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Abstract of the Dissertation  
 

Peromyscus leucopus – a reservoir of zoonotic agents and a model for understanding infection 

tolerance 

by 

Ana Milovic 

Doctor of Philosophy in Biomedical Sciences 

University of California, Irvine 2024 

Professor Alan G. Barbour, Chair 

 

Infection tolerance is the ability to minimize damage caused by pathogens or the host's response to 

them. A prime example of such resilience is the white-footed deermouse, or P. leucopus, a reservoir 

of agents of zoonoses like Lyme disease, anaplasmosis, or Powassan virus encephalitis. Despite 

being persistently infected with pathogens, deermice can strike a delicate balance, keeping the 

pathogens in check while avoiding maladaptive host response that could lead to inflammation-

induced damage. This unique resilience makes deermice an excellent animal model for 

understanding infection tolerance: they don't get sick and remain fit for their populations' 

proliferation. As a result, they live longer than most other rodents of the same size. A deeper 

understanding of how deermice moderate inflammation and other damaging host responses, 

including sepsis, could explain why some patients with certain infections experience more prolonged 

or severe disease courses. These individuals may lack the capacity that deermice possess to avoid 

sickness. Identifying and characterizing factors of infection tolerance in deermice that reduce 

inflammation elicited by microbes or their toxins may thus lead to more effective therapies.  



 xvi 

In this dissertation, I describe the microbiome of P. leucopus from a closed colony using 

metagenomics and compare it to that of M. musculus and a natural population of P. leucopus. Our 

findings reveal that deermice have a higher number of lactobacilli in their gastrointestinal microbiota. 

We also discovered new species of lactobacilli that are specific to deermice. As the microbiome 

influences the immune system, I employ sequencing and immunology techniques to examine 

tolerance in immune-related tissues of P. leucopus. 

Immunity evolved to protect the host from pathogens, but inflammatory molecules can cause 

pathology, chronic conditions, and accelerated aging. The second part of the study explains some of 

the mechanisms for striking tolerance without developing pathology through inflammation in P. 

leucopus while infected with Borrelia hermsii or SARS-CoV-2. This study suggests that P. leucopus 

responds to pathogens by recruiting and activating leucocytes during the initial stage of infection 

while regulating the activity of these cells with anti-inflammatory cytokines. This model of infection 

tolerance was evaluated and characterized compared to M. musculus by the early response to 

endotoxins and bacterial infection. Each rodent species responded by activating a different immune 

response route. While P. leucopus displayed an alternatively activated macrophage profile and 

reduced transcription of endogenous retroviruses, as well as consistently moderate pathogenesis, 

M. musculus displayed classically activated macrophages and higher expression of endogenous 

retroviral proteins. We are the first to report infection of P. leucopus with SARS-CoV-2 and describe 

the host response in the brain.  

 



 1 

CHAPTER ONE: Introduction and Literature Review 

Overview of the Dissertation  

The overall objective of the dissertation is to accurately assess the potential for infection tolerance 

in Peromyscus leucopus. I studied Peromyscus leucopus' transcriptome during infection and its 

microbiome, completing this species’ "omics" mosaic to attain this goal. Experiments in this work 

are based mainly on sequencing techniques, either in describing microbiomes or analyzing 

differential gene expression in immune-relevant tissues. The central question is whether P. leucopus 

shows significant characteristics of immune tolerance in comparison to two additional rodent 

animal models. Results strongly point to a phenomenon of tolerance, the primary focus of this work.  

In the Introduction Chapter, I begin by describing P. leucopus as a zoonosis reservoir of Lyme disease 

pathogen Borrelia burgdorferi. Then, I examine its potential as a valuable animal model compared to 

M. musculus due to its tolerance against infection. Since later chapters focus on inflammation to 

lipopolysaccharide (LPS), the introduction discusses inflammation in sepsis and its effect on the 

organism at both the tissue and the cellular level, with examples of neutrophils and macrophages in 

the early stages of the immune response. Besides the response to endotoxins, the study focuses on 

zoonoses, including borreliosis and COVID-19, in terms of animal reservoirs and vectors. Thus, the 

introduction also discusses zoonoses caused by these pathogens. I begin my dissertation 

considering P. leucopus' microbiota in Chapter 2.  

In Chapter 2, I describe the microbiota of P. leucopus across sexes and between two rodent species. 

This chapter focuses on Lactobacillus, which originates in the stomach. After discussing our analysis 

of natural populations of P. leucopus and colony animals in terms of beta diversity, I describe a new 

species of Lactobacillus found in P. leucopus stomach biofilm.  

Chapter 3 describes the innate immunity of P. leucopus four hours post-challenge with LPS 

compared to M. musculus. 
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Chapter 4 examines genome-wide transcription in the blood of P. leucopus, the outbred line of M. 

musculus, and Rattus norvegicus adjusted for white cell concentrations. 

Chapter 5 describes the immunity of P. leucopus to infection with SARS-CoV-2 in the lungs and brain 

and plasma markers. 

The last chapter discusses our findings and future directions, combining all the results, starting with 

microbiota, considering P. leucopus' response to external stimuli and pathogens, and proposing 

translational solutions based on our study.  

Peromyscus  

Peromyscus leucopus as a zoonotic reservoir  

Peromyscus, commonly known as deermice, are ecologically important mammals with over 50 

species distributed across North America, spanning from Alaska to Central America and from the 

Atlantic to the Pacific coasts. Their habitats range from wetlands and beaches to forests, prairies, 

deserts, and high altitudes (1), (2). Given their broad habitat range extending from rural to suburban 

environments, they often come into contact with human populations, particularly where urban and 

natural landscapes intersect. This interaction has led to extensive research on Peromyscus 

leucopus, the white-footed mouse, recognized as a natural host and a key reservoir for several tick-

borne zoonotic diseases, including Lyme disease, babesiosis, anaplasmosis, relapsing fever, 

ehrlichiosis, and viral encephalitis (3). Additionally, a close relative of Peromyscus leucopus, 

Peromyscus maniculatus, is known as a reservoir for Hantavirus, with both species displaying a 

notable tolerance to infections that can be severe and sometimes fatal in humans (3).  

Despite often being referred to as a "mouse," the deermouse belongs to the Cricetidae family, which 

also includes hamsters and voles, rather than the Muridae family, which includes Mus musculus, a 

house mouse and Rattus species. The genetic divergence between Peromyscus and Mus is 

estimated to be around 27 million years (figure 1 (4). Due to the significant divergence between 
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genera, molecular tools used for studying M. musculus are incompatible with P. leucopus. The 

considerable role of P. leucopus as a disease reservoir, coupled with its resilience to infections, has 

prompted the genetic exploration of this species, including the sequencing and annotation of its 

nuclear genome (5) mitochondrial genomes (6) which established the necessary tools to use it as a 

research model. 

 

Figure 1Peromyscus leucopus and distance phylogram 
The right panel depicts the simplified phylogeny depicting Cricetidae family and Muridae family, 
diverged roughly 25 million years ago {Bedford, 2015 #195 and the left shows an image of 
Peromyscus leucopus  (John White CC BY 4.0)  

Peromyscus as an animal model  

Peromyscus is an ecologically important animal in North America due to its abundance and its status 

as a zoonoses reservoir. It has heretofore been used for studying natural variation, oxidative stress, 

wound healing, aging, metabolism of sugar and lipids, hematology, pathogenesis, and behavioral 

studies (7), (1), (8), (9), (10), (11). However, the conventional model for biomedical research has been 

M. musculus. Although M. musculus shares many genetic homologies with humans, many 

established strains lack genetic diversity and do not reflect variations of the human population (12), 

(8). Although inbred strains increase study reproducibility, the downside is that they are not a good 

model for studying the diversity of responses to stimuli. Despite both Peromyscus and Mus being 

small rodents, they have different origins, physical characteristics, and behavioral traits. M. 

musculus, originally native to Asia, has spread worldwide and has adapted to living closely with 
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humans in environments such as homes and farms. They are less common in wild habitats and are 

considered a commensal species living off human resources (13). In contrast, Peromyscus are 

independent of humans, though their habitats can overlap (14). Mus are domesticated and docile in 

captivity, while Peromyscus are difficult to handle. Additionally, Mus has many strains but comprises 

only one species, while the genus Peromyscus comprises many species, one of which is P. leucopus.  

Studies using P. leucopus as an animal model have thus far focused mainly on infection burden with 

B. burgdorferi in a natural population, but also studies of aging and immunity to bacterial and viral 

pathogens (15), (16), (17), (18), (19), (20), (21), (22). Aging studies point out the longevity of P. 

leucopus - a species that can live in captivity for up to 8 years, while M. musculus is reported to live 

for 3.5 years (10). One explanation for this discrepancy is that P. leucopus makes less reactive 

oxidative species in mitochondria and has a better system of scavenging them while causing less 

damage to lipids and muscle (23), (24). Finally, the P. leucopus harbor and maintain one or more 

pathogens and facilitate their transmission via ticks or direct contact without suffering disease or 

fitness consequences, a phenomenon less commonly observed in Mus species. This immunology 

trait, known as tolerance, observable in both laboratory and field studies of P. leucopus, underscores 

its potential as a model for understanding host-pathogen interactions and disease resistance 

mechanisms (25), (3).  

Tolerance in infection  

Tolerance is defined as persistent infection with low morbidity (figure 2, left panel). Tolerance in 

infection refers to a state where the host maintains persistent infection with minimal morbidity, 

reflecting a finely tuned immune response that manages pathogen levels without inducing harmful 

inflammation.   
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Figure 2 Graphical representation of tolerance 
The left panel is a graphical representation of tolerance and vigor. In this context, resistance would 
be inverse pathogen load. Figure adapter from (26). The right panel shows tissue damage control in 
host-microbe interactions and maintaining homeostasis (27) 
In the context of infections, pathogens such as bacteria, viruses, and fungi pose threats that call for 

an immune response. However, the strength and nature of this response can produce critically 

different outcomes. The immune system has two significant roles: 

- Ability to clear pathogens (resistance)  

- Ability to reduce the impact of the level of pathogens (tolerance)  

Tissue damage control is critical to the interaction between hosts and microbes. While the host 

balances eradicating pathogens and maintaining homeostasis, pathogens can disrupt this balance 

by releasing toxins and virulence factors that cause cellular stress and damage to these tissues, a 

key factor in disease pathogenicity (figure 2, right panel). When the body recognizes pathogens 

through pattern recognition receptors (PRRs) engaging with pathogen-associated molecular patterns 

(PAMPs), it triggers immune responses that aim to reduce pathogen numbers, thereby decreasing 

their harmful impact. 

The concept of disease tolerance was first identified as a defense mechanism in plants against 

infections. It refers to the ability of a host to endure infection without experiencing any decrease in 

their overall fitness. This concept was later expanded to include the fruit fly Drosophila melanogaster. 

It was discovered that mutations in inflammatory cytokine genes affect the survival rate of the host 
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following an infection without changing the level of pathogens (27). But bats are probably the most 

notorious mammals for harboring pathogens asymptomatically. An example is the Marburg virus 

reservoir bat, which has been shown to have constitutively expressed and drastically diversified type 

I interferons. The same species show expansion of receptors on the natural killer cells that may result 

in overall inhibitory balance with this cell population (28), (29).  

If homeostasis post-infection is not achieved, an overactive immune response can lead to tissue 

damage and disease, as seen in severe inflammation or septic shock cases in which the body's 

reaction to infection causes more harm than the pathogens themselves. 

Out-of-control inflammation and sepsis 

Sepsis contributes to at least 1.7 million adult hospitalizations and at least 350,000 deaths annually 

in the United States (30). Annual worldwide estimates predict 30 million cases of sepsis with 6 million 

deaths. Early diagnosis and antibiotics reduce fatality rates in high-income countries, while in most 

of the world, sepsis is considered an underlying condition in poor outcome cases (31).  

The term sepsis was defined initially by Hippocrates as σñψις, or rot, and connoted the foul-smelling 

rotting of a wound. Even in Ancient Greece and Egypt, well before Pasteur and any knowledge of 

microbes, people postulated that illness could result from invisible causes. Egyptians understood 

that sickness comes not only from outside but also from dangerous, invisible content of the 

intestines that becomes life-threatening when exposed to the blood (32). Another biological 

breakdown defined by the ancient Greeks is pepsis, translated as digestion or fermentation, a 

phenomenon I discuss later in the introduction. Both sepsis and pepsis are biological breakdowns 

facilitated by microbes, but one breaks down matter like tissues, which causes sickness, and the 

other helps digest food in the gut.  

In many languages, sepsis translates as "blood poisoning." Since the discovery of antibiotics, it has 

become clear that blood poisoning continues even after bacteria are cleared, leading to the 
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conclusion that sepsis is a complex reaction triggered by bacteria in an unsequestered environment 

or necrotic or injured tissue (sterile sepsis in the case of bone fractures, ischemia or hemorrhagic 

shock), but is driven by exaggerated immune reaction causing dysregulated systemic inflammation 

(33), (34). Sepsis is traditionally diagnosed as the presence of microorganisms in the blood to which 

the host has a systemic response with a heterogeneous spectrum of pathologies (35), (36). Not only 

bacteria can cause sepsis, but also fungi and parasites. Sepsis can be a reaction to bacterial 

components like LPS from Gram-negative bacteria and lipoteichoic acid from Gram-positive 

bacteria. Pathology of sepsis is an extreme case of an uncontrolled immune response, underscoring 

the importance of striking a delicate balance between appropriately eradicating the infection and 

avoiding damage to the host.   

Treatment of sepsis includes antibiotics followed by source control; that is, determining the 

presence of any abscesses, necrotic tissue, or infected device followed with fluid resuscitation to 

restore blood pressure and organ perfusion, sometimes including vasopressor agents and inotropic 

therapy combined to increase cardiac output (37), (38). Additional therapies besides antibiotics and 

fluid resuscitation include managing the host immune system with steroids and immune suppressive 

agents. One such approach uses recombinant human activated protein C (rhAPC), the first systemic 

sepsis agent used as a therapeutic for modulating coagulation and inflammation. This approach saw 

modest success before it was withdrawn since the trial data did not hold in practice (39), (40), (41), 

(42). Besides antibiotics, there is no treatment for sepsis, and in the case of sterile sepsis and 

systemic infection caused by bacterial toxins like LPS, antibiotics are useless. So why is there no 

effective treatment against a deadly disease we have known for millennia? Is the problem our 

insufficient understanding of the mechanisms of sepsis? Are we using appropriate research models?  
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Animal models in sepsis 

M. musculus is the most likely choice of animal model in medical research, but there are certain 

caveats to consider in cases of systemic infection. The mice model of sepsis is usually an animal 

challenged with LPS, an endotoxin, or an animal afflicted with a puncture of a protective barrier like 

caecum. The problem is that the mouse might succumb to the inflammation; thus, the organ failure 

we see in humans will not occur. Additionally, it is technically challenging to provide supportive care 

for a mouse model (36), (43). Mice used in research are usually inbred, but the severity of sepsis 

varies individually among humans, and the mouse model does not account for that (44), (45). Sepsis 

in humans and mice further differs on the cellular level.  

Immunity of sepsis at the cellular level and innate immunity 

On a cellular level, sepsis in humans is driven by uncontrolled innate immunity. Cells of innate 

immunity are mainly phagocytic cells: macrophages, monocytes, granulocytes, dendritic cells, and, 

to a lesser extent, lymphocytes. When these cells are not causing a systemic response, they 

recognize, ingest, and kill microbes. In humans and the most abundant animal model in research, M. 

musculus, the number of circulating leucocytes is 3 –10 × 106 cells per milliliter of blood (3 –10 × 109 

cells per L) (46). Even though M. musculus is the most commonly used experimental animal for 

understanding the immune system, it is an imperfect model since there are significant differences 

between mice and humans. In mice, lymphocytes are the predominant cell type at 75% to 90% of the 

total leucocytes in healthy wild-type animals, while neutrophils comprise 20% to 30 % of the white 

blood cells (WBC). In humans, lymphocytes comprise 30% to 50% of WBC in the peripheral blood. 

The most abundant cell population of peripheral blood leucocytes in humans are neutrophils at 50% 

to 70%, while in mice, that percentage is 10% to 25%  (47), (48), (46), (49), (50). Due to these 

divergences between mice and humans, an animal model whose blood composition is closer to 
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humans could prove more effective in sepsis research, especially emphasizing cells involved in 

innate immunity like neutrophils and macrophages and effector molecules – interferons.  

Neutrophils 

Neutrophils, the predominant cells in human peripheral blood, initiate the immune response to 

PAMPs, leading to microbial phagocytosis (51). PAMPs are recognized by a large family of PRRs on 

innate immune cells, or inside the cytosol, namely in neutrophils, macrophages, and dendritic cells. 

The scope of the response is further determined by the downstream effects of expression of PRR 

response genes (34), (52). Microbial surfaces are the primary example of PAMPs but also LPS, 

flagellin, unmethylated CpG motifs characteristic of bacteria but not vertebrate genomic DNAs, and 

poly IC resembling double-stranded RNA in some viruses (53), (34). Self-derived host molecules can 

be causative agents of inflammation in cases of cellular damage or stress named danger-associated 

molecular patterns (DAMPs), and those include granulolysins, defensins, lactoferrin, cathepsin G, 

HMGB1, urate crystals, ATP, also enzymes (ATPases) or peptides (HMGB1) (34). 

One of the receptors on mainly macrophages and neutrophils are lectins. Lectins bind sugar 

polymers on bacterial and fungal surfaces, initiating phagosome formation and fusion with a 

lysosome and breaking down microbes in a phagolysosome. Besides sugar-binding receptors, 

macrophages and neutrophils have G-protein-coupled receptors (GPCRs) which, coupled with 

intracellular GTP binding heterotrimeric protein, signal Rac/Rho cascade and increase the 

antimicrobial activity of phagocytes (54). These subsequently influence actin polymerization 

towards cell migration, motility, and neutrophil adhesion. Besides cytoskeletal rearrangements, 

GPCRs activate c-Jun kinase and p38 MAP kinase cascades, leading to transcriptional activation 

(55). Examples of G-protein coupled receptors are fMet-Leu-Phe (fMLP) receptors binding to fMet 

residue of bacteria – a unique protein initiating amino acid in prokaryotes (56), (57). Signaling with 

fMet coupled with GPCR induces the production of reactive oxygen species in the phagolysosome by 
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directly interacting with NADPH oxidase complex (58). Another example of GPCR is C5a binding 

seven membrane-spanning receptor (C5aR1) binding to complement fragment C5a. Complement 

fragment C5a is like generated by a convertase in the activated complement cascade. C5a either 

binds to complement receptor 1 (CR1), activating phagocytosis of opsonized pathogens, or GPCR 

C5a receptor initiating association of NADPH complex and like fMet promotes the production of 

reactive oxidative species (ROS) (59) (54). Signaling with C5a and fMet activates NADPH oxidase or 

phagocyte oxidase components. Superoxide and hydrogen peroxide produced here are electron 

donors for myeloperoxidase (MPO), one of the most abundant proteins in neutrophils, making up 5% 

of all proteins in the cell. MPO uses hydrogen peroxide to oxidize available substrates in the 

environment and can produce hypochlorous and hypothiocyanous acid and various organic and 

inorganic radicals (58), (60). Antioxidant scavenging enzymes like superoxide dismutase (SOD) or 

catalase dismutate reactive superoxide anion to hydrogen peroxide to prevent local tissue damage. 

