, the commensal microbiome is being extensively explored to the species 

and strain level in various populations and clinical studies. These bacteria have been 

implicated in many aspects of host health and disease, such as the homeostatic signaling 

and nutrient acquisition (68). These beneficial properties also significantly affect the 

protection from or exacerbation of pathogenic infections (69, 70). However, modulating 

the types and number of bacterial species present within the host depends on several 

additional factors. 

 

ii. The interplay between commensal bacteria and the host 

 

Several host factors affect the microbial dynamics and activity of bacteria. While 

environmental factors play an essential role in shaping the microbiome, host genetics play 

a significant role in establishing and maintaining the microbiome based on genetic 

polymorphisms and heritability (71, 72). Additionally, co-evolution of the host and microbe 

suggests that the microbiome is directly associated with the phylogenetics of the host–a 

term known as phylosymbiosis (73, 74). To this end, many co-speciating bacteria have 

been linked to neurological, metabolic, digestive, and circulatory diseases (75). In 

laboratory mice, the genetic background has a greater influence on the microbiome than 
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environmental stimuli (76). These relationships allow cohesive host-microbiome fidelity 

across time, but the question remains if these host-mediated patterns are correlative or 

causative. 

Aside from genetics, environmental factors are major drivers of microbiome 

variability between hosts. Rothschild et al. studied 1,046 healthy individuals of different 

ancestry in a common environment. They concluded that over 20% of the variance in 

microbiome diversity could be attributed to environmental factors such as diet and lifestyle 

(77). Many elements of the environment can disrupt the commensal microbiome, 

including large-scale factors (chemical pollutants/toxins, socioeconomic setting) and 

individual-based factors (smoking, diet, antibiotic use).  

From birth, the microbiome community structure is established within the first few 

years of life (78). Alterations in the gut and respiratory microbiota during these crucial 

years can predispose individuals to health disorders, including obesity (79), autoimmunity 

such as inflammatory bowel disease (80), and asthma (81). Several birth cohorts have 

significantly advanced the understanding of microbiome development, as young infants 

undergo rapid colonization by many different bacteria. While the origins of the human 

microbiome are poorly understood, mother-to-infant transmission of bacteria through 

delivery and breastfeeding is a major source of early-life microbes (82). Mode of delivery 

is thought to be the most critical factor in infant microbiome development due to vaginally-

delivered neonates having a microbiome resembling the Lactobacillus-dominant birth 

canal compared to the skin-derived microbiome of cesarean section-delivered neonates 

(Staphylococcus-, Corynebacterium-, Propionibacterium-dominant) (83). In the first few 

months of life, breastfeeding is a source of probiotic Bifidobacterium species and 
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associated prebiotics (i.e., human milk oligosaccharides) with known metabolic functions 

that are beneficial to the host (84-86). Other environmental factors contributing to infant 

microbiome development include living in rural communities and the presence of siblings 

and pets in the home (87-89). Interestingly, deficiency of Lactobacillus and 

Bifidobacterium can predispose the host to developing health complications such as 

asthma (90) and allergy (91).  

 

iii. The microbiome and host immunity 

 

Studies aimed at understanding the gap between the microbiome and immunity 

have heavily focused on allergy, infection, and the early-life microbiome. While the initial 

idea that a “dirtier” early-life environment can protect from diseases has been redefined 

(92), much of our knowledge still follows the “hygiene hypothesis” (93), which associated 

early-life exposure to allergens and commensals with the protection from allergy, 

autoimmunity, and severe infection. This is primarily due to the evolution of the infant 

immune system driven by the recognition of environmental stimuli. Early exposure to 

commensal bacteria such as vaginal Lactobacillus during delivery is a large factor in 

protection from allergic disease and severe respiratory infections (94, 95). Other 

environmental factors that disrupt or modify the infant microbiome, such as the use of 

antibiotics and no siblings in the home environment, can significantly increase the odds 

of developing asthma (96). In addition to the environment, many host factors such as 

genetics and age correlate with both microbiome development and risk for allergy and 

infection (97, 98). 
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Indigenous commensals and probiotic bacteria can educate and enhance both 

innate and adaptive immune responses (99). These symbionts maintain tolerance and 

reduce inflammation by processing secondary metabolites and stimulating cytokines, in 

addition to other functional factors that are being rapidly discovered (100). Bacteria can 

interact directly with the host via pattern recognition receptors (PRRs) to maintain 

intestinal homeostasis and prevent inflammation, particularly during epithelial injury (67, 

101, 102). For example, bacterial polysaccharide A (PSA) can activate host CD4+ T cells 

via toll-like receptor 2 (TLR-2) and class II major histocompatibility complex II (MHC-II), 

which stimulates INF-γ-dependent promotion of Th1 and suppression of Th2 cells (103, 

104). Bacteria can also metabolize many host carbohydrates (e.g., dietary fiber) into 

short-chain fatty acids (SCFAs) such as acetate and butyrate that can reduce viral 

cytotoxicity (105) and promote antiviral interferon signaling (106). These mechanisms are 

most evident in the gut (where the bacterial load is the highest). Still, other sites such as 

the respiratory tract can utilize their distinct microbiome to combat common viruses and 

allergies (107-109).  

 

iv. The gut-lung axis 

 

The commonality of epithelial immune responses throughout the body allows the 

host to integrate metabolites and subsequent signaling and immunological responses 

from gut microbes at distal sites, particularly in the lung via the “gut-lung axis” (110). 

Microbiome communities differ based on their location in the human body, but evidence 

suggests a strong association between the respiratory tract and gut microbiome (111, 
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112). Clinically, there is a high rate (~50%) of pulmonary disorders in patients with 

inflammatory bowel disease (113), which also correlates to microbiome dysbiosis in these 

patients compared to healthy groups (114).  

Proposed mechanisms of intercommunication include bacterial manufacturing or 

secretion of metabolites (i.e., lipopolysaccharide, SCFA from dietary fiber) that are 

transported through the bloodstream and modulate tissue sites across the body. For 

example, alveolar macrophages and alveolar type II cells can sense such metabolites 

through SCFA-specific receptors to modulate cytokines such as IL-1β (115). 

Proteobacteria in the gut can regulate select cytokines such as IL-33 to direct the 

migration of group 2 innate lymphoid cells (ILC2s) from the gut to the lung (116). During 

influenza infection, lung-derived CD4+ T cells can be recruited into the small intestine and 

increase inflammatory cytokines and injury. This leads to alterations of intestinal 

microbiota that stimulate epithelial production of IL-15 and promotes Th17 cell 

polarization in the small intestine (117). Other mechanisms are rapidly being uncovered, 

including other axes such as the gut-brain axis (118) and the gut-joint axis (119).   
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D. COMMENSAL BACTERIA ASSOCIATED WITH  

REDUCED RSV DISEASE SEVERITY 
 

 

 

i. Protective properties of bacteria and probiotic supplementation 

 

As with allergy and asthma, there have been many associational links between the 

composition of the gut and airway microbiome and the severity of acute respiratory 

infection in humans. Both large-scale differences (i.e., diversity of the microbiome, 

multiple taxa) and single-taxa differences (presence/absence of genus, species, or strain) 

have been attributed to the protection from or exacerbation of disease severity. Many of 

these differences are attributed to intrinsic (age, genetics) and extrinsic (environmental) 

factors that impede the early-life colonization of commensal bacteria. Consequently, 

these factors also have been shown to increase the risk for severe RSV bronchiolitis.  

Two studies found breastfeeding to be associated with less severe RSV infection, 

as determined by the need for oxygen therapy and duration of hospital stay (120, 121). A 

national study in Denmark found that delivery by C-section was associated with increased 

RSV severity and hospitalization in the first two years of life (122). The use of perinatal 

antibiotics is also associated with severe RSV infections (123). Recent literature has 

longitudinally investigated the infant gut and airway microbiome to understand how 

microbiome composition affects RSV severity and outcomes. Additionally, others have 

used in vivo studies in mice to examine the effect of intranasal and oral probiotic 

supplementation on RSV disease severity. 
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ii. Gut bacteria 

 

Owing to the gut-lung axis, the role of the gastrointestinal tract microbiome in RSV 

disease severity has been previously explored in humans and animals. Using a clinical 

cohort of infants hospitalized with RSV and healthy controls, Harding et al. found 

significant differences in microbiome community composition between the two groups. 

The gut microbiome in RSV-infected infants had a higher abundance of Muribaculacae, 

Clostridiales, Odoribacteraceae, Lactobacillaceae, and Actinomyces compared to healthy 

controls. The abundance of Muribaculacae also correlated with increased RSV severity. 

However, it is unclear whether these trends contributed to RSV severity or were caused 

by the infection itself, as the samples were collected 72 hours post-hospitalization (124). 

In another case-controlled study of infants hospitalized with bronchitis (with 65% of cases 

caused by RSV), gut microbiome communities dominated by Bacteroides had higher 

instances of bronchitis compared to Enterobacter/Veillonella-dominant microbiomes 

(125).   

Animal studies have greatly developed our knowledge of how the gut microbiome 

can contribute to RSV disease severity. In a series of studies led by Fonseca et al., oral 

supplementation of Lactobacillus johnsonii in adult mice is suggested to protect against 

RSV infection, measured by decreased airway pathology, Th2 cytokines, dendritic cell 

function, and increased T regulator cells (54). This effect was determined to be modulated 

by increased docosahexaenoic acid (DHA) and 2-hydroxyisobutyrate (a butyrate 

precursor) in the plasma of supplemented mice (54), which was validated in vitro in 

reducing Th2 cytokines, IL-12, IL-6, IL-1β, IFN-β, and TNF-α via PPAR-γ signaling in 
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dendritic cells (126). Additionally, maternal supplementation with L. johnsonii resulted in 

offspring with reduced airway mucus and Th2-dominant responses to RSV infection, 

signifying a role of the maternal microbiome in RSV immunity (127). Oral L. reuteri but 

not L. salivarius was also shown to protect against severe ovalbumin-induced allergic 

responses, signified by reduced airway eosinophils, TNF, MCP-1, IL-5, and IL-13 but not 

IL-10 in bronchoalveolar lavage fluid of antigen-challenged animals (128).  

Ji et al. used oral supplementation of neonatal mice with L. rhamnosus GG, 

Escherichia coli Nissle 1917, and VSL#3 (a medical-grade 8-strain probiotic product) 

before RSV infection, which suppressed viral-induced lung pathology and increased 

antiviral IFN-β in alveolar macrophages (129). Supplementation also increased the 

abundance of SCFA-producing bacteria in the lung (Corynebacterium, Lactobacillus) and 

acetate levels in the serum. 

Another study found that oral administration of L. rhamnosus CRL1505 to infant 

mice reduced RSV viral load and tissue injury by enhancing antiviral signaling, Th1 cells, 

and Th1-promoting dendritic cells (CD103+ and CD11bhigh dendritic cells) (130). They 

further identified alveolar macrophages in producing type 1 interferon, IL-6, and IFN-γ to 

drive Th1 dominance, T-regulatory cell IL-10 production, and viral clearance (131). These 

results suggest a prominent effect of Lactobacillus in protecting against severe RSV that 

has not been tested in the clinic. However, in an Argentinian cohort, L. rhamnosus 

CRL1505 has also been administered to humans via probiotic yogurt, which successfully 

reduced the incidences of upper airway tract infections, pharyngitis/tonsilitis, and acute 

diarrhea (132).  
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Eguchi et al. also showed that oral administration of L. gasseri LG2055 in mice 

before RSV infection decreased viral titers, weight loss, proinflammatory cytokines, and 

interferon/interferon-stimulated genes (133). This effect was proposed to be exerted by 

the downregulation of SWI2/SNF2-related CREB-binding protein activator protein 

(SRCAP), a scaffolding protein to which viral non-structural proteins bind (133). Although 

different strains of bacteria produce variable transcriptomic results, this suggests several 

gut-lung axis mechanisms for treating and preventing RSV. 

 

iii. Airway bacteria 

The airway microbiome has also been directly implicated in RSV severity. In a 

clinical cohort of 132 patients less than 2 years of age, RSV infection and hospitalization 

were positively associated with nasal Haemophilus influenzae and Streptococcus but 

negatively associated with Staphylococcus aureus abundance, independent of age (134). 

Other studies have associated a higher relative abundance of Haemophilus in the 

nasopharynx with increased RSV viral load (135) and delayed viral clearance (136). 

Transcriptomic interactions of Haemophilus during RSV infection were examined by the 

Das Lab using the INSPIRE national infant microbiome cohort at Vanderbilt University 

Medical Center, where Haemophilus abundance was positively associated with many 

local immune mediators with antiviral, proinflammatory, chemotactic, and cell 

differentiation/proliferation activity (e.g., TNF-α, IFN-α, IL-1β, IL-6, IL-8, IL-12, IL-13, IL-

33) but not IFN-γ, IL-4, IL-5, and IL-17A. This suggests that Haemophilus may increase 

airway inflammation during RSV infection but not CD4+ T cell imbalance. Another study 

in the INSPIRE cohort correlated severe RSV infection and increased asthma risk with 
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higher Haemophilus, Moraxella, and Streptococcus compared to higher 

Staphylococcus and Corynebacterium in healthy patients (137). To this end, in another 

RSV hospitalization cohort, the rate of ICU admittance in RSV-hospitalized infants was 

highest in Haemophilus-dominant patients and lowest in Moraxella-dominant patients 

(138). This data suggests that the presence and abundance of multiple taxa can 

exacerbate RSV disease severity.  

Additionally, the Das Lab found that the presence and increased abundance of 

Lactobacillus in the nasopharynx during infant RSV infection is associated with reduced 

inflammatory cytokines, viral titers, and risk of developing subsequent wheeze at 2 years 

of age (55). De Boeck et al. demonstrated that specific strains within the Lactobacillus 

genus (specifically L. casei AMBR2) occupy a niche in the nasopharynx due to bacterial 

fimbriae that enable strong adherence and colonization of upper respiratory tract 

epithelium in humans upon intranasal inoculation (139). L. casei AMBR2 was also shown 

in vitro to inhibit the growth and virulence of several respiratory pathogens 

(S. aureus, M. catarrhalis, and H. influenzae) (139), which are also taxa shown to be 

dominant in patients with severe RSV. However, it is unclear whether the protective effect 

of nasal Lactobacillus is due to modulation of the resident microbiota or directly involved 

in promoting protective outcomes. 

Several animal studies have also explored the protective mechanisms of intranasal 

Lactobacillus and RSV outcomes. Intranasal administration of live L. rhamnosus 

CRL1505, heat-killed CRL1505, and its peptidoglycan improved the resistance to primary 

RSV infection (decreased viral titers, protection from weight loss) and secondary 

pneumococcal pneumonia through the promotion of Th1 cells (increased IFN-γ), T-
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regulatory cells (IL-10), and alveolar macrophages (IFN-β) (140, 141). These effects 

mimic those of gut L. rhamnosus CRL1505 in RSV outcomes (130), and the success of 

heat-killed bacteria and isolated peptidoglycan from the bacterial membrane suggest the 

protective effect may be elicited through intrinsic factors and proteins within the structures 

of Lactobacilli.  Similar studies have also found intranasal administration of various live 

Lactobacillus strains to induce protection during influenza infection (142). 

As both gut and lung Lactobacillus have been implicated in RSV protection, the 

mechanism of direct or distal (gut-lung axis) action is still unclear. While these analyses 

of microbial effects are essential to understanding the pathogenesis and prevention of 

RSV and long-term sequelae, appropriate animal modeling has not been explored for 

mechanistic analysis of these microbial contributions. In each of these cases, a site-

specific dominant Lactobacillus species was found to be associated with protection. Yet, 

it is poorly understood how these individual species and the entire genera could exert 

these protective effects.  

 

iv. Probiotic Interventions in the Clinic 

 

There is no published data on clinical trials to examine the effect of probiotic 

supplementation on RSV and wheezing outcomes in humans. However, other clinical 

trials have presented probiotic-induced protective phenotypes in infants and adults with 

influenza and rhinovirus, although with variable results. In summary, these studies have 

shown reduced incidence of infection (143-145), increased antiviral immune response 

(146), enhanced vaccine efficacy (147), decreased viral replication (148) (although not in 
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all studies (144, 149)), reduced clinical symptoms (150, 151), and shorter duration of 

upper respiratory symptoms (152, 153). The results of these studies have been previously 

reviewed in detail (154, 155). All these clinical trials used different species and strains of 

bacteria (mostly Lactobacillus, Bifidobacterium, Lactococcus, and Bacillus spp.) at 

varying concentrations and durations, but all via oral supplementation. Additionally, some 

of these studies are at an unclear risk for bias due to selection methods for randomness, 

lack of matching placebos, no sample size calculations, missing outcome data, and 

funding or employment by probiotic manufacturer (154). This data suggests the 

modulation of the gut microbiome as a promising approach to protecting against 

respiratory viral infection, but variable data highlights the need for an appropriate 

preclinical model to better test these mechanisms of microbe-host interaction.  

While most probiotics are considered safe food supplements, patient and 

consumer options have been limited to over-the-counter applications rather than medical 

settings. Due to the lack of approved guidelines and variable clinical results, there have 

been many challenges in developing Food and Drug Administration (FDA)-approved 

probiotic therapies, also called live biotherapeutic products (LBPs). However, this has not 

hindered worldwide advances in using “bugs as drugs.” In 2020, the first FDA-approved 

live biotherapeutic product from Seres Therapeutics (SER-109) hit the market, which is a 

stool-derived gut microbiota capsule for the treatment of recurrent Clostridium difficile 

(156). This product presented an excellent alternative to using complex but effective fecal 

microbiome transplants to treat C. difficile infections. This progress represents a shift in 

medicine towards a microbiome-focused approach to health and disease, opening a “wild-

west”-like avenue for prebiotic, probiotic, and postbiotic therapy development.  
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↓ decreased airway pathology1,5

↓ Type 2 cytokines1,3,4
↓ viral replication2,4,6

↑ antiviral response2,4,5,7

↑ regulatory T cells1,3,7
↑ Type 1 cytokines2,3,7
↑ weight retention4,6

↓ incidence of infection1,2,3

↓ viral replication4

↓ clinical symptoms5,6

↑ antiviral immune response7

↑ vaccine efficacy8

↑ remission time6

CLINICAL SUPPLEMENTATION OF 
LACTOBACILLUS IN OTHER VIRUSES

LABORATORY SUPPLEMENTATION 
OF LACTOBACILLUS IN RSV

INFLUENZA

RHINOVIRUS

RSV     -

RSV

1Fonseca et al, Mucosal Immunology, 2017 (gut)
2Chiba et al, Inter. Immunopharma, 2013 (gut)
3Garcia-Castillo et al, Front Immunol, 2020 (gut)
4Eguchi et al, Sci Reports, 2019 (gut)
5Ji et al, Acta Pharmacol Sin, 2021 (gut)
6Tomosada et al, BMC Immuno, 2013 (airway)
7Clua et al, Front Immunol, 2017 (airway)

*all studies performed in mice

1Lehtoranta et al, J Clin Virol, 2014 (gut)
2Luoto et al, JACI, 2014 (gut)
3Wang et al, J Am Geriatr Soc, 2018 (gut)
4Turner et al, Benef Microbes, 2017 (gut)
5Kumpu et al, Benef Microbes, 2015 (gut)
6Kumpu et al, J Med Virol, 2013 (gut)
7Sugimura et al, Br J Nutr, 2015 (gut)
8Davidson et al, EurJ Clin Nutr, 2011 (gut)

No clinical trials on 
RSV and Lactobacillus.



 24 

 
E.   THE COTTON RAT AS A PRECLINICAL MODEL FOR RSV 

 

 

 

Cotton rats (Genus Sigmodon) are considered to be the “gold standard” animal model 

for RSV infection because it manifests several characteristic features during human RSV 

infection, such as similar infection distribution, kinetics, and immune responses (157). 

Mice have been used extensively to study RSV immune responses, but several factors 

render the mouse impractical for understanding RSV pathology and viral kinetics:  

• Low RSV replication: not translatable to humans; 100-fold higher in cotton rats (158) 

• Resistance to upper respiratory infection: unlike humans and cotton rats, RSV does 

not infect the mouse nasal cavity (158-160) 

• Divergent lung cell infection: RSV infects ciliated bronchial epithelial cells and 

alveolar cells in humans and cotton rats while only infecting pneumocytes in mice 

(161) 

• Molecular function: cotton rats have functional Mx genes, a crucial component of the 

innate antiviral defense that is nonfunctional in laboratory mice (162, 163) 

In addition to RSV, cotton rats are an important animal model for other viral 

diseases, including parainfluenza (164, 165), influenza (166, 167), measles (168), human 

metapneumovirus (169), and enterovirus (170) due to comparable human disease 

outcomes. Cotton rats have predicted the efficacy of several therapeutics and vaccines 

currently used in high-risk human populations (171-174). RSV infection persists in the 

animal’s upper airway and causes pathology consistent with chronic histological changes 
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in human RSV-induced respiratory disease, recurrent wheeze, and asthma (175). 

However, the cotton rat is limited by the lack of immunological reagents (i.e., antibodies 

for cytometric analysis) and an available sequenced genome. 

Two inbred species of cotton rats are commonly used in respiratory viral research: 

the Hispid cotton rat (S. hispidus) and the Tawny-bellied cotton rat (S. fulviventer). S. 

hispidus was the first and only rodent found susceptible to poliovirus at the National 

Institute of Health by Charles Armstrong in 1938 (176) and was inbred for laboratory 

research. S. fulviventer was later inbred by Virion Systems in the 1990s for work on RSV 

(177) and PIV-3 (178). The most recent phylogenetic analysis of Sigmodon spp. found 

that S. hispidus and S. fulviventer diverged 5.4 million years ago (179). In the wild, S. 

hispidus and S. fulviventer are sympatric species, with S. fulviventer being the more 

dominant animal (180).  
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This dissertation argues that the cotton rat is an excellent preclinical model for 

studying microbiome mechanisms during respiratory infections. In Chapter 2, I explore 

the characteristics of the cotton rat microbiome for the first time. There, I found that two 

commonly used species of cotton rats have distinct microbiomes, which includes the 

differential abundance of Lactobacillus between species. The S. fulviventer gut had a 

significant lower abundance of Lactobacillus compared to S. hispidus based on 16S rRNA 

gene sequencing, whole metagenomic sequencing, and traditional culture methods (181). 

Additionally, S. hispidus gut was abundant in probiotic Lactobacilli (L. reuteri, L. gasseri) 

while S. fulviventer gut was, to a much lesser extent, populated with Lactobacilli with little 

probiotic value (L. murinus, L. animalis). This phenomenon presents an RSV-susceptible, 

Lactobacillus-deficient animal to better understand Lactobacillus’s contribution to RSV 

disease severity. Genetic applications, such as next-generation sequencing, are limited 

due to the lack of a published genome for any species of cotton rat. To this end, in Chapter 

3, I present reference transcriptomes for both S. fulviventer and S. hispidus and apply 

them to RSV transcriptomic analysis. Additionally, no microbiome modulation studies 

have been performed in cotton rats. In Chapter 4, I present the results on oral 

Lactobacillus and the protection from RSV severity in cotton rats. 
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F.    DEFINING THE MECHANISM OF MICROBIOME-MEDIATED 

PROTECTION FROM SEVERE RSV AND OTHER VIRUSES 
 

 

 

The anti-viral mechanisms of probiotic action are not fully understood, but overall 

mechanisms can be defined in three categories:  

1. Competition: block pathogen colonization and production of toxins; compete for 

intestinal adherence by virus or other bacteria  

2. Immune modulation: enhance innate immunity; modulate pathologic 

inflammation via pattern recognition receptor (PRR) signaling 

3. Homeostasis: regulate non-immune epithelial homeostasis for proliferation, 

barrier function, and protective/anti-apoptotic signaling 

Probiotics, unfortunately, have limits to their clinical application. Bioavailability is 

challenging because of potential degradation as the probiotic traverses the 

gastrointestinal tract and the lack of necessary nutrients for activation or replication. Live 

organisms also have differential abilities to colonize the host due to many intrinsic and 

extrinsic factors, which has presented challenges in effectively using probiotics in both 

mice and humans (182). However, properties that promote colonization, such as 

increased mucoadhesive properties, have been explored in manufacturing genetically 

modified probiotic strains (183). Safety is another concern, as the introduction of foreign 

strains has previously led to bacteremia in immunocompromised patients (184). 

Prebiotics–compounds in foods such as fibers that stimulate the growth of probiotic 

bacteria–are a viable option for promoting probiotic growth in the host, as indicated in the 
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use of dietary fiber to promote metabolite production by probiotics (106). Postbiotics–

bioactive compounds produced by bacteria–have also been proposed as a safe 

alternative, as these convey the functional properties of probiotics without the need for 

live, active bacteria. These byproducts include metabolites (SCFA), extracellular 

polysaccharides (peptidoglycan, LPS, teichoic acid), cell lysates, pili-type structures, 

extracellular vesicles, bacteriocins, and other functional proteins (185). 

Oral administration of postbiotics such as acetate, propionate, and butyrate are 

effective in protecting against respiratory viral infection. Antunes et al., 2019 showed that 

SCFA supplementation reduced RSV load, mediated IFN-β response via interferon-

stimulated genes OAS1 and ISG15, and increased virus recognition receptors MAVS and 

RIG-I in RSV-infected mice. RIG-I knockout mice did not exhibit protective phenotypes 

(106). Concordantly, quantification of SCFAs in stool from infants hospitalized with RSV 

bronchiolitis found that high levels of acetate were significantly associated with less 

severe bronchiolitis, higher oxygen saturation, and diminished lasting fever (105).  

Other microbial-associated metabolites, such as desaminotyrosine (DAT), have 

also been shown to protect against influenza infection and inflammation following oral 

administration in mice. DAT is produced by Clostridium orbiscindens metabolism of food-

derived flavonoids, and colonization of C. orbiscindens and flavonoid-enriched diet 

amplified type I interferon signaling and phagocytosis in the lung in response to influenza 

infection (186). The success of this study suggests that live biotherapeutic products 

(LBPs) may need to encompass a trivalent approach that employs active bacteria and 

pre- and post-biotics 
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Many other postbiotics have shown beneficial properties that may affect respiratory 

health but have not been directly studied in respiratory contexts. These include indole 

derivatives from dietary tryptophan metabolism (187), niacin (188), urolithin A (189), and 

pyruvic and lactic acids (190). One mechanism studied in a murine colitis model is the L. 

rhamnosus GG-secreted protein p40, which was identified to prevent TNFα-dependent 

epithelial cell death in a concentration-dependent manner (191, 192). Lactobacillus 

utilizes p40 as a cell wall hydrolase that is later secreted in high abundance in the culture 

supernatant of several (but not all) species (193). As soluble p40 traverses the epithelial 

membrane of the host, it interacts with metalloproteinase ADAM17 for cleavage of HB-

EGF, which signals dimerization and phosphorylation of EGFR and PI3K to induce AKT, 

protecting against caspase-induced apoptosis (191, 192, 194). This protein has become 

of interest in RSV protection because of the strong cytopathic effect that the virus has on 

the host, often resulting from overstimulation of TNF-α and subsequent caspase-induced 

apoptosis (195-197). Based on these observations, I hypothesized that a similar 

mechanism is at work in the RSV disease pathway, as illustrated in Figure 1.6. This work 

is discussed in Chapter 5. 
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Figure 1.6. Proposed mechanism of Lactobacillus-secreted p40 in RSV pathology. RSV 
infection mechanisms are well understood, and the p40 mechanism of protection has 
been established. This work aims to link these two together in both the context of the gut 
and respiratory tract of cotton rats.  
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CHAPTER 2 
 
 
 

Comprehensive characterization of the microbiome from two 
species of Sigmodon cotton rats and the influence of host 

genetics on microbial community structure 
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A. INTRODUCTION 

 

 

 

The commensal microbiome can dramatically influence host health and disease aspects, 

such as homeostatic signaling, nutrient acquisition, and protection from or exacerbation 

of infections (68, 69, 198). Many early studies established that environmental factors 

significantly shape and modulate the host microbiome (199-202). These include 

geographic regions, associated cultures, diet in humans (77), and vendor and housing 

facilities in animal model organisms (203, 204). In addition, recent studies have 

emphasized that host genetics plays a significant role in the co-evolution of the host and 

its associated microbiome (73, 75, 205-207). For example, the murine genetic 

background is a stronger determinant of microbiome composition and structure than 

environmental stimuli (76). 