Besides superoxide anion, reactive nitrogen species are another toxic product aimed at eradicating 

pathogens. Inducible nitric oxide synthase (NOS2) is another protein contributing to oxidative stress 

expressed among other stimuli by activating fMet via kinase cascade. Nitric oxide (NO) synthesized 

by constitutively expressed endothelial eNOS is a smooth muscle local mediator with paracrine 

function causing vasodilation, discovered as a first gaseous second messenger and named 

molecule of the year in 1992 (61). However, in the presence of oxidative species abundant in the 

inflammation, NO will react with superoxide and form highly reactive peroxynitrite (ONOO-) (62). 

Peroxynitrite will oxidize fatty acids and break the lipid chain disrupting membranes, interact with 

nucleic acids and proteins, and inhibit cell respiration by inhibiting the electron transport chain in 

mitochondria and slowing the rate of glycolysis by reducing the substrates and cofactors (63). NO 

synthesis requires nitrogen atoms from substrate arginine and cofactors NADPH and O2, producing 

citrulline and NO on a ferrous heme. Another enzyme producing NO is NOS2 - induced by LPS binding 
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to surface cell receptors. This enzyme is regulated on a transcriptional level since a dimerized unit is 

the only post-translational requirement for NOS2 to produce NO while the substrate allows it (64).  

Besides their role in oxidative bursts and recognizing and phagocytosis of pathogens, neutrophils 

contain granules with peptides such as defensins and cathelicidins, further priming them for 

antimicrobial roles. When neutrophil granules fuse with the phagosome, these peptides disrupt the 

microbial membrane, forming a pore (65). Cathelicidins are activated when cleaved by neutrophil 

elastase (NE), forming an active antimicrobial peptide (66). Neutrophil elastase inside the granules 

produces microbicidal activity against Gram-negative bacteria; it can cleave membrane protein A on 

the outer membrane of Escherichia coli. Chemically, this is serine endopeptidase, the most 

abundant of four neutrophil serine proteases at a concentration of 67,000 molecules (~5 mM) per 

granule. NE can cleave many substrates, accounting for 80% of the total protease hydrolysis activity 

in the human body since it cleaves neutral non-aromatic dipeptides like elastin, collagen, and 

fibronectin. Consistent with the phenomenon of innate immunity, NE can sometimes lead to disease 

worsening and promote inflammation. Higher numbers of NE in the tissue point to disease severity 

(67), (68). There are ways to naturally modulate the abundance and localization of NE by 

antiproteases: α1-antitrypsin, α2-macroglobulin, or secretory leukocyte proteinase inhibitor (SLPI). 

Recently, a new therapeutic NE inhibitor, Sivelestat, was introduced to treat acute lung injury or acute 

respiratory distress syndrome with mixed results (figure 3) (69), (70), (67), (71). There is potential 

therapeutic value in blocking NE in inflammation caused by pathogens or autoimmune disorders. 

Figure 3 shows additional drugs blocking NE function in various clinical trial stages. 

In addition to microbicidal effects, activated neutrophils will undergo programmed cell death, 

releasing chromatin into extracellular space and forming neutrophil extracellular traps (NETs). This 

process, called netosis, was first described in neutrophils in 1996 (73). The proteins with 

antimicrobial properties released along with NETs can be directly harmful to tissues. Elastase and 
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myeloperoxidase are released with nets along with ROS, and although highly effective against 

pathogens, contribute to tissue injury (74), (75), (76).  

 

 

Figure 3 Drugs targeting neutrophils used in acute respiratory distress syndrome 
Neutrophils recruited to the site of infection participate in the elimination of the virus, in this case - 
SARS-CoV-2, but they also contribute to the pathogenesis. The only approved drug for NE inhibition 
is Sivelestat. Clinical drugs (in red) and clinical trial drugs (in blue) are displayed with their targets in 
neutrophils. ARDS, acute respiratory distress syndrome; CXCR, C-X-C chemokine receptor; DPP1, 
dipeptidyl peptidase 1; GSDMD, gasdermin D; IL, interleukin; NE, neutrophil elastase; NET, 
neutrophil extracellular trap; NOX, NADPH oxidase; PDE, phosphodiesterase; PMN, 
polymorphonuclear leukocyte; ROS, reactive oxygen species. Figure adapted from (72) 

The effect of neutrophils is that they can engulf pathogens and present their antigens to T cells, 

linking innate and adaptive immunity. Besides neutrophils, macrophages, monocytes, and dendritic 

cells are the body's phagocytes responsible for balancing innate immune response and 

inflammation.  
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Macrophages  

Macrophages are a resident cell population in homeostasis. They are found in every tissue in the body 

regardless of the presence of blood vessels. They can undergo local proliferation independent of 

monocytes and are involved in organ maintenance. Macrophage phagocytosis allows for recycling 

cell debris; macrophages keep metabolite levels constant, transduce signals from their 

microenvironment, and initiate inflammation and curative processes. Macrophages have an 

assortment of receptors sensing their environment and can express some 4500 genes in response to 

nanomolar concentrations of LPS (77). This state of activation during inflammation is considered a 

classically activated macrophage when encountering pathogens and reacting to toll-like receptor 

(TLR) ligands (like LPS) and interferon-γ (IFNγ). In response to PRR, transcription factors like NF-κB, 

CREB, AP-1, and interferon-regulatory factors (IRFs) are activated to begin cytokine gene 

transcription. Effector transcription is a rapid process since RNA polymerase is already positioned 

on tumor necrosis factor (TNF) in homeostasis. TNF further stimulates transcription of inflammatory 

cytokines, including interleukin (IL)-6, IL-12, and the type I interferons, chemokines, lipid mediators, 

and antimicrobial peptides are similarly released from classically stimulated macrophages (78). 

Gene expression is accentuated by IFNγ and phosphorylation of transcription factor STAT1, 

responsible for the expression of 200 genes, including GM-CSF, IL-12p40, TNF-α, and IL-6. To prevent 

exaggerated inflammation, there are a variety of mechanisms in place: negative regulation of TLR 

signaling, anti-inflammatory cytokines (IL-4, IL-10, IL-13 IFNα, TGF-β), epigenetic modifications and 

miRNA, transcription factors (STAT3), and endogenous regulatory molecules (prostaglandin E2, 

resolvins, lipoxins) (78), (77). Which of these factors is more dominant can indicate the future action 

of macrophages. 

Regulation of macrophages is a well-controlled and extensively researched process with IL-4 and 

IFNγ as crucial factors that substantially affect macrophage activity. That activation is described 
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based on the presence of these two cytokines (figure 3). But the reality is not binary. Populations of 

macrophages from one tissue are characterized by an almost continuous spectrum of activation 

phenotypes, and each state strikes a balance between inflammation and healing (figure 3). However, 

in a disease state, this balance is disrupted, and one subset of macrophages could lead to disease 

progression (79) (80), (81). Macrophage regulation is another example of tolerance and inflammation 

trade-off. 

 

Figure 4 Macrophage activation pathways 
The left panel shows subsets of macrophages as pro-inflammatory or anti-inflammatory. Figure 
adapted from (79). The right panel shows the traditional way of understanding macrophage activation 
as a classical, IFN-γ activated cell or IL-4 alternative polarization. Figure adapted from (80). 

Interferons 

Innate immunity’s reactive components are myeloid cells and molecular products of cells affected 

by infection, mainly interferons. The ability to produce interferons is not restricted to specific cell 

types; instead, it can vary depending on the context of the infection and the overall state of the 

immune response. Interferons have a wide range of effects, including direct antiviral activities, 

modulating the immune response, affecting cell growth, and affirming an adaptive immune 

response. Their production is tightly regulated, as dysregulation can lead to chronic inflammation or 

autoimmunity (82).  
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Interferons are part of a larger family of cytokines and, based on their function and receptor 

binding, are divided into three groups – type I, type II, and type III interferons. Type I interferons 

include various subtypes, with interferon-alpha (IFN-α) and interferon-beta (IFN-β) being the most 

well-known, binding to a common receptor complex interferon-alpha/beta receptor (IFNAR). There 

is only one type II interferon - interferon-gamma (IFN-γ). IFN-γ is distinguished by its receptor, the 

interferon-gamma receptor (IFNGR), and is produced mainly by adaptive immune response cells, 

whereas type I interferons are produced in response to viruses. The type III IFN is also a family of 

effector molecules with similar functions to cytokines of the type I family but restricted activity (83), 

(84), (82). 

Since viruses can infect virtually any cell type, most cells can express type I interferons in response 

to PRRs (85). Similar to the effect of hormones on different cell types, where one hormone molecule 

activates a specific gene and promotes a particular function depending on the cell it bounds and the 

downstream signal cascade, so do the type I interferons activate signal transduction, leading to 

transcription of hundreds of interferon-stimulated genes (ISGs). In the human genome, ten percent 

of all genes can be regulated by interferons. Hence, ISGs have an encompassing effect on the cellular 

environment (figure 5) (83).  
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Figure 5 Type I interferon-stimulated genes and their targets 
Graphical representation of type I interferon-stimulated genes innate immunity effects against 
viruses. Listed functions of ISGs include blocking pathogen entry in the cell, or nuclear import; 
inhibiting viral mRNA, and protein synthesis, viral replication and assembly. Abbreviations CH25H - 
Cholesterol 25-Hydroxylase, IFITM - Interferon Induced Transmembrane Proteins, NCOA7 - Nuclear 
Receptor Coactivator 7, TRIM5a - Tripartite Motif Containing 5, Alpha, MX - Myxovirus (influenza virus) 
resistance protein, APOBEC - Apolipoprotein B mRNA Editing Catalytic Polypeptide-like, IFI16 - 
Interferon Inducible protein 16, PKR - Protein Kinase R, also known as EIF2AK2, IFIT - Interferon-
Induced Proteins with Tetratricopeptide Repeats, ZAP - Zinc Finger Antiviral Protein, is encoded by 
the ZC3HAV1 gene (Zinc Finger CCCH-Type, Antiviral 1), PARP12, or Poly(ADP-Ribose) Polymerase 
12, SLFN11 - Schlafen Family Member 11, SAT1 - Spermidine/Spermine N1-Acetyltransferase 1, 
ISG20 - Interferon Stimulated Gene 20, The OAS - 2'-5'-Oligoadenylate Synthetase, CNP - Cyclic 
Nucleotide Phosphodiesterase, GBP5 - Guanylate Binding Protein 5. Adapted from (83).  

Due to their vast repertoire of action, interferons are well-regulated and short-lived, but their effects 

are lingering (86). There are over 450 ISGs with various functions, from blocking viral entry to 

interrupting viral replication and assembly, and more effectors are constantly added (87), (88).  
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Peromyscus leucopus zoonoses  

Borreliosis  

P. leucopus is a crucial reservoir for the spirochete Borrelia burgdorferi in North America, and serves 

as a primary source of infection for ticks in the larval stage, particularly the black-legged tick (Ixodes 

scapularis), which is the primary vector for Lyme disease in humans (figure 6) (89), (90). Deer are 

adult tick hosts, but they are not competent reservoirs for Lyme disease since they are dead-end for 

bacteria, while humans are accidental hosts, and they develop disease if infected. (91). The first 

presenting sign of disease in humans is erythema migrans rash, followed by malaise and fever. 

Complications could occur months or years after initial infection and can present as prominent 

neurological symptoms, including deficits in concentration, cognition, and memory loss.  (92) 

 

Figure 6 The life cycle of Ixodes tick vectors of Borrelia burgdorferi, the spirochaete agent of Lyme 
disease 
 The life cycle of Ixodes tick vectors of Borrelia burgdorferi, the spirochaete agent of Lyme disease. 
Ixode tick larva gets its first blood meal from a small rodent – P. leucopus; at this point, if P. leucopus 
is carrying Borrelia burgdorferi, the tick will get infected, and next time it takes a blood meal as a 
nymph, it will infect a host. A host for a nymph can be either P. leucopus again or inexpertly human, 
while deer is the final host (91) 
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On the other hand, the relationship between P. leucopus and B. burgdorferi is an example of 

tolerance. The white-footed deermouse is an efficient carrier of B. burgdorferi because it can harbor 

the bacterium without showing signs of illness, allowing the pathogen to persist in natural 

environments (3), (93). To that extent, the prevalence of Lyme disease in certain areas is closely tied 

to the population density of P. leucopus, as higher deermouse populations can lead to increased 

numbers of infected ticks. The prevalence of infection in P. leucopus with B. burgdorferi in the 

circulation is 10%, while antibody prevalence is seasonal and ranges from 57 - 95% by the end of 

summer (3).  

Upon infection with B. burgdorferi, antigens bind to toll-like receptor (TLR) 2 and activate myeloid 

differentiation primary response 88 (MyD88). Additionally, B. burgdorferi antigens trigger the 

activation of the nuclear factor kappa B (NF-κB) pathway, which is pivotal in the immune response. 

This sequence of events produces pro-inflammatory cytokines and chemokines, attracting 

neutrophils, monocytes, and lymphocytes to the site of infection while producing type I interferons 

(IFNα and IFNβ) and type II interferon - IFNγ. Following innate immunity, P. leucopus’ Th1 lymphocytes 

and mononuclear cells produce neutralizing antibodies, specifically IgG1 and IgG3, effectively 

fighting infection (94).  

Another borreliosis-causing agent is Borrelia hermisii, a pathogen of relapsing fever. This disease is 

characterized by recurring episodes of fever, headache, muscle and joint aches, and nausea (95). 

The fever episodes typically last for several days, followed by periods of recovery, and then may recur. 

Relapsing fever can be transmitted through the bite of an infected soft tick, while the reservoirs in 

nature are small mammals (96). P. leucopus can be experimentally infected with B. hermisii (20). 

COVID-19 

Coronaviruses are positive-sense single-stranded RNA viruses (+ssRNA) that exhibit a distinctive 

coronal morphology when observed under an electron microscope. This characteristic crown-like 
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structure, from which their name is derived (with "corona" being the Latin word for "crown"), is 

attributed to the presence of spike glycoproteins on their viral envelope. They are classified into four 

genera; SARS-CoV-2 belongs to beta coronaviruses. Further genomic characterization puts SARS-

CoV-2 in the same subgenus as SARS-CoV, and MERS-CoV-2 known to cause severe diseases with 

mortality up to 10% and 35% (97). The rest of the coronaviruses infecting humans - HKU1, NL63, 

OC43, and 229E - are associated with mild respiratory tract infections colloquially described as the 

common cold (98).  

In case of SARS-CoV-2 human infection, the virus binds to host cells through an interaction between 

the receptor-binding domain (RBD) of the viral spike protein (S) and angiotensin-converting enzyme 

2 (ACE2). The ACE2 receptor on the respiratory epithelium is the main entry point for the virus. Still, 

it is also expressed in the digestive system, kidneys, and heart (99). Besides receptor binding, host 

transmembrane serine protease 2 (TMPRSS2) and probably proteases cathepsin B and L (CatB and 

CatL) enable cell entry by the proteolytic cleavage of coronavirus S proteins. In the initial stages of 

infection, viral replication causes tissue damage, especially in the upper respiratory tract. Besides 

receptors and proteases, the virus requires an endoplasmatic reticulum and Golgi apparatus as well 

as translation factors for viral mRNA (100). During this time, viral components are exposed to sensory 

molecules like cytoplasmic PRRs of the host immune system. Also, the interaction of S-protein with 

the receptor induces changes in the membrane. These events activate the innate immune system, 

interferon release, and upregulation of ISGs. Besides ISGs, one of the first lines of defense is the 

upregulation of lymphocyte antigen six family member E (Ly6E) - identified as a coronavirus fusion 

inhibitor (101). The adaptive immune system is lagging since S-protein is glycosylated, and its 

epitopes are hindered from neutralizing antibodies (100). In studies with hamsters, which have been 

used as a model to understand SARS-CoV-2 infection, neutralizing antibodies typically start to be 

detected within the first week after infection. By days 7-14 post-infection, neutralizing antibody titers 
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often reach levels that can confer protection, as seen in some studies where re-challenged animals 

exhibit milder symptoms or no disease, suggesting that these antibodies are functional in terms of 

viral neutralization (102). The findings in hamsters are similar to those in humans (103). 

An unanswered question remains - how did the spillover into the human population happen? 

Previous studies proposed critical amino acid changes for a possible gain of function in SARS-CoV-2 

for spillover in nature from primary hosts. The main viral variable determining host selection is S 

protein - trimeric glycoprotein, containing two functional subunits. The first subunit (S1) binds to the 

host ACE2 and harbors RBD. The second subunit (S2) is responsible for the fusion of the viral and 

cellular membranes. Table 1 shows amino acid residues across species enabling contact between 

ACE2‐RBD in SARS-CoV-2 infection. Data is adapted from (104), (105), (106). 

Matching ACE2 amino acid residues with between P. leucopus and species susceptible to SARS-

CoV-2 infection a good indication that the virus can cause infection in deermice, but will the host get 

sick? How severe the illness becomes depends on the species, and more importantly, severity varies 

within species based on genetic factors. Golden hamsters lose weight and get moribund, but widely 

available hamsters are descendants of a single male and female with very poor genetic diversity.  

Table 1 Interaction of RBD with human ACE2 

 

Some species of Peromyscus are successfully infected with SARS-CoV-2 showing mild disease 

(107), (108), (109), and a potential for spreading the virus (110). So far there was no study of infection 

of P. leucopus with SARS-CoV-2. Confirmed infection of P. leucopus with SARS-CoV-2 could mean 

31 35 38 82 353
Human K E D M K
Hamster K E D N K
Peromyscus leucopus K E D N K
Civet T E E T K
Bat K K D N K
Mouse N E D S H
Rat K E D N H

ACE2 in select species
AA in position for recognition by SARS-CoV-2 RBD

Amino acid residues suggesting enhanced ACE2‐RBD contacts in SARS-CoV-2

Abbrevations ACE2 - angiotensin-converting enzyme 2 , RBD - receptor-
binding domain, AA - amino acid
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that this species would have the capacity for a viral spillback from the human population and 

become viral reservoirs of SARS-CoV-2. 

Microbiome 

Initially, bacterial activity was discussed in terms of sepsis. However, microbial activity in the body 

can be commensal or symbiotic, but it is not necessarily pathogenic. The community of 

microorganisms and their environment is referred to as the microbiota (111). The microbiome refers 

to the genome of microorganisms in the environment, and in vertebrates, it represents half of the 

complete genome of an organism (112), (113), (114). The microbiome of the host has multiple roles, 

including immunomodulation, breakdown of complex carbohydrates required for complete nutrition 

and other complex compounds (115), (116). Humans and mice owe as much to their microbiota as 

nuclear and mitochondria genomes of somatic cells when it comes to tolerating and resolving 

infections (114). One way to resist the colonization of pathogens is by maintaining the indigenous 

microbiome of the host (112). Describing and understanding the microbiome is therefore necessary 

when analyzing a complete genome of somatic or bacterial cells, especially in inflammation. Finally, 

manipulating the microbiome can improve outcomes in infection and cause tolerance (117), (118). 

Given the development of bait-delivered oral vaccines targeting P. leucopus and plans to genetically 

modify and release this species, pushing ahead on these interventional fronts, a better 

understanding of Peromyscus microbiota and the gastrointestinal tract is necessary (119). For that 

same reason, bats as tolerant vectors and reservoirs of infection are investigated for the role of the 

microbiome in infection (120), (121), (122). However, there is limited information in the literature on 

the gastrointestinal microbiota of P. leucopus, and the studies were restricted to data on bacterial 

16S ribosomal RNA sequences (123). The metagenomic approach can fully describe the microbiota, 

including parasites and DNA viruses. Microbial species can then be further characterized using 

microbiology techniques described in Chapter 2 (124), (125).  
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CHAPTER TWO: Lactobacilli and other gastrointestinal microbiota of 
Peromyscus leucopus, reservoir host for agents of Lyme disease and other 
zoonoses in North America 

Abstract 

The cricetine rodent Peromyscus leucopus is an important reservoir for several human zoonoses, 

including Lyme disease, in North America. Akin to hamsters, the white-footed deermouse has been 

unevenly characterized in comparison to the murid Mus musculus. To further understanding of P. 

leucopus’ total genomic content, we investigated gut microbiomes of an outbred colony of P. 

leucopus, inbred M. musculus, and a natural population of P. leucopus. Metagenome and whole 

genome sequencing were combined with microbiology and microscopy approaches. A focus was the 

genus Lactobacillus, four diverse species of which were isolated from forestomach and feces of 

colony P. leucopus. Three of the species—L. animalis, L. reuteri, and provisionally-named species 

“L. peromysci”—were identified in fecal metagenomes of wild P. leucopus but not discernibly in 

samples from M. musculus. L. johnsonii, the fourth species, was common in M. musculus but absent 

or sparse in wild P. leucopus. Also identified in both colony and natural populations were a 

Helicobacter sp. in feces but not stomach, and a Tritrichomonas sp. protozoan in cecum or feces. 

The gut metagenomes of colony P. leucopus were similar to those of colony M. musculus at the 

family or higher level and for major subsystems. But there were multiple differences between species 

and sexes within each species in their gut metagenomes at orthologous gene level. These findings 

provide a foundation for hypothesis-testing of functions of individual microbial species and for 

interventions, such as bait vaccines based on an autochthonous bacterium and targeting P. 

leucopus for transmission-blocking. 
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Introduction 

Epigraph: “I have always looked at problems from an ecological point of view, by placing most 

emphasis not on the living things themselves, but rather on their inter-relationships and on their 

interplay with surroundings and events.” René Dubos, 1981 (126), (127) 

Peromyscus leucopus, the white-footed deermouse, is one of the most abundant wild mammals in 

central and eastern United States and adjacent regions of Canada and Mexico (128), (2). The rodent 

is an omnivore, consuming a variety of seeds, such as oak acorns, as well as insects and other 

invertebrates. Its wide geographic range extends from rural areas to suburbs and even cities, and it is 

especially common in areas where humans and wildland areas interface (129). Conditions 

permitting, P. leucopus is procreatively proliferant, with 20 or more litters during a female’s period of 

fecundity (130). 

Although commonly called a “mouse”, this species and other members of the genus Peromyscus 

belong to the family Cricetidae, which includes hamsters and voles, and not the family Muridae, 

which includes Mus and Rattus. The pairwise divergence time for the genera Peromyscus and Mus is 

estimated to be ~27 million years ago (131), (132), approximately the time since divergence of the 

family Hominidae, the great apes and hominids, from Cercopithecidae, the Old World monkeys 

(131),(133). While only a minority of a birth cohort of P. leucopus typically survive the predation and 

winter conditions of their first year in nature (23), (15), in captivity Peromyscus species can live twice 

as long as the laboratory mouse or rat (10). P. leucopus differs in its social behavior and reproductive 

physiology from rodents that are traditional experimental models (9), (134). 

P. leucopus also merits attention as a natural host and keystone reservoir for several tickborne 

zoonoses of humans (reviewed in (3)). These include Lyme disease, babesiosis, anaplasmosis, a 

form of relapsing ever, an ehrlichiosis, and a viral encephalitis. For humans these infections are 

commonly disabling and sometimes fatal, but P. leucopus is remarkably resilient in the face of 
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persistent infections with these pathogens, singly or in combination. How this species tolerates 

infections to otherwise thrive as well as it does is poorly understood. 

P. leucopus’ importance as a pathogen reservoir, its resilience in the face of infection, and its 

appealing features as an animal model (130), (7), prompted our genetic characterization of this 

species, beginning with sequencing and annotating its nuclear and mitochondrial genomes (6), (5). 

The present study represents the third leg of this project, namely the microbial portion of the total 

animal “genome” for this species. Given the development of bait-delivered oral vaccines targeting P. 

leucopus (135) and plans to genetically modify and release this species (136), (137), pushing ahead 

on these interventional fronts without better understanding Peromyscus microbiota, the 

gastrointestinal (GI) tract’s in particular, seemed shortsighted. 

Accordingly, we carried out a combined microbiologic and metagenomic study of the GI microbiome 

of P. leucopus. In our exploration of bacteria, protozoa, and DNA viruses in this species’ gut, we 

included whole genome sequences from cultured organisms as well as large contigs assembled 

from metagenome reads of uncultured organisms in our in-depth exploration of this. Attention 

initially focused on animals of a stock colony that has for many years been the major source of 

animals for different laboratories and spin-off breeding programs, including our own, in North 

America. The study extended to samples of P. leucopus deermice in their natural environments and, 

for a comparative animal, vivarium-reared M. musculus under similar husbandry. While our 

investigations revealed similarities between the microbiota of the white-footed deermouse and the 

house mouse, there were also notable differences. These included a greater abundance and diversity 

of lactobacilli in P. leucopus. The investigation of four Lactobacillus species, particularly in their 

niches in the stomach of P. leucopus, was a special emphasis. A comparison of the GI microbiota of 

a natural population of P. leucopus and the stock colony animals revealed several species in 

common, albeit with larger variance among the wild animals. 
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Results 

High coverage sequencing of fecal metagenome 

At the start of our investigation there was only limited information in the literature on the GI 

microbiota of P. leucopus, and the studies were restricted to data on bacterial 16S ribosomal RNA 

genes sequences, as in the examples of references (138) and (123). For a fuller description of the 

microbiota, including parasites and DNA viruses, as well as bacteria, of representatives of this 

species, we took an untargeted, metagenomic approach. This was followed by bioinformatic 

characterization of the breadth of organisms represented in the metagenome and then assembly and 

annotation of large chromosomal contigs of selected microorganisms in the metagenome. 

We began with deep sequencing of a library of DNA extracted from a pooled sample of fecal pellets 

collected from two adult males and two adult females of the LL stock colony. This yielded 

332,279,332 paired-end reads of average length 247 nt, or ~8 x 1010 bp, after quality control and 

trimming of adapters. The mean % GC content was 47; 90% of the trimmed reads had PHRED scores 

of ≥ 30. The reads were characterized as to families of bacteria, parasites, and DNA viruses at the 

metagenomic server MG-RAST (http://mgrast.org). Annotated proteins accounted for 65% of the 

reads, followed by unknown proteins at 34%, and then ribosomal RNA (rRNA) genes at 0.8%. The 

rarefaction curve became asymptotic at ~200,000 reads and a species count of 9000. The alpha 

diversity for this pooled sample was 250 species. By phylum 94% of the matched reads were either 

Bacteroidetes (60%) or Firmicutes (34%). Higher level functional categories included carbohydrates 

(16.4% of reads), clustering-based subsystems (14.8%), protein metabolism (8.9%), amino acids 

and derivatives (7.8%), RNA metabolism (6.6%), and DNA metabolism (5.7%). 

A portion of the DNA was also submitted to a reference laboratory for 16S rRNA determinations from 

metagenomic analysis of microbiota. As illustrated in figure 7, for the 20 most abundant taxa at the 

family or higher, there was concordance between the methods in the rankings. The most common 
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families by the metagenomic accounting were members of the gram-negative bacterial order 

Bacterioidales (Bacterioidaceae, Porphyromonadaceae, Prevotellaceae, and Rikenellaceae), the 

gram-positive phylum Actinobacteria (Bifidobacteriaceae and Coriobacteriaceae), or the gram-

positive phylum Firmicutes (Bacillaceae, Enterococcaceae, Lactobacillaceae, unclassified 

Clostridiales, Eubacteriaceae, Lachnospiraceae, Peptococcaceae, Ruminococcoceae, 

Thermoanaerobacterales Family III, Erysipelotrichaceae, and Veillonellaceae). Two exceptions were 

organisms of the families Spirochaetaceae of the phylum Spirochaetes and Helicobacteraceae of 

the phylum Proteobacteria. 

 
Figure 7 Scatter plot of relative metagenome abundance of P. leucopus 
Scatter plot of relative abundances of commonly occurring bacterial families or orders in fecal 
metagenomes of Peromyscus leucopus LL stock by 16S ribosomal RNA gene criterion (x-axis) and by 
genome-wide metagenome criterion (y-axis).The values of the two methods were normalized by Z-
score. The different taxa are indicated in the graph by capital letters, which are defined in the box to 
the right. The linear regression curve and its 95% confidence interval is shown. The coefficient of 
determination (R2) value and the Kruskal-Wallis (K-W) test by ranks p value are given. 
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A de novo assembly yielded 16,945 ungapped contigs of ≥ 10 kb from 197,369,943 reads and totaling 

385 Mb of sequence with an average coverage of 104X. Of the total, 219 contigs were ≥ 100 kb in 

length and with ≥ 30X coverage. These were used in searches of non-redundant nucleotide and 

protein databases for provisional classifications. The identified taxa included Bacteroidales, 

Clostridia, Clostridiaceae, Erysipelotrichales, Lactobacillaceae, Muribaculaceae, Firmicutes, 

and Spirochaetaceae. Three organisms represented among the high coverage contigs could be 

unambiguously classified as to species: Lactobacillus animalis, which is considered in detail below, 

and two Parabacteroides species: distasonis and johnsonii. Another Lactobacillus species 

represented among the highly ranked contigs could not be identified with a known species 

represented in the database (139). 

Among the high coverage contigs were also representatives of Rhodospirillales of the class 

Alphaproteobacteria, Mycoplasmataceae of Mollicutes, and the little-characterized group of 

bacteria called Elusimicrobia (140). Nearly as prevalent were organisms closely related to the 

phylum-level designation Candidatus Melainabacteria (141). On the list of organisms identified by 

searches with metagenomic contigs of databases and cumulatively accounting for 95% of the 

matched reads were the unexpected finding of the protozoan taxon Trichomonadidae with 41,614 or 

0.12% of the reads. Enterobacteriaceae at 0.3% accounted for a relatively small proportion of 

matched reads. 

As is the case with human gut microbiome  (142), Bacteroidaceae, Lachnospiraceae, Prevotellaceae, 

and Ruminococcaceae were abundant in the gut metagenome and cumulatively accounted for 

approximately half of the identified families in the P. leucopus sample. One difference between 

humans and this P. leucopus sample was the much higher prevalence in P. leucopus of the family 

Lactobacillaceae, which on average represented only ~0.2% of metagenomes in a European 

population (142) and by 16S sequencing ≤ 0.4% on the fecal microbiota in other studies (143). A 
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higher proportion of lactobacilli in the fecal microbiota was previously noted in other rodents (144), 

and specifically in Peromyscus species (138). 

Selected taxa 

Escherichia coli 

Although Enterobacteriaceae were infrequently represented among the metagenomic sequences, 

their cultivability under routine laboratory conditions and the availability of a vast database for some 

species prompted our isolation of Enterobacteriaceae from LL stock P. leucopus fecal pellets on 

selective media. The predominant isolate on the plates was an Escherichia coli, which we designated 

LL2. The whole genome sequence of isolate LL2’s chromosome and plasmids was sequenced and 

assembled using a hybrid of long reads and short reads (Table 2) for an overall coverage of 90X. The 

chromosome in two contigs of 3.4 Mb and 1.6 Mb totaled 5.0 Mb with a GC content of 50%. 

E. coli LL2 had the following MLST schema types (http://pubmlst.org or http://enterobase.org): 

Achtman ST-278, Pasteur ST-357, and ribosomal protein ST-122394. The ribosomal protein profile 

was unique among thousands of isolates in the database. The 121 kb, 56.5 kb, and 91 kb plasmids of 

strain LL2 were similar to the following E coli plasmids, respectively: a 185 kb plasmid (NC_007675) 

found in an avian strain, a 58 kb plasmid (CP024858) of a multiply antibiotic-resistant human isolate, 

and an 89 kb plasmid (CM007643) in an organism isolated from sewage. E. coli LL2 was susceptible 

to ampicillin, ciprofloxacin, gentamicin, and sulfamethoxazole-trimethoprim by in vitro testing. 

The chromosome was notable for the following: CRISPR-Cas1 and–Cas3 arrays; ISas1, ISNCY, IS3, 

IS110 and IS200 family transposases; restriction-modification systems; fimbria and curli 

biosynthesis and transport systems; type II toxin-antitoxin systems; and type II, type III and type VI 

secretion systems. The plasmids encoded fimbrial and pilin proteins, type I, type II, and type IV 

secretion systems, colicins, CdiA-type contact-dependent inhibition toxin, and three conjugative 

transfer systems, but no discernible coding sequences for antibiotic resistance. 
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Table 2 Resources for the microbiome study 

 
Serial dilutions of feces of LL stock 20 animals (11 females and 9 males) in phosphate-buffered saline 

and plated on agar selective for gram-negative enteric bacteria yielded a mean (asymmetric 95% 

confidence interval) of 3,491 (677–18,010) colony-forming units (cfu) of E. coli per g of feces. This low 

density was consistent with the findings from metagenomic sequencing. 

The origin of this E. coli strain in these animals is obscure. Its source may have been the vivarium for 

the breeding stock of the colony, which includes other Peromyscus species besides P. leucopus. But 

the strain appears to be stably maintained among the gut microbiota of this population 
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of P. leucopus. This adaptation and its susceptibilities to commonly-used antibiotics may make it a 

candidate as a vector for delivering oral vaccines to this species (145).  

Lactobacillus 

We isolated lactobacilli from fecal pellets of stock colony P. leucopus on plates of selective medium 

that were incubated under microaerophilic and hypercapnic conditions at 37 °C. Four different 

species were identified. The genomes of three of organisms, namely L. animalis strain 

LL1, L. reuteri strain LL7, and a new species, designated as Lactobacillus sp. LL6 and provisionally 

named as “L. peromysci”, have been reported (139). The fourth genome, of the LL8 strain 

of L. johnsonii, is described first here (Table 2). L. johnsonii’s chromosome from cumulative contigs 

was 2,045,501 bp, about the same size as that of “L. peromysci” at 2,067,236 bp, but shorter than 

the 2,280,577 bp length for L. animalis and 2,205,740 bp for L. reuteri. The % GC content of “L. 

peromysci” at 33.5 was closer to L. johnsonii (34.4) than to either L. animalis (41.0) 

or L. reuteri (38.9). 

Figure 8 is a distance phylogram of aligned sites of 16S ribosomal RNA genes for the four different 

lactobacilli. These were distributed across four major groups of the genus Lactobacillus. The 

phylogenetic relationships were examined in more depth by multilocus sequence typing of the 53 

genes for ribosomal proteins. These were identified in the genomes, compared with other deposited 

sequences in the ribosomal MLST dataFbase (https://pubmlst.org) (146), concatenated, and then 

aligned with analogously concatenated DNA sequences from related species. Bacteria with identical 

sequences for the 53 ribosomal protein genes were not found in the rMLST database of 133,460 

profiles. The % GC contents of the concatenated coding sequences were 39.5, 40.8, 42.2, and 42.3 

for L. johnsonii, “L. peromysci”, L reuteri, and L. animalis, respectively. Figure 9 shows the distance 

phylograms for ~20 kb of aligned positions for the four species, each grouped with other strains or 

species within their respective phylogenetic clusters. 
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Figure 8 Neighbor-joining distance phylogram Lactobacillus species  
Neighbor-joining distance phylogram of 1420 aligned positions of 16S ribosomal RNA genes of the 
culture isolates of four Lactobacillus species from Peromyscus leucopus and selected 
other Lactobacillus spp. The sources for the accession numbers for the strains are given in Methods 
(L. animalis, L. reuteri, and “L. peromysci”) or in Table 2. The other organisms represented are from 
Reference RNA sequences database of the National Center for Biotechnology Information; the 
accession numbers are given after the species name. The scale for distance by criterion of observed 
differences is indicated. Percent bootstrap (100 iterations) support values of ≥ 90% at a node are 
shown. 

“Lactobacillus peromysci” was distant from other sequenced lactobacilli by rMLST (panel A), as well 

as by its 16S ribosomal RNA gene (figure 8). The nearest taxon in the sequence alignment 

was L. intestinalis, which was first isolated from the intestines of M. musculus and other murids 

(147). The unique ST for the rMLST for strain LL6 of this organism is 115326. 

Draft and complete genomes of numerous L. reuteri strains have been sequenced, for example, 

strain Byun-re-01, which was isolated from M. musculus small intestine (148). Many of these are 

utilized in the fermented foods industry, such as production of kimchi, or as dietary supplements, 
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but others were isolated as constituents of the GI microbiota of several varieties of 

animals. L. reuteri strain LL7 was in a cluster that mainly comprised isolates from M. musculus. 