Similarly, genetic polymorphisms, heritability, and overall host genetics in humans 

can also shape how commensal bacteria evolve alongside the host (71, 72, 208). The 

microbiome has also been instrumental in predicting and protecting against severe viral 

disease outcomes (209, 210). However, this burgeoning field of bacteria-host-virus 

interactions has been limited by a lack of pre-clinical models to study mechanisms of 

virus-microbiome interaction.  

Cotton rats (genus Sigmodon) are an important small animal model for studying 

various respiratory diseases, including Respiratory Syncytial Virus (RSV) (211), influenza 
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A Virus (166, 212), parainfluenza virus (164, 165), measles (168), human 

metapneumovirus (169), enterovirus (170), and human rhinovirus (213) due to 

comparable human disease outcomes. Cotton rats have also provided a valuable model 

for nasal colonization studies (especially with Staphylococcus aureus) due to their 

human-like nasal histology (214). Furthermore, cotton rats are a valuable tool for research 

since they harbor zoonotic viruses in the wild like Alphavirus (Equine Encephalitis virus), 

Hantavirus (Black Creek Canal virus, Bayou virus), Cardiovirus, Arenavirus (Tamiami 

virus), and Flavivirus (West Nile virus) (215-220).  

While mice have been used extensively to study viral immune responses, several 

factors render the mouse impractical for understanding viral pathology and kinetics, such 

as those relating to RSV: low replication (158), resistance to upper respiratory infection 

[unlike humans and cotton rats, RSV does not infect the mouse nasal cavity  (158-160), 

divergent lung cell infection [RSV infects ciliated bronchial epithelial cells and alveolar 

cells in humans and cotton rats, while only infecting pneumocytes in mice (161)], and 

histological outcomes inconsistent with those similarly seen in the upper and lower airway 

of both humans and cotton rats (158). However, mice do have advantages due to readily 

available reagents, antibodies, and genetic references. Yet, studies in cotton rats have 

accurately predicted the efficacy of several RSV therapeutics and vaccines currently used 

in high-risk human populations (171, 174, 221, 222). Considering all these factors, the 

cotton rat provides an excellent model for studying viral-bacterial interactions than mice.  

Furthermore, understanding the cotton rat microbiome is instrumental for 

understanding microbial interactions with viral infections. Many associational effects of 

both nasal and gut microbiome composition and protection from severe viral outcomes 
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have been well described in mouse models (126, 223-225). The microbiome of humans 

(203), mice (204, 226), rats (227), and other animals have been comprehensively studied 

and characterized in publicly available databases used for answering questions relating 

to host microbiome and disease outcomes. However, there has not yet been a 

comprehensive analysis of the microbiome in healthy cotton rat species, making studies 

of viral-microbiota interactions in this animal model challenging. To date, only one study 

has examined the nasal microflora of healthy S. hispidus but was limited by the sample 

number and lack of longitudinal timepoints (228). 

This study aimed to comprehensively characterize and establish the structure and 

composition of the cotton rat microbiome. Longitudinal samples were collected from four 

body sites of two commonly used inbred cotton rat species, S. hispidus and S. fulviventer, 

maintained under the same environment and dietary conditions. Microbiome 

characterization using both 16S rRNA gene and whole metagenomic sequencing (WMS) 

was used to comprehensively describe the microbiome community structure and 

composition of different body sites in cotton rats and showed distinct community 

structures based on the cotton rat species and sex. WMS also showed differential 

metabolic potential of the community between species. Overall, this study not only adds 

to the small but rapidly expanding literature on the influence of host genetics on the 

microbiome but also describes an appropriate animal model for studying microbiome 

influences on viral and bacterial diseases.  
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B. RESULTS 

 

 

 

i. Characterization of cotton rat microbiome from multiple body sites. 

 

To characterize the healthy cotton rat microbiome structure and composition, two 

groups of 10 young male cotton rats of S. fulviventer and S. hispidus were observed 

longitudinally for 111 days. A total of 140 samples were collected and processed for 16S 

rRNA gene sequencing: ear swabs (20 swabs/day 95), nasal brushes (20 swabs/day 95), 

skin swabs (20 swabs/day 95), and fecal samples (80 swabs/days 0, 4, 34, and 111) 

(Figure 2.1A). DNA was extracted, and the V4 region of the 16S rRNA gene was 

amplified and then sequenced on the Illumina MiSeq platform with 2x250 base pair reads, 

generating an average of 35,194 reads per sample. Microbiome data was processed by 

following the mothur SOP, and operational taxonomic units (OTUs) were clustered at 97% 

identity. For diversity testing with the vegan R package, a sample read cutoff of 

>10,000/sample was implemented, which utilized 92.9% of samples for analysis with the 

smallest library size of 11,820 reads. The remaining tests to assess differences in the 

abundance of specific taxa (i.e., DESeq2, stabsel, GeneSelector, and LEfSE) used 

samples passing a per sample read cutoff of >1000/sample, which utilized 96.4% of 

samples, with the smallest library size of 3,678 reads.  

Phyla within S. fulviventer and S. hispidus external sites (aggregation of ear, nose, 
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and skin samples) were similarly dominated by Proteobacteria, Actinobacteria, and 

Firmicutes, with only Tenericutes being significantly more abundant in S. fulviventer 

(DESeq2 testing; log2 fold change=1.04, q=3.79E05). Fecal communities mainly 

consisted of two dominant phyla with opposite abundances between cotton rat species: 

higher Bacteroidetes abundance in S. fulviventer compared to S. hispidus (50.0% vs. 

42.4% respectively, q=1.69E-06) and higher Firmicutes abundance in S. hispidus 

compared to S. fulviventer (36.2% vs. 31.8% respectively, q=1.18E-03) (Table 2.1). The 

distribution and differential abundance of the top 20 genera in each cotton rat species are 

shown in Figure 2.1 B-C. 

 

 

 

 

 

 

 
Table 2.1. Percentage abundance of phyla in both S. hispidus/S.fulviventer with 
standard deviations. 
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Figure 2.1. The cotton rat microbiome using 16S rRNA sequencing. (A) Study design 
includes ten cotton rats from both S. fulviventer and S. hispidus. Nose, ear, skin, and 
feces were taken across 111 days. (B-C) Top 20 most abundant bacteria genera at each 
body site of (B) S. hispidus and (C) S. fulviventer. External sites (body, ear, nose) share 
similar dominating genera.  
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ii. Differences in the microbiome community structure and composition  
between cotton rat species 

 

 

To first compare community characteristics of cotton rats with other species, beta 

diversity (Bray-Curtis dissimilarity) was compared between cotton rat fecal samples from 

Day 0 and publicly available 16S rRNA sequencing data from multi-ethnic humans (203) 

and mice (226). Comparisons revealed significant differences in community composition 

between individual species (Figure 2.2).  

 

 
 
Figure 2.2. Ordination of human, mouse, and two Sigmodon cotton rat species (Bray-
Curtis dissimilarities, OTU level) reveals that the cotton rat fecal microbiome is very 
distinct from that of humans and more similar to, but still distinct from, mice. 

The cotton rat gut microbiome was stable in both cotton rat species over time. 
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Richness and alpha diversity did not significantly change over time, no taxa were 

significantly differentially abundant when the experimental day was set as the outcome 

variable, and beta diversity testing revealed no significant shifts in microbiome 

composition over time (data not shown). Subsequently, data were analyzed by computing 

mean counts for individual cotton rats across all four time points. Comparison of individual 

body site microbiomes of both S. fulviventer and S. hispidus across all time points showed 

community distinctions between species. All sites (ear, nose, skin, feces) from S. 

fulviventer consistently had higher richness (Observed OTUs, S.chao1 index) and alpha 

diversity (Shannon Index, Simpson’s Index) when compared to S. hispidus (Figure 2.3; 

all values p<0.05). Beta diversity, computed by calculating Bray-Curtis dissimilarity 

between samples at the OTU level, showed unique composition between the fecal 

communities of S. fulviventer and S. hispidus (Figure 2.4A; PERMANOVA p=0.00025, 

PERMDISP p=0.00025; Figure 2.4B). However, comparison of beta diversity metrics of 

individual external sites from S. fulviventer and S. hispidus did not show significant 

differences (Figure 2.4 C-E).  
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Figure 2.3. Individual site alpha diversity. (A) Site richness (Obs. OTUs) and alpha 
diversity measured by (B) Shannon index, (C) Chao1 Index, and (D) Simpson Diversity 
Index at the OTU level indicate that S. fulviventer is richer and more diverse across all 
sites. Statistical testing between each cotton rat species was performed using a Student’s 
T-test. Statistical testing across body sites is not shown (not significant across external 
sites). Feces were plotted separately to account for discrepancies between Y axes. 
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Figure 2.4. Individual site beta diversity. (A) Clustering of samples (Bray-Curtis 
dissimilarity) reveals distinct microbiota compositions at each site (feces and swabs from 
the body, ear, and nose), which are also affected by host species (SF=S. fulviventer, 
SH=S. hispidus). Statistical testing was performed using PERMANOVA between species. 
(B-C) Difference in body site beta diversity between S. hispidus and S. fulviventer. 
Clustering of samples (Bray-Curtis dissimilarity) shows separation by host species (B) 
Feces, (C) Ear, (D) Skin, and (E) Nose.  
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Fecal microbiome: 

Analysis using the DESeq2 (229) package identified several bacterial genera that were 

differentially abundant in the two cotton rat species. These differences were most 

apparent in the gut (Figure 2.5A). S. hispidus had a higher abundance of 18 unique 

genera in the gut (q<0.05), including Lactobacillus (log2 fold change=3.12, q=3.27E-13), 

Helicobacter (log2 fold change=2.45, q=2.33E-33), Anaerostipes (log2 fold change=2.35, 

q=0.029), and Bifidobacterium (log2 fold change=1.99, q=1.03E-06). Escherichia/Shigella 

was more abundant in the S. hispidus gut (log2 fold change=7.30, q=3.79E-11) but had 

very low relative abundance compared to other genera. S. fulviventer had a higher 

abundance of 18 unique genera in the gut (q<0.05), including Clostridium sensu stricto 

(log2 fold change=-7.19, q=7.77E-12), Elusimicrobium (log2 fold change=-6.22, q=8.04E-

18), and Hespellia (log2 fold change=-5.11, q=2.21E-04) (Figure 2.5A). To ensure that 

no observed differentially abundant taxa were false-positive observations due to low 

abundances, the conservative LEfSe test was utilized for differential taxa (230), which 

reported 38 genera and confirmed 35 of 36 DESeq2-calculated differentially abundant 

genera (except Clostridia_unclassified). A stability selection model showed Lactobacillus 

as one of the top genera (as well as those unclassified within the phyla Bacteroidetes) 

with a high probability of predicting whether a fecal sample was from S. hispidus or S. 

fulviventer (Figure 2.5B). While Lactobacillus was one of the top 20 most abundant 

bacteria of the skin, ear, and nose microbiomes of both S. fulviventer and S. hispidus 

(Figure 2.1 B-C), it was not significantly differentially abundant between the two species 

at any other sites except feces (Figure 2.5C-F).  
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Figure 2.5. Differential abundance of gut taxa using 16S rRNA and traditional 
microbiological techniques. (A) Differential abundance of gut microbial taxa between 
S. hispidus vs. S. fulviventer that displayed significant differences (p < 0.05, q < 0.05, l2fc 
> ±0.65) between host species. Log2FoldChange is plotted along the x-axis, with genera 
ranked highest in S. hispidus (black) to highest in S. fulviventer (grey) on the y-axis. Error 
bars represent l2fc SE; relative abundances from either S. hispidus or S. fulviventer are 
denoted next to the corresponding bar. (B) Probability of a gut bacterial genus being 
selected into a stability selection model distinguishing cotton rat species. The probability 
is plotted along the x-axis, with the top 20 ranked genera along the y-axis. (C) Bacterial 
load depicted as copy number/uL of extracted DNA from normalized cotton rat stool. Data 
generated by qPCR; statistics performed using unpaired T-test. (D) Amount of aerobic 
colony forming units (CFU) per gram of feces on both Lactobacillus-selective (MRS) and 
general growth (TSA) media. S. hispidus displayed a higher amount of aerobic growth 
using both methods. Significance calculated by student’s T-test.  (E) Percentage of CFUs 
with positive detection of Lactobacillus amplicons determined by PCR with primers 
targeting Lactobacillus 16S rRNA region. Species-specific identity of colonies was 
confirmed by shotgun sequencing. “Other genera” include Bacillus, Enterococcus, and 
Corynebacterium. (F) Relative abundance of Lactobacillus between cotton rat body sites. 
Significance calculated by student’s T-test. Lactobacillus was one of the higher-abundant 
taxa with differential abundance between cotton rat species. 
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Nasal microbiome: 

DESeq2 testing revealed that the S. hispidus nose had a higher abundance of 

Enterobacteriaceae (log2 fold change=1.13, q=1.39E-04) and Corynebacteriaceae (log2 

fold change=0.445, q=0.00589), while the S. fulviventer nose had a higher abundance of 

Leuconostocaceae (log2 fold change=-1.56, q=0.064). LEfSE also revealed that S. 

fulviventer nose had higher abundance of Facklamia (LDA=3.343, p=0.0287), 

Bifidobacterium (LDA=3.259, p=0.0343), Turcibacter (LDA=3.498, p= 0.0161), 

Streptococcus (LDA=4.023, p=0.00389), and Actinobacillus (LDA=3.969, p=0.00285). 

 

Ear Microbiome: 

By DESeq2 testing, the S. hispidus ear had a higher abundance of Enterobacteriaceae 

(log2 fold change=0.48, q=0.022, confirmed by LEfSe), Corynebacteriaceae (log2 fold 

change=0.571, q=0.0470), and Pseudomonas (log2 fold change=1.33, q=0.070, 

confirmed by LEfSe). DESeq2 testing showed that the S. fulviventer ear had a higher 

abundance of Leptotrichiaceae (log2 fold change=0.571, q=0.0470), Barnesiella (log2 fold 

change=-4.58, q=0.066), and Porphyromonadaceae (log2 fold change=-2.11, q=0.063). 

LEfSE confirmed these 3 taxa, as well as higher abundance of Sphingobacterium 

(LDA=3.299, p= 0.00145), Streptococcus (LDA= 3.907, p= 0.00426), and Actinobacillus 

(LDA= 3.830, p= 0.00145) in S. fulviventer 

 

Skin Microbiome: 

Enterobacteriaceae was more abundant on the S. hispidus skin (DESeq2 log2 fold 

change=0.47, q=0.0031, confirmed by LEfSe). LEfSe also found more abundant 
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Streptococcus (LDA= 3.956, p=0.00769), Lactococcus (LDA= 3.494, p=0.0456), 

Actinobacillus (LDA= 3.730, p= 0.0129), and Mycoplasma (LDA= 4.101, p= 0.0330) on 

the S. fulviventer skin. 

 

iii. Confirmation of 16S rRNA gene sequencing data using traditional culture methods. 

 

For quantitative comparison of bacterial load between cotton rat species, qPCR 

analysis of total bacterial DNA extracted from homogenized stool (equal weight/volume) 

found that the bacterial load was significantly higher in S. hispidus than S. fulviventer 

(Figure 2.5C). Variance of the bacterial load was different between the two species: while 

all S. fulviventer generally had a low bacterial load, the bacterial load had a large range 

in S. hispidus. An aliquot of normalized, homogenized stool was also plated on 

Lactobacillus-specific agar (De Man, Rogosa, and Sharpe agar); the number of colony-

forming units (CFU) per gram in S. hispidus stool was significantly higher than in S. 

fulviventer stool (Figure 2.5D). 86% of colonies picked from S. hispidus stool were 

Lactobacillus-positive, compared to zero Lactobacillus-positive colonies grown from S. 

fulviventer stool (Figure 2.5E). Sequencing of colonies showed Lactobacillus gasseri and 

Lactobacillus. reuteri to be the two prominent bacterial species found in S. hispidus stool 

(Figure 2.5E). This significant trend supports the relative abundance of Lactobacillus as 

determined by 16S rRNA gene sequencing, where Lactobacillus was significantly more 

abundant in S. hispidus than S. fulviventer (Figure 2.5F). Corynebacterium and 

Bacteroides species were also identified in S. hispidus stool samples. Sanger sequencing 

of isolates from S. fulviventer stool identified the presence of Enterococcus gallinarum 
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and E. casselifavus. 

 

iv. Differences in the microbiome community structure and composition based on sex 

 

A secondary analysis was conducted to assess if there were any associations 

between host sex and microbiome community structure and composition. This cohort 

included 13 S. fulviventer cotton rats (10 males, 3 females) and 15 S. hispidus cotton rats 

(5 males, 9 females). Animals in both groups were 4-6 weeks old and were observed for 

28 days, with fecal samples collected on days 0, 7, 13, 21, and 28 and nose, ear, and 

skin swabs collected on days 7 and 28. 16S rRNA gene sequencing was performed to 

examine any effect of host sex. Alpha diversity metrics indicated significant differences in 

richness (Observed OTUs, Chao1) and diversity (Shannon Index, Simpson Index) 

between male and female S. fulviventer at both the ear and fecal microbiomes (Figure 

2.6 A-D). Still, there were no significant differences in richness and diversity of the 

microbiomes of male and female cotton rats in the nose and skin for both S. fulviventer 

and S. hispidus (except S. hispidus skin diversity, Figure 2.6D). Overall, differences 

between host sex were most pronounced in the gut compared to external sites (Figure 

2.6) but only in S. fulviventer. Beta-diversity measurements of each species revealed that 

microbial composition of the gut was significantly dissimilar between male and female 

cotton rats for both S. fulviventer and S. hispidus (Figure 2.7 A-B; S. hispidus 

PERMANOVA p=0.00025, PERMDISP p=0.1116; S. fulviventer PERMANOVA 

p=0.00025, PERMDISP p=7E-04). There were also notable differences between males 

and females in S. hispidus skin and nose (Figure 2.7 E, G). Differential abundance 
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analysis using DESeq2 was conducted between males and females at each site (Table 

2.2). While the fecal community structure differed, there were only 3 differentially 

abundant genera due to sex in the S. hispidus gut and no different genera in S. fulviventer. 

There were differential taxa between sexes at external sites of both S. hispidus (21 

genera) and S. fulviventer (13 genera). 
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Figure 2.6. Alpha diversity metrics of ear, nose, skin, and feces between male and 
female S. fulviventer and S. hispidus. Richness and diversity were determined using 
the following methods: (A) Observed OTUs, (B) Chao1 index, (C) Shannon Diversity 
Index, and (D) Simpson Diversity Index. Statistical testing between sex of each cotton rat 
species was performed using a one-way (feces) and two-way (external sites) ANOVA, 
followed by a Tukey’s posthoc test. Statistical testing across species is not shown. Feces 
were plotted separately to account for discrepancies between Y axes. 
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Figure 2.7. Clustering of site- and species-specific samples (Bray Curtis, OTU level) 
revealed host sex-dependent communities at most sites. Statistical testing was performed 
using PERMANOVA to compare geometric mean (or centroid); PERMDISP was used to 
calculate significant differences in dispersion or variance. (A-B) Gut communities showed 
significant differences between both S. fulviventer and S. hispidus males and females. 
(C-H) External sites (ear, skin, and nose) showed sex-based community trends based on 
both sample mean distances and dispersion. Longitudinal samples from the same cotton 
rat are represented by matching point colors. 
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Species/ 
SampleType Bacteria (genus) BaseMean log2FoldChange 

(femaleVmale) pvalue qvalue 

S. fulviventer 
Nose 

Anaerostipes 27.559 19.968 3.53E-08 2.22E-06 
Kineococcus 17.698 19.351 9.19E-08 2.31E-06 
Comamonadaceae_unc 94.021 7.820 1.65E-03 1.73E-02 
Prevotellaceae_unc 87.015 7.711 6.92E-04 8.72E-03 
Ruminococcaceae_unc 828.485 5.317 5.00E-04 7.87E-03 
Lachnospiraceae_unc 553.467 3.228 3.90E-03 3.51E-02 
Staphylococcus 6130.222 -4.815 1.10E-07 2.31E-06 

S. fulviventer 
Ear 

Rhizobium 4.744 18.286 4.63E-07 2.50E-05 
Allobaculum 47.850 7.700 1.57E-04 4.23E-03 

S. fulviventer 
Skin 

Alistipes 74.458 22.537 1.19E-12 8.12E-11 
Hymenobacter 59.414 22.219 8.50E-10 2.89E-08 
Ruminococcaceae_unc 401.669 5.385 1.12E-03 1.90E-02 
Mucilaginibacter 50.502 -10.252 8.79E-04 1.90E-02 

S. hispidus 
Feces 

Erysipelotrichaceae_unc 142.661 2.677 5.71E-06 3.20E-04 
Allobaculum 5401.554 1.775 1.34E-03 2.50E-02 
Clostridium_IV 1171.401 -3.571 1.20E-03 2.50E-02 

S. hispidus 
Nose 

Flavobacteriaceae_unc 2853.705 2.635 4.61E-05 7.68E-04 
Betaproteobacteria_unc 63.140 2.510 4.99E-03 3.12E-02 
Neisseriaceae_unc 3774.233 2.246 1.18E-04 1.47E-03 
Mycoplasma 14945.290 1.952 2.95E-04 2.95E-03 
Streptococcus 8346.633 1.462 6.93E-03 3.85E-02 
Cellulosilyticum 72.399 -3.547 8.66E-03 4.33E-02 
Corynebacteriaceae_unc 1515.694 -4.873 3.70E-06 9.24E-05 
Alistipes 44.780 -7.300 1.78E-03 1.27E-02 
Odoribacter 39.825 -7.715 1.16E-03 9.68E-03 
Leuconostoc 34.683 -22.369 1.23E-17 6.13E-16 

S. hispidus 
Ear 

Planococcaceae_unc 46.965 24.491 3.42E-19 1.78E-17 
Burkholderia 76.137 6.968 1.74E-04 2.26E-03 
Ruminococcaceae_unc 36.895 -8.112 8.54E-05 1.48E-03 
Clostridium_sensu_stricto 131.715 -8.288 5.45E-06 1.42E-04 

S. hispidus 
Skin 

Lactococcus 73.115 5.542 1.71E-03 7.83E-03 
Turicibacter 180.005 -4.568 1.63E-03 7.83E-03 
Sphingobacterium 5341.196 -4.646 1.33E-04 1.07E-03 
Enterobacteriaceae_unc 10677.297 -5.124 5.72E-06 9.15E-05 
Flavobacteriaceae_unc 261.934 -5.649 3.78E-05 4.03E-04 
Bacteroidetes_unc 39.244 -6.347 1.18E-03 7.57E-03 
Clostridium_IV 91.701 -24.197 6.27E-15 2.01E-13 

Table 2.2. Differential abundance analysis of taxa between individual body sites across 
female and male S. hispidus and S. fulviventer. Positive Log2FoldChange = higher in 
females; negative Log2FoldChange higher in males. There were no significant taxa in S. 
fulviventer feces. 
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v. Differences in the microbiome between cotton rat species  
assessed by whole metagenomic sequencing 

 

Due to the dramatic differences between the S. fulviventer and S. hispidus gut 

microbiomes detected by 16S rRNA gene sequencing, further analysis was pursued to 

understand community differences at the species and strain level as well as differences 

in microbiome functional potential. DNA extracted from 10 male cotton rat stool samples 

(S. hispidus=5, S. fulviventer=5) on both days 34 and 111 (20 samples total) from the first 

experimental group were processed for shotgun metagenomic sequencing, which 

generated 1.11x109 reads (5.57x107 average reads per sample), comprising of 334,037 

megabases (16,701 average megabases per sample) and 17.2% duplicate reads. 

Taxonomic classification was performed by MetaPhlAn2. 

Whole metagenomic sequencing data showed differences at the species level that 

validated the 16S rRNA gene sequencing data. Abundances of several bacterial species 

were found to be statistically different (q<0.05) between cotton rat species based on 

differential abundance analysis by both hierarchical clustering (based on Bray-Curtis 

dissimilarity) of the top 25 most abundant species and DESeq2 (Figure 2.8). One sample 

from each S. fulviventer and S. hispidus were removed from differential expression 

analysis due to reduced sequence quality and outlier testing by hierarchical clustering. 

Lactobacillus reuteri, L. gasseri, and the novel L. sp. ASF360 predominated the gut of S. 

hipsidus (Figure 2.8A), and many other Lactobacillus species were significantly more 

abundant in S. hispidus samples than S. fulviventer (Figure 2.8B). Total Lactobacillus 

within the S. fulviventer gut was significantly less abundant but included species unique 

to S. fulviventer, including L. murinus, L. BHWM-4, and L. animalis. Akkermansia 
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muciniphilia was significantly more abundant in S. fulviventer compared to S. hispidus. 

Ruminococcus torques, Helicobacter cinaedi, and Oscillibacter spp. were of higher 

abundance in the S. hispidus gut. Parabacteroides spp. (including P. johnsonii) and 

Odoribacter were more abundant in the S. fulviventer gut.  

 

 

 
 

 
Figure 2.8. Differential abundance of cotton rat gut taxa and corresponding pathways 
using whole-genome sequencing. (A) Hierarchical clustering (Bray-Curtis) of the top 25 
differentially abundant bacterial species between S. fulviventer vs. S. hispidus. 
Lactobacillus reuteri and L. gasseri were drastically higher in S. hispidus stool, while 
Akkermansia muciniphila was higher in S. fulviventer stool. (B) DESeq2 results 
representing the differential abundance of Lactobacillus species and strains between S. 
hispidus and S. fulviventer. Data generated from whole metagenome sequencing. 
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vi. Differential functional potential between cotton rat species microbiome 

 

To understand the biological implications of these differences, HUMAnN2 (231) 

was used to map any functional differences [MetaCyc pathway database (232)] defined 

by identified gene families and bacterial profiles. 418 pathways (with nearly all associated 

with bacteria present in the sample) were identified in the two cotton rat species based 

on the MetaCyc database, with all 418 pathways represented in S. hispidus but only 334 

pathways represented in S. fulviventer (Figure 2.9A). Most of these pathways included 

biosynthesis (39.60%) and degradation/utilization/assimilation (18.79%) pathways, as 

well as several overarching superpathways (27.18%) and energy/metabolite production 

pathways (10.57%). More specifically, these pathways were part of several instrumental 

superclass ontologies that metabolize (including de novo pathways) electron carriers, 

vitamins, fatty acids, lipids, amino acids, carbohydrates, secondary metabolites, and 

fermentation-derived energy (Figure 2.9B). Interestingly, several pathways were 

differentially abundant between cotton rat species. Each cotton rat species had unique 

pathways contributed to by their microbiomes (S. fulviventer=14 and S. hispidus=27, 

p<0.05), most of which involved biosynthesis pathways.  

In relation to differentially abundant bacteria species, 44 pathways were solely 

driven by Lactobacillus gasseri, L. reuteri, and L. ASF360 by matching reads from 

MetaPhlAn2 bacterial identifications with HUMANn2 predicted pathways. Several of 

these pathways were more highly expressed in S. hispidus (Figure 2.10). These included 

L-proline biosynthesis from arginine (catalyzed by bacterial enzymes), inosine-5’-

phosphate biosynthesis (for de novo synthesis of purines), pyruvate fermentation to 
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acetate/lactate (for anaerobic energy production), adenosine deoxyribonuclease de novo 

biosynthesis (to promote ADP production), and D-galactose degradation (breakdown of 

D-galactose to a useable form in glycolysis). Akkermansia municiphilia was the driver of 

25 other pathways, many of which were highly expressed in S. fulviventer compared to 

S. hispidus (Figure 2.11). These included L-isoleucine biosynthesis (for production of 

leucine and isoleucine), phosphopantothenate biosynthesis (to produce vitamin B5 de 

novo, of which animals cannot produce, and to feed production of coenzyme A and acyl 

carrier protein), glycolysis (particularly the degradation of starches for reductants and 

energy for anabolic pathways), and L-valine biosynthesis.  
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Figure 2.9. The functions of the cotton rat gut microbiome. (A) Distribution of MetaCyc 
metabolomic pathways predicted from bacterial sequences. 415 unique pathways were 
identified, and most pathways were classified within the Biosynthesis, Superpathway, and 
Degradation/Utilization/Assimilation pathway superclasses. (B) Distribution of pathway 
ontology. Of all the identified pathways, the largest group consisted of Cofactor, 
Prosthetic Group, Electron Carrier, and Vitamin Biosynthesis, which are often 
components of host biology sourced solely by commensal bacteria. 
  

Detoxification (0.34%)
Degradation/Utilization/
Assimilation (18.79%)

Macromolecule
Modification (1.17%)

Glycan
Pathways
(0.50%)

Biosynethesis (39.60%)

Generation of 
Precursor Metabolites
and Energy (10.57%)

Metabolic
Clusters
(1.85%)

Superpathways
(27.18%)

415 MetaCyc
Pathways Identified

Amino Acid Biosynthesis
Fatty Acid and Lipid Biosynthesis

Nucleoside and Nucleotide Biosynthesis
Fermentation

Genreation of Precursor Metabolite and Energy
Carbohydrate Degradation

Carbohydrate Biosynthesis
Amino Acid Degradation

Secondary Metabolite Biosynthesis
Fatty Acid and Lipid Degradation

Nucleoside and Nucleotide Degradation
Aromatic Compound Degradation

Cell Structure Biosynthesis
Amine and Polyamine Degradation

Inorganic Nutrient Metabolism
Secondary Metabolite Degradation

Superpathways
Amine and Polyamine Biosynthesis

Nucleic Acid Processing

Cofactor, Prosthetic Group, Electron Carrier, 
and Vitamin Biosynthesis 

0     10    20    30    40    50    60    70    80 

A B

C

418 MetaCyc
Pathways Identified

Sf Sh

418334
334

A.

B.



 57 

 
 
Figure 2.10. Several pathways are more active in S. hispidus gut and are contributed 
significantly to by Lactobacillus. (A) Catalysis of proline biosynthesis by bacterial enzymes 
(PWY-4981). (B) Catalysis of the conversion of D-galactose to D-glucopyranose 6-
phosphate, the more metabolically versatile carbohydrate that can feed directly into 
glycolysis, by the enzymes of the Leloir pathway (PWY66-422). (C) De novo biosynthesis 
of purines (PWY-6123). (D) De novo synthesis of ADP for the direct feeding of ATP 
generation, a pathway that can only accept ribonucleoside diphosphates instead of the 
mono- or triphosphate forms (PWY-7220). (E) Anaerobic breakdown of glucose to energy 
(PWY-5100).  
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Figure 2.11. Several pathways that are more active in S. fulviventer than S. hispidus and 
are greatly contributed to by Akkermansia species. (A) A member of the superpathway of 
branched-chain amino acid biosynthesis that generates not only isoleucine but also 
leucine and valine (ILEUSYN-PWY). (B) Degradation of starch for the generation of 
carbon skeletons, reductants, and ATP for anabolic bacterial fatty acid pathway initiation 
via pyruvate decarboxylation to acetyl CoA (PWY-1042). (C) Biosynthesis of R-4'-
phosphopantothenate, the universal precursor for synthesizing coenzyme A and acyl 
carrier protein. Only plants and microorganisms can synthesize pantothenate de novo; 
animals require a dietary supplement. Synonymous with Vitamin B5 synthesis. (PANTO-
PWY). (D) A member of the superpathway of branched-chain amino acid biosynthesis 
that generates not only valine but also leucine and isoleucine. 
and Akkermansia species.   
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PWY66-422: D-galactose degradation V (Leloir pathway)
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ILEUSYN-PWY: L-isoleucine biosynthesis I (from threonine)

Stratifications:
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PANTO-PWY: phosphopantothenate biosynthesis I
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PWY-1042: glycolysis IV (plant cytosol)

Stratifications:
Akkermansia muciniphila
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VALSYN-PWY: L-valine biosynthesis

Stratifications:
Eubacterium plexicaudatum
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Parabacteroides johnsonii
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C. DISCUSSION 

 

 

 

This chapter presents the comprehensive characterization of the cotton rat microbiome 

and comparison of bacterial communities of two species: S. hispidus and S. fulviventer. 

These analyses uncovered species-specific differences in gut bacteria, even though the 

two species had the same diet over many generations and were housed in separate 

cages in the same facility and room. 16S analysis revealed that all external sites (skin, 

ear, nose) shared similar community structures within each species (Figure 2.4), but S. 

fulviventer had higher alpha diversity and richness than S. hispidus (Figure 2.3). There 

were no differentially abundant genera between species at external sites. S. fulviventer 

and S. hispidus had unique fecal microbiomes composed of several significantly 

differentially abundant genera (Figure 2.5). Escherichia/Shigella, Lactobacillus, 

Helicobacter, and Anaerostipes were higher in S. hispidus, whereas 

Clostridium_sensu_stricto, Elusimicrobium, Verrucomicrobiaceae_unclassified, and 

Hespellia, were higher in S. fulviventer. There were also significant differences in 

metabolic pathway functions due to differential host-microbiome contributions, including 

biosynthesis fermentation and degradation pathways. For sex-based comparisons, the 

microbiome composition of external sites showed significant differences between male 

and female animals, while fecal communities were largely similar, as measured by beta 

diversity. This data further supports that, while environmental factors play a vital role in 
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shaping microbiome structure and composition, underlying host genetics exerts 

homeostatic pressure for distinct microbiomes between populations. This study is also 

the first analysis of the cotton rat microbiome in two different inbred species. 

The most recent phylogenetic analysis of the Sigmodon sp. found that S. hispidus 

and S. fulviventer diverged 5.4 million years ago (179). In the wild, S. hispidus and S. 

fulviventer are sympatric species, with S. fulviventer being the more dominant animal 

(180). Separate inbreeding of the two species has made them a useful small animal model 

in laboratory research (233, 234). This data shows that each species maintains a unique 

gut microbiome community structure and composition even upon inbreeding and 

adaptation to a controlled laboratory environment.  

While other small animal models, including mice and rats, have been used to 

explore the relationship between genetic patterns and bacterial homeostasis (235-238), 

the cotton rat could be used to study the interplay between differing host microbiomes 

and host immune systems responses to viral infections. For example, S. hispidus had a 

significantly higher amount of probiotic gut bacteria genera (Lactobacillus, 

Bifidobacterium) that have been associated with protection against the severe outcomes 

from respiratory syncytial virus, influenza, and human rhinovirus (225, 239, 240). Other 

differentially abundant bacteria between the two species, such as Escherichia coli and 

Bacillus cereus, have also been shown to enhance both poliovirus and reovirus replication 

and pathogenesis (241). Host responses considering the microbiome could be elucidated 

with the presence/absence of these bacteria in this animal model. The cotton rat could 

also be an optimal model for supplementation studies of bacterial taxa in relation to these 

viruses. 
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This study also uncovered sex as a key factor impacting gut microbiome 

composition. In addition, metagenomic sequencing analysis revealed species level 

differences as well as the metabolic potential of the microbiome. Differentially abundant 

taxa were directly related to differentially abundant metabolic pathways between cotton 

rat species. Pathways such as biosynthesis and degradation pathways (cell structures, 

electron carriers, vitamins, fatty acids, lipids, amino acids, etc.) could be greatly implicated 

in mucosal reinforcement previously described in microbiome literature (242). This 

microbiome-metabolic characterization may provide an important resource in 

understanding mechanisms by which the microbiome protects against certain disease 

states. 

This study has significant strengths compared to the lone study published so far 

(228), including large sample size, longitudinal sampling, and shotgun metagenomic 

sequencing to characterize the gut microbiome at the species level. However, we 

acknowledge several shortcomings:  

1. Due to the lack of an assembled cotton rat genome, we could not examine host 

genes, genetic patterns, or polymorphisms that may be driving differences in 

microbial colonization.  

2. Whole metagenomic sequencing was only performed on the gut microbiome of 

male cotton rats from the first cohort. While there is no cotton rat genome in the 

public databases, a de novo assembly of the cotton rat transcriptome could 

further integrate microbiome data and gene expression patterns to uncover 

more relevant information regarding differences in host and microbiome 

interactions.  
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3. Characterizing the microbiome of a unique animal species can be challenging 

due to host-adapted bacteria not matching the microbiome sequence 

databases. Many databases and tools that are commonly available are 

specifically designed for human microbiome analyses and can result in the 

misclassification of bacteria when used for new animal species. However, until 

better databases are generated, interpretation of data must be done with 

caution.  

Further research is warranted to understand species-level microbiome differences and 

their impact on immune response in all small animal models to better interpret preclinical 

studies of vaccines and anti-microbiological agents. Despite some limitations, this study 

creates a stepping stone for future research into these pressing questions of host-

microbiome interactions during infection. 
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D. METHODS 
 

 

 

Animals 

Four- to six-week-old cotton rats (~100 g) were obtained from the inbred colony 

maintained at Sigmovir Biosystems, Inc. (SBI). Cotton rats in the colony were 

seronegative by ELISA to adventitious respiratory viruses (i.e., Pneumonia Virus of Mice, 

Rat parvovirus, Rat coronavirus, Sendai virus). Animals were individually housed in large 

polycarbonate cages and fed a diet of standard rodent chow and water ad libitum.  

For rigor and reproducibility, two independent animal experiments were carried out 

to characterize and establish the healthy cotton rat microbiome structure and composition 

by comparing two species, S. fulviventer and S. hispidus. In the first experimental group, 

20 young male cotton rats were examined: S. fulviventer (n=10) and S. hispidus (n=10). 

Each animal was observed for 111 days, with nose, ear, and skin swabs collected on day 

95 and fecal samples collected on days 0, 4, 34, and 111. These samples were used for 

microbiome characterization. To analyze any sex bias in the microbiome, a second 

experimental group (at a later time) included 13 young S. fulviventer (10 males, 3 females) 

and 16 young S. hispidus (5 males, 9 females). Healthy animals were monitored for 28 

days, with fecal samples collected on days 0, 7, 13, 21, and 28 and nose, ear, and skin 

swabs collected on days 7 and 28. To avoid fighting, all the animals were housed 

individually in large polycarbonate cages (with proper enrichment; nylon bone and glass 

jar). The cotton rat colony was maintained free of human and rodent viruses. All animal 
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procedures followed NIH and USDA guidelines and were approved by the Sigmovir 

Biosystems, Inc. IACUC.  

Sample Collection 

Feces collection: One day before feces collection, cage beddings were changed 

in the late afternoon for each animal. Samples were collected between 10 am and 1 pm 

with sterile forceps. On average, 10-15 feces pellets were collected from each animal. 

Immediately after collection, samples were frozen at −80°C.  

Nose swab: Sterile saline (~100 μl) was pipetted into both nostrils of anesthetized 

cotton rats positioned face down; Fisherbrand Sterile Swabs (Calcium Alginate Fiber 

Tipped Ultrafine Aluminum Applicator Swab) were then immediately placed in the nostrils 

to absorb the saline. Swabs were broken into sterile DNase/RNase-free 1.5 ml tubes and 

stored at −80°C. 

Ear swab:  Sterile saline (~100 μl) was pipetted up and down into both ears of each 

anesthetized cotton rat while the animal was kept in an anesthesia chamber for 1-2 

minutes, and residual liquid was absorbed from each ear with Beaver Visitec Ultracell 

PVA Eye Spears pack of 5 (intended for fluid absorption and tissue manipulation). Swabs 

were broken into sterile DNase/RNase-free 1.5 ml tubes and stored at −80°C. 

Skin swab: Sterile saline (~200 μl) was put at the back of each anesthetized cotton 

rat (at approximately the same site for each animal) and rubbed vigorously using 

Fisherbrand Sterile Swabs (Calcium Alginate Fiber Tipped wood applicator swab). Swabs 

were broken in sterile DNase/RNase-free 1.5 ml tubes and stored at −80°C. 
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Microbiome DNA extraction and 16S rRNA gene sequencing 

Genomic DNA was extracted from all samples at Vanderbilt University Medical 

Center using the Qiagen DNeasy PowerSoil HTP Kit (96-well plates) following the 

manufacturer’s protocol, except the optional 4°C incubations were skipped. Stool 

samples were thawed on ice and added directly to the kit plate. Nose, ear, and skin swabs 

were vortexed in tubes with 800 uL Qiagen PowerBead solution for 5 mins; this 

PowerBead solution was then added to the kit plate. An extraction negative, which did not 

contain any template but was otherwise processed the same as the rest of the samples, 

was included on each extraction plate. To mechanically lyse the cells, plates were shaken 

at 20 Hz in a TissueLyser II system (Qiagen) for 20 minutes. Steps 16–33 of the kit 

manufacturer’s protocol were performed on a QIAcube HT (Qiagen). One-step PCR 

targeting the V4 region of the 16S rRNA gene was performed using 515F/806R primers 

(243). MyTaq HS Mix (Bioline) was used to create amplicons with the following cycling 

conditions: 95°C for 2 min; 30 cycles of 95°C for 20 sec, 50°C for 15 sec, 72°C for 5 min; 

72°C for 10 min; 4°C indefinitely. Positive PCR results were confirmed by the presence 

of a 400bp band in 1% agarose gel electrophoresis; all negative controls were verified at 

this step to not have a visible band. The PCR products were cleaned and normalized 

using the SequalPrep Normalization Kit (Invitrogen). Samples and complementary 

controls (extraction negative, PCR negative, and ZymoBIOMICS Microbial Community 

Standard) were pooled and cleaned using 1X AMPure XP beads. Sequencing was done 

on an Illumina MiSeq platform with 2x250bp reads at the Vanderbilt Technologies for 

Applied Genomics (VANTAGE) core facility. 
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16S rRNA Gene Data Processing and Statistical Analysis 

After sequencing, reads were processed using the mothur SOP 

(https://mothur.org/wiki/miseq_sop/) (244).  Operational taxonomic units (OTUs) were 

clustered at 97% sequence identity. Non-bacterial sequences, low-quality sequences 

(1.5% of total reads), and chimeras, as identified with UCHIME (245) were removed 

during data processing. Sequences were taxonomically assigned by the Ribosomal 

Database Project (RDP) database 14  (246) using the SILVA database release 128 (247). 

Samples with <10000 final reads (n=10) were removed before alpha and beta diversity 

analysis, and samples with <1000 final reads (n=5) were removed before the remaining 

analyses to examine specific differentially abundant taxa (i.e., DESeq2, GeneSelector, 

stability selection, and LEfSE). Statistical analyses were performed using MGSAT 

[https://bitbucket.org/andreyto/mgsat] (209, 240), which facilitates data analysis by 

wrapping the R packages described below.  

Alpha- and beta-diversity analyses were performed using the R package vegan 

(248). Before alpha- and beta-diversity analysis, counts were rarefied to the smallest 

library size, and richness, alpha-, and beta-estimates were calculated. This process was 

repeated 400 times, and the results were averaged. Richness was estimated with the 

observed OTUs and Chao1 indices; alpha diversity was assessed with the Shannon and 

Simpson indices, which were converted into their corresponding Hill numbers (249). 

Where applicable, statistical testing between site alpha diversity was calculated using 

Mann-Whitney U or Kruskal-Wallace/Dunn’s Post Hoc test. Counts were normalized to 

simple proportions for beta-diversity analysis, and pairwise Bray-Curtis dissimilarities 

were estimated. The PermANOVA (permutation-based analysis of variance) test as 
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implemented in the Adonis function from the R package vegan was used to test for 

significance between overall microbial composition and groups of interest (i.e., S. hispidus 

compared to S. fulviventer and males compared to females) over 4000 permutations; 

results are indicated by “centroid” p-values. Homogeneity of variance within sample 

groups was tested using betadisper function; results are indicated by “dispersion” p-

values. Comparisons between Sigmodon cotton rats, human, and mouse fecal 

microbiome communities were performed using the same methods, and data were 

downloaded from the NCBI Short Read Archive database (BioProject PRJNA368790, 

PRJEB27068, and PRJEB27068). All downloaded data were sampled from a single time 

point and did not represent longitudinal sampling. 

Differential abundance of taxa in association with metadata categories was 

analyzed using DESeq2 (229) . Before DESeq2 analysis, we eliminated all taxa that had 

an average number of <10 reads, taxa with a minimum quantile mean fraction <0.25, and 

taxa with a minimum quantile incidence fraction <0.25; taxa with a normalized base mean 

(generated by DESeq2) <10 were removed. Reported adjusted P values (q) values are 

the result of a Wald test with the Benjamini and Hochberg correction to adjust for multiple 

comparisons. To build alternative rankings of taxa regarding their prevalence in one 

cotton rat species over the other, we also used stabsel and GeneSelector. The stabsel 

stability selection (250) approach aims to build the relative ranking of the predictor 

variables (taxa in this case) according to their importance for predicting the outcome.  It 

does so by building multiple “base” models on random subsamples of the data. The elastic 

net model from the R package glmnet was used as the base feature selection method to 

be wrapped by the stability protocol. The ranking of taxa and their probability of being 
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selected into the model were reported, as well as the probability cutoff corresponding to 

the per-family error rate that is controlled by this method. The GeneSelector package 

(251) was used as a stability feature ranking method that is based on a nonparametric 

univariate test. In brief, the same ranking method (package function RankingWilcoxon) 

was applied to multiple random subsamples of the full set of observations (400 replicates, 

sampling 50% of observations without replacement). RankingWilcoxon ranks features in 

each replicate according to the test statistic from Wilcoxon rank-sum test with regard to 

the outcome group (e.g., S. hispidus vs. S. fulviventer). Consensus ranking between 

replicates was then found with a Monte Carlo procedure (package function AggregateMC) 

and the features were reported in the order of that consensus. The absolute abundance 

counts were normalized to simple proportions within each observation to account for 

different sequencing depths. For each feature, we also obtained several types of the 

effect size, such as common language effect size and rank biserial correlation. LEfSe 

(Linear discriminant analysis [LDA] Effect Size) was executed using the online Galaxy 

module (230) to determine taxa most likely to explain differences between classes 

(species, sex, etc) using feature ranking followed by Kruskal-Wallis and pairwise 

Wilcoxon tests. These 4 statistical analyses (DESeq2, stabsel, GeneSelector, and LEfSe) 

allowed for rigorous testing of each particular taxon of interest. 

 

Metagenomic Library Preparation 

A subset of fecal samples from 20 total male cotton rats (10 from each species), 

taken on days 34 and 111 within the first cohort of cotton rats, underwent whole-

metagenomic shotgun sequencing. From the same stool samples, genomic DNA was 
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extracted using the Qiagen DNeasy PowerSoil Kit (Cat No./ID: 12888-100) by following 

the manufacturer’s protocol (skipping the optional 4ºC incubations).  In addition, a 

negative sample (which did not contain any template but was otherwise processed the 

same as the rest of the samples) and a positive control (ZymoBIOMICS Microbial 

Community Standard) were processed in parallel with samples and sequenced. Samples 

were normalized to 75 ng/ µL in 1X TE before library construction. Metagenomic libraries 

were prepared using the NEBNext® Ultra™ II FS DNA Library Prep Kit for Illumina® 

following the manufacturer’s protocol for inputs ≤ 100 ng. Samples were fragmented at 

37ºC for 12 minutes, yielding a fragment size of 200-450 bp. NEBNext Multiplex Adaptors 

were diluted 10-fold. NEBNext Multiplex Oligos for Illumina (Set 1, NEB #E7335) were 

used for PCR enrichment of adaptor-ligated DNA, and 5 cycles of PCR were run. Library 

quality was assessed on an Agilent 2100 Bioanalyzer System using the Agilent High 

Sensitivity DNA Kit (5067-4626). Samples were sequenced via the NovaSeq 6000 2x150 

platform for Illumina at the Vanderbilt Technologies for Advanced Genomics (VANTAGE) 

core, aiming for 40 million reads per sample. 

 

Whole Metagenomic Sequence (WMS) Analysis 

FastQC (252) followed by MultiQC (253) were used to examine data quality. 

Trimmomatic (254) was used to remove adaptors and trim low-quality reads using the 

parameters: TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:75. An average of 85% of 

reads mapped to various host DNA databases, but reads were not filtered before 

functional classification. Microbial communities were then profiled using MetaPhlAn2 

(255) . Differentially abundant bacteria were calculated using MetaPhlAn2’s hclust2.py 
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function by hierarchical clustering (based on Bray-Curtis dissimilarity) of the top 25 most 

abundant species according to the 90th percentile of the abundance in each clade as well 

as DESeq2. Functional metabolic profiles were analyzed using HUMANn2, which aligns 

reads from UniRef (256) and clusters abundances to the ChocoPhlAn (231) database. 

This generates three outputs: UniRef IDs for gene families in reads per million, MetaCyc 

pathway coverage, and MetaCyc pathway abundances in copies per million. To identify 

differential pathways between sample groups, associations between cotton rat species 

were identified by the HUMANn2.associate script and statistical testing using the Kruskal-

Wallis H-test. Data presented (generated by HUMANn2.barplot script) is from pathway 

abundances (normalized as relative abundance) within each sample with 

unmapped/unintegrated pathways removed and was found statistically significant (p<0.05 

and q<0.05). Superclasses distribution of identified MetaCyc pathways was manually 

generated using the online MetaCyc database. 

 

 

Enumeration of Lactobacillus 

Two frozen stool pellets were taken from 20 male cotton rats (10 S. hispidus, 10 

S. fulviventer), weighed, and diluted to 45 mg/mL in sterile 1x PBS. Samples were rocked 

for 20 min on ice and resuspended manually with pipette mixing. 10-1-10-3 serial dilutions 

were plated on Lactobacilli MRS agar (BD 288210) and incubated at 37ºC for 48 h. 

Colonies on 10-2 were counted, and 95 colonies were randomly picked from each species 

and inoculated into 1.2 mL MRS broth (BD 288130) in a sterile 96-deep-well plate. The 

plate was incubated at 37ºC for 20 h with no shaking. Cultures were gently mixed by 
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pipetting, and 20% glycerol stocks were prepared for each culture. Colony PCR was 

performed on each isolate by boiling the culture at 95ºC for 10 minutes, then using 10 µL 

as the template with Lactobacillus species-specific primers (257) and MyTaq HS Red 

(Bioline®) with the following cycling conditions: 95°C for 2 min; 30 cycles of 95°C for 20 

sec, 50°C for 15 sec, 72°C for 1 min; 72°C for 10 min; 4°C indefinitely. PCR reactions 

were spun at 3900g for 10 min to remove any bacterial debris from the boiled template 

and run on 1% agarose gel to verify Lactobacillus-positive colonies. A new PCR was then 

repeated using the universal primers Uni331F/Uni797R (258) (following cycling 

conditions listed above), and purified PCR products were sent for Sanger sequencing. 

Bacterial isolate identity was determined using NCBI BLAST database. 

 

Determination of bacterial load by qPCR 

DNA was extracted from an equal volume of normalized homogenates of cotton 

rat stool (described in Methods: Enumeration of Lactobacillus) using the DNeasy 

PowerSoil Kit (Qiagen). qPCR reactions were prepared in duplicate using BioRad iQ 

Supermix with Invitrogen SYBR Green, following the manufacturer’s protocol. Universal 

eubacteria 16S rRNA primers (UniF340, UniR514) (259) equal volumes of extracted DNA, 

and targeted standards were used to determine copy number per gram of feces. Each 

qPCR plate included a corresponding extraction negative and a no-template negative 

control. As previously described, a serial dilution of standards containing known bacterial 

copy numbers specific to the primer pair was used as a standard curve. PCR reactions 

were run with a 15 sec 95ºC melting and 1 min 54ºC annealing step for 40 cycles. Cycle 
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threshold (CT) values were plotted against the standard curve to determine copy number, 

and figures and statistical testing (unpaired T-test) were generated using Prism v8. 

 

Isolation and culture of Lactobacillus strains from cotton rats’ stool 

Glycerol stocks of identified Lactobacillus species were streaked on MRS agar 

plates, and a single colony was grown in culture using MRS broth. Each species was 

incubated at 37ºC without shaking to determine growth parameters, and growth efficiency 

was measured by turbidity. A growth curve was also estimated using a BioTek Synergy 

HTX plate reader at 37ºC for 24 h; OD600 was measured every 10 min following a brief 3-

second shake to mix culture. CFU counts were also taken during the log phase by plating 

a 3-fold serial dilution on MRS agar plates. 
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CHAPTER 3 
 
 

Generation of de novo transcriptome references for two species 
of cotton rats and transcriptomic analysis during RSV infection 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some text and figures in the following section (Chapter 3) were previously published in (Strickland et al., 
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specific transcriptomic changes upon Respiratory Syncytial Virus infection in cotton rats.” 
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A. INTRODUCTION 

 

 

Respiratory syncytial virus (RSV) is the leading cause of acute respiratory tract infection 

(ARI) in children below the age of two years, as well as in immunocompromised 

individuals and the elderly, resulting in 33 million ARIs, 3.2 million hospital admissions, 

and nearly 120,000 deaths worldwide each year (28). There is currently no approved RSV 

vaccine and only one preventative monoclonal antibody (Palivizumab), with use limited 

to high-risk children due to costs (260, 261). As 93% of RSV LRTI cases and 99% of RSV 

mortality occurs in developing countries, the need for an effective vaccine and low-cost 

preventatives is critical (28). The failure of the formalin-inactivated RSV vaccine in the 

1960s, which induced enhanced disease in vaccinees upon encounter with the virus, 

hampered the development of new RSV vaccines for decades (21-23). However, there is 

a recently renewed effort to develop RSV preventatives, with 14 vaccine candidates and 

alternative anti-viral strategies against RSV (recombinant antibodies (24), nanobodies 

(25), small molecule inhibitors and analogs (26)) that are at various stages of 

development (27). This highlights the critical need for an appropriate pre-clinical model 

for vaccine and drug development against RSV. 

The cotton rat (genus Sigmodon) is considered the “gold standard” animal model 

for RSV infection compared to mice and other animals because it is 100-fold more 

permissive than the majority of laboratory mice to RSV infection and RSV infects both its 

upper and lower respiratory tracts similar to humans (161, 262, 263). Cotton rats have 
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also accurately predicted the efficacy of the only two FDA-approved RSV therapeutics 

(RespiGamÒ, PalivizumabÒ) (171, 174, 221, 222). In addition to RSV, cotton rats have 

been used to study other human respiratory viruses of significance, i.e., influenza A virus 

(166, 212), parainfluenza virus (164, 165), measles (168), human metapneumovirus 

(169), enterovirus D68 (170), and human rhinovirus (213) due to the broad susceptibility 

and comparable human disease features. Unfortunately, studies comparing 

transcriptomic changes in cotton rats have been limited due to the lack of publicly 

available reference genomes for any cotton rat species. Previously, the lung 

transcriptome was assembled and analyzed upon RSV infection in S. hispidus (264). 

However, that study had only examined gene expression in one tissue type and was 

limited to only one cotton rat species (S. hispidus). As prior studies show, both S. 

fulviventer- and S. hispidus-specific differences exist in disease severity to viral pathogen 

(i.e., parainfluenza virus (178)) and microbiome community structure (181). The main 

objectives of this study were to develop comprehensive transcriptomes for both species 

and to compare gene expression changes upon RSV infection.  