 
Figure 9 Neighbor-joining distance phylograms Lactobacillus isolated from P. leucopus 
Neighbor-joining distance phylograms of codon-aligned, concatenated nucleotide sequences for 
complete sets of ribosomal proteins of “L. peromysci” (panel A), L. reuteri (panel 
B), L. animalis (panel C), and L. johnsonii (panel D) of P. leucopus compared with Lactobacillus spp. 
(strain identifier) of other sources.The scales for distance by Jukes-Cantor criterion are indicated in 
each panel. Percent bootstrap (100 iterations) support values of ≥ 75% at a node are shown. In 
panels B and D the host animal or other origin for a given isolate are given in parentheses. 

L. animalis and L. murinus are closely related species that primarily have been associated with GI 

microbiota of rodents and some other mammals. Isolate LL1 grouped with representatives 

of L. animalis in the analysis (panel C) and not L. murinus (149). LL1’s 16 ribosomal RNA sequence 
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was identical to that of the type strain ATCC 35046 of L. animalis (150) at 1488 of 1489 positions 

(GCA_000183825) (151). Another pair of closely-related species are L. johnsonii and L. gasseri, for 

which there are several sequenced genomes. The LL8 isolate from fecal pellets 

of P. leucopus clustered with L. johnsonii strains from mice and rats (panel D). More distant were 

strains of L. johnsonii isolated from humans and a bird; more distant still were representatives 

of L. gasseri. 

Plasmids were identified in each of the four species on the basis of a circularly permuted sequence 

for a contig and presence of coding sequences that were homologous to known plasmid replication 

or partition proteins (Table 2). Large plasmids of 179 kb and 76 kb were present 

in L. reuteri and L. johnsonii, respectively. L. animalis and “L. peromysci” had small plasmids of 4 kb 

and 7 kb, respectively. Megaplasmids of greater than 100 kb have been observed in 

other Lactobacillus spp. (152). In all genomes there was evidence of lysogenic bacteriophages or 

their remnants. All species except L. reuteri discernibly had coding sequences for Class I or Class III 

bacteriocins or their specific transport and immunity proteins . 

Table 3 summarizes differentiating genetic profiles among the four species for 11 selected genes or 

pathways. Two species, L. reuteri and “L. peromysci”, had coding sequences for a urease, which 

could provide for tolerance of acidic conditions, such as in the stomach. A urease had previously 

been identified in a L. reuteri strain that was considered a gut symbiont in rodents (153). The four 

species had secY1-secA1 transport and secretion systems. Accessory Sec systems (secY2-secA2) 

were identified in genomes of L. reuteri, L. johnsonii, and L. animalis but not in “L. peromysci”. The 

LL7 strain of L. reuteri on its megaplasmid also had coding sequences for a third SecY-SecA system. 

An accessory Sec system was involved with adhesion and biofilm formation in the Lactobacillales 

bacterium Streptococcus pneumoniae (154). A coding sequence for an IgA protease was identified 

in L. johnsonii but not in the other three species. An IgA protease in another strain of L. johnsonii was 
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associated with long-term persistence in the gut of mice (155). The presence or absence of other 

genes or pathways that differentiated between the four species were an L-rhamnose biosynthesis 

pathway in one species, a luxS gene associated with a quorum sensing system 

in L. reuteri and L. johnsonii (156), a type 1 CRISPR-Cas3 array in “L. peromysci” (155), pathways for 

thiamine biosynthesis (157) and for reduction of nitrate (158) in three species, an arginine deiminase 

and its repressor in L. reuteri (159), and a type VII secretion system in L. animalis (160). 

Table 3  Selected genes and pathways in four species of Lactobacillus of the gastrointestinal 
microbiota of Peromyscus leucopus. 

 
Of the four species found in P. leucopus feces, only L. johnsonii and L. reuteri have been commonly 
isolated from human feces (143). While various strains of L. reuteri, L. johnsonii, and 
either L. animalis or the closely related L. murinus have been observed among the GI microbiota 
of M. musculus represenstatives (161), an organism similar to “L. peromysci” has not. Whether this 
is an indication of a restricted host range or a specific adaptation for this bacterium is considered 
below. Lactobacilliaceae organisms were previously noted in the gut microbiota 
of Peromyscus species but were not further classified as to species or otherwise characterized 
(138), (123)  
Helicobacter 

Among the assembled metagenomic contigs were three totaling 666,100 bp of 

a Helicobacter genome (Table 2). The contigs had non-overlapping in genetic content, and blast 

searches with translated genes from each of the 3 contigs yielded the identical rankings of taxa for 

homologous proteins. On these bases, we concluded that the contigs represented a single type 

of Helicobacter bacterium, and designated it strain LL4. Using the DNA sequences for 53 ribosomal 

proteins of this organism, we compared it with similar sets from other Helicobacter spp. (panel A 

of figure 10). This analysis showed that the organism was near-identical to orthologous sequences 

of Helicobacter sp. MIT 05–5293 (accession JROZ02000000), which had been cultivated from a 

wild P. leucopus captured in Massachusetts (162); J.G. Fox, personal communication). This finding 



 35 

indicated that the organism was autochthonous for Peromyscus and had not been acquired from 

another rodent housed in the same vivarium. Baxter et al. reported “abundant representatives” of the 

genus Helicobacter in wild P. maniculatus and P. leucopus captured in Michigan (138). 

 
Figure 10 Neighbor-joining distance phylograms of Spirochettes and Helicobacter sp. 
Neighbor-joining distance phylograms of concatenated nucleotide (panel A) or amino sequences 
(panels B-C) of Helicobacter spp. (panel A), Spirochaetaceae bacteria (panel B), Mollicutes and 
Firmicutes bacteria (panel C) and Rhodospirillales bacteria (panel D) of gut metagenome 
of P. leucopus and from other sources. The respective phylogenetic analyses used concatenated 
sequences of the following: ribosomal protein genes (panel A); the DNA gyrase A (GyrA), phenylalanyl 
t-RNA synthase, alpha subunit (PheS), and chromosomal replication iniator protein (DnaA) (panel B); 
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DNA-directed RNA polymerase, beta-subunit (RpoB) (panel C); and DNA gyrase B (GyrB), tyrosyl t-
RNA synthase (TyrS), and DnaA (panel D). The distance criteria were Jukes-Cantor for the codon-
aligned nucleotide sequences and Poisson for amino acid sequences. The scales for distance are 
shown in each panel. Percent bootstrap (100 iterations) support values of ≥ 80% at a node are shown.  

Strains LL4 and MIT 05–5293 are in a cluster of species known as “enterohepatic” Helicobacter for 

their primary residence in the intestine rather than the stomach and for their frequent presence in 

liver tissue (163). These species may not be benign. H. hepaticus is associated with hepatitis, bowel 

inflammation, and carcinoma (164), and H. typhlonius is associated with reduced fecundity in mice 

(165).  

Spirochaetaceae 

The phylogenetic relationship of the uncultured Spirochaetaceae bacterium LL50 to selected other 

spirochetes is shown in panel B of figure 10. The organism was classified in the genus Treponema by 

the MG-RAST analysis program. Bacteria that have assigned to this genus are highly divergent and 

include free-living organisms in a variety of environments, symbionts of termites, the agent of 

syphilis, and gut residents, such as T. porcinum, which was isolated from the feces of pigs (166). 

More distant still was the agent of Lyme disease, Borreliella burgdorferi, of the 

family Borreliaceae (167). In our view naming the organism as a “treponeme” on the evidence to date 

would provide little insight about its role in the microbiome and may even be misleading. 

Seven other bacterial taxa 

The Mycoplasmataceae bacterium LL85 (panel C of figure 10) was unlike any other mollicute 

represented in the database but was in a cluster with vertebrate-associated species, 

like M. pneumoniae. But there is also deep branching in this tree, as the tree including two Firmicutes 

as outgroups shows. Panel D is a phylogram of selected alphaproteobacteria and includes the 

organism LL75. The algorithmic analysis identified this at the genus level as Azospirillum, which is a 

largely uncharacterized taxon with highly divergent members. While assignments as to genus or 
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family are uncertain at this time, LL75 clustered within the order Rhodospirillales and not with 

rhizobacteria. 

Table 2 lists five other types of novel bacteria that were identified in the P. leucopus gut metagenome 

and partially sequenced and annotated. These were a Candidatus Melainabacteria bacterium 

(isolate LL20), an Elusimicrobia bacteria (isolate LL30), a Clostridiales bacterium (isolate LL40), 

a Prevotella species (isolate LL70), and a Muribaculaceae bacterium (isolate 

LL71). Candidatus Melainabacteria is either a non-photosynthetic sister phylum of cyanobacteria or 

a class within the phylum Cyanobacteria (141). Besides a variety of environmental sources, including 

hot springs and microbial mats, these poorly-characterized organisms have also been identified in 

the feces of humans and other animals. The phylum Elusimicrobia, formerly “Termite Group 1” (168), 

is a strictly-anaerobic, deeply-branched lineage of gram-negative bacteria, representatives of which 

were first observed in the hindgut of termites (140). The family Muribaculaceae (formerly “family S24-

7”) of the order Bacteroidales were first identified among gut microbiota of mice and subsequently 

in the intestines of other animals, including humans and ruminants (169). 

DNA viruses 

Of 112,677,080 reads of the metagenome high-coverage sequencing of the LL stock animals, 97,147 

(0.09%) were assigned to one of 28 DNA virus families. Three classifications accounted 92% of the 

reads: Siphoviridae (50%), which are bacteriophages with long contractile tails; Myoviridae (21%), 

which are bacteriophages with contractile tails; and “unclassified viruses” (21%). At the species 

level, 31,812 (68%) of the 46,904 Siphoviridae-matching reads mapped specifically to 

bacteriophages of Lactobacillus spp. 

Tritrichomonas protozoan 

Intestinal flagellated protozoa named “Trichomonas muris” or “Tritrichomonas muris” had previously 

been identified in wild P. leucopus and P. maniculatus (170). While laboratory mice are typically free 
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of intestinal protozoa, (171) the anaerobic Tritrichomonas muris has been reported in some 

populations of colony M. musculus (172). To further investigate the protozoa that were provisionally 

identified as “Trichomondidae” at the family level in the metagenome analysis, we euthanized 14 

healthy adult animals (6 females and 8 males) and examined fresh cecal contents by phase 

microscopy. Six of the LL stock animals had been born at the PGSC facility, and 8 had been born at 

U.C. Irvine. 

In each of the 14 animals examined there were numerous motile flagellates consistent in morphology 

with T. muris in their ceca (173). These were each at a cell density of ~106 per milliliter of 

unconcentrated cecal fluid (figure 11). The entire ceca and their contents from two adult females and 

two adult males were subjected to DNA extraction, library preparation from the DNA, sequencing, 

and de novo assembly of contigs. 

 
Figure 11 Photomicrograph of live Tritrichomonas flagellated protozoan  
Photomicrograph of live Tritrichomonas flagellated protozoan in the cecal fluid of P. leucopus LL 
stock. Four organisms against the background of intestinal bacteria were visualized in the wet mount 
by differential interference microscopy. Bar, 10 μm. 

Figure 12 shows phylograms of nucleotide sequence of the small subunit (SSU) ribosomal RNA gene 

and of the partial amino acid sequence of the iron hydrogenase of the hydrogenosome of anaerobic 

protozoa (174). The SSU of isolate LL5 indicates that it is probably synonymous with Tritrichomonas 

muris, for which only a SSU sequence was available. The sequence of the iron hydrogenase further 

supported placement in the genus Tritrichomonas. Histomonas melagridis, a sister taxon by this 

analysis, is recognized as a pathogen of poultry. Another sequence of the LL5 organism encodes a 
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type B DNA polymerase (Table 2), which likewise matched closely with an ortholog in 

the Tritrichomonas foetus genome sequence. T. foetus is a sexually-transmitted pathogen of cattle 

(175) and a cause of chronic diarrhea in domestic cats (176). 

 
Figure 12 Neighbor-joining distance phylograms of Tritrichomonas sp.  
Neighbor-joining distance phylograms of nucleotide (panel A) or amino acid (panel B) partial 
sequences of small subunit ribosomal RNA gene (rDNA) (panel A) and iron hydrogenase protein 
(panel B) of Tritrichomonas sp. LL5 of P. leucopus and selected other parabasilids and other 
microbes. The distance criteria were observed differences for nucleotide alignment and Poisson for 
amino acid alignment. The scales for distance are shown in each panel. Percent bootstrap (100 
iterations) support values of ≥ 80% at a node are shown. 

Whether the T. muris is a commensal shared across natural populations of Peromyscus or a parasite 

acquired from another rodent during the colony’s history in a vivarium remains to be determined. As 

related below, there is sequence evidence of the same or related organism in several wild animals. 

Whatever the case, these organisms may have an effect on immune responses of P. leucopus, as 

has been reported for T. muris in M. musculus (177), (178), (179), and their presence needs to be 
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taken into account in interpreting experimental results in the laboratory and in applications for field 

interventions. 

Comparative study of GI microbiota of P. leucopus and M. musculus 

The preceding study revealed several microbes that were either undescribed species or genera, e.g. 

“L. peromysci” or the Candidatus Melainabacteria bacterium, or new strains of known microbial 

species, e.g. L. animalis LL1 and T. muris LL4. These novelties notwithstanding, to what extent did 

the gut microbiota of this deermouse resemble that of the typical laboratory animal, a house mouse 

that was maintained under similar husbandry conditions, including diet? That question motivated 

the following experiment. 

Fecal pellet samples from 20 adult P. leucopus (10 females and 10 males) and 20 adult 

BALB/c M. musculus (10 females and 10 males) were obtained and stored frozen at -80 °C until 

processing. All animals were approximately 10 weeks old. The animals were housed in the same 

vivarium facility, though in different rooms. The pellets were subjected to total DNA extractions, and 

paired-end Illumina sequencing with 250 cycles of indexed libraries were carried out. There were 

means (95% CI) of 3.4 (3.1–3.7) x 106 post-quality control reads for P. leucopus samples and 3.4 (3.2–

3.6) x 106 for M. musculus samples. 

The reproducibility between replicate library constructions from the same sample was assessed with 

quantitations of reads assigned by taxonomic family for specimens from seven P. leucopus among 

the 20 total. Pairwise coefficients of determination (R2) for the 91 possible combinations were 

calculated. The mean (95% CI) of R2 values were 0.999 (0.999–1.0) for the 7 pairs of replicates and 

0.930 (0.915–0.944) for the 84 non-replicate pairs. We concluded that most of the variation between 

samples was attributable to inter-specimen differences in the microbiota and not to technical issues 

in library preparation or sequencing. 



 41 

The prevalences of different taxonomic families in the P. leucopus and M. musculus gut 

metagenomes were similar (left panel of figure 13). But a few families stood out as either more or less 

common in the deermice. Notable among these were Lactobacillaceae, Helicobacteriaceae, 

and Spirochaetaceae, which were approximately 4x, 8x, and 2x, respectively, more prevalent on 

average among microbiota of P. leucopus than in M. musculus. There was no evidence 

of Tritrichomonas sp. in the BALB/c mice by this analysis, but direct examination of intestinal 

contents was not carried out. 

 
Figure 13 Scatter plots of P. leucopus and M. musculus metagenomes and gene functions  
Scatter plots of log-transformed normalized reads of the gut metagenomes of 20 P. leucopus on the 
gut metagenomes of 20 M. musculus by bacterial families (left panel) or by function at the pathway 
level (right panel).The linear regression lines, their 95% confidence intervals, and coefficients of 
determination (R2) are shown. Selected families that are comparatively more or less prevalent 
in P. leucopus are indicated. 

At the level of 86 operational KEGG pathways, the metagenomes of P. leucopus and M. musculus 

were nearly indistinguishable (right panel of figure 13). But, as shown in the heat map of figure 14, at 

the homologous gene level there were many differences between these two species and also 

between females and males within each species. Hierarchical clusters 2 and 4 of the analysis 
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discriminated between mice and deermice regardless of sex, while clusters 1 and 3 signified marked 

differences by sex and less so by species. 

 
Figure 14 Heat map-formatted shading matrix of KEGG orthology gene level annotations of gut 
metagenomes of P. leucopus and M. musculus.  
Heat map-formatted shading matrix of KEGG orthology gene level annotations of gut metagenomes 
of P. leucopus and M. musculus. The annotations were generated by MicrobiomeAnalyst 
(https://www.microbiomeanalyst.ca). Columns are grouped by species and by sex within each 
species. Individual animal identifications are given on the x-axis below the heat map. Above the heat 
map are the log-transformed reads mapping to the genus Lactobacillus for each animal’s fecal 
sample. Clustering of rows of genes were by Pearson correlation coefficient. Four major clusters are 
labeled 1–4 on the y-axis. Scaling is by relative abundances from low (blue) to high (red). 

As one example of differences between species, there was higher representation of genes of the 

mevalonate pathway in the gut metagenomes of P. leucopus. Beginning with acetyl-CoA and ending 

with isopentenyl pyrophosphate, the central intermediate in the biosynthesis of isoprenoids in all 
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organisms (180), the coding sequences for the following ordered enzymes (with Enzyme Commission 

[EC] number) in the pathway were comparatively higher in frequency: acetyl-CoA C-

acetyltransferase (EC:2.3.1.9), hydroxymethylglutaryl-CoA synthase (EC:2.3.3.10), 

hydroxymethylglutaryl-CoA reductase (EC:1.1.1.88), mevalonate kinase (EC:2.7.1.36), 

phosphomevalonate kinase (EC:2.7.4.2), and diphosphomevalonate decarboxylase (EC:4.1.1.33). 

We further investigated specific differences between P. leucopus and M. musculus and between 

individual animals of each species in Lactobacillus spp. (181). This was achieved by mapping reads 

to references of the chromosome sequences of the four species that had been isolated from the 

feces of LL stock P. leucopus. The caveat is that the lactobacilli in the mice would not be expected 

to be identical to the deermouse strains used as references. Figure 15 shows box plots 

for Peromyscus on the left and for Mus on the right. Included in the analysis of P. leucopus gut 

metagenome reads were selected other bacteria that had been frequently identified among the 

metagenomic contigs and then further characterized by partial genome sequencing (see above).  

 
Figure 15  Box-whisker plots of gut metagenomes of P. leucopus and M. musculus that mapped to 
chromosomes of bacterial species 
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Box-whisker plots of log-transformed normalized reads of gut metagenomes of P. leucopus (left 
panel) and M. musculus (right panel) that mapped to chromosomes of Lactobacillus spp. or other 
bacteria by host species and grouped by sex. The references to which reads were mapped were 
complete chromosomes or partial chromosomes of organisms listed in Table 2. “Lactobacillus” in 
the first position of each panel were the cumulative reads for the four 
individual Lactobacillus species in this analysis. 