To this end, total RNA of multiple tissues (lung, spleen, heart, kidney, colon) from 

healthy animals were sequenced, assembled de novo, and functionally annotated to 

generate a comprehensive transcriptome for two species of cotton rats (S. fulviventer and 

S. hispidus). Each species of the cotton rat was then infected with RSV A/Long strain 

alongside uninfected controls, and the transcriptome references were used to determine 

differentially expressed genes after RSV infection.  
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B. RESULTS 

 

 

i. RNA extraction and transcriptome sequencing 

 

Total RNA was extracted from sections of spleen, heart, kidney, lung, and colon 

harvested from 4-6-week-old healthy S. fulviventer and S. hispidus for comprehensive 

transcriptome assembly. The RNA-seq libraries were sequenced to a depth of 50 million 

paired-end 2x150 per sample. After sequencing read QC, data were pooled from all 

healthy tissues (n=2 per species, lung n=4 per species) to generate 456 million paired-

end reads for S. fulviventer (GC content 54.9%) and 465 million paired-end for S. hispidus 

(GC content 53.1%) (Table 3.1). Transcriptome for each species was generated using de 

novo assembly, which was then used as a reference database to evaluate RSV-induced 

transcriptomic changes in the lungs of the infected animals compared to uninfected 

controls. 

  



 79 

 

 

 

Species Sample Type (n) 
Raw 
Data 
(Mb) 

Trimmed/QC 
PE Data 

(Mb) 
GC% 

 Lung (4 healthy, 5 
infected) 410.0 206.0 53.3 

 Intestines (2) 138.0 72.3 52.5 
S. fulviventer Heart (2) 132.8 70.5 56.0 

 Spleen (2) 113.8 56.7 58.5 
 Kidney (2) 112.9 50.5 54.0 
  907.5 456  

S. hispidus 

Lung (4 healthy, 5 
infected) 421.8 211.9 52.0 
Intestines (2) 127.7 66.4 54.0 
Heart (2) 109.6 56.4 50.0 
Spleen (2) 135.9 66.4 54.5 
Kidney (2) 123.8 63.9 55.0 

  918.8 465  

Species Raw 
Assembly Filter 200bp CD-Hit 95% Evidential 

Gene 
S. fulviventer 1,399,089 1,326,282 1,323,179 620,569 
S. hispidus 1,399,138 1,326,220 1,249,645 592,099 

 
Table 3.1. (A) Sequencing statistics as raw data and Trimmomatic-processed paired-end 
reads separated by organ type. (B) Filtering statistics for final assembly. Contigs <200bp 
removed using seqkit. Contigs with taxonomic annotation (BlastX) as “virus”, “bacteria”, 
or “fungi” were removed from transcriptome assembly. Contigs with 95% similarity were 
removed with CD-HIT. Primary/non-redundant mRNAs were picked by EvidentialGene 
tr2aacds pipeline for final assembly file.  
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ii. De novo transcriptome assembly of S. fulviventer and S. hispidus reads 

 

For each species, sequenced reads from all 5 tissue types were combined. Trinity 

(265) was used for de novo assembly of contigs (also referred to as ‘transcripts’) following 

in silico normalization to achieve an average coverage of 50x. The assembler generated 

over 1.3 million contigs per species, which were further filtered based on length (266) and 

redundancy (267, 268) (Table 3.1). The following annotation statistics are shown in Table 

3.2. Each transcript was assigned a unique identifier that designated each ‘gene’ (S. 

fulviventer=587,619, S. hispidus=559,830) and their alternatively spliced ‘isoforms’ (S. 

fulviventer=620,569, S. hispidus=592,099). Assembled transcripts from both species had 

a GC content of 43% and contig N50>1600 (which exceeds N50 of other published 

transcriptome assemblies (269-271)). The Ex90N50, which is the N50 but limited to the 

top 90% of total normalized transcripts, was 2503 (S. fulviventer, #transcripts=108,995) 

and 2162 (S. hispidus, #transcripts=240,587) (Table 3.2).  

To assess the quality of the assembly, quality-trimmed reads were mapped back 

to the full assembly using Bowtie2 (272) to find 81.9% and 87.9% of reads were utilized 

during assembly of the S. fulviventer and S. hispidus transcriptome respectively, for which 

>70% is indicative of good quality. Transcriptome completeness was also assessed by 

searching for evolutionarily-conserved BUSCO (273) groups from the vertebrata_odb10 

lineage dataset (total n=3354) within the dataset. The S. fulviventer assembly had 92.7% 

complete BUSCOs (Complete:3109 [Complete&Single:785, 

Complete&Duplicated:2324], Fragmented:154, Missing:91), and S. hispidus had 90.2% 

complete BUSCOs (Complete:3025 [Complete&Single:2599, 
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Complete&Duplicated:426], Fragmented:194, Missing:135). All assembly quality 

statistics are also shown in Table 3.2.  

 

 

 

Transcriptome Assembly S. fulviventer S. hispidus 
Contigs/Isoforms 620,569 592,099 
Genes 587,619 559,830 
Genes (TPM>1) 270,451 474,882 
Median/Mean Contig Length 580/1003.01 597/1032.27 
GC% 43.28 43.32 
Contig N50 1604 1655 
Ex90-N50:#Genes 2503:108,995 2162:240,587 
Reads Mapped Back to Assembly 81.9% 87.9% 
BUSCO (vertebrata n=3354) 90.2% 90.4% 

Annotation   
Identified Coding Sequences 118,159 113,999 
Annotated transcripts (BlastX 1e-5) 118,060 117,153 
     Unique genes (no duplicates) 18,726 18,380 
Annotated proteins (BlastP 1e-5) 31,855 30,953 
     Unique proteins (no duplicates) 17,154 16,887 
KEGG Pathways 90,642 89,654 
Pfam (protein domains) 5,042 6,298 
TmHMM (transmembrane helices) 18,846 18,027 
SignalP (signaling proteins) 7,915 7,778 
EggNOG (orthology relationships) 2,902 2,205 

 

Table 3.2. De novo assembly and annotations statistics. 
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The number of transcripts and their expression levels varied between tissue type, 

and several transcripts were tissue-specific, with the lung having the greatest number of 

unique transcripts (S. fulviventer=47,448, S. hispidus=38,270) (Figure 3.1A-B). Other 

transcripts were either found in all 5 tissues (S. fulviventer=216,307, S. hispidus=225,833) 

or a combination of two or more tissue types (Figure 3.1A-B). Many transcripts were 

differentially expressed between tissues (S. fulviventer=49,215, S. hispidus=55,415) as 

determined by DESeq2 and visualized by hierarchical heatmap clustering (274) (Figure 

3.1C-D). The principal component analysis shows significant difference in gene 

expression patterns between species and different tissue samples, indicated by strong 

clustering based on species and tissue type (Figure 3.1E). Following assembly, 

transcripts were annotated using protein sequence database (SwissProt) to search for 

homology against other species. For both species, transcripts shared the highest 

homology with Mus musculus (54%), Homo sapiens (17%) and Rattus rattus (13%) 

(Figure 3.1F). 
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Figure 3.1. Sigmodon transcriptome assembly using Trinity. (A, C) UpSet plot of 
overlapping and tissue-specific transcripts expressed in the spleen (blue), heart (green), 
kidney (red), colon (orange), and lung (blue) of both (A) S. fulviventer (n=2) and (C) S. 
hispidus (n=2). Bars for overlapping sequences are shown in black, while bars for 
sequences unique to individual organs are shown in corresponding colors. Number of 
overlapping transcripts are shown above each bar, with individual organ comparison on 
the y-axis. Number of unique genes per tissue are represented by the horizontal barplot. 
(B, D) Hierarchical clustering and heatmap by Z-score of all differentially expressed 
transcripts (Q<0.001,L2fc>2, Euclidean distance) within individual tissue samples of both 
(B) S. fulviventer and (D) S. hispidus. (E) Principal component analysis (PCA) of 
expressed transcripts within healthy tissue of both species. (F) Taxonomic source of gene 
annotations determined by NCBI BlastX. Data represents annotations of S. fulviventer 
transcriptome; S. hispidus not shown but varies by ~1% in all categories except “other”.  
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iii. Annotation and functional properties of the S. fulviventer  
and S. hispidus multi-tissue transcriptome 

 
 

Transcripts were functionally annotated using the Trinotate pipeline 

(https://trinotate.github.io/). Transcriptome references were generated for each species 

independently. First, cotton rat transcripts were aligned to a non-redundant protein 

annotation database (UniProt (275))–which contains sequences from 14,132 different 

taxa (http://web.expasy.org/docs/relnotes/relstat.html)–based on sequence homology via 

BLASTx (276) (cutoff e-value <1e-05). 118,060 transcripts were annotated, comprising 

18,726 unique genes for S. fulviventer and 117,153 transcripts comprising of 18,380 

unique genes for S. hispidus out of the ~600,000 transcripts assembled for each species 

(Table 3.2). Coding regions were then identified based on open reading frames (S. 

fulviventer=118,159, S. hispidus=113,999). Protein coding transcripts were annotated 

using BLASTp (276) (cutoff e-value <1e05) against the UniProt database (275) to identify 

>30,000 annotated proteins per species (~17,000 proteins after filtering duplicate 

annotations). Proteins were further annotated based on protein domains (>5,000), 

transmembrane helices (>18,000), and signaling proteins (>7700).  

 In addition to gene name annotations, BLAST alignment to UniProt also assigned 

several functional terms to describe genes, including Kyoto Encyclopedia of Genes and 

Genomes (KEGG) Pathways (277), Gene Ontology (GO) (278), and EggNOG orthology 

(279). Gene Ontology (GO) terms describe the functional properties of genes and their 

relationship to one another. One or more GO Terms were assigned to 98.35% S. 

fulviventer annotated transcripts (n=116,115) and 98.45% S. hispidus annotated 

transcripts (n=115,332). GO terms were grouped into 3 categories: Biological Processes, 
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Cellular Components, and Molecular Function (Figure 3.2 A-C). Genes from both S. 

fulviventer and S. hispidus had a similar ratio of associated GOs. The top Biological 

Processes GOs included “cellular nitrogen compound metabolic processes” (~25%), 

“DNA metabolic processes” (~17%), “transport” (~16%), and “anatomical structure 

development” (~15%) (Figure 3.2A). Cellular Component GOs consisted mostly of 

“organelles” (~38%), “cytoplasm” (~24%), “cytosol” (~18%), and “nucleus” (16%) (Figure 

3.2B).  The most common Molecular Function GOs include “nucleotidyltransferase” 

(~15%), “nuclease” (~15%), “enzyme binding” (~9%), and “nucleic acid binding” 

(RNA=8%, DNA=8%) (Figure 3.2C).  

The majority of KEGG pathways identified belonged to metabolism and signaling, 

specifically secondary metabolite biosynthesis, ligand/cytokine/metal receptor 

interactions, and a variety of signaling pathways (Figure 3.2D). Immune-specific KEGG 

pathways were examined to showcase the large number of relevant genes identified in 

the de novo transcriptome, including chemokine signaling, innate and adaptive cell 

receptor signaling, complement cascades, and lymphocyte differentiation (Figure 3.2E). 

The top signaling and membrane transport KEGG pathways are shown in Figure 3.2F. 

KEGG also provides gene mapping against many infection pathways, including infectious 

agents successfully modeled in cotton rats i.e., influenza (166), HIV-1 (280), and measles 

(168). (Figure 3.2G). All annotated genes of both S. fulviventer and S. hispidus were 

mapped to the host genes associated with influenza infection KEGG pathway, and both 

species’ references included annotations for 94.3% of the genes required during influenza 

infection (Figure 3.3).  
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Figure 3.2. Sigmodon transcriptome annotation. (A) Biological processes, (B) cellular 
components, and (C) molecular function SwissProt Gene Ontology (GO) terms on the x-
axis (total GO’s within respective categories including overlaps represented in figure 
legends) with number of GO’s (percentage of total ~107k annotated transcripts) on the y-
axis; GO’s assigned against TrEMBL/SwissProt database using Trinotate v.3.2.2. (D) Top 
25 KEGG, (E) immune system-specific pathways, (F) Top Signaling and Membrane 
Transport, and (G) Viral and Bacterial Infection Pathways on the x-axis with total number 
of protein-coding genes on the y-axis. Pathways assigned using TransDecoder-
determined CDS followed by GhostKOALA. (G) Infections in which there is published 
literature using cotton rats as a model are bold italics. 
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Figure 3.3. The Influenza KEGG Disease Pathway (adapted with permission from 
Kyoto Encyclopedia of Genes and Genomes [KEGG]). 99 of the 105 essential genes of 
influenza pathogenesis were successfully assembled and annotated in our de novo 
transcriptome of S. fulviventer and S. hispidus. Created with BioRender. 
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iv. Histopathology and gene expression changes after RSV infection 
 in the lung of S. fulviventer and S. hispidus 

 

S. fulviventer and S. hispidus were intranasally infected with 105 PFU of RSV 

A/Long or PBS (as mock infection control), and lungs were harvested 5 days post infection 

for analysis. Infection was confirmed by qRT-PCR targeting the RSV G and F protein, 

where significantly higher RNA copy was found in infected animals, whereas uninfected 

controls did not have amplification of viral RNAs (Figure 3.4A). There was no significant 

difference in viral RNA levels between S. fulviventer and S. hispidus following 5-day 

infection (p=0.3491, Tukey’s multiple comparisons test). Lung tissue was evaluated for 

histopathology (Figure 3.4B) and blindly scored for 4 inflammatory parameters as 

described in the methods: peribronchiolitis, perivasculitis, interstitial pneumonia, and 

alveolitis (Figure 3.4C). Each infected animal had a significantly larger cumulative 

pathology score compared to uninfected controls, indicating successful infection (Sf 

p=0.0020, Sh p=<0.0001, Tukey’s multiple comparisons test) (Figure 3.4C). RNA was 

then sequenced as described, and reads were aligned to the previously annotated 

reference transcriptome for each species. Following expression normalization, gene 

expression analysis showed RSV infection significantly altered expression patterns. RSV 

infection in the lungs of S. hispidus resulted in greater alterations in gene expression than 

that of S. fulviventer (Figure 3.4 F-H). 

Gene differential expression analyses (RSV A/Long vs. mock-infected Controls) 

identified several genes that were differentially up- and down-regulated in infected lungs, 

including genes unique and common to each cotton rat species (Figure 3.4D). RSV 

infection in S. fulviventer resulted in 325 unique upregulated genes (98 annotated) and 
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140 unique downregulated genes (20 annotated). RSV infection in S. hispidus resulted in 

750 upregulated genes (44 annotated) and 245 downregulated genes (8 annotated) 

(Figure 3.4D-E). By combining infection data from both species, 276 genes (12 

annotated) were upregulated in both species while 9 genes (0 annotated) were 

downregulated in both species. Only annotated genes for each species were selected for 

further analysis. Twenty of the top-most differentially expressed annotated genes 

(selected based on function and Gene Ontology) are listed in Table 3.3 (S. fulviventer) 

and Table 3.4 (S. hispidus).  
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Figure 3.4. RSV-induced changes to the lung environment. (A) Viral titers (RSV G 
and F proteins) in uninfected and infected lungs determined by qRT-PCR normalized to 
β-actin; fold change (calculated by 2-ΔΔCT) on the y-axis. (B) Histopathological imaging 
and (C) blindly generated pathology scoring for both healthy (n=4/species) and RSV-
infected (n=5/species) lung tissue from S. fulviventer and S. hispidus. (D-E) DESeq2 
analysis of assembled genes from lung tissues (same tissue imaged from Figures A-B) 
revealed several genes that are differentially expressed (DE) between healthy and 
infected tissues (p<0.05, q<0.05, l2fc>|1.0|) of S. fulviventer (blue) and S. hispidus (red), 
of which several genes were successfully annotated using Trinotate (as indicated in 
boxes). (F-H) Principal component analysis of RSV-infected lungs vs uninfected controls. 
*=P≤0.05, **=P≤0.01, ***=P≤0.001, ****=P≤0.0001. 
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v. Species-specific changes to the RSV-infected lung 

 

 In S. fulviventer, several genes were downregulated upon infection related to 

immunoglobulin structure (HVM44), transcription factors (CREB1, CRY1), epithelial 

structure integrity (K2C8), formation and maintenance of tight junctions (OCLD), 

membrane trafficking regulation (CPNE3), targeted RNA degradation (MOV10), and 

tissue remodeling and homeostasis (MFGM). GLYC, which is the RSV G protein, was 

marked as upregulated in RSV lungs due to the absence of reads in the uninfected group 

(indicated by DESeq2 basemean=0). Upregulated host genes were related to the 

complement system (CFAB), immune receptor signaling (UN93B), vesicle trafficking 

(EXOC5), interferon-induced antiviral activity (MX2, CXCL10, I27L2, OAS1A, IIGP1, 

ISG15), prostaglandin metabolism (PGDH), and electron transport (COX1). These 

differentially expressed S. fulviventer genes following RSV infection are listed in Table 

3.3. 

In S. hispidus, only 1 annotated gene was downregulated: LMTD1, which is 

involved in cell proliferation. Other downregulated genes had annotations indicating 

inclusion of signaling peptides (via SignalP) and transmembrane regions (via TmHMM) 

but with unknown function. Several upregulated immune genes in S. hispidus were also 

upregulated in S. fulviventer (I27L2, CXCL10, MX2). Most upregulated genes were 

related to cytokine stimulation of antiviral activity (OAS3, CXCL11, IRF9, IFIT1, NLRC5), 

proteasomal degradation (PSB9), cytoskeletal reorganization in response to stress 

(SYWC, K2C6A), T cell activation (HSH2D, LY6E), post-transcriptional regulation 

(ABEC1), viral protein degradation (RSAD2/Viperin), complement pathway (CO4A, 
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C4BPA), chemical metabolism (GBP4), and cellular defense-related signal transduction 

(LG3BP). These differentially expressed S. hispidus genes following RSV infection are 

presented in Table 3.4. 

 

 

 

 

Table 3.3. Twenty notable differentially expressed genes in S. fulviventer lung following 
RSV infection. Negative Log2FC = downregulated, positive Log2FC = upregulated. Gene 
names/descriptions determined by BlastX against UniRef/SwissProt. Transcript IDs 
correspond to contig names (Sfulv_xxx) in assembly FASTA file. 
Log2FC=log2FoldChange, q=FalseDiscoveryRate. 
  

Gene Description Transcript ID Log2FC p value q value 
HVM44 Ig heavy chain V region PJ14 Sfulv_DN86481_c0_g1 ↓ -3.51 1.7E-04 3.4E-02 

CREB1 Cyclic AMP-responsive element-binding 
protein 1 Sfulv_DN150233_c0_g1 ↓ -1.94 1.5E-05 6.3E-03 

CRY2 Cryptochrome-2 Sfulv_DN8103_c29_g1 ↓ -1.69 4.8E-08 5.8E-05 
K2C8 Keratin, type II cytoskeletal 8 Sfulv_DN18044_c9_g1 ↓ -1.54 5.4E-07 4.7E-04 
OCLN Occludin Sfulv_DN14349_c3_g1 ↓ -1.49 2.7E-05 9.6E-03 
CPNE3 Copine-3 Sfulv_DN28516_c1_g1 ↓ -1.27 1.6E-04 3.4E-02 
MOV10 Putative helicase MOV-10 Sfulv_DN357483_c0_g1 ↓ -1.14 1.8E-05 7.1E-03 
MFGM Lactadherin Sfulv_DN100738_c3_g1 ↓ -1.07 3.4E-05 1.1E-02 

ISG15 Interferon-induced ubiquitin-like protein, 
15kDa Sfulv_DN2597_c2_g1 ↑ 1.02 1.3E-04 2.9E-02 

IIGP1 Interferon-inducible GTPase 1 Sfulv_DN1249_c0_g1 ↑ 1.33 3.0E-05 1.0E-02 
OAS1A 2'-5'-oligoadenylate synthase 1A Sfulv_DN24798_c0_g1 ↑ 1.58 7.8E-05 2.0E-02 

I27L2 Interferon alpha-inducible protein 27-like 
protein 2 Sfulv_DN13614_c0_g1 ↑ 1.96 8.0E-13 5.2E-09 

COX1 Cytochrome c oxidase assembly protein COX15 
homolog Sfulv_DN104408_c3_g1 ↑ 2.04 4.6E-08 5.7E-05 

CXCL10 C-X-C motif chemokine 10 Sfulv_DN18689_c0_g1 ↑ 2.60 6.1E-09 1.0E-05 

PGDH 15-hydroxyprostaglandin dehydrogenase 
[NAD(+)] Sfulv_DN56601_c1_g1 ↑ 2.95 5.8E-10 1.3E-06 

MX2 Interferon-induced GTP-binding protein Mx2 Sfulv_DN17914_c1_g1 ↑ 3.48 1.1E-05 4.8E-03 
EXOC5 Exocyst complex component 5 Sfulv_DN7267_c6_g1 ↑ 4.02 4.1E-05 1.3E-02 
UN93B Protein unc-93 homolog B1 Sfulv_DN114523_c0_g1 ↑ 4.04 3.2E-05 1.1E-02 
CFAB Complement factor B Sfulv_DN212381_c0_g2 ↑ 6.99 1.3E-07 1.4E-04 

GLYC Major surface glycoprotein 
G_Orthopneumovirus Sfulv_DN7526_c1_g1 ↑ 9.74 2.5E-16 7.1E-12 
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Gene Description Transcript ID Log2FC p value q value 

LMTD1 Lamin tail domain-containing protein 
1 Shisp_DN10656_c2_g1 ↓ -1.04 3.7E-04 3.5E-02 

NLRC5 NLR family CARD domain 
containing 5 Shisp_DN1039_c0_g1 ↑ 1.74 1.5E-06 3.3E-04 

GBP4 Guanylate binding protein 4 Shisp_DN1171_c0_g1 ↑ 1.88 2.8E-13 2.3E-10 
IFIT1 Interferon induced protein with 

tetratricopeptide repeats 1 Shisp_DN1078_c15_g1 ↑ 2.01 2.6E-06 5.3E-04 

LY6E Lymphocyte antigen 6 family 
member E Shisp_DN101026_c0_g1 ↑ 2.20 2.0E-12 1.4E-09 

IRF9 Interferon regulatory factor 9 Shisp_DN12125_c1_g1 ↑ 2.33 3.2E-07 8.4E-05 
C4BPA C4b-binding protein alpha chain Shisp_DN107540_c0_g1 ↑ 2.42 5.6E-13 4.3E-10 
CO4A Collagen alpha-1(IV) chain Shisp_DN122397_c0_g1 ↑ 2.43 3.1E-05 4.6E-03 
LG3BP Galectin-3-binding protein Shisp_DN11955_c0_g1 ↑ 2.45 1.1E-12 8.1E-10 
PSB9 Proteasome subunit beta type-9 Shisp_DN13011_c0_g1 ↑ 2.52 5.2E-10 2.3E-07 
K2C6A Keratin, type II cytoskeletal 6A Shisp_DN12075_c0_g1 ↑ 2.70 1.5E-05 2.4E-03 

HSH2D Hematopoietic SH2 domain-
containing protein Shisp_DN0_c15_g8 ↑ 2.80 3.0E-12 2.1E-09 

ABEC1 C->U-editing enzyme APOBEC-1 Shisp_DN11754_c2_g1 ↑ 3.45 3.9E-25 1.0E-21 
RSAD2 Radical S-adenosyl methionine domain-

containing prot. 2 Shisp_DN112437_c0_g1 ↑ 3.51 3.5E-12 2.3E-09 
CXCL11 C-X-C motif chemokine 11 Shisp_DN149434_c0_g1 ↑ 3.56 8.3E-15 8.1E-12 

MX2 Interferon-induced GTP-binding 
protein Mx2 Shisp_DN140604_c0_g1 ↑ 4.24 1.0E-18 1.5E-15 

CXCL10 C-X-C motif chemokine 10 Shisp_DN14446_c0_g1 ↑ 4.62 6.3E-29 2.5E-25 
OAS3 2'-5'-oligoadenylate synthase 3 Shisp_DN1184_c1_g1 ↑ 5.12 1.3E-17 1.6E-14 

I27L2 Interferon alpha-inducible protein 
27-like protein 2 Shisp_DN12103_c7_g1 ↑ 6.20 1.6E-27 6.0E-24 

SYWC Tryptophan--tRNA ligase, 
cytoplasmic Shisp_DN144721_c0_g1 ↑ 8.44 1.1E-14 1.1E-11 

 

Table 3.4. Twenty notable differentially expressed genes in S. hispidus lung following 
RSV infection. Negative Log2FC = downregulated, positive Log2FC = upregulated. Gene 
names/descriptions determined by BlastX against UniRef/SwissProt. Transcript IDs 
correspond to contig names (Shisp_xxx) in assembly FASTA file. 
Log2FC=log2FoldChange, q=FalseDiscoveryRate. 
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Of the differentially expressed genes (DEs) following RSV infection, 12 DEs were 

either up- or down-regulated in both S. fulviventer and S. hispidus. The chemokine 

CXCL10, MX2, and I27L2  were among the top 10 upregulated genes in both species. 

Other DEs within the significance threshold include GBP2, GBP4, IRF9, NLRC5, OAS3, 

PAR14, RN213, SYWC, and IIGP1.  

Differentially expressed Gene Ontology (GO) terms were also determined using 

the GoSeq R package(281). The top GOs enriched in infected lungs of both S. fulviventer 

(Figure 3.5A), and S. hispidus (Figure 3.5B) were “biological processes” such as 

response to cytokine and interferon-beta, immune system process, cell surface receptor 

signaling pathway, and viral process; “molecular functions” such as ion binding, catalytic 

activity, hydrolase activity, and “cellular components” such as intracellular membrane-

bounded organelles and nucleus. Other enriched GOs in infected lungs were related to 

enhancing the components and function of cells, such as components of the membrane 

and vesicle, response to stress, regulation of apoptotic processes, regulation of viral 

genome replication, leukocyte activation, and binding of carbohydrates and other organic 

compounds. Only S. hispidus had enriched GOs in healthy tissues, including the cellular 

component involved in the guanyl-nucleotide exchange factor complex.  
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Figure 3.5. Categorical changes in gene expression after RSV infection in both (A) 
S. fulviventer and (B) S. hispidus using Gene Ontology (GO) annotations and GoSeq. 
SwissProt GO terms on the y-axis (color coordinated based on biological process [blue], 
cell component [green], or molecular function [red]) with relative expression of GOs on 
the x-axis (expressed as GeneRatio, which is the proportion of differentially expressed 
genes in each GO category to the total number of differentially expressed genes in all 
significant GOs). Positive GeneRatio = enriched in RSV-infected lungs; negative 
GeneRatio = enriched in healthy lungs (no significant GOs in healthy S. fulviventer). All 
GOs were statistically significant (p<0.05, q<0.05).  
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vi. Confirmation of differentially expressed genes 

 

To confirm differentially expressed genes (DEs), three de novo assembled genes 

were selected based on their upregulation on day 5 post-infection 

(Shisp_DN132151_c0_g1 [IIGP1], Shisp_DN12103_c7_g1 [I27L2], Sfulv_DN158_c1_g1 

[IIGP1]). qRT-PCR with SYBR green was performed with primers designed to target each 

gene, normalized to the β-actin housekeeping gene. The three genes included IIGP1 in 

both S. fulviventer and S. hispidus and I27L2 in S. hispidus. qRT-PCR confirmed gene 

upregulation post-RSV infection (i.e., positive fold changes) that correlated with the RNA-

Seq data (Table 3.5).  

 

 

GeneID 
DESeq2 

FC 
qRT-PCR 

FC Forward Primer Reverse Primer 
IIGP1_S.hispidus 1.59 2.28 ACAGCTGGTCCGGATTTGAG CCTTGCCAAAGCCATCAGC 

I27L2_S.hispidus 6.20 2.19 ACTGTGTGCTAGCCAACCTC CACTGACGCCAGAGAACACT 

IIGP1_S.fulviventer 1.33 2.45 AGTCCTCAGCCAGACTCTGT TGCCAAAGCCATCAGCATGA 

B-actin (282) – – GGCCAACCGTGAAAAGATGACTC GTCCGCCTAGAAGCATTTGCG 

 

Table 3.5. RT-qPCR validation of differentially expressed genes and primer sequences. 

 

 

Additionally, to further confirm other significant DEs, the results of this study were 

compared to the previously published DE analysis by Rajagopala et al. (264), where S. 

hispidus was infected with RSV A/Long in the same facility with the same strain and 

concentration of virus. The previously published study included two time points (Day 4 
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and 6 post-infection) compared to the one Day 5-time point but determined DEs using the 

same DESeq2 significance parameters (p<0.05, q<0.05, l2fc>|1.0|). Compared to the 

Rajagopala dataset, 7 of the 12 total DEs on Day 4 post-infection were viral genes (FUS, 

GLYC, L, M2-2, MATRX, NCAP, SH); however, this current study confirmed 4 of the 5 

Eukaryotic DEs (IFIT1, MX2, OASL2, RSAD2). Compared to the DEs found by 

Rajagopala et al. on day 6, this current study confirmed 29 of the 81 DEs following 

infection by RSV (including CFAB, GBP2/4/5/6, IFIT1, IIGP1, K2C6A, MX2, OASL2, 

RSAD2). 
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C. DISCUSSION 
 

 

 

Cotton rats are excellent pre-clinical animal models for studying infections with RSV and 

other viruses. However, without a published genome for either species, genetic or 

transcriptomic analysis in cotton rats is limited. In this study, comprehensive 

transcriptome references were generated from multiple organs of two inbred species of 

cotton rats: S. fulviventer and S. hispidus. Transcriptomes were assembled from each 

species' lung, spleen, kidney, heart, and intestines with a contig N50>1600. Annotation 

of contigs generated nearly 120,000 gene annotations for each species. Comparing these 

two transcriptomic references revealed large differences in transcript sequence homology 

and baseline gene expression levels between each species, although the total number of 

annotated genes and functional categories (gene ontology, KEGG terms) were similar 

(Table 3.2).  

The transcriptomes of S. fulviventer and S. hispidus were then used to assess the 

immune response to RSV infection. 238 unique genes that are significantly differentially 

expressed during RSV infection were identified, including several genes implicated in 

RSV infection (e.g., Mx2, I27L2, LY6E, Viperin, Keratin 6A, ISG15, CXCL10, CXCL11, 

IRF9) as well as novel genes that have not previously described in RSV research (LG3BP, 

SYWC, ABEC1, IIGP1, CREB1). This study presents two comprehensive transcriptome 

references as resources for future gene expression analysis studies in the cotton rat 

model and provides gene sequences for mechanistic characterization of molecular 
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pathways. Overall, these results offer generalizable insights into the effect of host 

genetics on host-virus interactions, as well as identify new host therapeutic targets for 

RSV treatment and prevention. 

These transcriptome assemblies and annotations surpass the quality and 

completeness standards of previously published transcriptome references in other 

animals (269, 270, 283). The quality and depth of the transcriptome assembly also 

improved upon the previous lung transcriptome of S. hispidus lung tissues (264) due to 

the inclusion of multiple tissues. This resulted in nearly 3 times the number of annotated 

transcripts (117,153 vs. 38,736) and an additional 6,169 unique gene annotations in S. 

hispidus. Furthermore, the application of the transcriptome references to infer RSV-

induced gene expression alterations exhibits these references' utility in the study and 

treatment of many infections, including RSV, influenza, and other respiratory viruses. 

This analysis confirmed many genes previously implicated in RSV infection and 

immunity. RSAD2 (or Viperin) is a significantly upregulated gene upon RSV infection in 

S. hispidus that inhibits RSV filament formation and cell-cell viral transmission without 

inhibiting viral protein expression (284). Viperin is also the most upregulated gene in 

human nasal epithelium following intranasal challenge with Rhinovirus (285). Another 

RSV-related gene is I27L2, the top upregulated gene in S. hispidus and S. fulviventer that 

is also the top differentially expressed gene in preterm infants with severe RSV infection 

(286). Other upregulated genes also shown to be involved in RSV infection include 

chemokines CXCL10 (287), CXCL11 (288), LY6E (289), MX2 (162), OAS1A (290), ISG15 

(291), IRF9 (292), NLRC5 (293)  and K2C6A (294). Genes involved in the complement 

system (CFAB, CO4A, C4BPA) and prostaglandin metabolism (PGDH) were also 
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identified during infection, both of which have been previously described in the host 

response to RSV (295, 296). The results from this study support the importance of these 

genes in host-mediated protection against RSV and the cotton rat’s translational value in 

viral research.  

CRY2 (downregulated in S. fulviventer) has also been indirectly attributed to RSV 

disease severity. CRY2 is a transcription factor that modulates circadian rhythms by 

suppressing BMAL1, a putative regulator of cellular factors essential for viral replication 

(297). Analysis of BMAL1-/- primary cells revealed low-BMAL1 expression enhances 

susceptibility to influenza (298), parainfluenza virus 3, and RSV (299). BMAL1 also shows 

seasonal variation in humans, with the lowest levels in winter months during peak 

respiratory virus season (297). While this gene will need further investigation in its role in 

RSV pathogenesis, this is the first association of modulated expression during RSV 

infection. 

The cotton rat mimics the respiratory infections in humans due to the presence of 

human homologous genes absent in other laboratory rodents (e.g., Mus musculus), i.e., 

interferon-stimulated MX genes (300). This analysis is consistent with the upregulation of 

MX2 in both S. fulviventer and S. hispidus (as well as MX1, MX1B, and MX3 in S. 

fulviventer) upon RSV infection as previously described (301), highlighting the importance 

of this model in capturing the interferon-induced immune response to RSV and other 

viruses. Additionally, analysis captures IIGP1 upregulation in S. fulviventer and S. 

hispidus. IIGP1 is another human interferon-stimulated gene with equal importance and 

function of Mx genes, but it is only present in mice as a less-effective paralog IGPT (302). 

A study on IGPT-deficient mice found no increased susceptibility or interferon-induced 
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cytokine production towards intracellular pathogens such as Listeria and 

cytomegalovirus, which suggests a different upstream mechanism in mice (303). 

Contrarily, analysis resulted in the successful annotation of IIGP1 in cotton rats and its 

significant modulation during interferon-dominant responses to intracellular infection (i.e., 

with RSV). These results further argue the translational utility of the cotton rat as a model 

for RSV and other respiratory viruses.   

One interesting, upregulated gene in both S. fulviventer and S. hispidus, SYWC, 

is an interferon-induced activator of ERK, Akt, and eNOS pathways and cytoskeletal 

reorganization in response to stress and is a serum marker for pulmonary tuberculosis 

(304). While this study is the first association of SYWC with RSV infection, further study 

may uncover it as a marker for severe RSV infection in tissue and serum. 

There are some limitations to this study. As the annotated transcriptome 

references were only generated using tissues from 2 batched samples from male animals, 

additional male and female animals across multiple age groups may give further insight 

into the healthy transcriptome of cotton rats. Additionally, this study does not explore 

RSV-induced transcriptome changes at other age points other than 5–7-week-old 

animals. This study also only utilized RSV A/Long in the infection experiments. Previously 

published data from Pletneva et al. has shown that different RSV strains and isolates 

have differential induction of interferon-activated genes in cotton rats (301). While the 

study by Pletneva et al. only includes S. hispidus, it is expected that this may be true for 

S. fulviventer due to similar susceptibility to RSV A/Long. To this end, this study’s 

conclusions are limited to RSV A/Long, and transcriptomic comparison of RSV variants 

should be considered for future studies. Further, multiple genes were identified that have 
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not been previously implicated in RSV infection, such as (LG3BP, SYWC, ABEC1, IIGP1, 

CREB1). While this analysis suggests potential unknown mechanisms of pathogenesis, 

the association of these genes with RSV infection is severely limited in the absence of 

experimental data. Such efforts are beyond the scope of this study on the reference cotton 

rat transcriptome but will be considered for future studies.  
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D. METHODS 

 

 

Animals, infection, and tissue collection 

Four- to six-week-old S. hispidus (n=8 male, 1 female) and S. fulviventer (n=8 

male, 1 female) cotton rats (~100 g) were obtained from the inbred colony maintained at 

Sigmovir Biosystems, Inc.  Cotton rats in the colony were seronegative by ELISA to 

adventitious respiratory viruses (i.e., Pneumonia Virus of Mice, Rat parvovirus, Rat 

coronavirus, Sendai virus). Each species was randomly split into 2 groups: RSV-infected 

(n=5) and Uninfected controls (n=4). Transcriptome assembly and annotation were 

performed on all tissues (whole lung, large intestine, heart, spleen, and kidney) from 2 

males within each uninfected group. Female animals were only included in RSV-infected 

groups. To avoid fighting, all animals were individually housed in large polycarbonate 

cages and fed a diet of standard rodent chow and water ad libitum. All animal procedures 

followed NIH and USDA guidelines approved by the Sigmovir Biosystems, Inc. IACUC. 

Study design, analysis, and reporting of methods and results are presented in accordance 

with the ARRIVE guidelines. 

The Long strain of RSV A/Long (ATCC Cat. # VR-26) was propagated in HEp-2 

cells, and viral titer was determined using plaque assay. Cotton rats were intranasally 

inoculated under isoflurane anesthesia with 105  plaque-forming units in 100 µL of either 

RSV suspension or PBS vehicle. Animals were sacrificed by carbon dioxide inhalation on 

day 5 of infection. Whole lung, large intestine, heart, spleen, and kidney were dissected 
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from all animals and frozen in RNA-later (Invitrogen AM7021) for processing and 

sequencing at VUMC.  

 

Lung histopathology and viral titers 

Lungs (right lobe) were dissected and inflated with 10% neutral buffered formalin 

and immersed in formalin for fixation. Lungs were embedded in paraffin blocks, sectioned, 

and stained with hematoxylin and eosin (H&E). Pathologists were blinded to the study 

group, and slides were examined for 4 parameters of pulmonary immune cell infiltration 

and inflammation as previously described (305): peribronchiolitis (bronchioles), 

perivasculitis (small blood vessels), interstitial pneumonia (alveolar walls), and alveolitis 

(alveolar space) (listed from least to greatest severity). Each condition was assigned a 

score from 0 to 4, where 0 is no pathology and 4 is max pathology. Scores correspond to 

the percentage of pathology present in the field of view pictured in Figure 4A (0=0%, 

1=5%, 2=25%, 3=75%, and 4=100%). Cumulative pathology scores were calculated by 

summing the median score for each condition.  

Viral titers were determined using Real-Time Quantitative Reverse Transcription 

Polymerase Chain Reaction (qRT-PCR) from RNA extracted from lung (lingular lobe) 

homogenates (see next section RNA extraction and cDNA library preparation for 

extraction methods). Following extraction, cDNA was generated using 1ug of total RNA 

and the SuperScript™ III Reverse Transcriptase (Invitrogen™) kit according to the 

manufacturer’s instructions. cDNA was diluted 1:5, and 3uL was added to qPCR reactions 

using iQ™ SYBR® Green Supermix (10uL total). Reactions for each target were 

performed in duplicate for each sample using primers (IDT, 250nm final concentration) 
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targeting the G and F proteins of RSV and β-actin, which have been previously published 

and validated for use in both species of cotton rats (306). No-template-controls and a 

positive control (RNA extracted from RSV A/Long viral stock used for infection) were run 

on each plate. CT values for both G and F were averaged and normalized to β-actin. 

Results were calculated using the 2-ΔΔCT method (307).  Figures and statistical analysis 

were performed using ANOVA/Tukey’s multiple comparisons test in Prism 8. 

 

RNA extraction and cDNA library preparation 

RNA was prepared as previously described (264). In summary, small sections of 

cotton rat lung (lingular lobe), large intestines (~20mm colon, flushed with sterile PBS), 

spleen, kidney, and heart were homogenized using a NextAdvance Bullet Blender® with 

RED RINO™ tubes containing 3.2 mm stainless steel beads (SSB32) and 2x volume of 

QIAzol® Lysis Regent (Qiagen, cat. no. 79306) at max speed for 3 minutes. RNA was 

extracted from homogenates using RNeasy® Plus Universal Mini kit (Qiagen, cat. No. 

73404) via additional QIAzol® (total volume 900uL), gDNA eliminator, and chloroform 

with column DNase digestion as recommended by the manufacturer’s protocol. RNA 

quality was measured using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, 

USA). Host rRNA was removed using the NEBNext rRNA Depletion Kit v2 (Cat no: NEB 

E7400X). The cDNA libraries were prepared using 1μg total RNA from each sample using 

the NEBNext Ultra II RNA Library Prep Kit for Illumina (Cat no: NEB E7805L) following 

the manufacturer's protocol for intact RNA (RIN >7), AMPure XP Beads for cleanup steps 

(Beckman, cat. No. A63881), and NEBNext Multiplex Oligos for Illumina (Set 1, cat no: 

E7600S) for pooling samples. Sequencing was performed using Illumina NovaSeq6000 
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2x150 bp sequencing at the Vanderbilt Technologies for Applied Genomics (VANTAGE) 

core facility.  

 

Transcriptome assembly 

Data was then parsed into individual samples by barcode. Adaptor sequences, low 

quality (minimum Phred 33), and short (<75bp) reads were removed using Trimmomatic 

(version 0.36, “ILLUMINACLIP: NEB_multiplexoligos.fa:2:30:10 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:75”) (308). Only paired-end reads that passed the 

quality threshold described in (309) were retained.  

About 921 million paired-end reads from healthy tissues were utilized for de 

novo transcriptome assembly using the Trinity v2.13.1 software package (265), with 

default parameters of 50x coverage. An additional 314.5 million paired-end reads from 

viral-infected lungs were used for experimental analysis. Contigs were assembled for S. 

fulviventer and S. hispidus by first clustering individual contigs/transcripts into ‘genes’ 

followed by construction of de Bruijn graphs to report full-length, alternatively spliced 

isoforms. All transcripts were then filtered by transcript length cutoff of <200bp using 

SeqKit (266), contaminant annotation (Blast annotation of “virus,” “bacteria,” or “fungi”), 

sequence similarity of 95% or greater using CD-HIT (267), and removal of redundant 

mRNAs picked by the EvidentialGene tr2aacds pipeline (268). Assembly statistics of final 

transcripts, such as mean number of transcripts, transcript length, mean transcript length, 

and N50, are listed in Table 3.1. Raw reads and assembly data will be deposited in SRA 

under BioProject PRJNA816878 upon acceptance of the manuscript for publication. 
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The RSEM package was used for quantifying and normalizing gene and isoform 

abundances from paired-end RNA-Seq data (310). RSEM enables accurate transcript 

quantification per sample and sample type without a reference genome. TPM (transcript 

per million mapped reads) was calculated using the RSEM package with Bowtie2 aligner, 

and a cutoff of TPM > 1 was used to filter the low-quality assembled transcripts to use for 

differential expression analysis. The Ex90N50 was calculated using the Trinity 

contig_ExN50_statistic.pl script. This pipeline is depicted in Figure 3.6.  

 

Transcriptome characterization 

The Trinotate v3.2.2 annotation pipeline was used to annotate transcripts from 

both S. hispidus and S. fulviventer. BlastX and BlastP (e-value cutoff of 1e-05) (276) were 

used to find sequence homology of individual contigs and protein-coding regions 

(determined by Transdecoder, https://github.com/TransDecoder/TransDecoder) against 

the UniProt/SwissProt database (275). KEGG terms (277), Gene Ontology terms (278), 

and EggNOG terms (279) from the Swissprot (275) database alignment with BLAST 

(276). Other tools within the pipeline annotated transcripts based on protein domains via 

Pfam (311), transmembrane helices via TmHMM (312), and signaling proteins (313).  
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Figure 3.6. Transcriptome Assembly Pipeline  
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Differential gene expression and GO terms 

Lungs isolated from RSV-infected and Uninfected groups were processed and 

sequenced as described above. The Trinotate pipeline was used to annotate all reads 

from experimental groups against our reference. Normalized expression levels of 

transcripts across tissues were determined using Salmon (314) and the TPM (transcripts 

per million) metric; only transcripts with a TPM>1 were used for downstream differential 

expression analysis (S. fulviventer=270,451, S. hispidus=474,882). DESeq2 package 

(274) was used within the pipeline by comparing experimental group (RSV-infected lungs) 

containing biological replicates with the corresponding control group (uninfected lungs). 

Genes with a P<0.05, adjusted P < 0.05 (“q”/false discovery rate/Benjamini-Hochberg), 

and a log2 fold change > |1| were treated as differentially expressed. The goseq package 

in Bioconductor was used to detect differentially abundant GO terms (278). GOs with a 

P<0.05 and adjusted P < 0.05 (“q”/false discovery rate/Benjamini-Hochberg) were treated 

as differentially expressed. 

 

Validation of differentially expressed genes 

RNA extracted from the lung tissue was used for qRT-PCR assays. qRT-PCR was 

performed in duplicate using the SuperScript™ III Reverse Transcriptase (Invitrogen™) 

kit and iQ™ SYBR® Green Supermix as described above. qRT-PCR primers were 

designed for 3 randomly selected up-regulated genes based on de novo assembly and 

differential expression analysis (Shisp_DN132151_c0_g1, Shisp_DN12103_c7_g1, 

Sfulv_DN158_c1_g1). Primers were designed using Primer3Plus (315) and are reported 

in Table 3.5. No-template-controls were run on each plate. Technical replicate CT values 
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were averaged for each gene and normalized to β-actin housekeeping gene (primers 

acquired from (282)). Results were calculated as fold change induction over uninfected 

lungs using the 2-ΔΔCT method (307). Additionally, to further confirm differential expression 

of genes, results from this study were compared to the previous annotation of the S. 

hispidus lung transcriptome upon RSV infection (264) using the same DESeq2 

significance parameters (p<0.05, q<0.05, l2fc>|1.0|).  
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CHAPTER 4 
 
 
 

Transcriptomic and histopathological analysis of Lactobacillus-
mediated protection against severe Respiratory Syncytial Virus 

infection in cotton rats 
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A. INTRODUCTION 

 

 

 

The microbiome community structure and composition have been instrumental in 

predicting viral-associated respiratory disease outcomes and have been found to 

exacerbate or protect against severe sequelae (108, 209). Numerous animal and clinical 

studies have orally and intranasally supplemented commensal bacteria (e.g.,  

Lactobacillus, Bifidobacterium, Lactococcus, and Bacillus species) in the prevention and 

treatment of respiratory infection with rhinovirus and influenza (143-155). However, the 

use of different bacterial strains and concentrations of bacteria have produced variable 

outcomes. Clinical cohort studies have suggested the commensal microbiome in 

protecting from severe respiratory syncytial virus (RSV) infection and long-term outcomes 

like wheezing and asthma (55, 134-138). Only one recently completed (July 2022) 

randomized controlled clinical study in Vietnamese children determined that nasal 

inoculation of Bacillus spores (LiveSpo® Navax) could effectively reduce symptoms of 

RSV-induced acute respiratory infections, particularly in reducing viral load and 

inflammation (316). Additionally, there are four clinical studies (either active or recruiting) 

exploring the role of vaginal seeding (which will confer Lactobacillus and other 

commensal microbes) in allergy and infection outcomes in the first years of life in healthy 

children born via Cesarean section. One of these trails is being performed at Vanderbilt 

University Medical Center and will investigate the role of seeding in early-life viral infection 
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outcomes (MOTHER SEED, ClinicalTral NCT05505110). There are currently no clinical 

trials examining probiotic-administration for the protection and prevention of RSV 

(www.clinicaltrials.gov, accessed October 13, 2022), but multiple murine studies have 

shown Lactobacillus to decrease airway pathology, inflammatory cytokines, and Th2 bias 

during RSV (54, 126, 129-131, 133, 140, 141).    

Current in vivo data on probiotic-mediated effects during RSV infection are limited 

due to the use of different strains and concentrations of Lactobacillus that were isolated 

from non-host environments, which may lead to challenges in bacterial survival and 

colonization in a foreign environment (317). These interactions must be thoroughly tested 

before clinical applications. Additionally, in the context of RSV, all published studies have 

been performed in mice, which have been shown to have less translational value than the 

cotton rat. The cotton rat (genus Sigmodon) is considered the gold standard for RSV and 

a variety of other human respiratory viruses (318) due to comparable human disease 

outcomes (300). This model has been instrumental in predicting the efficacy of several 

therapeutics and vaccines currently used in high-risk human populations with RSV (171-

174), but bacteria-host-virus interactions have yet to be studied in this context. 

Furthermore, the mechanisms of how Lactobacillus conveys protection are unclear, 

highlighting the need for an appropriate pre-clinical model to develop and test microbial 

interventions during RSV. 

 This chapter discusses the application of host-derived Lactobacillus species in 

preventing severe RSV infection in cotton rats. An oral cocktail of Lactobacillus 

paragasseri BRTN and Limosilactobacillus reuteri SMN that had been previously isolated 

from cotton rat stool in Chapter 2 was administered to Lactobacillus-deficient S. 
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fulviventer for 7 days (along with PBS vehicle controls) before being intranasally infected 

with RSV for 5 days (along with uninfected controls). 16S rRNA gene sequencing 

revealed no major alterations to the gut microbiome structure by Lactobacillus 

supplementation. However, significant gut alpha and beta diversity changes were 

observed upon RSV infection that was absent in Lactobacillus-gavaged animals. Further, 

Lactobacillus-gavaged animals were found to be protected from RSV-induced 

histopathology, of which transcriptomic analysis revealed several host gene changes in 

both the gut and lung tissue upon oral Lactobacillus supplementation. 
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B. RESULTS 
 

 

 

i. The effect of oral Lactobacillus on the cotton rat gut microbiome 

 

Both S. hispidus and S. fulviventer received a 7-day oral gavage with a cocktail of 

Lactobacillus paragasseri BRTN and Limosilactobacillus reuteri SMN at a 50:50 ratio 

(herby referred to as LactoX, see Appendix A for isolation and characterization methods) 

previously isolated from S. hispidus stool, along with PBS-gavaged controls. Stool 

samples were examined by plating assay on Lactobacillus-selective agar and 16S rRNA 

sequencing to determine longitudinal changes in the gut microbiome environment. 

After 7-day gavage of LactoX in S. fulviventer, Lactobacillus abundance 

significantly increased in the gut compared to PBS controls (Figure 4.1 A). LactoX 

inoculation did not significantly alter the gut microbiome as measured by alpha diversity 

(Figure 4.1 B, all p>0.05) and beta diversity (Figure 4.1C, p=0.1147, R2=0.1278) 

between days 0 and 7. Longitudinal DESeq2 testing of differential abundant taxa found 

that Turcibacter (l2fc=1.53, q=0.00155) and Proteobacteria_unclassified (l2fc=1.45, 

q=0.0174) increased upon LactoX gavage while Lachnospiraceae_unclassified (l2fc=-

1.22, q=0.00169) and Helicobacter (l2fc=-1.04, q=0.117) decreased upon LactoX gavage 

(Figure 4.1 D).  

After 7-day gavage in S. hispidus, gut Lactobacillus abundance did not significantly 

change compared to PBS controls (Figure 4.1 E). LactoX inoculation significantly altered 
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gut richness (but not by Shannon/Simpson alpha diversity indices, Figure 4.1 F). Beta-

diversity did not significantly differ between days 0 and 7 (Figure 4.1G, p=0.4741, 

R2=0.1095). Longitudinal DESeq2 testing of differential abundant taxa found that Blautia 

(l2fc=2.82, q=0.000111) and Bacteroides (l2fc=1.13, q=0.00759) increased upon LactoX 

gavage while Akkermansia (l2fc=-2.07, q=0.0759) decreased upon LactoX gavage 

(Figure 4.1 H).  
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Figure 4.1. Microbiome changes upon 7-day oral supplementation of Lactobacillus in 
cotton rats (A-D. S. fulviventer, E-H. S. hispidus). (A/E) Abundance of Lactobacillus 
(represented by colony forming units on Lactobacillus-selective MRS agar) following 
Lactobacillus or PBS oral gavage. (B/F) Longitudinal alpha diversity metrics (richness, 
Shannon, Simpson) of Lactobacillus-supplemented cotton rats at baseline and following 
a 7-day gavage regimen. (C/G) Beta diversity (Bray-Curtis dissimilarity) representing 
community structure following a 7-day gavage regimen; statistical testing performed by 
PERMANOVA of geometric means. (D/H) Differentially abundant taxa (DESeq2) at day 7 
of gavage regimen compared to baseline. All statistical testing performed using t-test 
unless otherwise noted. 
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ii. Oral Lactobacillus alters gene expression in healthy S. fulviventer gut and lung 

 

 As only S. fulviventer could be populated with Lactobacillus and no changes to the 

gut microbiome occurred following 7-day LactoX gavage, another experiment was 

conducted using only S. fulviventer species as outlined in Figure 4.2 (+ LactoX or PBS, 

–RSV). Two groups of uninfected animals were administered either LactoX or PBS for 12 

days with RSV or mock challenge on day 7. Lung and large intestine RNA was then 

sequenced for each animal to assess the effect of Lactobacillus on gut and lung gene 

expression.  

 

 

 

Figure 4.2. Oral LactoX experimental design and sequencing statistics 
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 The presence and increased abundance of Lactobacillus upon LactoX oral gavage 

in S. fulviventer were determined by qPCR targeting all Lactobacillus species normalized 

to total bacterial load. Lactobacillus abundance was not significantly different between 

PBS and LactoX animals on Day 0 (p=0.8135) but increased in abundance in LactoX 

groups on Day 7 (p=<0.0001), Day 10 (p=0.0048), and Day 12 (p=0.0027) compared to 

PBS controls (Figure 4.3). 

 

 

Figure 4.3. Relative abundance of Lactobacillus (qPCR; normalized to total bacteria) in 
S. fulviventer upon PBS Vehicle vs. LactoX gavage at Day 0, Day 7, Day 10, and Day 12. 
Delta-delta-CT values normalized to baseline abundance at Day 0 and total bacterial load 
on the x-axis. Statistics=students T-test; *=P≤0.05, **=P≤0.01, ***=P≤0.001, 
****=P≤0.0001. 
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related protein 2 (LRP2), Immunoglobulin gamma-1 heavy chain (IGG1), Phospholipase 

A2 membrane-associated (PA2GA), TRAF-interacting protein with FHA domain-

containing protein A (TIF1A), Marginal zone B- and B1-cell-specific protein (MZB1), 2'-5'-

oligoadenylate synthase-like protein 2 (OASL2), Mucin-16 (MUC16), Retinoic acid 

receptor responder protein 1 (TIG1), Heparin-binding EGF-like growth factor (HB-EGF), 

and Armadillo-like helical domain-containing protein 4 (ARMD4) as determined by 

DESeq2 (Figure 4.4B, blue cells). Downregulated genes included Mucin-6 (MUC6), 

Antithrombin-III (ANT3), Spermatogenesis-associated protein 46 (SPT46), Cilia- and 

flagella-associated protein 74 (CFA74), Cysteine and glycine-rich protein 2 (CSRP2), 

Carboxylesterase 1D (EST1D), Vomeronasal type-2 receptor 116 (V2116), E3 ubiquitin-

protein ligase (NEDD4), and Collagen alpha-2(XI) chain (COBA2) (Figure 4.4B, red 

cells). To deduce function, all differentially expressed genes were classified and grouped 

based on their PANTHER protein classes. Upregulated genes were related to 

defense/immunity, metabolite interconversion, transmembrane signaling, intercellular 

signaling, and scaffolding/adapters/structural proteins (Figure 4.4C, blue bars). 

Downregulated genes were related to the extracellular matrix, cytoskeleton, 

transmembrane signaling, and protein-binding activity modulators (Figure 4.4C, red 

bars).   