All four species of the lactobacilli were represented in each of the 20 P. leucopus metagenomes. “L. 

peromysci” and L. reuteri tended to be the most common and consistently represented, 

while L. johnsonii and L. animalis varied more in prevalences between animals. Other bacteria were 

also identified in the samples of all or most of the individual animals. The Spirochaetaceae bacterium 

was ~10-fold less abundant than the cumulative Lactobacillus spp. in the P. leucopus samples. 

The mean number of lactobacilli in aggregate were ~2-fold more prevalent in P. leucopus females 

than males of the species (t-test p = 0.03). In M. musculus this sex difference for Lactobacillus was 

more pronounced; on average ~100-fold more reads from female mice mapped to Lactobacillus 

genomes than was found for male mice (t-test p < 0.001). The differences in amounts of fecal 

lactobacilli in the sample plausibly account for cluster 3 of the heatmap of figure 

14.  L. johnsonii largely accounted for these differences between sexes in M. musculus; nearly all of 

the reads mapping to the Lactobacillus genus as a whole were mapping to the L. johnsonii genome. 

The three other species identified in P. leucopus were either not present or in much lower numbers 

in this sampling of M. musculus. Strains of L. johnsonii have been commonly detected in feces of 

laboratory mice (182). 

A limitation to the study was that the LL stock animals were outbred, and the BALB/c mice were 

inbred. An inbred lineage derived from the LL stock population was not available. On the other hand, 

this distinction provided a comparison of microbiome diversities between an outbred and inbred 

population. As expected, there was greater alpha diversity among the outbred samples than the 

inbred (figure 16). Another limitation was the dependence on fecal pellets collected at one time 
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point. The samples were from similar age P. leucopus and M. musculus and were obtained from the 

animals and then processed on the same day, but for this study we did not assess variation within 

individuals over time. The gut microbiomes of the mothers of these animals were uncharacterized, 

so we could not evaluate maternal effects in this study. 

 
Figure 16. Alpha and beta diversity of gut metagenomes of P. leucopus  
Alpha diversity (left) and beta diversity (right) of gut metagenomes of outbred Peromyscus 
leucopus (green), a natural population of P. leucopus (blue), and inbred M. musculus (red). Left 
panel, box-whisker plots of Shannon index of alpha diversity for 20 BALB/c M. musculus, 20 LL stock 
colony P. leucopus, and 18 P. leucopus trapped on Block Island, RI. The 3 pairwise, 2-tailed t-
test p values between the groups were ≤ 0.02. Right panel, beta diversity by Bray-Curtis measure 
visualized by multi-dimensional scaling (MDS). A fuller description of the samples from the natural 
population from Block Island is provided below. The greater dispersion of values among these 
animals in panel B corresponded to the greater alpha diversity of this group (panel A). 

Lactobacilli of the stomach of P. leucopus 

The differences between P. leucopus and M. musculus in the amount and species richness of the 

lactobacilli in their GI microbiota prompted further investigation of P. leucopus using histologic, 

microbiologic and genomic approaches. Figure 17 shows the gross morphology and histology of the 

stomach of representative LL stock P. leucopus animals (183). The difference between forestomach 

with its stratified squamous epithelium and the discrete region lined with glandular mucosa are 

indicated in the dissecting scope and higher magnification light microscope views. 
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Figure 17 Gross morphology and histology of the stomach of P. leucopus LL stock. 
The glandular mucosa portions of the stomach and the forestomach with stratified squamous 
epithelium are indicated. Panel A, whole stomach after dissection. Portions of the esophagus and 
small intestine are juxtaposed in the center in this view. Bar, 1 cm. Panel B, histology of hematoxylin 
and eosin-stained section of junction of glandular and squamous epithelium parts. Bar, 100 μm. 
Panels C and D, Gram stain (C) and Wright-Giemsa stain (D) of sections of squamous epithelium. 
Bar, 100 μm. Red arrowheads indicate gram-positive bacteria in a biofilm. 

Staining of the sections of the fixed gastric tissue with Gram stain or Giemsa stain show a thick layer 

of gram-positive bacteria on the non-secretory epithelium portion of the stomach. This is similar to 

Savage et al. noted in the forestomachs of M. musculus (184). The appearance is also consistent 

with the Lactobacillus biofilm that was described by Wesney et al. (185) 

Two of the species, “L. peromysci” and L. animalis, could reliably be distinguished by their distinctive 

colony morphologies from the isolated strains of L. reuteri and L. johnsonii, which had colonies of 

similar appearance (figure 18). The rough-surfaced, ropy colonies of “L. peromysci” and the compact 

smooth colonies of L. animalis were similar to what Dubos and colleagues described in their study 

of lactobacilli of the mouse stomach and gut (186). 
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Figure 18  Colonies and cells of lactobacilli of the P. leucopus stomach and gut. 
Panelshow representative sizes and morphologies of colonies of “L. peromysci”, L. animalis, and the 
less distinguishable L. reuteri and L. johnsonii. Bars, 1 mm. Panels D and E show magnified view of 
colonies of “L. peromysci” and L. animalis (D) and that of L. reuteri and L. johnsonii (E). Bar, 100 μm. 
Panel F, phase microscopy of wet mount of unconcentrated broth culture of “L. peromysci”. Bar, 10 
μm. 

We next used a different set of 20 animals of the LL stock, 6 (2 females and 4 males) of which were 

born at the PGSC facility and 14 (7 females and 7 males) of which were born at U.C. Irvine. All animals 

were housed at U.C. Irvine for at least 26 weeks before euthanasia, dissection, and cultivation of the 

stomach tissue and contents. 

Mean (95% CI) colony forming units of lactobacilli per gram of stomach tissue on selective medium 

plates were ten-fold higher in females at 7.4 (1.1–47.4) x 109 than in males at 0.76 (0.40–1.4) x 109 (t-

test p = 0.02 for log-transformed values) (Table 4). There was no discernible association with place of 

birth, and there was no difference between females and males in the proportions of the lactobacilli 

were identified as “L. peromysci”, L. animalis, and L. reuteri/L. johnsonii. For five animals, whose 

lactobacilli were subjected to 16S ribosomal RNA gene PCR and sequencing for confirmation, 

the L. reuteri/L. johnsonii-type colonies were predominantly L. reuteri. But L. johnsonii was 
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confirmed to be present as well and outnumbered L. reuteri in one animal. The results for 3 animals 

that had been on a 9% fat content diet, which was part of the breeding program, instead of 6% fat 

content were not distinguishable from those for the other 17. 

Table 4 Colony forming units of Lactobacillus spp. in P. leucopus stomach 

 
A separate group of 9 adult LL stock P. leucopus (5 females and 4 males) were euthanized after 

withholding food overnight, and the freshly-excised stomachs were subjected to DNA extraction 

without prior washing of the stomach. A mean (95% CI) of 477,688 (408,988–546,388) PE250 Illumina 

reads were obtained for the 9 samples. These were mapped to the four Lactobacillus genomes as 

references, as described above, as well as to partial chromosomes for Prevotella sp. LL70 

and Helicobacter sp. LL4 (Table 2). For an estimate of the number of mammalian nuclei represented 

in the stomach extract the P. leucopus genome (accession NMRJ00000000.1) served as the 

reference. Figure 19 shows the distributions of normalized reads mapping to the references as well 

as to the P. leucopus genome and cumulatively to all Lactobacillus spp. Females and males in this 

sample were indistinguishable by group by these measures. For this group of animals and this 
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analysis, we confirmed the high prevalence of “L. peromysci” in the stomach as well as the 

comparatively greater representation of L. reuteri over L. johnsonii. In this sample L. animalis was 

more variable in numbers between animals. As further evidence that the Helicobacter sp. was of the 

enterohepatic type, it was near undetectable in the stomach extract, while a typically abundnant 

genus in the intestine, Prevotella, was present in small numbers in some samples. The lactobacilli in 

the stomach were about as numerous as the stomach tissue cells constituting the sample. 

 
Figure 19 Box-whisker plots of total metagenomes of the stomachs of 9 P. leucopus  
Box-whisker plots of log-transformed normalized reads of total metagenomes of the stomachs of 
9 P. leucopus that mapped to chromosomes of Lactobacillus spp. or other bacteria by host species 
and by sex.The references to which reads were mapped were complete chromosomes or partial 
chromosomes of organisms listed in Table 2. “Lactobacillus” in the first position of each panel were 
the cumulative reads for the four individual Lactobacillus species in this analysis. The number of cell 
“nuclei” present in the stomach tissue and DNA extract were estimated by mapping reads to the 
whole genome of P. leucopus as described in the text 

A strain of L. reuteri was shown to be the source of biofilm in the GI tract of mice in one study (187), 

and L. murinus, the sister taxa of L. animalis (figure 9), accounted for the biofilm in another study of 

the upper GI tract of M. musculus (188). L. johnsonii has also been demonstrated to produce an 
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exopolysaccharide biofilm (189). In a study of germ-free mice in which bacteria were experimentally 

introduced, L. taiwanensis, which is in the same cluster as L. johnsonii and L. gasseri (181), formed 

a mixed-species biofilm with L. reuteri (190). 

One limitation of this experiment is that we may have overlooked species that were not identified 

because they were not cultivable by our method and conditions, which were microaerophilic, not 

strictly anaerobic. That said, if cells of such non-cultivable lactobacilli had been present in the feces 

or stomach, their numbers did not reach a threshold for assembly into contigs of the de novo 

assembly of the high coverage sequencing and then detection. 

Gut metagenomes of a natural population 

The foregoing studies were of animals born and reared under controlled conditions, including the 

same diet and environmental parameters for all individuals in the group. Infectious diseases and 

predators were not a variable. The LL stock P. leucopus were outbred but the effective population 

size was small compared to a wild population (5). Which of our findings would hold for animals 

sampled in their native habitats? 

This particular study of a natural population had two specific purposes. The first was to assess the 

species richness or alpha diversity of microbiota within a given animal and differences in species 

composition or beta diversity between animals. The second objective’s question of whether any of 

the Lactobacillus species we identified in the stock colony were present in natural populations. For 

this survey we used fecal pellets from P. leucopus that were individually captured and then released 

on Block Island, several miles off-shore from the North American mainland. At time of capture the 

animals were identified as to species, sex, and stage of maturity. 

We analyzed the data from fecal pellets of 18 different animals (10 females and 8 males), the majority 

of which were adults, collected from P. leucopus captured at different locations on Block Island. As 

expected, there was greater variation between individual animals than was observed with the stock 
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colony animals maintained under same conditions. Figure 16 compares the alpha diversity by 

Shannon index and beta diversity by Bray-Curtis dissimilarity of the inbred BALB/c M. musculus, 

outbred LL stock P. leucopus, and the natural population of P. leucopus of Block Island. 

By algorithmic assignment of reads to taxonomic family, Lactobacillaceae was one of the most 

prevalent bacteria with a mean of ~5% of reads, but this was over a range of 0.3% to 20%. As was the 

case for the stock colony P. leucopus, the frequency of Helicobacteraceae varied more widely 

between sampled animals than for comparably-prevalent taxa: a mean of ~1% but over a range of 

0.03% to 12%. The frequency of a parabasalid protist in the metagenomes, by the criterion of reads 

matching to Trichomonadidae, was similar to what we observed in the metagenome of the stock 

colony P. leucopus: the mean was 0.11% with a range of 0.02 to 0.62%. This was an indication that 

the T. muris was autochthonous in P. leucopus, but we did not have direct observation of the 

protozoa to confirm that. 

In descending order the two most prevalent DNA viruses in the samples, with the exception of one 

animal, were bacteriophages of the families Siphoviridae and Myoviridae. These were the two virus 

families that were also most prevalent in the feces of the stock colony animals. In the sample from 

the exceptional animal, the two most prevalent virus types were the genus Dependovirus, a group of 

DNA viruses dependent on another virus in the cell for replication, and the genus Mastadenovirus, 

an adenovirus that can provide that function. Other than the adenovirus in the one sample, there 

were no discernible representatives of herpesviruses, poxviruses, or parvoviruses, groups of DNA 

viruses which include pathogens for mammals. The methods used would not have identified RNA 

viruses other than retroviruses. 

Using the chromosome sequences of the four Lactobacillus species and partial chromosome 

sequences of Spirochaetaceae bacterium LL50, Prevotella sp. LL70, and Helicobacter sp. LL4 as 

references, we mapped and counted reads, as described for the LL stock and M. musculus study 
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above. Figure 20 summarizes results for the 18 animals grouped by sex. Lactobacilli were common 

but, as seen with family level matching, there was greater variation between samples of the different 

animals than was observed for colony animals. There was also substantial variation in prevalences 

of the Spirochaetaceae bacterium and the Prevotella species. In most of the samples there was 

scant evidence of the Helicobacter species but in two animals, there were higher numbers of this 

organism, reaching 7% of the total reads in one fecal sample. 

 
Figure 20 Box plots of fecal metagenomes of P. leucopus of a natural population 
Box-whisker plots of log-transformed normalized reads of fecal metagenomes of 5 female (red) and 
4 male (blue) P. leucopus of a natural population of Block Island, Rhode Island. The reference 
genomes and other sequences were those described for Figure 19 and in addition the partial 
chromosome sequence of Spirochaetaceae sp. LL50. As an estimate of the number of mammalian 
cells in the extract, “nuclei” corresponded with normalized reads mapped to P. leucopus genome. 
Points at a greater distance from the median than 1.5 times the interquartile range are plotted as 
asterisks. 



 53 

Among the lactobacilli used as references for this analysis, the two most prevalent species were “L. 

peromysci” and L. animalis. L. reuteri overall was about 10-fold lower in frequency, 

and L. johnsonii was about a hundred-fold lower in frequency. It is likely that reads called 

as L. johnsonii were the result of complete or partial matching to chromosomal loci that were highly 

conserved across the genus. Unlike the stock colony P. leucopus and the M. musculus, in this 

sampling of the Block Island population the samples from female animals had marginally lower 

representation of lactobacilli in the fecal samples than males. 

To better characterize the two predominant Lactobacillus species in this set, we assembled contigs 

of reads mapping to “L. peromysci” or L. animalis from a higher coverage sequencing of the DNA of 

one of the Block Island samples. This yielded 51 of the 53 genes for ribosomal protein genes for a 

strain of L animalis, which was designated 7442BI, and several core or housekeeping genes for the 

“L. peromysci”-like organism, which was designated BI7442 (Table 2). Figure 21 shows phylograms 

of DNA sequences for these and related Lactobacillus species or strains. The concatenated 

sequence of the BI7442 isolate was 99.2% identical over the 11,252 nt aligned with the 

corresponding sequences of the LL6 isolate of “L. peromysci”. Isolate 7442BI was comparatively 

more distant from the LL1 isolate of L. animalis in the stock colony but still clustered with it rather 

than with other examples of L. animalis. 

The sample size was limited, and we did not attempt culture isolations from the pellets. But the 

source of samples from P. leucopus was notable for its location on an island where B. burgdorferi is 

enzootic (191) and the risk of infection for residents and visitors is high (192). If there were to be future 

interventions targeting P. leucopus to interrupt disease transmission, Block Island would likely be a 

candidate site for this application. 
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Figure 21 Distance phylograms Lactobacillus spp. of P. leucopus of a natural population 
Distance phylograms of concatenated codon-aligned nucleotide sequences of 
two Lactobacillus spp. of P. leucopus of Block Island, Rhode Island. Panel A, 10,152 positions 
of ftsK, ftsZ, dnaA, dnaN, ileS, and topA of “L. peromysci” LL6 and BI7442 and two 
other Lactobacillus species. Panel B, 18,552 positions of 51 of 53 ribosomal protein genes of 
six L. animalis strains, including LL1 and 7442BI. The distance criteria were Jukes-Cantor. The scales 
for distance are shown in each panel. Percent bootstrap (100 iterations) support values of ≥ 80% at 
a node are shown. 

This survey also documented that a strain or strains of “L. peromysci” and L. animalis are present in 

the native deermice. The high degree of sequence identity between two “L. peromysci” examples, 

whose origins were North Carolina and a New England island, long separated from the mainland, 

suggest that this newly-discovered species is autochthonous and plausibly a narrowly host-

restricted symbiont of P. leucopus. Host-range restrictions of lactobacilli for the stomachs of mice 

were demonstrated by Wesney and Tannock (185). Supporting an assignment of a symbiont lifestyle 

was its smaller genome size and lower % GC content of this species in comparison 

with L. reuteri and L. johnsonii with their broader host ranges (193). 
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Description of Lactobacillus peromysci sp. nov., isolated from the gastrointestinal tract of P. 

leucopus, the white-footed deermouse  

Microbiome sequencing showed an abundance of Lactobacillus peromysci sp. nov (Lp) in P. 

leucopus fecal samples in the colony and in the wild. We isolated the same bacteria from the 

stomach and the intestines of P. leucopus. Histology shows the presence of biofilm in the stomach 

with gram-positive bacteria.  

Since 2020, Lactobacillus has been reclassified into 25 genera (194) according to genetic, ecological, 

and metabolic properties. Before 2020, describing new genera in the Lactobacillaceae family was 

more difficult since the genus Lactobacillus was fragmented. Since the new classification was 

introduced, 37 new species have been described and classified at the genus level by 16S rRNA gene 

sequence analysis (195). Since then, the genus has been smaller and is now defined as Gram-

positive, thermophilic, non-spore-forming rods. Species within the genus are generally host-adapted 

to a vertebrate host and usually in a commensal relationship with other Lactobacilli organisms like 

Limolactobacillus reuteri (classified as Lactobacillus reuteri before 2020), mainly due to their role in 

the formation of biofilms (196).  

Lactobacilli are considered safe for humans, animals, and the environment and are health-

promoting (197), hence their use as probiotics and in food industry fermentations. General moieties 

of probiotics are survival in vivo until reaching the gut, metabolizing diverse dietary ingredients, 

adhering to epithelium as a biofilm, and maintaining their numbers in vivo. Some of the direct 

benefits for the host are alterations of innate immunity and inflammation and exclusion of pathogens 

(198). 

Genome assembly and annotation 

The strain LL6 was isolated from stomach contents of healthy male and female P. leucopus on 

Rogosa SL agar with distinguishing colony morphologies. We selected distinct colonies on Rogosa 
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selective media for lactobacilli under microaerophilic conditions. Single colonies isolated from each 

animal's stomach were cultivated and maintained in Difco MRS broth and were supplemented with 

10% (v/v) dimethyl sulfoxide (DMSO) at −80 °C for long-term storage. 

DNA was extracted from MRS broth, and their 16S ribosomal RNA was amplified using PCR and 

custom primers specific to the Lactobacillus genus. Next, we sequenced DNA using an Oxford 

Nanopore Technology MinION and PE 150 short reads obtained on a MiSeq sequencer. We carried 

out hybrid assembly with Unicycler (199). Sequencing obtained 2.73 x 106 ONT reads with 2,601 x 

coverage on MinION and 278X coverage on Illumina platform. Assembly produced two circular 

contigs of 1.75 Mb and 0.32 Mb, chromosome and plasmid, respectively. We used the NCBI 

Prokaryotic Genome Annotation Pipeline for genome annotation (200). Genome size is 2,067,236 bp 

and plasmid 6,969 with 33.5% and 36.4% G+C, respectively (Table 5). Out of ~2000 genes, 1851 are 

protein-coding (Table 6).  

Table 5  Lactobacillus peromysci sp. nov. assembly statistics 
Assembly statistics 
Genome size 2.1 Mb 
Total ungapped length 2.1 Mb 
Number of chromosomes 1 
Number of scaffolds 3 
Scaffold N50 1.8 Mb 
Scaffold L50 1 
Number of contigs 3 
Contig N50 1.8 Mb 
Contig L50 1 
GC percent 33.5 
Genome coverage 120.0x 
Assembly level Scaffold 

 
Isolated Lp full-length 16S rRNA blasted on NCBI shows 100% coverage and 96.69% nucleotide 

identity with Lactobacillus intestinalis strain DSM 6629 and 95.6% identity with Lactobacillus 

amylolyticus (figure 21). L. intestinalis strain DSM 6629 was isolated from rat intestines. Besides rats, 
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L. intestinalis is isolated from mice and pigs. In silico genome-to-genome distance comparison 

(http://ggdc.dsmz.de/distcalc2.php) with Lactobacillus intestinalis strain DSM 6629 shows no 

probability of them belonging to the same species under recommended formula 2 probability that 

distances and digital DNA:DNA hybridization (dDDH) is more than 70% (i.e., same species) is 0% via 

logistic regression (201).  

Table 6 Genome characteristics of Lactobacillus peromysci sp. nov. 
Annotation details genome assembly ASM757093v1 
  RefSeq GenBank 
Provider NCBI RefSeq NCBI 
Date 8/4/23 19/7/19 
Genes 1,958 1,951 
Protein-coding 1,851 1,833 
Software version 6.5 4.8 

Coding sequences for the core genome genes recA, rpoB, gyrA, and rplB were no more than 83%, 

87%, 81%, and 94%, respectively, with any other Lactobacillus sp (139). Based on standards for the 

description of new cultivable strains that represent novel genera, these distances suggest that Lp 

represents a previously unknown taxon, provisionally designated Lactobacillus peromysci sp. nov. 

NCBI, genome assembly identification is ASM757093v1, NCBI RefSeq assembly GCF_007570935.1. 

The full lineage of Lp is cellular organisms; Bacteria; Terrabacteria group; Bacillota; Bacilli; 

Lactobacillales; Lactobacillaceae; Lactobacillus; unclassified Lactobacillus. 
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Figure 22 Distance phylogram with observed differences and 100 bootstrap replicates. 

The phylogram shows evidence of Lactobacillus peromysci sp. nov., as a novel species. L. 
intestinalis and L. hamsteri are isolated from rats and hamsters GIT. Limosilactobacillus reuteri is 
the outgroup.  L. kalixensis is a Lactobacillus isolated from the human intestine.  

Lp is similar in chromosome size to the other two bacteria isolated from the stomach of P. leucopus 

from the same Lactobacillaceae family- Limolactobacillus reuteri strain LL7 and Ligilactobacillus 

animalis strain LL1 (classified as Lactobacillus animalis before 2020). However, compared to the 

other two lactobacilli isolated from the stomach of P. leucopus, Lp has a smaller plasmid and G+C% 

content (Table 6). Lower G+C% content might indicate that Lp is well adapted to the nutrient-rich 

environment in the stomach epithelium, especially since we detected the same species in the closed 

colony animals captured near Linville, NC, who have been living in captivity for over 40 years, as well 

as the natural population of P. leucopus on a Block Island, RI natural preserve (202).  
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Table 7 Comparison of genomes of three different species from Lactobacillaceae family species 
found in the stomach of P. leucopus  

 

Lp has a total of 1,851/1,958 coding genes out of the total genes. Of those, 5 are 5S rRNA, 16S rRNA, 

and 23S rRNA each, 65 tRNA, 3 noncoding RNAs, and 35 are pseudo genes. We visualized the 

genome using the Proksee tool (203) (Figures 22 and 23). Thiamine biosynthesis pathways, type1 

CRISPR-Cas arrays, and nitroreductase were annotated on the chromosome.  

We further focused on comparing Lp and two other lactobacillus species isolated from the gut of two 

rodents – rats and hamsters L. intestinalis and L. hamsteri, respectively (figure 22). L intestinalis 

strain DSM 6629 is closely related to Lactobacillus hamsteri DSM 5661 (149). L. intestinalis has 

multiple CRISPR-Cas systems – system I and unidentified, while L. hamsteri is also characterized by 

CRISPR-Cas system I (149). L. peromysci sp. nov. is also characterized by CRISPR-Cas system I. 

Higher G+C% content islands correlate with ribosomal rRNA on a chromosome, pointing out 

transcription-rich areas of the genome. Lp has the lowest G+C% content than the other two species 

isolated from rodents (Table 8) (204) 

Assembly comparison across species found in the stomach 

Species Strain 
Size bp G+C% Accession number 

Chromosome Plasmid Chromosome  Plasmid Chromosome  Plasmid 

Ligilactobacillus 
animalis 

LL1 2,280,577 4,016 41 37.1 CP039849  MK858222  

Limolactobacillus 
reuteri 

LL7 2,205,740 178,977 38.9 38.1 CP041676  CP041677  

Lp LL6 2,067,236 6,969 33.5 36.4 

VLLR01000001 (contig 1),  

VLLR01000003  

VLLR01000002 (contig 1)  

https://www.ncbi.nlm.nih.gov/nuccore/CP039849
https://www.ncbi.nlm.nih.gov/nuccore/MK858222
https://www.ncbi.nlm.nih.gov/nuccore/CP041676
https://www.ncbi.nlm.nih.gov/nuccore/CP041677
https://www.ncbi.nlm.nih.gov/nuccore/VLLR01000001
https://www.ncbi.nlm.nih.gov/nuccore/VLLR01000003
https://www.ncbi.nlm.nih.gov/nuccore/VLLR01000002


 60 

 

Figure 23 Annotation details of genome characteristics of Lactobacillus peromysci sp. nov. genome 
assembly  
Annotation of a circular chromosome of Lactobacillus peromysci sp. nov. includes the Crisper-Cas 
cluster (purple) and ribosomal rRNA (red); the rest of the annotated genes are in blue. Inner circle 
shows G+C content. 
 

 

Figure 24 Annotation details of plasmid characteristics of Lactobacillus peromysci sp. nov. 
Annotation of a circular plasmid of Lactobacillus peromysci sp. nov. includes 4 hypothetical genes. 
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Phenotypic criteria 

Next, we characterized isolated lactobacilli propagated on Rogosa SL agar and MRS agar plates for 

appearance, metabolism using API 50 CH Strips, urease activity, and antibiotic susceptibility. The 

colony morphology of Lp is circular and flat; based on the margin, it is undulate to the rhizoid and 1-

2 mm in diameter. They are rough-surfaced, ropy colonies. Cells are Gram-positive rods that chain 

when dividing in one plane (figure 18, panels A and F). They appear as singles, pairs, or chains. Lp as 

a single isolate deposited in one American (ATCC) and one European (DSMZ) database with 

accession numbers TSD-309 and DSM 115093, respectively. 

Lp is nonmotile and nonspore-forming. It grows on Rogosa solid media or MRS media. In MRS media, 

it reaches the log phase in 12 hours. It is a microaerophilic organism and successfully grows on 

Rogosa at pH 5.4. Urease activity in the media was not detected when tested with Escherichia coli 

and Proteus bacterium as controls. The catalase gene is not annotated in the genome.  

Sugar metabolism 

We analyzed the metabolism of L. peromysci sp. nov.  compared to L. reuteri, both isolated from the 

stomach of P. leucopus, and read the results at the 24 h and 48 h mark. Lp metabolized 18 different 

carbon sources and L. reuteri 10 with 8 overlappings (L-arabinose, ribose, galactose, D-glucose, 

maltose, lactose, saccharose, and D-raffinose). Results are represented in Table 9. The isolate with 

the closest sugar metabolism matching Lp on The Bacterial Diversity Metadatabase BacDive 

(https://bacdive.dsmz.de) database for standardized bacterial phenotypic information is 

Lactiplantibacillus plantarum CCUG 43738. It is isolated from the human gut with 22 overall carbon 

sources, out of which 18 are identical to Lp (D-arabitol, D-turanose, melizitose and melibiose) (205). 

L. plantarum is widely prescribed as a probiotic and used in fermented food, like kimchi and dosa 

batter (206). L. peromysci sp. nov. could be another helpful probiotic used in the food industry and 

fermentation. 
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L. peromysci sp. nov. is a heterofermentative organism since it metabolizes both pentose and hexose 

sugars. The closest species to L. peromysci sp. nov. based on 16S nucleotide identity – L. intestinalis 

strain DSM 6629 metabolize glucose, mannose, fructose, galactose, sucrose, and mannitol but not 

trehalose. L. hamsteri and Lp metabolize glucose, cellobiose, sucrose, mannitol, raffinose, and 

ribose, producing dl-lactic acid. In contrast, they do not metabolize melizitose (194).  

Comparison in metabolism between three species of lactobacilli isolated from rodent intestines, 

based on fermentation reactions is presented in table 9 (147), (204).  

Table 8 Comparison between three species of lactobacilli isolated from rodent intestines  

Characteristics 
Species  
Lp L. hamsteri L. intestinalis 

G+C% 33.5 35.1 35.4 
CRISPR-Cas system 
type I I I+ unidentified 
Genome size (Mbp) 2.07 1.84 2.01 
Trehalose + + - 
Arabinose + - - 
Xylose - - - 
Rhamnose - - - 
Melizitose - - NA 
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Table 9 Carbohydrate metabolic test with a semi-quantitative measure 

 

Lp 24h Lp 48h L. reuteri  24h L. reuteri 48h
Control
Glycerol
Erythritol
D-arabinose
L-arabinose + + + +
Ribose + + + +
D-xylose
L-xylose
Adonitol
beta-methyl-xyloside
Galactose + + + +
D-glucose + + + +
D-fructose + +
D-mannose +/- +
L-sorbose
Rhamnose
Dulcitol
Inositol
Mannitol + +
Sorbitol
α-methyl-D-mannoside
α-methyl-D-glucoside
N-acetyl-glucosamine + +
Amygdalin
Arbutin + +
Esculin
Salicin + +
Cellobiose + +
Maltose + + + +
Lactose + + + +
Mellibiose + +
Saccharose + + + +
Trehalose + +
Inulin
Melizitose
D-raffinose +/- + + +
Amidon +/- +
Glycogen
Xylitol
beta-gentobiose +/- +
D-turanose
D-lyxose
D-tagatose
D-fucose
L-fucose
D-arabitol
L-arabitol
Gliconate +/- +
2-ceto-gluconate  
5-ceto-gluconate

Performance of carbohydrate metabolism tests
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Antibiotic resistance 

Lp is resistant to ciprofloxacin and L. reuteri to gentamicin and ciprofloxacin, as shown in Table 10.  

Table 10 Antibiogram for Lactobacillus peromysci sp. nov. and L. reuteri  

 
 
Description of Lactobacillus peromysci sp. nov 

Lactobacillus peromysci /pɛˈrɒmɪscɪ/ (L. gen. n. “Peromyscus” from where the bacterium was 

isolated). Gram positive, nonmotile, non-spore-forming, rods bacterium. Colonies are r, circular 

rough surfaced and flat with 1-2 mm in diameter. They are microaerophilic. Acids are produced 

from amidon, arbutin, L-arabinose, beta-gentobiose, cellobiose, D-fructose, D-glucose, D-mannose, 

D-raffinose, galactose, lactose, maltose, mannitol, N-acetyl-glucosamine, ribose, saccharose, 

salicin, and trehalose. Strain is deposited as Lactobacillus peromysci LL6 (=DSM 115093 T = ATCC 

TSD-309™). G+C content is 33.5 mol%. The annotated genome data was deposited in GenBank under 

the accession number VLLR00000000.1.  

Discussion 

Six decades ago René Dubos (of the epigraph), Russell Schaedler, and their colleagues at what is 

now Rockefeller University reported in a series of ground-breaking papers on the “fecal flora” of mice 

and variations in that microflora between mouse strains (207), (208), (209). They associated 

differences in gastrointestinal flora with growth rates of the mice and the mouse’s susceptibility to 

infection and endotoxin. A featured group of bacteria in their studies were lactobacilli. They showed 

Antibiotic Lp colonies number L. reuteri  colonies number

MH* ampicillin 10µg sensitive sensitive

MH gentamicin 10µg sensitive resistant

MH ciprofloxacin 5 µg resistant resistant

MRS† ampicillin 10µg sensitive sensitive

MRS gentamicin 10µg resistant sensitive

MRS  ciprofloxacin 5 µg resistant resistant

* Mueller Hinton agar  
† De Man–Rogosa–Sharpe agar
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that this group of bacteria were present in large numbers in the feces and that they predominated (up 

to 109 cfu per g of homogenate) in the stomachs of the mice (184), similarly to what we observed 

in P. leucopus. As their studies first intimated, the rodent may plausibly owe as much to the genomes 

of their microbiota as to the nuclei and mitochondria of their somatic cells for either ameliorating or 

exasperating disease (210). 

There are also implications of our findings for development of oral vaccines that target P. leucopus to 

block transmission of pathogens either from tick to the reservoir or from the reservoir to the tick. Two 

of the candidate vehicles for the bait delivery of recombinant vaccine antigens to rodents have 

been E. coli and a Lactobacillus species (145), (211). In neither case were the strains known to be 

adapted for life in P. leucopus. The success rate for achieving a protective response may be 

enhanced by use as the bacterial vehicle microbes that are adapted to P. leucopus. Such organisms 

presumably would more likely than an allochthonous bacterium to stably colonize and then 

proliferate to numbers large enough for the recombinant protein to elicit the sought-after immune 

responses. 

Finally, this exploration and curation of microbes in the gut of the white-footed deermouse concludes 

the third leg of our project on the total genome of representative animals of the species: the nuclear 

genome (5), the mitochondrial genome (6), and now the GI microbiome (212). This provides a 

foundation for testing of hypotheses by selective manipulation of the microbiota, for instance, by 

specifically targeting a certain species with a lytic phage or bacteriocin, to which it is not immune, 

and then evaluating the phenotype of the animal after this “knock-out”. Now that there is an 

annotated P. leucopus genome with millions of SNPs identified (UC Santa Cruz genome 

browser; http://googl/LwHDr5) it also feasible to investigate through forward genetics the host 

determinants of particular bacterial associations and for which there is evidence of variation within 
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a population. An example would be the Helicobacter species that was highly variable in prevalence 

in both the wild animals and the stock colony animals. 

Materials and Methods 

Colony animals 

This study was carried out in strict accordance with the recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National Institutes of Health. At the University of California 

Irvine protocol AUP-18-020 was approved by the Institutional Animal Care and Use Committee 

(IACUC)-approved protocol. Adult outbred P. leucopus of the LL stock were purchased from the 

Peromyscus Genetic Stock Center (PGSC) of the University of South Carolina (213). The closed 

colony of the LL stock was founded with 38 animals captured near Linville, NC in the mid-1980’s. 

Some of the LL stock animals in the study were bred at the University of California Irvine’s animal 

care facility from pairs originating at the PGSC. Adult BALB/cAnNCrl (BALB/c) M. musculus were 

purchased from Charles River. For the species comparison experiment both the PGSC-

bred P. leucopus and M. musculus animals were housed in Techniplast individual ventilated cages 

in vivarium rooms with a 12 hour-12 hours light-dark cycle, an ambient temperature of 22 ± 1 °C, 

stable humidity, and on an ad libitum diet of 2020X Teklad global soy protein-free extruded rodent 

chow with 6% fat content (Envigo, Placentia, CA). Other animals of PGSC origin, including for the 

high-coverage gut metagenome study, were also housed under the same conditions and on the same 

diet. Twenty U.C. Irvine-bred animals were under the housing conditions and on the diet except for 

three (1 female and 2 males) that were on 2019 Teklad global protein extruded rodent chow with 9% 

fat content. Fecal samples were 2–3 pellets (100–150 mg) collected from an individual animal in 

temporary (< 1 h) isolation in a clean cage. The pellets were collected with sterile forceps and pooled 

in a single sterile 1.5 ml microfuge tube on ice. The pellets for DNA extractions were stored frozen at 

-80° C. Pellets intended for cultivation, as described below, were processed as fresh specimens. 
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Before euthanasia with carbon dioxide asphyxiation and cervical dislocation and then dissection of 

the stomach, food but not water was withheld for 12 h for selected animals. P. leucopus studied at 

the PGSC were under IACUC-approved protocol 2349-101211-041917 of the University of South 

Carolina and were euthanized by isoflurane inhalation. 

Field site and animal trapping 

The study was performed under IACUC-approved protocol AC-AAAS6470 of Columbia University 

(191). Block Island, located 23 km from mainland Rhode Island, is part of the Outer Lands 

archipelagic region, which extends from Cape Cod, MA through to Staten Island, NY. Block Island is 

25.2 sq. km, about 40% of which is maintained under natural conditions. The agent of Lyme 

disease Borreliella burgdorferi is enzootic on the island (17). Animals were trapped at three locations: 

1, a nature conservation area (41.15694, -71.58972); 2, private land with woodlots and fields 

(41.16333, -71.56611); and 3, Block Island National Wildlife Refuge (41.21055, -71.57222). Trapping 

was carried out during the May-August period with Sherman live traps (H.B. Sherman Traps, Inc. 

Tallahassee, FL) that were baited with peanut butter, oats, and sunflower seeds. Traps were arranged 

in nine 200 m transects with one trap placed every 10 m for a total of 180 traps at each location. 

Animals were removed from traps, weighed, sexed, and assessed as to age (adult, subadult, or 

juvenile) by pelage. Fecal pellets were collected and kept at -20 °C on site, during shipment and until 

DNA extraction. The species identification of the source of the fecal pellets as P. leucopus was 

confirmed by sequencing of the D-loop of the mitochondrion as described (6). 