In the lung of uninfected animals, 12-day oral LactoX gavage resulted in 88 

upregulated genes and 44 downregulated genes (Figure 4.4D). Upregulated genes 

include Mitochondrial phosphate carrier protein (MPCP), Proteoglycan 4 (PRG4), Mucin-

16 (MUC16), R-spondin-1 (RSPO1), Espin-like protein (ESPNL), Testin (TES), Ras and 

Espin (ESPN), insulin-like growth factor binding protein 1 (IGFBP1), Armadillo-like helical 



 123 

domain-containing protein 4 (ARMD4), and Retinoic acid receptor responder protein 1 

(TIG1) as determined by DESeq2 (Figure 4.4E, blue cells). Downregulated genes 

included Adiponectin (ADIPO), Carbonic anhydrase 3 (CAH3), Myosin regulatory light 

chain 2 atrial isoform (MLRA), Myosin-6 (MYH6), Telethonin (TELT), Titin (TITIN), E3 

ubiquitin-protein ligase NEDD4 (NEDD4), Thrombospondin-2 (TSP2), Vascular 

endothelial growth factor receptor 2 (VGFR2), and Transforming growth factor beta-1 

proprotein (TGFB1) (Figure 4.4E, red cells). All upregulated genes were related to 

metabolite interconversion, transcriptional regulation, protein binding/modifying activity, 

and cell adhesion (Figure 4.4 F, blue bars). Downregulated genes were related to 

transporters, extracellular matrix, cytoskeleton, and protein binding/modifying activity 

(Figure 4.4F, red bars). 

Of all differentially expressed genes, 5 genes were differentially expressed in both 

the lung and intestine upon LactoX gavage. These genes included NEDD4 

(downregulated in both lung and intestine), COBA2 (upregulated in lung, downregulated 

in intestine), ARMD4 (upregulated in both lung and intestine), TIG1 (upregulated in both 

lung and intestine), and MUC16 (upregulated in both lung and intestine). 
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Figure 4.4. Modulation of gene expression in the uninfected (A-C) large intestine and (D-
F) lung upon 12-day LactoX oral gavage regimen. (A, C) Differentially expressed genes 
(DEs) by oral LactoX. (B, E) Top 20 DEs upregulated (red) and downregulated (blue) by 
oral LactoX; all genes q<0.05. (C, F) Differentially expressed (DE) PANTHER Protein 
Classes (based on differentially expressed genes with p<0.05, q<0.05) on the y-axis with 
relative expression of protein classes on the x-axis (expressed as GeneRatio, which is 
the proportion of differentially expressed genes in each category to the total number of 
differentially expressed genes). Positive GeneRatio (red) = increased expression in 
Lactobacillus-gavaged animals; negative GeneRatio (blue) = decreased expression in 
Lactobacillus-gavaged animals. 
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iii. Oral Lactobacillus protects cotton rats from RSV-induced 
changes to the gut microbiome 

 

Another group of S. fulviventer was orally administered either PBS or LactoX for 

12 days and intranasally infected with 105 PFU of RSV A/Long or PBS (as mock infection 

control) on Day 7.  Stool was collected throughout the experiment, which concluded on 

Day 12 (Day 5 post-infection) as outlined in Figure 4.2 (+LactoX or PBS, +RSV). 16S 

rRNA sequencing was performed on DNA extracted from stool to assess RSV-induced 

changes to the gut microbiome.   

Upon RSV infection in PBS-gavaged animals, gut microbiome richness was 

significantly reduced at Day 3 post-infection compared to baseline (Observed OTUs 

p=0.0108, Figure 4.5A), although not by alpha diversity metrics (Shannon/Simpson Index 

p=ns, Figure 4.5 B-C). In LactoX animals, no drop in richness occurred upon RSV 

infection compared to baseline (Observed OTUs, p=0.8874, Figure 4.5D-F). Changes in 

microbiome community structure were analyzed according to beta diversity (Bray-Curtis 

dissimilarity), which confirmed a significant change in PBS+RSV animals upon infection 

(PERMANOVA p=0.004, R2=0.129) but not in LactoX+RSV animals (PERMANOVA 

p=0.062, R2=0.111) (Figure 4.6A-B). These RSV-induced microbiome changes were 

apparent on Day 3 post-infection (adonis.pair adjusted p=0.027) and Day 5 post-infection 

(adonis.pair adjusted p=0.024) compared to baseline/Day 0 (Figure 4.6A).  There were 

no significant RSV-induced changes to microbiome community structure in infected 

LactoX animals (Day 3 adjusted p=0.13, Day 5 adjusted p=0.13) (Figure 4.6B).  
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Figure 4.5. Alpha diversity changes in PBS Vehicle (A-C) or LactoX (D-F) gavaged 
animals pre-infection (Day0-Day7) and post-infection (Day7-Day10; indicated by red line) 
with RSV. Three alpha diversity metrics are presented on the x-axis: Richness (Observed 
OTUs), Shannon Index, and Simpson Index. Significant drop in richness occurs from Day 
0 – Day 10 in PBS animals but not in Lactobacillus-gavaged animals. Statistics performed 
with ANOVA followed up Tukey posthoc test; figures generated in Prism 8. 
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Figure 4.6. PCoA plots representing gut microbiome beta diversity (Bray-Curtis 
dissimilarity at the OTU level). Clustering of samples by day of fecal collection reveals 
changes in gut composition upon RSV infection in PBS Vehicle-gavaged animals on Day 
3 and Day 5 post-infection (P.I.). No significant change was seen in Lactobacillus-
gavaged animals. Statistical testing was performed using PERMANOVA between day 
points, with adonis.pair for individual day comparisons; *=P≤0.05, **=P≤0.01, 
***=P≤0.001, ****=P≤0.0001. 
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iv. Oral Lactobacillus reduces RSV histopathology but not viral titers 

 

Upon completion of the 12-day gavage and 5-day infection, lungs from all animals 

were harvested for histopathology and blindly scored for 4 inflammatory parameters as 

described in the methods: peribronchiolitis, perivasculitis, interstitial pneumonia, and 

alveolitis (Figure 4.7 A-B). Infected animals (+RSV+PBS vehicle) had a significantly 

larger cumulative pathology score compared to uninfected controls, indicating successful 

infection (Tukey’s multiple comparisons test p=0.0041) (Figure 4.7A). However, infected 

animals receiving LactoX (+RSV+LactoX) had a cumulative pathology score more like 

uninfected animals (p=0.7348) compared to RSV-infected animals receiving PBS vehicle 

(p=0.0093). These trends can also be seen in the reduction of inflammatory cell infiltration 

in Figure 4.7B. Viral titers were assessed by RT-qPCR and plaque assay in the nose 

(Figure 4.7 C-D) and the lung (Figure 4.7 E-F). Both viral RNA and plaques were 

significantly higher in all infected groups compared to uninfected groups, but LactoX 

treatment did not significantly alter virus levels compared to PBS-gavaged infected 

controls.   
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Figure 4.7. Lactobacillus-induced protection from severe lung histology but not viral load. 
(A) Blindly generated pathology scores were cumulated to compare healthy and RSV-
infected lung tissue treated with PBS vehicle or LactoX. (B) Representative images for 
histological imaging. (C-D) Nasal RSV titers measured by (C) RT-qPCR and (D) plaque 
assay. (E-F) Lung viral titers measured by (E) RT-qPCR and (D) plaque assay. RT-qPCR 
performed with primers targeting the RSV NS1 protein and normalized to β-actin; fold 
change (calculated by 2-ΔΔCT) on the y-axis. Statistics performed using ANOVA and Tukey 
posthoc in Prism 8; *=P≤0.05, **=P≤0.01, ***=P≤0.001, ****=P≤0.0001. 
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v. Oral Lactobacillus significantly alters lung gene expression in RSV-infected animals 

 

 RNA was extracted from all harvested lungs and sequenced to assess 

transcriptomic changes by RSV and Lactobacillus. Clustering of samples by transcript 

counts (Euclidean distance) indicated differences between uninfected (PBS) and infected 

(PBS_RSV) groups; LactoX-gavaged groups infected with RSV clustered in between 

these groups, suggesting more similarity to uninfected samples (Figure 4.8A).  

 To determine genes modulated in the lung by gut Lactobacillus during RSV 

infection, comparisons were made between significantly modulated genes in RSV vs. 

Uninfected groups (Figure 4.8B) and LactoX+RSV vs. Uninfected groups (Figure 4.8C). 

In infected animals receiving LactoX, 648 unique transcripts were upregulated and 384 

downregulated. In infected animals receiving PBS vehicle, 663 unique transcripts were 

upregulated and 113 downregulated. 454 transcripts were upregulated upon infection in 

both LactoX and PBS groups, and 33 were downregulated (Figure 4.8D). Transcripts 

were aligned to the S. fulviventer transcriptome reference for functional annotation 

(Chapter 3).  
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Figure 4.8. Lactobacillus-induced transcriptome changes during RSV infection. (A) 
Clustering of transcript counts by Euclidean distance using Principal Component 
Analysis. (B) DE transcripts in PBS+RSV and (C) LactoX+RSV animals. Red dots indicate 
transcripts that met significance threshold (Log2FC>|1|, p<0.05, q<0.05). Number of 
unique and overlapping DE transcripts during RSV infection with or without LactoX.   
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Many genes were differentially expressed between PBS+RSV and LactoX+RSV 

animal groups (Figure 4.9). For comparisons, genes that were differentially expressed in 

one group but not the other were investigated. Lung genes downregulated by LactoX 

during RSV infection include Neuropeptide Y Receptor Y4 (NPY4R), Zinc transporter 2 

(ZNT2), Cadherin-3 (CADH3), Adhesion G protein-coupled receptor B1 (AGRB1), 

Claudin-15 (CLD15), Armadillo-like helical domain-containing protein 4 (ARMD4), 

Vasoactive intestinal polypeptide receptor 2 (VIPR2), Interleukin-17 receptor E (I27L2), 

Carboxypeptidase X, M14 Family Member 2 (CPXM2), Fibulin 2 (FBLN2), Pappalysin 2 

(PAPP2), and Complement C1q TNF-Related Protein 6 (C1QT6) (Figure 4.9A). Three of 

these genes were also found to be downregulated by Lactobacillus in the lung of 

uninfected animals: CPXM2, FBLN2, and PAPP2 (Figure 4.4E). These downregulated 

genes are related to G-protein coupled receptors, transmembrane signaling receptors, 

scaffolding/adaptor proteins, and protein-binding activity monitors as determined by 

PANTHER protein functions. 

Lung genes upregulated by LactoX during RSV infection include CXC motif 

chemokine ligand 9 (CXCL9), C-X-C Motif Chemokine Ligand 10 (CXCL10) Radical S-

Adenosyl Methionine Domain Containing 2 (RSAD2), Interferon Induced Protein 44 

(IFI44), NLR Family CARD Domain Containing 5 (NLRC5), Forkhead Box K2 (FOXK2), 

Retinoic acid receptor responder protein 1 (TIG1), Insulin-like growth factor binding 

protein 1 (IGFBP1), Titin (TITIN), Titin-cap (TELT), and Carbonic Anhydrase 3 (CAH3) 

(Figure 4.9B). Many of these genes are related to chemokines, actin filament binding, 

immunoglobulin structure, and cell structural proteins. Th2-inducing cytokines IL-4, IL-13, 

and IL-33 were also downregulated in LactoX-gavaged groups (Figure 4.9C-E). 
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Figure 4.9. (A) Down- and (B) upregulated genes by Lactobacillus during RSV infection. 
All significant DEs are indicated as blue (downregulated) and red (upregulated) cells as 
determined by their Log2 FoldChange to uninfected controls. Dots indicate the gene was 
not DE compared to controls. (C-E) Normalized expression levels (TMM) for Th2 
cytokines; statistics performed using Student’s T-test in Prism 8.  
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vi. Confirmation of RNA-Seq data with RT-qPCR 

 To confirm differentially expressed genes determined by RNA-seq, RT-qPCR was 

performed on the same lung RNA that was sequenced. Eight genes were randomly 

selected for RT-qPCR confirmation of relative expression (Figure 4.10A). RT-qPCR 

analysis confirmed an increase in CADH3 and CLD15 expression in PBS+RSV animals 

but not in LactoX+RSV animals compared to uninfected controls, which confirms changes 

seen by RNA-Seq (Figure 4.9B). RT-qPCR also confirmed higher expression of CXCL9 

in Lacto+RSV animals but not PBS+RSV animals compared to controls, as shown by 

RNA-seq data (Figure 4.9A-B). VIPR2 expression was higher in PBS+RSV and 

Lacto+RSV animals (RT-qPCR), but RNA-seq only showed upregulation of VIPR2 in 

PBS+RSV animals. Although insignificant, RT-qPCR showed an increase in expression 

of MX2 in both PBS+RSV and LactoX+RSV groups compared to uninfected controls; 

RNA-Seq showed a significant increase. ISG15 did show increased expression in 

PBS+RSV and  Lacto+RSV (p=0.06) animals, and RNA-seq data suggested a significant 

upregulation in any group. Lung expression of Suppressor Of Cytokine Signaling 3 

(SOCS3) and Heparin-binding EGF-like growth factor (HB-EGF) were not shown to be 

significantly upregulated in any group as determined by RT-qPCR and RNA-seq.  

 To confirm changes in Log2FoldChange (L2FC) between PBS+RSV and 

Lacto+RSV, ∆L2FC values were calculated by the formula ∆L2FC=(L2FC PBS+RSV)–

(L2FC LactoX+RSV) for both RT-qPCR (2^ddCT) and RNA-seq data (DESeq2 L2FC 

values) (Figure 4.10B). Correlation analysis between RT-qPCR and RNA-seq L2FC 

revealed a significant correlation between the two methods (Spearman’s rho p=0.0025, 

R2=0.9096).   
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Figure 4.10. Confirmation of RNA-seq data by RT-qPCR. (A) 8 genes were selected for 
confirmation by RT-qPCR, measured by ddCT method (normalizing each sample to both 
B-actin and GAPDH, followed by normalization to Uninfected controls). 6 of the 8 genes 
directly correlate with RNA-seq data (indicated by #). 2 of the 8 genes were directionally 
but not statistically correlated (indicated by ~). (B) Fold changes between groups to 
Uninfected Controls for RNA-Seq and RT-qPCR. Significance stars: RNA-Seq=q values 
(FDR), RT-qPCR=Tukey multiple comparisons p values. (C) Correlation analysis 
between RNA-seq and RT-qPCR log2 fold change (L2FC) results from the same RNA 
sample. Spearman’s correlation analysis shown. CADH3: Cadherin-3; VIPR2: Vasoactive 
intestinal polypeptide receptor 2; CXCL9: CXC motif chemokine ligand 9; CLD15: 
Claudin-15; SOCS3: Suppressor of Cytokine Signaling 3; HB-EGF: Heparin-binding EGF-
like growth factor, MX2: Interferon-induced GTP-binding protein Mx2. *=P≤0.05, 
**=P≤0.01, ***=P≤0.001, ****=P≤0.0001. 
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C. DISCUSSION 

 

 

 

The data presented in this chapter suggest a significant role of gut Lactobacillus in 

protecting from severe RSV infection in cotton rats for the first time. Not only did oral 

Lactobacillus protect animals from more severe lung histopathology, but transcriptomic 

analysis also indicated significant modulation of gene expression in the lung. These 

modulated pathways suggest several mechanisms involved in the gut-lung axis. 

Additionally, this data presents the cotton rat as a novel model for microbiome-viral-host 

interactions. 

Gut Lactobacillus abundance was only increased after LactoX gavage in S. 

fulviventer but not S. hispidus. Gut Lactobacillus was also of higher abundance at 

baseline (Day 0) in S. hispidus than in S. fulviventer. Strickland et al. previously showed 

that the healthy gut flora of S. hispidus is dominated by several strains of Lactobacillus–

specifically the two strains used in this study–compared to Lactobacillus-deficient S. 

fulviventer (181). Interestingly, this study shows that only Lactobacillus-deficient S. 

fulviventer was significantly populated with Lactobacillus upon oral gavage compared to 

S. hispidus. While oral Lactobacillus did not alter the gut microbiome community structure 

in either species, the presence and increased abundance of Lactobacillus in the healthy 

gut did not allow for further modulation of Lactobacillus by oral gavage. This suggests 
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that such probiotic regimens may not affect animals with an increased abundance of 

resident Lactobacillus.  

This study also showed a significant drop in microbiome richness upon RSV 

infection, confirming similar outcomes in both humans (124) and mice (319-321). Oral 

Lactobacillus protected infected animals from such changes in the microbiome (Figure 

4.5-4.6), which could be indicative of reduced systemic inflammation and gut-lung axis 

mechanisms. While no significant change in richness was seen in uninfected animals 

receiving oral Lactobacillus, it is still unclear if this change is due strictly to oral gavage of 

bacteria or protection from a viral phenotype.  

Many studies have reported many host-transcriptional changes upon Lactobacillus 

supplementation. Similarly, oral LactoX was shown to modulate many genes in both the 

healthy intestine and lung. Of these genes, MUC16, TIG1, and ARMD4 were upregulated 

in both the lung and intestine. MUC16, or Mucin-16, is an extracellular-associated mucin 

that fortifies the glycocalyx to protect the cell surface in normal epithelia. Increased 

expression can improve mucosal barrier function and protection against infection, and 

Lactobacillus has been previously shown to upregulate other associated extracellular 

mucins (322). TIG1, or Tazarotene-induced gene 1, plays a role in retinoic acid-mediated 

cellular differentiation and tumor growth suppression, which can help promote the 

epithelial barrier (323). MZB1 (Marginal zone B- and B1-cell-specific protein) was also 

upregulated by LactoX in the healthy intestine. MZB1 is a molecular chaperone facilitating 

the formation of polymeric IgA (324), an immunoglobulin previously shown to be induced 

by L. rhamnosus GG (325) and promote RSV immunity (326). Additionally, MZB1 has 

been shown to increase IgA secretion in the gut and induce anti-inflammatory effects in 
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the mucosa (327), indicating that this may be a mechanism by which Lactobacillus 

upregulates IgA. TGF-β was downregulated in the healthy lung but not modulated in the 

intestines (Figure 4.4 B,E). Gut Lactobacillus has been shown to upregulate TGF-β to 

promote regulatory T cells in the intestines (328, 329). However, gut Lactobacillus seems 

to exert TGF-β-suppressive effects in other tissues (liver and heart) (330) and breast milk 

(331) due to the fibrotic tissue response to TGF-β in these tissues (332). The suppressive 

effect of gut Lactobacillus on lung TGF-β suggests a protective gut-lung axis mechanism 

of protecting against collagen accumulation and tissue fibrosis in the lung that can 

contribute to long-term RSV outcomes (333).  One of the most interesting upregulated 

gene in the intestine is HB-EGF due to previously published literature on the 

Lactobacillus-secreted protective protein p40 in increasing HB-EGF production in the 

intestines. These genes could be potential mediators of gut-lung axis activity that warrants 

further experimentation.  

Supplementation of LactoX into healthy cotton rats confirmed several genes 

previously shown to be upregulated in the murine gut by oral Lactobacillus. These include 

Immunoglobulin G1 (334) (IGG1, upregulated in intestines), Phospholipase A2 (335) 

(PA2GA, upregulated in intestines), TRAF-interacting protein with FHA domain-

containing protein A that reduced colitis inflammation (336) (TIFA, upregulated in 

intestines), C-C motif chemokine 5 (337) (CCL5, upregulated in intestines), T-cell-specific 

guanine nucleotide triphosphate-binding protein 2 (338) (TGTP2, upregulated in 

intestines), and Cadherin-1 in mice (339) (CADH1, upregulated in intestines). However, 

further experimentation is needed to further confirm Lactobacillus’s direct role in 

upregulation of these genes. 
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Oral LactoX administration prior to RSV infection significantly reduced 

histopathology scores and gene expression profiles compared to infected animals 

receiving PBS vehicle. These effects were not mediated by inhibition of viral replication,  

as lung and nasal viral titers were not reduced at 5 days post-infection in Lactobacillus-

gavaged animals (Figure 4.7). Contrarily, Eguchi et al. reported a reduction in lung RSV 

titers in mice treated with oral Lactobacillus gasseri SBT2055 that correlated with 

protection from weight loss and inflammatory cytokines (133). However, it is unclear 

whether the Lactobacillus groups were more protected from RSV due to the action of 

Lactobacillus or due to lower viral titers during infection. Our study supports the significant 

role of Lactobacillus in the protective outcomes as there was no difference in viral titers 

between groups. Additionally, since cotton rats are more susceptible to RSV infection 

than mice, these results may be more translatable for outcomes hypothesized in humans. 

Several genes were differentially expressed in the lung upon RSV infection in both 

LactoX and PBS groups. Comparison of differentially expressed genes (DEs) in lungs 

between PBS+RSV and LactoX+RSV animals were investigated, as this would suggest 

a Lactobacillus-mediated role in changing the expression of these genes. CXCL9 and 

CXL10 are upregulated in Lacto+RSV animals but not PBS+RSV animals, indicating a 

potential role of these chemokines in reducing RSV severity. These IFN-y-inducible 

chemokines function to recruit Th1 and NK cells to the site of infection, suggesting a less 

severe and less-Th2-biased response to RSV (340). Upregulation of CXCL9 and CXL10 

have been previously shown in RSV Th1-associated expression profiles in humans (341). 

Additionally, data from the INSPIRE birth cohort at VUMC found that RSV-infected infants 

with decreased expression of CXCL9 and CXL10 were at a higher risk for developing 
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wheeze at 1-2 years (342).   Previous literature has also shown CXCL9 to be upregulated 

by L.plantarum in rats, further confirming this Lactobacillus-induced phenotype (343). This 

increase in expression was also confirmed by RT-qPCR (Figure 4.10). IL-4, IL-13, and 

IL-33 were also downregulated in the lung in LactoX-gavaged, RSV-infected animals. 

These type-2 inflammatory cytokines secreted by mast cells/eosinophils/Th2 (IL-4, IL-13) 

and damaged epithelia (IL-33) suggest decreased activation and recruitment of both ILC2 

and Th2 cells. 

There were no RSV-related receptors differentially expressed in this study. 

However, several host factors involved in restricting RSV pathogenesis were found to be 

upregulated. Interferon-induced protein 44 (IFI44) was upregulated in the lung by 

Lactobacillus during infection, which has been previously shown to restrict RSV infection 

in mice and associated with decreased RSV severity in children (344). Guanylate-binding 

protein 5 (GBP5) was also upregulated by Lactobacillus during infection, which has been 

associated with reduced RSV susceptibility in children (345). GBP5 can restrict the 

replication of RSV by decreasing intracellular SH protein necessary for capsid 

construction, although some RSV G proteins can stimulate the uniquitin-mediated 

degradation of GBP5 (345, 346).  

Another gene upregulated in the lung by Lactobacillus during infection is insulin-

like growth factor (IGF) binding protein 1 (IGFBP1). IGFBP1 has not been associated with 

RSV infection, but the IGF1 receptor (IGFR1) has been recently described in the receptor-

mediated entry of RSV into host cells (41). RSV-F can bind the back of IGFR1 without 

disrupting the IGF1 binding site, which allows viral entry into the cell once IGF1 ligand 

binds to its receptor (this claim is based on soon-to-be-published data from the Marchant 
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laboratory, conveyed through correspondence with the supervising author). IGFBP1 can 

bind IGF1 with equal or greater affinity than the receptor to block IGF signaling (347), 

which would effectively block potential binding and subsequent IGFR1-mediated entry of 

RSV into the cell. IGFBP1 was also upregulated in the lung upon LactoX supplementation 

in healthy animals, further confirming its activity in Lactobacillus-mediated protection 

phenotypes (Figure 4.4). However, transcriptional evidence of IGFBP1 upregulation is 

not enough to suggest it as a mechanism of Lactobacillus-mediated protection. Additional 

experimentation of the stimulation of IGFBP1 by Lactobacillus and the effect on RSV 

infection is necessary to further elucidate this mechanism. 

Genes downregulated by Lactobacillus during infection include AGRB1 (adhesion 

G protein-coupled receptor B1), a phosphatidylserine receptor that enhances the 

engulfment of apoptotic cells (348). CLD15 (claudin-15), which was previously confirmed 

to be upregulated during RSV infection in cotton rats (Chapter 2), is a major constituent 

of the tight junction complexes that regulate the permeability of epithelia and was 

downregulated by Lactobacillus. I27L2 (Interferon Alpha Inducible Protein 27 Like 2) is a 

proapoptotic gene upregulated in PBS+RSV but not LactoX+RSV animals. I27L2 was 

previously found to be the top differentially expressed gene in preterm infants with severe 

RSV infection (286). This gene was also confirmed in the previous RSV transcriptomic 

analysis in Chapter 2.  

There are several strengths to this study. Probiotic supplementation protocols used 

in previous studies have used a non-host source for the bacterial strain. Because bacteria 

rapidly adapt to their host environment, supplementing a food- or human-derived bacterial 

strain to a non-host environment may affect colonization, survival, and probiotic potential. 
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Based on previous literature, this is the first Lactobacillus-induced protection phenotype 

from severe respiratory viral infections using a host-adapted strain of bacteria. 

There are also limitations to this study that must be recognized. Because the long-

term effects (> 12 days) of oral Lactobacillus in these animals were not assessed, it is 

unknown how long Lactobacillus remains present in the gut upon oral supplementation. 

Additionally, although there were no significant differences in alpha and beta diversity 

upon Lactobacillus gavage, the abundance of 4 taxa in S. fulviventer and 3 taxa in S. 

hispidus indicate small-scale changes to the microbiome environment that will need to be 

further tested through longitudinal testing or competition assays between Lactobacillus 

and these taxa. Furthermore, alterations in gene expression as identified by 

transcriptomic analysis do not indicate that these genes are implicated in Lactobacillus-

induced protection from severe RSV. Further experimentation in knockout models will 

further aid in narrowing these mechanisms of action. Lastly, the mechanisms of 

Lactobacillus in RSV protection are not fully addressed in this chapter, although one 

proposed mechanism is discussed in Chapter 5. 
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D. METHODS 
 

 

 

LactoX preparation and administration 

Lactobacillus paragasseri BRTN and Limosilactobacillus reuteri SMN were 

previously isolated from S. hispidus stool as described in Appendix A. Frozen glycerol 

stocks were streaked on De Man, Rogosa, and Sharpe (MRS) agar plates, and a single 

clonal isolate was individually incubated in 5mL MRS broth at 37ºC with no shaking. After 

overnight growth, L. gasseri and L. reuteri reached OD600 of 1.179 and 1.244 

respectively (measured in triplicate, subtracted blank MRS broth). Each culture was 

diluted to an OD600 of 0.27 in 20mL and grown at 37ºC with no shaking for 6hrs. Equal 

volumes of both cultures were mixed 50/50 with an equal volume of 40% glycerol (final 

conc 20%). These stocks (referred to as LactoX) were aliquoted into sterile screw cap 

vials stored at -80ºC. 

For administration into cotton rats, LactoX was thawed on ice, gently mixed by 

pipetting, and centrifuged at 14,000 RPM for 30 seconds at 4ºC. The supernatant was 

decanted, and the bacterial pellet was resuspended/centrifuged 2x in 1mL sterile 1x PBS 

to remove residual glycerol and MRS media. The washed pellet was resuspended in 1mL 

sterile 1x PBS, and plating assay on MRS agar determined bacterial concentration to be 

5x108 CFU/1mL tube. 1mL LactoX or PBS was orally gavaged into each animal for 7 or 

12 days as specified in the Results. 
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Animal husbandry and sample collection 

Four- to six-week-old cotton rats (~100 g) were obtained from the inbred colony 

maintained at Sigmovir Biosystems, Inc. Cotton rats in the colony were seronegative by 

ELISA to adventitious respiratory viruses (i.e., Pneumonia Virus of Mice, Rat parvovirus, 

Rat coronavirus, Sendai virus). Each species was randomly split into 2 groups: those 

receiving LactoX and PBS vehicle controls. To avoid fighting, all animals were individually 

housed in large polycarbonate cages and fed a diet of standard rodent chow and water 

ad libitum.  

For assessment of LactoX effect on the cotton rat microbiome, S. hispidus (n=8 

male, 1 female) and S. fulviventer (n=8 male, 1 female) were examined. For assessment 

of LactoX effect on RSV outcomes, the following groups contained the following number 

of male/female S. fulviventer: +LactoX+RSV (7 male, 3 female), +LactoX–RSV (4 male, 

1 female), +PBS+RSV (7 male, 3 female), +PBS–RSV (5 male).  

For infection, RSV A/Long (ATCC Cat. # VR-26) was propagated in HEp-2 cells 

(ATCC), and stock titer was determined using plaque assay. Cotton rats were intranasally 

inoculated under isoflurane anesthesia with 105  plaque-forming units in 100 uL of either 

RSV suspension or PBS vehicle.  

For stool collection, cage beddings were changed in the late afternoon for each 

animal one day before LactoX administration. Stool samples were collected between 

10 am and 1 pm with sterile forceps before daily LactoX administration. On average, 10-

15 feces pellets were collected from each animal daily. Immediately after collection, 

samples were frozen at −80°C. All animal procedures followed NIH and USDA guidelines 
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approved by the Sigmovir Biosystems, Inc. IACUC. Study design, analysis, and reporting 

of methods and results are presented in accordance with the ARRIVE guidelines. 

Animals were sacrificed by carbon dioxide inhalation on day 5 of infection. Whole 

lung, large intestine, heart, spleen, and kidney were dissected from all animals and frozen 

in RNA-later (Invitrogen AM7021) for processing and sequencing at VUMC.  

 

Lactobacillus Quantification 

 Plating assay and qPCR to quantify Lactobacillus in the stool were directly adapted 

from methods described in Chapter 3: Methods. Figures and statistical analysis were 

performed using either T-test or ANOVA/Tukey’s multiple comparisons test as 

appropriate in Prism 8. 

 

16S Sequencing, RNA-Seq, and Data Analysis 

 Methods for nucleic acid extraction, library preparation (16S rRNA sequencing, 

RNA-seq), and data analysis were directly adapted from methods described in Chapter 

3: Methods and in (264). For DESeq2 testing of differentially abundant taxa (16S data), 

sex was accounted for as a covariate. 

 

Lung histopathology and viral titers 

Lungs (right lobe) were dissected and prepared for histopathology as described in 

Chapter 3: Methods. Viral titers were determined using Real-Time Quantitative Reverse 

Transcription Polymerase Chain Reaction (qRT-PCR) from RNA extracted from lung 

(lingular lobe; same RNA as sequenced) and nasal homogenates. Following RNA 
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extraction, cDNA was generated using 1ug of total RNA and the SuperScript™ III Reverse 

Transcriptase (Invitrogen™) kit according to the manufacturer’s instructions. cDNA was 

diluted 1:5, and 3uL was added to qPCR reactions using iQ™ SYBR® Green Supermix 

(10uL total). Reactions for each target were performed in duplicate for each sample using 

primers (IDT, 250nm final concentration) targeting the NS1 protein of RSV and β-actin, 

which have been previously published and validated for use in both species of cotton rats 

(306). No-template-controls and a positive control (RNA extracted from RSV A/Long viral 

stock used for infection) were run on each plate. Duplicate CT values for NS1 were 

averaged and normalized to β-actin. Results were calculated using the 2-ΔΔCT method 

(307).   

Viral titers were also determined by viral plaque assay. Lungs (left lobe) were 

homogenized, and serial dilutions (10-0-10-5) of supernatants were prepared. HEp-2 cells 

(ATCC) were seeded to a concentration of 5x105 per well in 12-well plates in DMEM+10% 

FBS. Cell media was aspirated, and monolayers were infected in 50uL of each dilution in 

triplicate for 2 hours at 37ºC and shaking every 15 minutes. Cells were overlayed with 

warm DMEM+10%FBS+0.75%Methylcellulose for 4-5 days until significant syncytia 

appeared under the microscope. Methylcellulose media was aspirated, and cells were 

washed 2x with DPBS. Washed cell layers were fixed and stained in 0.067%crystal 

violet+1.25%glutaraldehyde at room temperature for 20min. Plates were washed 4x with 

dH2O and left to air dry overnight. Plaques were calculated as PFU/gram of tissue. 

Figures and statistical analysis were performed using ANOVA/Tukey’s multiple 

comparisons test in Prism 8. 
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Transcriptome analysis 

RNA-seq data was parsed into individual samples by barcode. Adaptor sequences, 

low quality (minimum Phred 33), and short (<75bp) reads were removed using 

Trimmomatic (version 0.36, “ILLUMINACLIP: NEB_multiplexoligos.fa:2:30:10 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:75”) (308). Only paired-end reads that 

passed the quality threshold described in (309) were retained. Transcripts were indexed 

using Salmon v1.8.0 (314). Trinotate v3.2.2 annotation pipeline was adapted for transcript 

quantification at the gene level (raw and TPM, transcripts per million) 

abundance_estimates_to_matrix.pl script with Salmon input parameters. Each transcript 

was annotated using the S. fulviventer transcriptome reference presented in Chapter 2 

using the Trinotate script Trinotate_get_feature_name_encoding_attributes.pl (to 

generate annotation reference index) and rename_matrix_feature_identifiers.pl (to add 

annotations to the matrix file). DESeq2 package (274) was used within the pipeline by 

comparing the experimental group containing biological replicates with the corresponding 

control group. Genes with a P<0.05, adjusted P < 0.05 (“q”/false discovery rate/Benjamini-

Hochberg), and a log2 fold change > |1| were treated as differentially expressed. We used 

the goseq package in Bioconductor to detect differentially abundant GO terms (278). GOs 

with a P<0.05 and adjusted P < 0.05 (“q”/false discovery rate/Benjamini-Hochberg) were 

treated as differentially expressed. PANTHER Protein Classes and Gene Ontology terms 

were determined by mapping significant differentially expressed genes’ UniProtKB-ID to 

the PANTHER v17.0 Gene List Analysis mapper (available at http://pantherdb.org).  
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Validation of differentially expressed genes 

RNA extracted from the lung tissue was used for qRT-PCR assays. qRT-PCR was 

performed in duplicate using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosciences) and PowerSYBR Green Master Mix (Applied Biosciences). qRT-PCR 

primers were designed for 4 randomly selected up-regulated genes and 4 randomly 

selected non-differentially expressed genes. Primer sequences were designed with 

Primer3Plus (315), and sequences are provided in Table 4.1. No template controls were 

run on each plate. Technical replicate CT values were averaged for each gene and 

normalized to an average CT of β-actin and GAPDH housekeeping gene. Results were 

calculated as fold change induction over uninfected lungs using the 2-ΔΔCT method (307).  

 

 

 

Gene Transcriptome ID Forward Primer Reverse Primer 
Tm 
(ºC) 

Product 
Size (bp) 

SOCS3 Sfulv_DN3570_c0_g3 CAGATGTTGGCGGTCGTGAA CTCAGTCGTAGCCCCTTGC 60 136 

CCL5 Sfulv_DN3711_c1_g1 GTGCTCCAACTTTGCAGTCG TCCCCAAGCTGGTTAGGACT 60 184 

MX2 Sfulv_DN430_c0_g1 GCTGAGCAGCTGCATAAGGG GTCTGGACAGCCGCTCCTTC 60 105 

VIPR2 Sfulv_DN147146_c1_g1 AGCATACTCAAGCCAGTGCC GGCCATTGGGTATTGGGACA 60 128 

HBEGF Sfulv_DN29394_c0_g1 GTTCCAGCAAACACCAAGGC TACATCTGGCTTGGGCATCG 60 81 

CADH3 Sfulv_DN8120_c0_g1 CACCCATGTATCGTCCTCGG GAGGCAGCATCAGAACCACT 60 151 

CXCL9 Sfulv_DN160651_c0_g1 CCTAGGCTTGGTGACATGGG ATCACGCTCTTGAGCACAGT 60 140 

CLD15 Sfulv_DN28362_c1_g1 ATGGGAACGTCATCACCACC AGAGGGCCAGCATAGAAGGA 60 111 

MYH6 Sfulv_DN142091_c0_g1 GCCTAAATAAGCCCGGTCCA AACTTGGGTCTTGGGCTGAC 60 183 

ISG15 Sfulv_DN6453_c0_g3 CCCCAATGGCTGATTGTCCT GAAGTGCGACAACCCTCTGA 60 187 

GAPDH Sfulv_DN171591_c0_g1 GGTGCCCAGTACATTGTGGA GCATCAACAGAAGGGCCTGA 60 113 

B-actin Prev. published (282) GGCCAACCGTGAAAAGATGACTC GTCCGCCTAGAAGCATTTGCG 60 150 

 

Table 4.1. RT-qPCR primers for differentially expressed gene validation. 
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CHAPTER 5 
 
 

Lactobacillus-secreted protein p40 protects against 
Respiratory Syncytial Virus infection in vitro 
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A. INTRODUCTION 

 

 

 

Lactobacillus has been shown to protect against several severe disease states in both 

the gut and the lung. Several protective mechanisms of Lactobacillus have been studied 

in the gut, but there is a lack of literature pertaining to how it induces lung protection. 

Because of similarities in cell biology/immunology between epithelia across the body, 

protection mechanisms previously studied in the gut may apply to the lungs or the gut-

lung axis.  

The soluble, Lactobacillus-secreted protein p40 is an influential mediator of 

protection against inflammatory damage to gut epithelial cells during colitis (349). p40 

was originally derived from Lactobacillus rhamnosus GG and is used by bacteria as a cell 

wall hydrolase. The 40kDa protein is secreted in high abundance from some but not all 

Lactobacillus species (350). As soluble p40 traverses the epithelial membrane, it 

transactivates EGFR (epidermal growth factor receptor) by catalyzing the activity of 

ADAM17 (a disintegrin and metalloproteinase 17) to selectively cleave HB-EGF (heparin-

bound epidermal growth factor). HB-EGF activation of EGFR stimulates the downstream 

Akt pathway through a PI3K-dependent manner (192, 349, 351). This signaling cascade 

results in upregulated mucin production, increased barrier function, and inhibition of 

cytokine-induced apoptosis (194, 349). Other mechanisms of action include increased 

IgA class switching and production in B cells (325). The host colon epithelia have also 
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been shown to communicate with Lactobacillus via extracellular vesicles containing 

HSP90 to upregulate p40 production (352). Through these mechanisms, p40 

supplementation has been shown to protect against severe colitis in vitro and in vivo (349, 

353).  

Colitis is induced by several inflammatory mechanisms involving toll-like receptors 

(TLR), type 1 interferons, macrophages, CD4+ T cells, and TNF-α (354, 355). Like colitis, 

viral respiratory infections have a similar immune cascade that leads to cytokine-induced 

apoptosis of the host epithelia. If Lactobacillus can inhibit these mechanisms in the gut, 

the host could possibly utilize the same mechanism in the lung. As with colitis, RSV 

disease mechanisms are highly dependent on TLR signaling, type 1 interferons, 

macrophages, CD4+ T cells, and TNF-a production to progress disease (356, 357). Many 

studies have already attributed commensal Lactobacillus in protecting against severe 

RSV disease, as discussed in Chapter 1. Furthermore, EGFR has been shown to be a 

necessary host-entry cofactor in RSV viral pathogenesis (358). In this chapter, I tested 

whether Lactobacillus or p40 could reduce RSV severity in lung epithelia and if p40 

interacts with viral replication. 
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B. RESULTS 

 

i. Purified p40, Lactobacillus paragasseri BRTN, and Limosilactobacillus reuteri SMN 
increases cell viability in a dose-dependent manner 

 

 Two strains of Lactobacilli previously discussed in Chapter 4 were assessed for 

p40 secretion. Normalized, bacteria-free Lactobacillus paragasseri BRTN and 

Limosilactobacillus reuteri SMN supernatants were prepared via sterile filtering (Figure 

5.1A). Supernatants and purified p40 isolated from L. rhamnosus GG were analyzed by 

western blotting using an anti-p40 antibody. Both species produced p40, with L. reuteri 

producing less p40 than L. paragasseri (Figure 5.1B).  

To assess the effect of p40 on cell viability during RSV infection, viable cells were 

quantified following RSV infection by measuring available ATP using the luminescent-

based CellTiterGlo (Promega) assay. Two immortalized lines of lung epithelial cells (HEp-

2, A549) were pre-treated with increasing concentrations of p40 (with heat-inactivated 

negative control) and L. paragasseri/reuteri supernatants before RSV infection. p40 

significantly increased the amount of viable cells at 48hrs post-infection compared to 

controls in a dose-dependent manner; however, 50ng of boiled p40 did not increase 

viability  (Figure 5.1 B-C). 1/100 and 1/250 dilutions of Lactobacillus gasseri supernatant 

significantly increased cell viability in both HEp-2 and A549 cells, and 1/500 dilutions 

significantly increased viability in only A549. Only the 1/100 dilution of L. reuteri 

supernatant significantly increased cell viability, but only in A549 cells. (Figure 5.1 B-C). 

No significant effect was seen at 12hrs or 24hrs timepoints (data not shown). 
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Figure 5.1. (A) Supernatant (sup.) preparation by filter sterilization using 0.2uM filter. (B) 
Western blot using an anti-p40 antibody to quantify the presence of p40 in the supernatant 
of Lactobacillus paragasseri BRTN and Limosilactobacillus reuteri SMN. (C-D) Cellular 
viability assays (which quantifies the number of live cells based on available ATP) in both 
(C) HEp2 and (D) A549 cells pretreated with increasing concentrations of purified p40 
(boiled control, 10-50ng) and L. paragasseri/L.reuteri bacterial-free supernatants. Percent 
viability indicates percentage ATP compared to uninfected controls, as measured by 
luminescent assay (CellTiterGlo) at 48hr RSV A2 infection. Statistics using Repeated 
Measures ANOVA with Sidak Multiple Comparison Test. 
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ii. Both p40 and RSV activate EGFR of lung epithelia in a dose-dependent manner 

 

Because p40 has been shown to stimulate EGFR in a PI3K-dependent Akt 

manner, activation of Y-1068 EGFR (residue upstream of Akt) was examined in lung 

epithelial cells upon p40 treatment. Serum-starved Hep-2 cells were treated with 

decreasing concentrations of purified p40 for 2 hours and blotted for percent EGFR 

activation (Figure 5.2A). Normalization of P-EGFR band intensity to total EGFR and B-

actin revealed significant activation of EGFR by p40 in a dose-dependent manner 

(highest in 50ng, Tukey Post Hoc p=0.0083) (Figure 5.2B).  

As RSV has also been shown to activate EGFR through a similar mechanism, Hep-

2 cells were infected with RSV/A2 (MOI=3) for 12 and 24 hours to measure EGFR 

activation. RSV was able to significantly activate EGFR (Y-1068) at 24hrs but not 12hrs 

post-infection compared to mock-infected controls (Figure 5.2C). 

 

iii. p40 reduces RSV viral titers in a dose-dependent manner 

 

 To see if viral titers were affected by blockage of EGFR activation, Hep-2 cells 

were pretreated with the EGFR inhibitor AG1478 for 2hrs. EGFR-blockage reduced viral 

titers at 48hrs post-infection compared to vehicle controls but not 12 and 24hrs (Figure 

5.2D). Hep-2 cells were then pretreated with p40 for 2hrs then infected with RSV/A2 for 

12, 24, and 48hrs. At 12hrs post-infection, when viral titers are low (~103), 50ng but not 

5ng p40 was able to reduce viral titers slightly but insignificantly (Figure 5.2E). At 48hrs 
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post-infection, when viral titers are high (>106), 50ng but not 5ng p40 was able to 

significantly reduce viral titers (Figure 5.2F). No effect was seen at 24hrs.  

 

iv. Intranasal p40 administration in mice did not affect animal health 

 

 To further test this hypothesis, in vivo studies in animals were designed. First, a 

toxicity experiment measured by weight loss (a major indicator of RSV disease severity 

in mice) was conducted on 20 female BALB/c mice (8wks old) intranasally inoculated with 

20ug purified p40 or PBS-vehicle for 7 days. No significant change in weight loss occurred 

throughout the administration (Figure 5.3).  
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Figure 5.2. p40 signaling via EGFR affects RSV viral replication. (A) EGFR 
phosphorylation by p40 at Y-1068 for downstream Akt activation. (B) Quantification of P-
EGFR/totalEGFR band intensity measured using ImageJ. (C) Time-dependent activation 
of P-EGFR by RSV A2 from 12-24 hours (MOI=multiplicity of infection). All samples were 
run on the same gel, but 12hr/mock sample was cropped for special arrangement. Results 
mirror those shown by Currier et al., 2016 (39). (D) Viral load at 12-48 hours following 
pretreatment EGFR inhibitor AG1478 or (E-F) 5ng-50ng p40. Results reflect experiment 
n=3. Statistics using Repeated Measures ANOVA with Sidak Multiple Comparison Test. 
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Figure 5.3. Weight monitoring following 7 days of consecutive intranasal administration 
of 20ug p40. N=10 mice per group. 
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C. DISCUSSION 

 

 

 

This chapter proposes soluble p40 as a potent mechanism of Lactobacillus-mediated 

reduction of inflammatory signaling and pathology during Respiratory Syncytial Virus 

(RSV) infection. Luminescent ATP assays determined that p40 significantly enhanced the 

viability of RSV-infected cells in a dose-dependent manner. Supernatants of Lactobacillus 

paragasseri BRTN and Limosilactobacillus reuteri SMN were also able to enhance 

viability during infection, which correlated to differential amounts of p40 produced during 

growth (Figure 5.2). However, these results are limited, as the assay can only infer cells 

with proliferative/metabolic activity based on available ATP. To further interpret p40’s role 

in other cell death pathways, assays measuring cytotoxicity (metabolic activity with MTT) 

and apoptosis (early DNA breaks with TUNNEL, alterations to cellular morphology with 

Annexin V) may be utilized in further studies. Additionally, the effectivity of p40 as a 

protective immunobiotic could be further confirmed using additional negative controls, 

such as a non-p40 producing Lactobacilli, a purified protein control (e.g., BSA), or 

Lactobacillus-supernatant depleted of p40 by immunoprecipitation. These conditions 

have been applied in the “Future Directions” section of Chapter 6. 

As previously described in the colon (351), p40 interacts similarly with lung 

epithelia through transactivation of EGFR Y-1068 (Figure 5.2A-B). This further activates 

the downstream Akt serine-threonine kinases, which are critical in regulating cell 
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proliferation, survival, and metabolism (359). These mechanisms are hypothesized to 

enhance cell survival and reducing viral titers during RSV infection. RSV has also been 

shown to interact with EGFR, which is required as a cofactor for entry and infection (39). 

p40, which transactivates EGFR, was able to reduce viral titers at 48 hours post-infection, 

acting as an immunobiotic blockade of viral entry and pathogenesis. This was confirmed 

by blocking EGFR signaling using Tyrphostin AG1478, which also reduced viral titers 48 

hours post-infection.  

The biological mechanisms of ligand:EGFR binding suggests that pre-activation of 

EGFR in the lung may reduce the amount of unbound EGFR necessary for RSV 

attachment and entry. As EGFR binds ligand, receptor dimerization results in subsequent 

phosphorylation. Phosphorylated EGFR is then internalized and undergoes proteasomal 

degradation (360-364). The remaining unbound EGFR can also be internalized in 

response to the surrounding activation (365). Therefore, higher doses of p40 can 

effectively block viral entry and replication by removing the viral cofactors necessary for 

entry. 

These effects correlate with the literature on RSV and EGFR interactions. Thomas 

et al. first identified RSV to interact with PI3K, a downstream signal of EGFR activation. 

Inhibition of PI3K in cell culture resulted in earlier cytotoxicity at 12hrs vs 24-48hrs, but 

there was no mention of EGFR or impact on viral replication (366). Monick et al. later 

found that RSV activates EGFR to prolong viral survival through the upregulation of ERK 

and inflammatory IL-8. Researchers tested this phenotype in both A549 and HTBE 

primary cells using RSV A2. Blocking EGFR and ERK reduced IL-8 and cell death but did 

not affect viral replication. However, titers were only examined using western blot for viral 
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protein expression, which is not as quantitative as other methods (plaque assay, RT-

qPCR). Although this study suggests ERK signaling, they used the Y-1068 P-EGFR 

antibody specific to Akt signaling and not ERK. Although the researchers misinterpreted 

their results, their data support the overlap of RSV and p40 signaling interactions (367). 

Currier et al. later linked EGFR as a cofactor of RSV infection and increased mucin 

production. Researchers used co-immunoprecipitation to reveal the RSV F protein's 

binding to EGFR, which facilitates entry into the cell (39). Furthermore, they found that 

inhibition of EGFR phosphorylation diminished RSV infectivity, which mimics the results 

of this study (Figure 5.2). Kalinowski et al. followed up to the Currier 2016 study and 

found RSV-induced EGFR activation suppressed IRF1 antiviral response and increased 

infection via F protein binding. EGFR inhibition augmented IRF1, interferon-lambda, and 

viral titers (358).  

To test these hypotheses in vivo, future studies have been designed to examine 

the use of intranasal p40 on RSV outcomes. Daily administration of purified p40 in the 

nose did not result in any significant weight loss across 7-days. Future directions of this 

study will be discussed in Chapter 6. 

The effect of p40 in vitro also reflects the effect of bacterial-free supernatants from 

Lactobacillus paragasseri strain BRTN and Limosilactobacillus reuteri strain SMN. As L. 

reuteri SMN produced less p40 than L. paragasseri BRTN, the effect on viability was 

reduced, which supports a dose-dependent role. In Chapter 4, these two p40-producing 

strains effectively reduced RSV disease severity in cotton rats, suggesting p40 as a 

potential mechanism for Lactobacillus-mediated protection against severe RSV infection 

and outcomes. 
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D. METHODS 
 

 

 

Viral stocks, infection, and plaque assay 

RSV A2 master stocks were acquired from Dr. Stokes Peebles at VUMC, and 

working stocks were prepared using HEp-2 cells (ATCC). HEp-2 cells were propagated 

in sterile Nunc EasYFlask 175-cm2 (Thermo) and DMEM+10%FBS. Upon 70% cell 

confluency, cells were washed 3x with PBS without calcium and magnesium (Corning). 

5mL of serum-free DMEM with MOI=0.01 RSV A2 (~50uL) was added to the flask and 

incubated at 37ºC+5%CO2 for 2hrs with shaking every 15min. An uninfected flask was 

also used as “mock infection” control. 25mL of DMEM+10%FBS was added to flask, and 

cells were incubated for 4-5 days until significant syncytia appeared under the 

microscope. Cells were scraped into 50mL conical tubes and sonicated (1 pulse per mL 

at 50% power) on ice. Sonicated suspensions were centrifuged at 2000 RPM for 10min 

at 4º to pellet cell debris, and supernatants were pooled and aliquoted in 1mL screw-cap 

tubes for -80ºC storage.  

For experimental infections with Lactobacillus supernatant or purified p40, cells in 

96-well (Cell Viability Assays) or 6-well (Western Blot) plates were infected with RSV A2 

viral stock or mock control at the indicated MOI at 37ºC for 2hrs with shaking every 15min. 

Cells were then overlayed with warm media and incubated for 12-48hrs.  

Viral titers for both stocks and experimental samples were determined by plaque 

assay as described in Chapter 4: Methods. 
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Cell Culture 

A549 and HEp-2 cells (ATCC) were seeded at 1x106 cells per well in 6-well plates 

in DMEM+10%FBS. Before confluency, cells were serum-starved overnight. Cells were 

treated (2hrs for western blot, overnight for viability assays) with media supplemented 

with purified p40 (5-50ng, along with 10min@95ºC boiled control) or 0.2uM-filtered L. 

gasseri/reuteri supernatants (cultures grown according to Chapter 3: Methods). AG1478 

was added to cells using a 1:1000 dilution of 150uM stock. Purified p40 stocks were 

acquired from Dr. Fang Yan, which were purified from Lactobacillus rhamnosus GG 

(ATCC) culture supernatant and stored at -80°C as previously reported (191). Cells were 

then infected and analyzed as described earlier. 

 

Western Blot 

 Treated or infected cells in 6-well plates were washed 2x with ice-cold 1x PBS and 

lysed in 50uL RIPA buffer + 10% phosphatase inhibitor for 1hr on ice. Cells were scraped, 

vortexed for 1min, and centrifuged at 13k RPM for 10min at 4ºC. Protein concentration 

was measured by Pierce™ BCA Protein Assay Kit following manufacturer’s protocol. 

Lysates were mixed with 4xLDS Loading Buffer and 10X Reducing agent (Invitrogen) and 

heated at 95ºC for 5min to denature protein. Samples were loaded into a NuPAGE™ 4-

12% Bis-Tris gel (Invitrogen) in an XCell SureLock MiniCell running tank with 1x MES 

SDS Running Buffer at 200v for 45min. Gels were transferred to PVDF membrane using 

iBLOT2 Dry Blotting System using the P0 protocol (20V 1min, 23V 44min, 25V 2min). 

Membranes were blocked for 1hr in 5% milk+1xTBS+0.1%Tween. Blot was probed with 

overnight 1º antibody overnight at 4ºC , washed 3x with TBS-Tween, and 2º antibody for 
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1hr at room temperature. Blots were stripped in between each targeted antibody with 

20mL Restore Western Blot Stripping Buffer (Thermo 21059) for 10min followed by re-

blocking. Probed blots were developed using SuperSignal West Pico Plus 

Chemiluminescent Substrate (Thermo 34580) for 5min. Signal was captured using 

Chemidoc MP in the MCBR Core at VUMC. 

Antibodies: Activated EGFR was measured using 1º P-EGFR Y-1068 D7A5 XP 

Rabbit mAB (1:500, Cell Signaling 3777) and 2º Goat AntiRabbit IgG Hrp-linked Ab 

(1:2000, Cell Signaling 7074). Total EGFR was measured using 1º EGFR D38B1 XP 

Rabbit mAb (1:1000 Cell Signaling 4267) and 2º Goat AntiRabbit IgG Hrp-linked Ab 

(1:2000, Cell Signaling 7074). B-actin was measured with 1º Mouse B-actin mAb (1:1000, 

Sigma A1979) and 2º HRP Goat AntiMouse IgG Ab (1:10,000, MP Bio 55550).  

 

Cell Viability Assays 

 Upon pre-treatment with Lactobacillus supernatant or purified p40 and infection 

with RSV (MOI=0.3), viability of A549 and HEp-2 cells (performed in triplicate) were 

measured using Cell Titer Glo 2.0 (Promega) according to the manufacturer's protocol. In 

summary, cells were washed 2x PBS and overlaid with 50uL Cell Titer Glo reagent to 

measure available ATP. Plate was rocked for 10min, and luminescence was measured 

with a GloMax® Luminometer in the MCBR Core at VUMC. Luminescence values for 

technical replicates were averaged and standardized to an ATP standard curve.  

  

Animals: 20 Balb/C mice were intranasally administered 100uL 20uG purified p40 or PBS 

under anesthesia. Weight and behavior were monitored daily for 10 days. 
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A. THESIS CONCLUSIONS 

 

 

 

In Chapter 2, I comprehensively characterized multiple sites of the cotton rat microbiome 

using 16S rRNA and whole genome sequencing. This data established key differences in 

microbiome community structure and function between body sites in S. hispidus and S. 

fulviventer, which were housed in the same facility for multiple generations and fed with 

the same diet. This analysis also uncovered sex as a significant variable in gut 

microbiome composition. This foundational study establishes a microbiome sequencing 

and analysis pipeline for future hypothesis testing in understanding the role of the 

microbiome in viral pathogenesis, especially for RSV. Furthermore, it revealed a powerful 

Lactobacillus-deficient animal model to be utilized in future studies with RSV. Additionally, 

this study adds to the small but expanding literature in understanding the role of host 

genetics on microbiome structure and composition. 