Cultivation and enumeration of bacteria 

Lactobacilli were initially isolated and then propagated on Rogosa SL agar plates (Sigma-Aldrich) in 

candle jars at 37° C. Gram-negative bacteria and specifically Escherichia coli were isolated and 

propagated on MacConkey Agar plates (Remel) incubated in ambient air at 37° C. For determinations 

of colony forming units (cfu) homogenates of stomach, cecum, or fecal pellets were suspended and 
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the serially diluted in phosphate-buffer saline, pH 7.4, before plating in 100 μl volumes on solid media 

in 150 mm x 15 mm polystyrene Petri dishes. Colonies were counted manually. Liquid cultures 

of Lactobacillus spp. isolates or E. coli were in Difco Lactobacilli MRS Broth (Becton-Dickinson) or 

LB broth, respectively, and incubated at 37° C on a shaker. Bacteria were harvested by centrifugation 

at 8000 x g for 10 min. Antibiotic susceptibilities were determined by standard disk testing on Mueller-

Hinton Agar (Sigma-Aldrich) plates and ciprofloxacin 5 μg, gentamicin 10 μg, ampicillin 10 μg, and 

sulfamethoxazole 23.75 –trimethoprim 1.25 μg BBL Sensi-Disc antibiotic disks (Becton-Dickinson) 

according the manufacturer instructions. 

API 

API 50 CHL Medium (BIOMERIEUX, Marcy-l'Etoile, France)  was used for the identification of the 

genus Lactobacillus and related genera, which allows the fermentation of the 49 carbohydrates on 

the API 50 CH strip. A suspension is made in the medium with the microorganism to be tested and 

each tube of the strip is then inoculated with the suspension. During incubation, the carbohydrates 

are fermented to acids, which produce a decrease in pH, which is detected by the change in color of 

the indicator. The results make up the biochemical profile that can be used to identify the strain of 

Lactobacillus. We grew colonies on MRS agar and then made a colony suspension with a turbidity 

equivalent to 2 McFarland in the API 50 CHL Medium ampule. Then we used it to inoculate API 50 

CHL and covered the blister with mineral oil, and incubated it anaerobically for 24 h. Read the color 

at the first-time point then read again after 48 h incubation at 37°C. A positive test corresponds to 

acidification revealed by the bromcresol purple indicator contained in the medium changing to 

yellow.  
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Urease 

ID-Urease (Microbiologics, 60045) was used to detect urease activity in bacteria. In the presence of 

urease, the pH of the phenol red indicator changes color from yellow to red. We used Escherichia 

coli and Proteus bacterium as controls.  

Antibiotic resistance 

We used sulfamethoxazole 23.75 µg with trimethoprim 1.5 µg Sensi – Dics (Becton, Dickinson and 

Company BBL, USA) on MH and MRS media. On the same plate, we used ciprofloxacin 5 µg, 

gentamicin 10 µg, and ampicillin 10 µg discs.  

Histology 

After the stomachs were removed from two euthanized P. leucopus LL stock adult females, they 

were opened longitudinally, gently flushed with PBS, and fixed in 10% buffered formalin (Thermo 

Fisher Scientific). Histological and histochemical analysis was performed on paraffin block sections 

of the stomach with Hematoxylin and Eosin, Wright-Giemsa and Gram stains (Abcam, Cambridge, 

UK). 

Microscopy, photography, and video 

Photographs of colonies on plates were taken with a Nikon Df DSLR camera and 60 mm Nikkor AF-S 

Micro lens with illumination by incident light above and reflected light below the plates on an 

Olympus SZ40 dissecting scope. An Olympus BX60 microscope with attached QIClick CCD camera 

and Q-Capture Pro7 software (Teledyne Photometrics, Tucson, AZ) was used for low-magnification 

images of colonies under bright light microscopy and 400X images under phase and differential 

interference microscopy. Histology slides were examined on a Leica DM 2500 microscope equipped 

with a MC120 HD digital camera (Leica Microsystems, Buffalo Grove, IL).  
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DNA extractions 

DNA from fresh and frozen fecal pellets, from tissue of stomach or cecum, and from bacteria 

harvested from broth cultures were extracted with ZymoBIOMICS DNA Miniprep or Microprep kits 

(Zymo Research). Freshly-dissected, unwashed gastric or cecal tissues were first cut into small 

pieces with sterile instruments before homogenization in the lysis buffer in an Omni Bead Ruptor 4 

bead beater (Omni International). DNA concentrations were determined by both NanoDrop 

spectrophotometer and Qubit fluorometer (Thermo Fisher Scientific). 

PCR 

The near-complete 16S ribosomal RNA gene for Lactobacillus spp. was amplified using PCR using 

custom primers specific for the genus Lactobacillus: forward 5’-CCTAATACATGCAAGTCG and 

reverse 5’-GGTTCTCCTACGGCTA. The Platinum Taq polymerase and master mix (ThermoFisher 

Scientific) contained uracil-DNA glycosylase. On a T100 thermal cycler (BioRad) PCR conditions (°C 

for temperature) The conditions were 37° for 10 min, 94° for min, 40 cycles of 94° for 10 s, 55° for 30 

s, and 72° for 45 s. The 1.5 kb PCR product was isolated and purified from agarose gel using the 

NucleoSpin Gel and PCR Clean-up kit (Takara). The product was subjected to Sanger dideoxy 

sequencing at GENEWIZ (San Diego, CA). 

Whole genome sequencing, assembly, and annotation 

Long reads were obtained using an Oxford Nanopore Technology MinION Mk1B instrument with 

Ligation Sequencing Kit, R9.4.1 flow cell, MinKnow v. 19.6.8 for primary data acquisition, and Guppy 

v. 3.2.4 for base calling with default settings. Paired-end short reads were obtained on a MiSeq 

sequencer with paired-end v2 Micro chemistry and 150 cycles (Illumina, San Diego, CA). The library 

was constructed using the NEXTflex Rapid DNA-Seq kit (Bioo Scientific, Austin, TX), the quality of 

sequencing reads was analyzed using FastQC (Babraham Bioinformatics), and reads were trimmed 

of Phred scores <15 and corrected for poor-quality bases using Trimmomatic (214). A hybrid 
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assembly was carried out with Unicycler v.0.4.7 (199) with default settings and 16 threads on the High 

Performance Computing cluster of the University of California Irvine. Assembly of short reads alone 

were performed with the Assembly Cell program of CLC Genomics Workbench v. 11 (Qiagen)  

Annotation was provided by the NCBI Prokaryotic Genome Annotation Pipeline (200). Putative 

bacteriocins and their associated transport and immunity functions were identified by BAGEL4 

(215), (216) . For other analyses paired-end reads were mapped with a length fraction of 0.7 and 

similarity fraction of 0.9 to whole genomes sequences or concatenated large contigs representing 

partial genomes (Table 2). Mapped reads were normalized for length of reference sequence and for 

total reads after quality control and removal of adapters. 

Metagenome sequencing 

The library was constructed using NEXTflex Rapid DNA-Seq kit v2 (Bioo Scientific) and the NEXTflex 

Illumina DNA barcodes after shearing the DNA with a Covaris S220 instrument, end repair and 

adenylation, and clean-up of the reaction mixture with NEXTFLEX Clean Up magnetic beads 

(Beckman Coulter, Brea, CA). The library was quantified by qPCR with the Kapa Sybr Fast Universal 

kit (Kapa Biosystems, Woburn, MA), and the library size was determined by analysis using the 

Bioanalyzer 2100 DNA High Sensitivity Chip (Agilent Technologies). Multiplexed libraries were loaded 

on either an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA) with paired-end chemistry for 

250 cycles or a MiSeq Sequencer (Illumina, San Diego, CA) with paired-end v2 Micro chemistry and 

150 cycles. The Illumina real time analysis software RTA 1.18.54 converted the images into intensities 

and base calls. De novo assemblies were performed with De Novo Assembly v. 1.4 of CLC Genomics 

Workbench v. 11 with the following settings: mismatch, insertion, and deletion costs of 3 each; length 

fraction of 0.3, and similarity fraction of 0.93. 
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16S ribosomal RNA gene analysis 

The same DNA extract used for the metagenome sequencing at University of California Irvine was 

submitted to the reference laboratory ID Genomics, Inc. (Seattle, WA) and subjected the company’s 

16S rRNA Metagenomics service (http://idgenomics.com/our-services), which used the 16S 

Metagenomics v. 1.01 program (Illumina). Of the 333,358 reads 82%, were classified as to taxonomic 

family. 

Metagenome analysis 

Fastq files were uploaded to the metagenomic analysis server MG-RAST (https://www.mg-rast.org) 

(217). Reads were joined using join paired reads function on the browser and filtered for  M. 

musculus v37 genome. Artificial replicate sequences produced by sequencing artifacts were 

removed by the method of Gomez-Alvarez et al. (218). Low quality reads (Phred score <15 for no more 

than 5 bases) were removed using SolexQA, a modified DynamicTrim protocol (219). When the term 

"alpha diversity" was reported in the results and tables for MG-RAST analyses, this stood for species 

richness or count of the species as calculated by MG-RAST. The output of the MG-RAST protocol was 

also analyzed in R using the vegan package (https://cran.r-

project.org, https://github.com/vegandevs/vegan). By this means we also represented alpha 

diversity by the Shannon index, which accounts for evenness as well as richness (220). Beta diversity 

as expressed as the Bray-Curtis Dissimilarity statistic (221) was calculated using the avgdist function 

with 1000 sample depth, the median as the function, and 100 iterations 

(https://github.com/vegandevs/vegan/blob/master/man/avgdist.Rd). Data was visualized using 

Nonmetric multidimensional scaling in two dimensions (222). MicrobiomeAnalyst 

(https://www.microbiomeanalyst.ca) (223) was used for hierarchical clustering by distance criterion 

and by means of Pearson correlations. The DFAST prokaryotic genome annotation pipeline 

(https://dfast.nig.ac.jp) was used for annotation of incomplete chromosomes and large contigs 

https://dfast.nig.ac.jp/
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(224). For Lactobacillus spp. and the Helicobacter sp. the lactic acid bacteria database 

and Helicobacter database, respectively, options were chosen. Alignments and phylogenetic 

analysis were carried out with the SeaView v. 4 suite and Muscle (225), (226). 

Statistical analysis 

Normalized reads and other values whose distributions spanned more than one order of magnitude 

were log-transformed before parametric analysis by 2-tailed t-test. Inverse transformation was 

carried out to provide nonparametric means and corresponding asymmetric 95% confidence 

intervals. Nonparametric analysis by rank order was by Kruskal-Wallis test. The Z-score was the 

number of standard deviations below or above the population mean a give raw value was. The False 

Discovery Rate (FDR) with corrected p value was estimated by the method of Benjamini and 

Hochberg (227). The box-whisker plot graphs were made with SYSTAT v. 13.1 software (Systat 

Software, Inc.). 
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CHAPTER THREE: An Infection-Tolerant Mammalian Reservoir for Several 
Zoonotic Agents Broadly Counters the Inflammatory Effects of Endotoxin 
Abstract 

Animals that are competent reservoirs of zoonotic pathogens commonly suffer little morbidity from 

the infections. To investigate mechanisms of this tolerance of infection, we used single-dose 

lipopolysaccharide (LPS) as an experimental model of inflammation and compared the responses of 

two rodents: P. leucopus, the white-footed deermouse and reservoir for the agents of Lyme disease 

and other zoonoses, and the house mouse M. musculus. Four hours after injection with LPS or saline, 

blood, spleen, and liver samples were collected and subjected to transcriptome sequencing (RNA-

seq), metabolomics, and specific reverse transcriptase quantitative PCR (RT-qPCR). Differential 

expression analysis was at the gene, pathway, and network levels. LPS-treated deermice showed 

signs of sickness similar to those of exposed mice and had similar increases in corticosterone levels 

and expression of interleukin 6 (IL-6), tumor necrosis factor, IL-1β, and C-reactive protein. By network 

analysis, the M. musculus response to LPS was characterized as cytokine associated, while the P. 

leucopus response was dominated by neutrophil activity terms. In addition, dichotomies in the 

expression levels of arginase 1 and nitric oxide synthase 2 and of IL-10 and IL-12 were consistent with 

type M1 macrophage responses in mice and type M2 responses in deermice. Analysis of metabolites 

in plasma and RNA in organs revealed species differences in tryptophan metabolism. Two genes in 

particular signified the different phenotypes of deermice and mice: the Slpi and Ibsp genes. Key RNA-

seq findings for P. leucopus were replicated in older animals, in a systemic bacterial infection, and 

with cultivated fibroblasts. The findings indicate that P. leucopus possesses several adaptive traits to 

moderate inflammation in its balancing of infection resistance and tolerance.  
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Introduction 

Peromyscus leucopus, the white-footed deermouse, is a major reservoir for several zoonotic agents 

(reviewed in reference (3)). The infections include Lyme disease, as well as varieties of anaplasmosis, 

babesiosis, relapsing fever, ehrlichiosis, and viral encephalitis (228). P. leucopus is broadly 

distributed across the eastern and central United States (229), (2), adapted to a variety of habitats, 

and an important host for the tick vectors of disease (230). Its immune system and other defenses 

keep the pathogens at bay, but infections persist (231), (16), thereby increasing the likelihood that a 

tick acquires the microbe during its blood meal (232). Where enzootic transmission is pervasive, the 

majority of P. leucopus animals live parasitized by one or more of these pathogens ((15), (18), (25). If 

there is a fitness cost, scrutiny has not revealed it in the field (25) or laboratory (233), (21), (234). 

The term for persistent infection with minimal morbidity is infection tolerance (26), (235), (236) and 

distinguished from the immune system’s “tolerance” of self-antigens (237). In both contexts, 

“tolerance” conveys a moderation of the host response and avoidance of injury. Infection tolerance 

has been observed mainly at the organismal level, for instance, by signs of illness, disability, and 

fitness measures. These presumably are explained by events at the cellular and molecular levels 

(238), (239), but these have not been fully explored. 

P. leucopus’ tolerance of infection is matched by that of another deermouse, Peromyscus 

maniculatus, a reservoir for a hantavirus (240), (241). P. maniculatus has also been experimentally 

infected with the coronavirus (CoV) disease 2019 (COVID-19) virus and observed to transmit it to 

cagemates. Yet infected animals displayed only moderate pathology and recovered within a few days 

(108), (109). Other examples of the tolerance phenomenon are found among bat species implicated 

as reservoirs for severe acute respiratory syndrome (SARS)-CoV, Ebola virus, Nipah virus, and Hendra 

virus (242), (243). These deermice and bats exhibit a trade-off between defensive processes that 
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check pathogen proliferation and processes that limit collateral damage from those defenses. The 

result is a state of persistent infection with limited disability. 

The innate and adaptive host defenses that in concert resist and neutralize pathogens are well 

known. Less understood are mechanisms on the other side of the trade-off (244), namely, those that 

curb sickness and illness due to maladaptive inflammation (245). P. leucopus is well suited for such 

investigations of infection tolerance (7), (8), (246). Colloquially called “mice,” the genus Peromyscus, 

along with hamsters and voles, belong to the family Cricetidae and not the family Muridae, which 

includes the house mouse, Mus musculus (132). We have previously sequenced the genome of P. 

leucopus, annotated its transcriptome using transcriptome sequencing (RNA-seq), and 

characterized its gastrointestinal microbiota as described in Chapter 2. (6), (5). There was little 

difference by RNA-seq between the blood of P. leucopus experimentally infected with the Lyme 

disease agent Borreliella burgdorferi and that of uninfected controls (5), a finding consistent with the 

mildness of deermouse infections with this pathogen (247). Accordingly, we looked to alternatives 

that would more robustly elicit inflammation. 

To that end, we compared the response to a single dose of bacterial lipopolysaccharide (LPS) of P. 

leucopus to that of M. musculus. This endotoxin leads to inflammation through its binding to a 

pattern recognition receptor and complex ensuing cascades (248). In its higher doses, injected LPS 

elicits a sepsis-like state that shares manifestations, such as fever and shock, with a variety of 

serious infections, including those caused by some protozoa and viruses, as well as bacteria. 

Tolerance of LPS is a long-recognized phenomenon (249), but this third usage of “tolerance” refers to 

a diminution in the severity of the response through cumulative previous exposures of animals or 

isolated cells to LPS (250), (251), rather than an inherent disposition of a naive animal to survive a 

toxic dose. Some spontaneous and engineered Mendelian traits do render a mouse less susceptible 

to LPS through an alteration of Toll-like receptor 4 (TLR4) for LPS or in key downstream mediators, 
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such as MyD88, in the cascade (252),(253). In these examples, this at the cost of a compromised 

innate defense against bacterial infection. For this and other reasons, we thought it unlikely that a 

single gene or locus accounted for the more nuanced interplays between complex contending forces 

in Peromyscus and other reservoirs for a variety of disease agents. 

The simple experimental system of in vivo LPS exposure is a proxy for acute systemic infection but 

without the confounding variables of changing numbers of the microbe and the inevitable 

appearance of acquired immunity. Our working assumption is that early events in the response are 

determinants of the eventual outcomes of the infection, whether assessed from the perspective of 

pathogen burden or host disability. In the course of the study, we identified several pathways involved 

with inflammation, oxidative stress, phagocytosis, and metabolism that distinguished P. leucopus 

and M. musculus in their responses to LPS. These have implications for studies of other vertebrate 

reservoirs of the agents of emerging zoonoses. 

Results 

Susceptibility of P. leucopus to LPS 

We found no published reports on the systemic effects of different doses of LPS in any Peromyscus 

species, but there were several on the susceptibility of M. musculus to LPS (254), (255), (256), (257), 

(258), (259). The 50% lethal dose (LD50) for M. musculus was in the range of 5 to 20 mg of LPS per kg 

of body weight, with an average across inbred and outbred mice of ∼15 mg/kg. Death usually 

occurred between 12 and 48 h after injection. We previously found that adult BALB/c mice injected 

intraperitoneally (i.p.) with 10 mg LPS per kg body weight manifested reduced activity and ruffled fur 

at 4 h, with concomitant elevations in serum concentrations of tumor necrosis factor alpha (TNF-α), 

interleukin 6 (IL-6), and IL-10 by immunoassay, but all animals survived up to 12 h (260). 