In Chapter 3, I developed two transcriptome references for S. hispidus and S. 

fulviventer, as well as a multi-use transcriptomic pipeline that will be used at VUMC and 

Sigmovir Biosystems. This study improved on the previously published cotton rat lung 

transcriptome by using multiple body sites and including an additional species of animal 

(S. fulviventer) (264). The results of this chapter highlight the utility of cotton rat 

transcriptome in understanding infection-induced transcriptomic changes in the absence 

of available genome references. Both S. hispidus and S. fulviventer transcriptome 
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references have been made publicly available at BioProject PRJNA816878 and at 

https://doi.org/10.1038/s41598-022-19810-4 to be used in future research efforts. 

Additionally, identifying gene sequences allows for better understanding of cotton rat 

genetics and the generation of molecular tools, such as qRT-PCR primers and probes, 

recombinant proteins, antibodies, and other assays. Differential gene expression analysis 

also revealed host species-specific differences in response to RSV. As the development 

of RSV therapeutics calls for a well-developed, robust pre-clinical model for RSV, these 

transcriptome references and gene associations with RSV can accelerate biomedical 

interventions against this pathogen of significant public health importance. 

In Chapter 4, cotton rat-isolated Lactobacillus was orally administered to 

Lactobacillus-deficient animals, and probiotic supplementation with LactoX significantly 

reduced the severity of RSV disease. These results incorporated pipelines developed in 

Chapters 2 and 3 to determine the effect of probiotic Lactobacillus on gut microbiome 

and lung transcriptomic environment. Many of these genes were related to decreased 

inflammation and promotion of cell function and immunity. Lactobacillus also significantly 

increased CXCL9 and CXCL10 during infection, which has been shown to reduce Th2 

bias and severe long-term outcomes. A reduction of Th2-inducing proinflammatory (IL-4, 

IL-13, IL-33) cytokines reflected these results. Additionally, upregulation of both IFI44, 

GBP5, and IGFBP1 in the lung suggests potential mechanisms of RSV restriction by oral 

Lactobacillus supplementation. 

In Chapter 5, p40 was proposed as a potent postbiotic mechanism of 

Lactobacillus-mediated protection against RSV. These effects were mediated by 

transactivation of cell proliferation signaling pathways and inhibition of viral entry and 
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replication. As both strains of Lactobacilli within the LactoX cocktail produce p40, this is 

a potential mechanism of action in reducing RSV disease severity in cotton rats described 

in Chapter 4. These results must be interpreted separately because p40 was 

administered directly to the lung epithelia while LactoX was administered orally to the gut. 

However, gut LactoX was able to significantly modulate the lung transcriptome in healthy 

animals, which suggests a role of the gut-lung axis. 

Several studies in humans and mice have found that gut Lactobacillus can protect 

the lung against respiratory diseases (rhinovirus, influenza, RSV). Others have described 

this phenomenon as the gut-lung axis, where distal immune responses are catalyzed by 

trafficking of metabolites or immune-mediators (cytokines, immune cells) from the gut to 

the lung. The results in Chapter 4 support this, as supplementation of gut Lactobacillus 

in cotton rats successfully reduced RSV disease severity in the lung. The two bacterial 

isolates utilized in this study (LactoX) secrete p40 (Figure 5.1A), and oral 

supplementation to healthy animals increased expression of intestinal HB-EGF in cotton 

rats (Figure 4.3B). Yan et al. found that gut p40 supplementation could effectively 

stimulate the release of intestinal HB-EGF into the serum, which may then transactivate 

EGFR via ADAM17 at distal sites (351). Based on these results, I investigated the 

potential of HB-EGF as a protective gut-lung axis mediator.  

HB-EGF has been previously proposed as a lung protectant in multiple diseases 

by stimulating mitosis and restoration of alveolar type II lung epithelia after injury (368). 

Su et al. supplemented mice suffering from COPD lung inflammation with recombinant 

HB-EGF to reduce lung injury, inflammatory cells, cytokine infiltration, decreased caspase 

3 expression, and increased EGFR expression (369). Intestinal HB-EGF has also been 
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shown to induce protection in the lung. Lutmer et al. used intestinal administration of HB-

EGF to protect against lung injury associated with severe burns. Mice pretreated with 

enternal HB-EGF before being scalded saw decreased lung myeloperoxidase damage, 

pulmonary apoptosis, and bronchial reactivity/airway resistance (370), suggesting distal 

HB-EGF-dependent signaling in the lung. HB-EGF has also been shown to reduce acute 

lung injury and increase survival caused by intestinal ischemia/reperfusion (I/R) (371). 

Clinically, gut I/R can cause remote injury to the lung via tissue hypoxia and circulating 

leukocytes that induce inflammation. James et al. used intra-luminal injection of HB-EGF 

to reduce the detrimental lung damage caused by gut I/R in a mouse model (371). If gut 

Lactobacillus or p40 can increase HB-EGF expression and subsequent secretion into 

circulation, this may be one mechanism by which gut Lactobacillus is facilitating lung 

protection. 

Based on this literature and data presented in this thesis, I propose these 

conclusions and hypotheses: 

- Gut Lactobacillus species (L. paragasseri, L. reuteri) exert a protective effect on 

respiratory disease outcomes in cotton rats. 

- Gut Lactobacillus reduces RSV epithelial damage and inflammation by enhancing 

antiviral defense mechanisms, metabolite interconversion, and transmembrane 

signaling. These include promotion of CXCL9 and CXCL10 to enhance Th1 

polarization, reduction of Th2-promoting inflammatory cytokines, and upregulation 

of IGFBP1, GPB5, and IFI44 to restrict viral entry and pathogenesis. 

- p40 effectively enhances cellular proliferation and reduces RSV viral titers in vitro 

by an EGFR-dependent mechanism previously described in the colon (351) 
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- I hypothesize that airway Lactobacillus reduces RSV titers by p40-mediated 

transactivation of EGFR and subsequent receptor internalization, which removes 

the infection cofactor needed for RSV and cellular interaction/entry.   

- I hypothesize that gut Lactobacillus secretes p40 to increase gut HB-EGF 

production that is transported through the blood into the lung, where it can reduce 

RSV disease and titers through decreased inflammatory cytokines, epithelial 

apoptosis, and airway resistance. 

- I hypothesize that Lactobacillus species or Lactobacillus-secreted p40 may be an 

effective live biotherapeutic product in averting RSV disease severity, episodes of 

wheezing, and asthma outcomes following RSV infection in children. This effect 

may also expand to other respiratory viruses and infectious diseases. 

 

 

 
B. CLINICAL IMPLICATIONS OF THE WORK 

 

  

Several clinical trials are exploring the possibility of infant probiotics and vaginal seeding 

for babies born via Cesarean section to populate the neonatal microbiome with protective 

bacteria. Many companies have included pre-, pro-, and post-biotics into infant formula 

and supplements. This is especially important for infants breastfed for less than 6 months. 

Other postbiotics, like p40, are already used in infant formulas, which reduces the 

challenges with probiotic dosing and side effects (372). The experimental pipelines 

presented in this thesis can be applied to other postbiotic mechanisms for pre-clinical 
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testing. The translational value of cotton rats in RSV research suggests it is an excellent 

preclinical model to test for Lactobacillus-mediated protection against respiratory viral 

infection. 

 

 

 

C. FUTURE DIRECTIONS 

 
 
 
 The translational value and utility of the cotton rat model for RSV infection 

highlights the need for additional reagents and assays for future studies. Assay 

development, such as RT-qPCR, has been limited by the lack of gene sequences needed 

to create targeted primers for genes of interest. The de novo transcriptome references 

generated in Chapter 3 provide a plethora of information for targeted transcriptomic 

analysis via digital/RT-qPCR and gene editing via CRISPR. These references will be 

utilized for primer design and recombinant protein production, specifically for 

inflammatory mediators such as cytokines and interferon-stimulated genes. One valuable 

tool that would greatly increase the specificity of these results is antibody production for 

use in cytometric assays, immunohistochemical staining, and western blot analysis. For 

example, these resources are necessary to investigate the contribution of Lactobacillus 

to immune cell types such as Th1/Th2 bias and inflammatory monocytes. The de novo 

transcriptome references have provided many gene and protein sequences that can be 

used to test cross-reactivity of human and rodent antibodies currently available (to which 

an 80% sequence homology of protein-antibody is indicative of specificity and 
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performance). Additionally, targeted immunoglobulins for cotton rats can be generated by 

synthesizing or purifying antigen and immunizing animals for polyclonal antibody 

production. Generation of such reagents will be continually investigated by the Das Lab 

and Sigmovir Biosystems for future studies.   

This work also encompasses published and preliminary data for a project to be 

continued at VUMC upon NIH R01 funding by Suman Das, Ph.D. Further experiments 

have been designed based on this work to serve as a roadmap for future studies. The 

team of interdisciplinary scientists employed in this grant proposal includes experienced 

investigators spanning multiple career stages in virology, RSV immunologic/virologic 

outcome assessment using animal models, bacteriology and Lactobacillus/p40 biology, 

genomics, and bioinformatics.  

 

Project 1: Determine the role of the Lactobacillus-secreted protein p40 in RSV 

pathogenesis and immunopathology using primary epithelial cells. Several studies 

have linked the gut-lung axis to how the microbiome mediates the reduction of respiratory 

disease severity (110, 373). We hypothesize that Lactobacillus via p40 secretion 

transactivates EGFR and the consequent activation of PI3K/AKT significantly reduces 

RSV replication, severity, and allergic and immunological outcomes. While we have 

robust preliminary data to support this aim, these experiments were performed using 

immortalized cell lines (Hep2 and A549 cells). In collaboration with Co-Investigator Julie 

Bastarache, M.D., we will use primary human lung epithelial cell cultures established by 

her lab as a more relevant human model (374-377). Alveolar type II epithelial cells will be 

isolated by digesting the tissue using dispase & collagenase, followed by filtering and 
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achieving single-cell suspensions. Alveolar epithelial type II cells will be isolated and 

purified using Miltenyi Biotech magnetic microbeads and LS columns for a positive cell 

selection (374-377). p40 has been previously shown to be non-toxic to epithelial cell 

culture and mice (Chapter 5). To test if p40 transactivates EGFR and Akt pathway in 

primary human lung epithelial cells, we will test activation of EGFR, PI3K, and Akt 

phosphorylation by Western blotting. To test if p40 treatment directly reduces viral 

replication in vitro, lung epithelial cells after overnight treatment with p40 or p40-

expressing Lactobacillus culture supernatant will be infected with RSV with an MOI of 0.1. 

Additional negative controls will also be utilized in parallel to cell experiments: p40-

negative Lactobacillus supernatant (L. murinus, previously isolated from S. fulviventer 

and shown not to produce p40 (350)), a non-Lactobacillus supernatant (Enterococcus 

isolated from S. hispidus), BSA as a negative protein control, and heat-inactivated p40 

and supernatants. Initially, we will test with three virus strains: RSV A2, RSV A/Long, and 

RSV 01/2-20 (clinical isolate from Tennessee) (378). To identify if the effect of p40 is 

strain/genotype-specific, we will also test some of the currently circulating isolates of the 

ON1 or BA2 clades isolated and sequenced by us from clinical infant cohorts (379). In 

addition to titration of the virus by plaque assay for viral replication kinetics, we will test 

for p40-induced protection using both a luminescent cell viability assay (Cell Titer Glo), 

apoptosis assays (Annexin V), and confocal microscopy (using DAPI for DNA, phalloidin 

for actin, and a fluorescently-tagged p40 antibody for amounts within the cells). All the in 

vitro experiments will be done in triplicate and repeated at least three times.  

Expected outcomes: Similar to our preliminary data, we anticipate a reduction in 

apoptosis in the primary lung epithelial cells supplemented with p40 (L. paragasseri- and 



 175 

pure p40-treated) compared to control-treated (BSA and heat-treated protein) cells in a 

concertation-dependent manner. We also anticipate early activation of EGFR and 

reduction of viral titer at 48hrs.   

 

Project 2: Test if the purified p40 supplementation in the gut or lung of S. fulviventer 

protects from RSV-induced immunopathology, modulates host cytokine gene 

expression, and increases viral clearance. Fang Yan, M.D., Ph.D. (Co-Investigator) 

has successfully developed a pectin/zein hydrogel bead system to specifically deliver p40 

to the mouse colon and activate EGF receptors in colon epithelial cells. Using this method 

of administration of the p40-containing beads, her team has shown that it reduces 

intestinal epithelial apoptosis and inflammation disruption of barrier function in the colon 

epithelium in an EGF receptor-dependent manner, thereby preventing intestinal 

inflammation in mouse models of colitis (325). We will test the efficacy of the p40-

pectin/zein hydrogel bead delivering system in S. fulviventer and S. hispidus. We will 

orally treat animals with recombinant purified p40 coupled to pectin/zein hydrogel beads 

using three different doses (10-50ug). We anticipate that these concentrations are in the 

range of proper delivery to the intestines, preventing potential degradation during 

digestion and avoiding adverse outcomes such as weight loss. Control groups include 

Lactobacillus rhamnosus GG bacterial-free supernatant as a positive control and PBS 

vehicle only as a negative control. Following p40 administration for 7 days, cotton rats will 

be challenged intranasally with RSV. Activation levels of EGFR, PI3K, and AKT will also 

be measured in lung epithelia using western blotting to test if p40 initiates distal EGFR 

activation in the lung. Bronchoalveolar lavage fluid (BAL) will be collected each day 
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following infection under anesthesia. Two animals will be sacrificed after 4- and 6-days 

post-infection. Viral titers will be measured by plaque assay in nasal turbinates and 

harvested lung homoginates. Histopathology and transcriptomic analysis (RNA-seq) will 

be performed on lung tissues. Daily levels of inflammatory cytokines will be measured by 

RT-qPCR in BAL fluid samples. Additionally, we will repeat this experiment using 

intranasal administration of purified p40 without pectin/zein hydrogel bead delivery. 

RNA extracted from lung tissue will be used for gene expression analysis using 

the cotton rat transcriptome references described in Chapter 3. Additionally, qRT-PCR 

will be performed to measure host cytokine responses (INF-γ, TNF-α, TNF-β, IL-1β, IL- 

6, IL-10, growth-regulated protein (GRO), and RANTES). β-Actin and GAPDH will be 

used as housekeeping genes to control for differences in cDNA for each treatment, as 

described in earlier chapters. Statistical analysis between groups will be performed using 

ANOVA followed by the Tukey post hoc test. Lung pathology will be scored as described 

in Chapters 3 and 4. 

Expected outcomes: We anticipate that both p40 supplementation through the gut 

and directly in lung to cotton rats will positively modify host response to RSV infection, 

resulting in lower viral titer, improved histopathology scores, and lower inflammatory host 

gene expression pathways. Specifically, we expect RSV disease severity (alveolitis, 

interstitial pneumonia, and inflammatory cytokines) will be reduced in cotton rats following 

p40 supplementation. If either histology or cytokine responses are unchanged when p40 

is supplied orally, cotton rats will be intranasally treated with recombinant purified p40 

protein in PBS. We do not anticipate any technical problems measuring the specified 

endpoints, as Jorge Blanco, Ph.D. (Co-Investigator) has substantial published experience 
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using the cotton rat model of RSV infection (233, 380-385). Delivery of purified protein 

into cotton rat colon is an issue due to potential degradation by digestive enzymes in the 

stomach. However, prior work by Dr. Yan shows optimal delivery of the p40 to the colon 

in mice when coated with pectin/zein hydrogel beads (325). Success of this project will 

present a viable postbiotic mechanism for RSV protection that avoids challenges with 

bioavailability and bacterial survival, as seen in S. hispidus (Figure 4.1E-H). 

Project 3: Determine if the Lactobacillus protein p40 protects against RSV-induced 

illness, immunopathology, viral clearance, and allergen sensitization in mice. 

Unfortunately, despite being the best model for RSV, there are limited immunological 

reagents to probe cellular immunity in cotton rats, and no tractable genetic modification 

tools are available. Thus, to further test this hypothesis, we will assess acute changes in 

the murine immunopathologic response upon Lactobacillus-p40 priming. Precisely, we 

will quantify Th1 and Th2 bias and bronchiolitis using an established mice model, as an 

imbalance of these outcomes is linked to wheezing and subsequent asthma in children. 

If these experiments are successful, it will translate to human intervention, as our 

bronchiolitis mouse model is closest to mimicking the phenotype detailed below. 

Mouse model for assessment of the immunopathological outcome of acute RSV 

infection: Our team has extensive experience with the mouse model of RSV infection and 

has the capability of determining physiologic and immunologic endpoints of RSV infection 

in mice. Using this infection model, Stokes Peebles, M.D. (Co-Investigator) has found 

increased lung IL-13 expression, induction of airway mucus, and airway reactivity to 

methacholine upon infection by RSV 01/2-20 (clinical isolate from Tennessee) (386, 387). 

In our retrospective birth cohort studies using the INSPIRE cohort, we have identified 
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strong evidence that bronchiolitis severity in infancy is a significant risk factor for the 

development of childhood asthma (96, 388). However, one of the significant drawbacks 

of the mouse model of RSV infection is that airway obstruction resulting from epithelial 

cell desquamation in human bronchiolitis is not present in the mouse. Preliminary data 

show that mouse infection with RSV 01/2-20 results in the deposition of desquamated 

epithelial cells and airway mucus expression into the airway, miming the pathology seen 

in infants with severe bronchiolitis. Mucus production has been associated with the 

activation of CD4+ Th2 cells (389). In this mouse model of RSV, Th2 cytokines cannot be 

detected in the lungs before day 5 post-infection (390). Further, group 2 innate lymphoid 

cells (ILC2) are an early, significant source of IL-13 in several other pulmonary diseases 

(391-401). Work from Dr. Peebles's team and others have revealed that RSV induced 

ILC2 activation during ARI (402, 403).  

To test our hypothesis, there will be 16 groups of BALB/C mice. After 

acclimatization in our facility for two weeks, mice will be intranasally and orally primed for 

7 days with L. reuteri or L. gasseri culture supernatant, purified p40, and culture 

supernatant depleted of p40 by antibody as a negative control. For delivery to the gut, 

purified p40 coupled with the protein to pectin/zein hydrogel beads will be orally 

administered. After priming, viruses will be infected intranasally. We will infect mice with 

1 x 106 plaque-forming units (PFU) of each RSV stain in all experiments. 24hrs after RSV 

infection, a group of mice (5 mice each) will be sacrificed for lung innate immune response 

to RSV infection. On Day 4, a group of five mice will be sacrificed to collect lungs for both 

peak viral titer and BAL cells. On day 6, a group of five mice will be sacrificed for viral titer 

clearance, BAL for cells, and peak IFN-γ. On day 8, lungs from 5 mice from each group 
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will be harvested, digested and single-cell suspensions will be made for surface and 

intracellular cytokine staining to identify ILC2s, RSV-specific CD8+ T Cells, 

histopathology, viral clearance, and airway responsiveness measurements by 

methacholine challenge. Additionally, based on our preliminary data above and the role 

of alveolar macrophages in p40-mediated activation, we will also look for M1 and M2 

macrophages and their infiltration in the lung. On day 28, antibody titers to RSV infection 

will be quantified.  

Expected outcomes: Based on our preliminary data in infant cohort and in vitro 

studies, we anticipate a reduction in lung viral titer and lung histopathologic scores in 

animals that are treated with p40 in a dose-dependent manner. We further expect that 

p40 supplementation will result in reduced recruitment of NK cells, increased infiltration 

of M2 vs. M1 macrophages, decreased Th2 bias in the lungs, and a decrease in tetramer-

positive CD8+ cells that are RSV-specific CTLs in lungs, spleen, and lymph nodes. We 

also anticipate that there will be a significant reduction in the number of IL-13+ ILC2 in the 

lungs of mice primed with p40 and infected with both RSV A2 or RSV 01/2-20 that induces 

a Th2 immune response with pathology that has features of asthma. A reduction in the 

number of IL-13+ ILC2 in the lungs of mice supplemented with Lactobacillus p40 would 

indicate that Lactobacillus is protective against severe RSV disease outcomes. Suppose 

we confirm that p40 is protective for RSV disease outcomes. In that case, we will further 

confirm the role of gut EGFR activation downstream effect on lung using Egfrfl/fl-Vil-Cre 

mice that have EGFR knock out specifically in villus and crypt epithelial cells of the small 

and large intestines and Egfrfl/fl as the control (325). This experiment will confirm if 

activation of EGFR in the gut positively impacts lung outcomes (the gut-lung axis).   
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Given our experience with plaque assays, ELISA, intracellular cytokine staining, 

tetramer analysis, histopathology, airway responsiveness, and cytokine protein 

determination, we do not anticipate any technical difficulties with the proposed 

experiments. Suppose we find lung RSV titers are still detectable at day 8. In that case, 

we will extend the experimental timeline for all endpoints to days 10 and 12 to fully assess 

the effect of the RSV 01/2-20 on antiviral immunity. One potential problem is that day 8 

is not the optimal time point for measuring these endpoints.  Based on our published 

results, RSV 01/2-20 induction of IL-13 peaks in the lung on day 8 and is accompanied 

by an increase in airway restriction and mucus production. 
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APPENDIX A 
 
 

Complete genome sequence of Lactobacillus paragasseri BRTN and 
Limosilactobacillus reuteri SMN, isolated from Sigmodon hispidus stool 

 
 
 

 

 

 

 

 

 

 

 

The gut microbiome contributes to many aspects of host health and disease. Members of 

the genus Lactobacillus have been shown to protect against severe allergy and 

respiratory infections (55, 126, 133). The cotton rat (genus Sigmodon) is a susceptible 

model for many human respiratory viruses (300). Our comprehensive microbiome 

characterization of two cotton rat species (S. hispidus, S. fulviventer) found that 

Lactobacillus paragasseri and Limosilactobacillus (formerly Lactobacillus) reuteri were 

significantly more abundant in the S. hispidus gut (181). Upon isolation from S. hispidus 

stool, we have sequenced, assembled, and annotated the draft genome of these two 

unique isolates: Lactobacillus paragasseri BRTN and Limosilactobacillus reuteri SMN. 
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For isolation, frozen stool pellets were collected from a male S. hispidus and 

resuspended in PBS. Serial dilutions were plated on Lactobacilli MRS agar (BD 

Biosciences) and incubated at 37ºC for 48h. Colony PCR screen was performed to 

identify Lactobacilli from stool, using Lactobacillus-specific primers (F: 

GAGGCAGCAGTAGGGAATCTTC, R: GGCCAGTTACTACCTCTATCCTTCTTC) (257) 

and MyTaq HS Red (Bioline®) with the following cycling conditions: 95°C/2 min; 30x 

(95°C/20sec, 50°C/15sec, 72°C/60sec); 72°C/10min. PCR products were run on 1% 

agarose gel to verify Lactobacillus-positive colonies. PCR was then repeated using 

universal 16s rRNA primers 27F-NoDeg (AGAGTTTGATCCTGGCTCAG)/1492R-NoDeg 

(GGTTACCTTGTTACGACTT) (243) (cycling conditions listed above) and purified PCR 

products were sequenced via Sanger (IDT). Most colonies were taxonomically classified 

as Lactobacillus paragasseri and Limosilactobacillus reuteri (NCBI BLAST (276)). 

Clonal isolates of L. paragasseri and L. reuteri were incubated in MRS broth for 

16hrs at 37ºC with no shaking, and genomic DNA was extracted from bacterial pellets 

(washed 2x with PBS) using DNeasy PowerSoil Kit (Qiagen) with manufacturer’s protocol. 

Genomic libraries were prepared using the NEBNext® Ultra™ IS DNA Library Prep Kit 

(Illumina). Library quality was assessed on an Agilent 2100 Bioanalyzer System using the 

Agilent High Sensitivity DNA Kit (5067-4626). Libraries were sequenced using NovaSeq 

6000 2x150 (Illumina) to get 40 million reads. FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to examine data 

quality. Trimmomatic v0.39 (308) was used to remove adaptors with parameters 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:75. The package ASA3P v 1.3.0 (404) was 

used for bacterial genome assembly, scaffolding, and annotation following default 
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parameters. CheckM v1.4.0 (405) and BUSCO v5.0.0 (406) were used to assess the 

completeness of assembly and annotation respectively with default parameters.  

Using de novo assembly, one isolate was then identified as Lactobacillus 

paragasseri, with 98.79% average nucleotide identity and 82.64% conserved DNA 

against L. paragasseri strain JCM 5343 [GenBank accession number AP018549]. The 

final assembly yielded a 2,096,736bp genome consisting of 22 contigs with an N50 value 

of 590,019 and GC content of 35%. From the final assembly, 2,087 genes were identified 

with 1,991 protein-coding genes, of which 85.9% were annotated with biological function. 

The genome contained 295 hypothetical proteins, 33 ncRNAs, 3 rRNAs, 59 tRNAs, and 

1 tmRNA. BUSCO indicated the annotation as 91.9% complete against the 

bacteria_odb10 reference database (Complete:91.9%, 

Fragmented:1.6%,Missing:6.5%,n BUSCOs:124). CheckM indicated the assembly was 

99.22% complete based on 449 markers within 58 Lactobacillus genomes. Verification of 

scaffolds was performed by complete alignment to Lactobacillus paragasseri (strain JCM 

5343 [GenBank accession number AP018549]). The associated sequencing data and 

assembled/annotated genome are deposited under BioProject PRJNA816882. 

Using de novo assembly, the other isolate was identified as Limosilactobacillus 

reuteri, with 97.06% average nucleotide identity and 74.45% conserved DNA against L. 

reuteri subspecies reuteri [RefSeq accession number AP018549]). The final assembly 

yielded a 2,180,873bp genome consisting of 17 scaffolds of 33 contigs with an N50 value 

of 115,069 and GC content of 38%. 2,169 genes were identified with 2,051 protein-coding 

genes, of which 87.8% were annotated with biological function. In addition, the genome 

contained 265 hypothetical proteins, 46 ncRNAs, 4 rRNAs, 67 tRNAs, and 1 tmRNA. 
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BUSCO indicated the annotation as 99.2% complete against the bacteria_odb10 

reference database (Complete:98.4%, Fragmented:0.8%,Missing:0.0%,n BUSCOs:124). 

CheckM indicated the assembly was 99.46% complete based on 336 markers within 58 

Lactobacillus genomes. The associated sequencing data and assembled/annotated 

genomes are deposited under BioProject PRJNA816885. 

These are the first genome sequences of any bacteria isolated from cotton rats 

and the only Lactobacillus reuteri and Limosilactobacillus reuteri genomes from non-

human sources except a dairy cow isolate (BioSample SAMN14239244) based on 

BioSample data acquired from https://www.ncbi.nlm.nih.gov/datasets/genomes as of 

August 11, 2022. The availability of this genome will help inform unique features of 

probiotic bacteria that have adapted to unique hosts.  
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“There is a curious idea among unscientific men that in scientific writing there is a common 

plateau of perfectionism. Nothing could be more untrue. The reports of biologists are the 

measure, not of the science, but of the men themselves. . . It is usually found that only 

the little stuffy men object to what is called ‘popularization’, by which they mean writing 

with a clarity understandable to one not familiar with the tricks and codes of the cult. We 

have not known a single great scientist who could not discourse freely and interestingly 

with a child. Can it be that the haters of clarity have nothing to say, have observed nothing, 

have no clear picture of even their own fields? A dull man seems to be a dull man no 

matter what his field, and of course it is the right of a dull scientist to protect himself with 

feathers and robes, emblems and degrees, as do other dull men who are potentates and 

grand imperial rulers of lodges of dull men.” 

 
 
 
 
 

John Steinbeck, The Log from the Sea of Cortez, 1951 
 
 
 