We began with a study of the effect of single doses of purified Escherichia coli LPS administered i.p. 

to adult P. leucopus animals and then monitored them for 7 days. Figure 25A includes the survival 
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curve for animals in groups of six receiving doses of 10, 50, 100, 200, or 300 mg per kg and examined 

continuously for the first 8 h and then at 12-h intervals thereafter. Death or a moribund state occurred 

in at least one animal in all dosage groups except the 10-mg/kg group. Five of 6 in the 50-mg dose 

group survived. At higher doses, the fatality rate was higher, with death occurring between days 2 and 

5. Remarkably, 3 of 6 of the animals receiving the highest dose of 300  mg per kg, or a total dose of 

6 mg on average per animal, survived. Survivors among the P. leucopus animals at that and the 100- 

and 200-mg/kg doses appeared to have fully recovered by 7 days after the injection. The variation 

between individual animals in outcome at the higher doses was consistent with the genetic 

heterogeneity of this outbred population (261). From these data, we could not calculate a precise 

LD50, but we estimated it to between 100 and 300 mg/kg from this experiment. 

 
 
Figure 25 Studies of lipopolysaccharide effects on P. leucopus deermice and experimental design 

(A) Dose response of P. leucopus to LPS. Groups of 6 adult animals (3 females and 3 males) received 
different intraperitoneal (i.p.) doses on a milligram/kilogram of body weight basis of Escherichia coli 
LPS at time zero and then monitored for physical signs of sickness (conjunctivitis, inactivity, and 
hyperpnea) and survival over the succeeding 7 days (168 h). The survival curves by dose are indicated 
by text to the right and by colors: dark blue (10 mg/kg LPS), red (50 mg/kg), light green (100 mg/kg), 
blue green (200 mg/kg), and purple (300 mg/kg). The x axis scale and label apply to the durations of 
physical signs as well as to the survival graph. (B) Experimental design of comparative study of short-



 79 

term effects of LPS on P. leucopus and Mus musculus. Animals received 10 mg LPS in saline/kg body 
weight or saline alone. F, female; M, male. 

The deermice in this experiment had an exudative conjunctivitis with eyelid closure at all doses by 12 

h, and that persisted for up to 6 days at the highest dose (figure 25A). All animals displayed reduced 

activity, as defined by the behavior of huddling in groups, moving only for eating and drinking. The 

durations of this sign, as well as for the sign of hyperpnea, or rapid breathing, in animals receiving 

doses of 50 mg/kg or higher, correlated with the dose amounts. Thus, even at the lowest dose, all the 

animals displayed ill effects of this treatment. But in comparison to reported findings in M. musculus, 

a substantial proportion of deermice receiving doses that were 10- to 20-fold higher than the 

consensus LD50 for the house mouse did not further deteriorate and thereafter recovered. 

Experimental design 

We compared the short-term responses to a single dose of LPS of the outbred P. leucopus mice and 

the inbred M. musculus BALB/c strain mice of both sexes. The comparison of animals from a 

heterogeneous closed colony with an inbred population provided a gauge of the diversity of 

responses among the deermice. Figure 25B summarizes the experimental design. Fecal samples 

obtained from animals a day before the experiment had been subjected to gut microbiome analysis 

and alpha-diversity values of the microbiota from the earlier study are provided (described in Chapter 

2). The animals of each species were sexually mature adults and comparable in size and age, though 

P. leucopus tended to be smaller and older by 1 to 2 weeks. With the exception of two siblings split 

between treatment and control groups, the P. leucopus mice were the offspring of different mating 

pairs. We alternated the administration of the LPS by species and by sex within a species to control 

for diurnal effects. Animals were euthanized in the same order, and the intervals between animals 

were kept within a strict limit. The blood cells and tissues of spleen and liver were subjected to RNA-

seq, and the plasma was used for metabolomics. This comparative study was complemented by 
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experiments with an older set of P. leucopus mice similarly exposed to LPS, deermice with a systemic 

bacterial infection, and cultures of P. leucopus fibroblasts. 

Comparison of deermice and mice in response to LPS 

Both species displayed effects of LPS within an hour of the injection, namely, reduced activity and 

ruffed fur, but only among 6 LPS-treated P. leucopus mice, equally distributed between females and 

males, did we observe conjunctivitis (P = 0.025). For corticosterone concentrations, the mean for M. 

musculus controls (n = 7) and LPS-treated mice (n = 12) were 77 (95% confidence interval [CI], 34 to 

120) and 624 (95% CI, 580 to 667), respectively (P < 10−11). Corresponding values for P. leucopus 

control (n = 7) and LPS-treated (n =12) mice were 186 (95% CI, 79 to 293) and 699 (95% CI, 670 to 

727), respectively (P < 10−8). There were marginally higher baseline levels of corticosterone in P. 

leucopus than in M. musculus mice (P = 0.10), but they had similar levels after LPS. The assay for 

nitric oxide demonstrated higher levels in 11 M. musculus mice treated with LPS (mean, 29 [95% CI, 

20 to 37]) than in 7 controls (mean, 7 [95% CI, 3 to 12]) (P = 0.008). There was not an elevation in nine 

LPS-treated P. leucopus mice compared with values for six controls: 7 (95% CI, 3 to 11) versus 7 (95% 

CI, 3 to 12), respectively (P = 0.9). 

To estimate the combined contributions of abundance and transcriptional activity of white blood 

cells in the blood samples at the time of euthanasia, we used the numbers of RNA-seq reads 

matching the whole mitochondrial genomes of each species in the same analysis. In both species, 

there were lower total transcriptional activities of mitochondria in LPS-treated animals than in 

controls at 4 h (lower by an average of 31% in mice and 23% in deermice). Distributions were similar 

between species for both controls and LPS-treated animals. The mean log10-transformed 

normalized values were 5.6 (95% CI, 5.5 to 5.7) for M. musculus and 5.7 (95% CI, 5.6 to 5.8) for P. 

leucopus controls (Mann-Whitney P = 0.96) and 5.4 (95% CI, 5.4 to 5.5) for M. musculus and 5.6 (95% 

CI, 5.5 to 5.7) for P. leucopus LPS-treated animals (P = 0.97). 
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Metabolomics of plasma 

Untargeted metabolomics identified in M. musculus plasma 8,125 molecular features (MF), of which 

123 (1.5%) differed between LPS-treated and control animals, with a false-discovery rate (FDR) 

of <0.05 and an absolute fold change of >2.0. In P. leucopus plasma, 7,714 MF were identified, of 

which 215 (2.8%) correspondingly differed between treated and control animals. Pathway 

enrichment analysis allowed cross-species comparison of identifiable metabolites in the animals 

(Dryad repository, https://doi.org/10.7280/D1R70J). For M. musculus and P. leucopus, the numbers 

of identified pathways with one or more KEGG-defined compounds were 76 and 73, respectively, with 

73 in common (figure 26 left). In both species, there was enrichment of the steroid hormone 

biosynthesis pathway 4 h after LPS injection, which was consistent with the results of plasma 

corticosterone assays. 

 

Figure 26 Untargeted metabolomics of plasma of P. leucopus and M. musculus animals with or 
without LPS treatment 4 h prior 
Left panel shows scatterplot of pathway enrichments in LPS-treated P. leucopus (y axis) versus those 
in LPS-treated M. musculus (x axis). An enrichment value of 1.0 means that there is no difference in 
number of compounds in a given pathway between treated and untreated conditions for a species. 
Data, including identified KEGG terms, are provided in the Dryad repository 
(https://doi.org/10.7280/D1R70J). Selected pathways are labeled. The color of the symbols indicate 
the following findings for false discovery rate (FDR) P values of <0.05: green, both species; red, P. 
leucopus; and orange, M. musculus. The coefficient of determination (R2) shown is for an 
unspecified intercept. For consistency with the dashed lines indicating enrichment values of 1.0, the 
regression line for an intercept of 0.0 is shown. Right panel shows box-plots of log-transformed 

https://doi.org/10.7280/D1R70J
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plasma tryptophan levels estimated as peak areas in LPS-treated and untreated animals of each 
species. Two-tailed t test P values between the two conditions for each species are shown.  

There was overall enrichment of tryptophan metabolism in LPS-treated animals of both species. 

The magnitude was greatest for P. leucopus, which had 30 significant hits out of a possible 41 

compounds in the pathway (figure 26 left panel). Tryptophan itself was significantly lower in 

abundance in plasma of LPS-treated P. leucopus animals than in untreated animals, while in M. 

musculus, it was marginally higher after LPS treatment than in controls (figure 26 right panel). 

Tryptophan depletion activates the amino acid sensor GCN2, which leads to increased production 

of IL-10 and transforming growth factor beta (TGF-β) by macrophages and dendritic cells (262). 

Kynurenine, the product of indole 2,3-dioxygenase (Ido1), was elevated in the LPS-treated animals 

over controls in both species, but the kynurenine/tryptophan ratio was higher, at 1.75, in the LPS-

treated deermice than in controls but lower, at 0.79, in the LPS-treated mice (P = 0.004). Higher 

kynurenine/tryptophan ratios are associated with anti-inflammatory effects through kynurenine’s 

binding to the aryl hydrocarbon receptor that drives regulatory T cell differentiation (263). 

DEGs in each species 

We performed RNA-seq on blood, spleen, and liver extracts and then differential gene expression 

using 24,295 and 35,805 annotated transcripts for P. leucopus or M. musculus, respectively, as 

separate reference sets (Dryad repository, https://doi.org/10.7280/D1VX0C). Figure 27 reveals 

hundreds of genes that were either up- or downregulated in the blood and two organs of each species 

by the criteria of a ≥ 4-fold change and an FDR of <0.05. With the exception of the spleens of P. 

leucopus animals, there were more upregulated than there were downregulated genes in each of the 

comparisons. The highest numbers of differentially expressed genes (DEGs) were in the livers: 1,553 

for P. leucopus and 3,250 for M. musculus animals. 
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Figure 27 Species- and tissue-specific responses to LPS 

Independent differential gene expression analysis of RNA-seq data were performed for blood, 
spleen, and liver tissues of P. leucopus and M. musculus collected 4 h after injection with LPS or 
buffer alone as a control. These are represented as volcano plots with range-adjusted scales for the 
log2-transformed fold changes on x axes and log10-transformed FDR P values on y axes. Colors of 
symbols denote the following: red, upregulated gene with an absolute fold change of >4.0 and a P 
value of <0.05; purple, downregulated gene with an absolute fold change of >4.0 and a P value 
of <0.05; and gray, all others. Numbers at the top left and right corners in each plot represent 
numbers of down- and upregulated genes, respectively. Numerical values for each gene in the 6 data 
sets are provided at the Dryad repository (https://doi.org/10.7280/D1VX0C). 

A notable difference in the responses of P. leucopus and M. musculus was consistent with the results 

of the nitric oxide assays of the plasma of these animals. Inducible nitric oxide synthase or nitric 

oxide synthase 2 (Nos2) transcript levels were a mean of 493 times higher in the blood of LPS-treated 

mice than in the controls (P = 10−78). But in the blood of deermice, Nos2 expression was barely 

detectable, and expression of Nos2 was indistinguishable between the two conditions (P = 0.34). In 

contrast, arginase 1 (Arg1), which by its action reduces the amount of arginine available for Nos2 to 

produce nitric oxide, was 21 times higher in expression in the blood of LPS-treated P. leucopus 
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animals than in controls (P = 10−47), while in M. musculus blood, Arg1 expression 4 h after LPS 

injection was 6 times lower than baseline expression (P = 0.04). This reciprocal expression profile for 

Nos2 and Arg1 between the two species was also observed in the spleen. The products of Nos2 and 

Arg1 are informative biomarkers for categorizing polarized macrophage responses (264). 

Two other genes whose expression profiles distinguished the species in LPS responses were the 

genes for integrin-binding sialoprotein (Ibsp) and secretory leukocyte peptidase inhibitor (Slpi). 

These were first and fourth ranked of the upregulated DEGs in the blood for P. leucopus, but they 

ranked numbers 6,232 and 33,541, respectively, among measured transcripts in the blood for M. 

musculus (Dryad repository https://doi.org/10.7280/D1VX0C). The fold differences between Ibsp 

and Slpi in the LPS-treated deermice and control animals were 2,903 times (P = 10−174) and 1,280 

times (P = 10−57) higher, respectively. In contrast, Ibsp was slightly expressed in mice under both 

conditions (the number of transcripts per million [TPM] was 0.001), and Slpi in expression was lower 

by 3× in the treated mice (FDR P = 0.04). 

Sex-specific responses to LPS in P. leucopus 

To identify sex-specific responses, the DEG analysis was applied to the RNA-seq of the blood and 

spleens of P. leucopus animals treated with LPS or saline alone. A noncoding RNA (GenBank 

accession no. XR_003736827) was expressed at orders-of-magnitude-higher levels in females than 

in males in all tissues. This noncoding RNA (ncRNA) was revealed as the inactive X-specific transcript 

(Xist), which functions to inactivate genes of one X chromosome of females (265). D1Pas1, an 

autosomal DEAD box RNA helicase, which is expressed in the testis in mice (266), was markedly 

lower in expression in all females than in males. Two genes that were expressed by a thousandfold 

more abundantly in the blood of LPS-treated females than in both control females and the males 

were those encoding adiponectin receptor 2 (Adipor2) and the X-linked lysine-specific demethylase 

6A (Kdm6a). Kdm6a has been implicated in the risk of acquiring autoimmunity and reported to 

https://doi.org/10.7280/D1VX0C
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regulate multiple immune response genes (267). Adiponectin, an adipokine, has an anti-

inflammatory effect (268), and expression of its receptor is reportedly affected by the macrophage 

polarization phenotype (269). Adipor2 was also highly expressed in the spleens of LPS-treated 

females. 

Functional processes distinguishing and shared between species  

To further define similarities and difference between the responses of the two species to LPS, we 

identified gene groups categorized by gene ontology (GO) terms as P. leucopus specific, M. musculus 

specific, or shared, meaning, within each pairing, the enrichment groups that were up- or 

downregulated. For this analysis, 14,685 one-to-one orthologues were used for the comparisons. 

Figure 28 summarizes this analysis for blood, spleen, and liver.  

There were 297 DEGs for the spleen that were shared between Peromyscus and Mus, but there were 

distinguishing features as well. Up-regulated GO terms for the P. leucopus spleen were tryptophan 

metabolic and catabolic processes, specifically Ido1. For M. musculus, uniquely associated GO 

terms that were upregulated in the spleen dealt with production and differentiation of myeloid cells, 

macrophages, and osteoclasts and included the cytokines IL-12 (Il12b) and interleukin 17 members 

IL-17A (Il17a), Il17f, and IL-23 (Il23a). 

In the liver samples, four upregulated GO terms that distinguished the deermice from the mice were 

phosphatidylserine metabolic process and phosphatidylserine acyl-chain remodeling, which 

included phospholipase A2, group IIA (Pla2g2a), Pla2g5, and Pla1a; regulation of IL-5 and IL-13 

secretion, both of which included the transcription factor GATA binding protein 3 (Gata3) (270); and 

tumor necrosis factor receptor superfamily, member 21 (Tnfrsf21), which reportedly is a determinant 

of influenza A virus susceptibility in mice (271). Two distinguishing GO terms for downregulated 

genes in the livers of LPS-treated P. leucopus animals were response to retinoic acid and cellular 

response to retinoic acid. 
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Figure 28 Comparison of P. leucopus and M. musculus animals in their responses to LPS by RNA-
seq and categorization of DEGs by gene ontology enrichment 

In the three scatterplots for blood, spleen, and liver tissues at the top of the figure, log2 values for the 
fold change of P. leucopus are plotted against corresponding values for M. musculus for each gene 
in the data set. DEGs specific for P. leucopus are indicated by gold symbols, while DEGs specific for 
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M. musculus are green. Genes shared between species among the DEGs are in blue. Gray is for all 
others. P. leucopus-specific, M. musculus-specific, and shared upregulated genes are in the upper 
half, right half, or upper right quadrant, respectively, of the plot. GO term enrichment was performed 
for each group of genes, separating upregulated and downregulated genes for each one of the 
tissues, accordingly. The colors in the horizontal bar graphs correspond with the colors indicated 
above. Pos., positive; reg., regulation; Neg., negative; MAPK, mitogen-activated protein kinase; cAMP, 
cyclic AMP; rec., receptor. 

A distinguishing GO term for upregulated genes in M. musculus liver was positive regulation of I-kB 

kinase/NF-κB signaling, which included the NLR family, apoptosis inhibitory protein 5 or Naip5 (Birc), 

Ccl19, inhibitor of kappaB kinase epsilon (Ikbke), Il12, Il1α, LPS-induced TN factor (Litaf), Myd88, 

receptor tyrosine-kinase orphan receptor 1 (Ror1), Tlr2, and tumor necrosis factor (ligand) 

superfamily member 10 (Tnfsf10). Distinguishing GO terms for downregulated genes in LPS-treated 

mouse liver concerned the androgen receptor signaling pathway and included the transcription 

factor forkhead box H1 (Foxh1) and hairy/enhancer-of-split related with YRPW motif-like (Heyl), 

which is associated with repression of TGF-β signaling (272). 

In summary, this layering of established GO terms over the DEG analysis provided consolidation and 

further evidence that P. leucopus and M. musculus have much in common in how they respond to 

LPS in the blood, spleen, and liver in the first few hours. But there were also several distinguishing 

functional processes. One feature of the P. leucopus response that particularly stood out in this 

analysis was the activation of neutrophils and other phagocytes. Included in the lists of specific 

genes under all the neutrophil-associated GO terms was the gene for Slpi, which was first identified 

as an inhibitor of serine proteases, such as neutrophil elastase (273). In M. musculus, notable 

distinguishing GO terms concerned blood coagulation and fibrinolysis, processes that figure in the 

pathophysiology of sepsis (274). 

Gene network patterns across species 

To further delineate the gene expression networks without a prior categorization, we performed 

weighted gene correlation network analysis (WGCNA) to empirically identify groups of genes 
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(modules) that distinguished specific species and/or treatments in response to LPS. Gene network 

analysis allowed identification of patterns across the three tissues. Since blood and the two organs 

inherently differed in their expression profiles across the genome and one tissue may overshadow 

the patterns in other tissues, we made a matrix in which each column represented a sample and 

each row represented a gene per tissue. Each gene had a suffix to identify the tissue of origin. Twenty-

four modules were identified, and GO term enrichment was assessed for unique genes for each 

module. Figure 29 summarizes the results for four modules: darkorange2, darkseagreen3, brown4, 

and lightblue.  

The darkorange module comprised genes that were upregulated in LPS-treated P. leucopus and not 

in either control P. leucopus or LPS-treated or control M. musculus. The blood made the largest 

contribution, with 1,472 genes to this module, followed by liver and spleen, with 933 and 776, 

respectively, each. The highest three ranked GO terms related to neutrophils: neutrophil-mediated 

immunity, neutrophil activation involved in immune response, and neutrophil degranulation. The 

three GO terms share several neutrophil-associated genes that were upregulated, including those 

for lysosomal cysteine proteases cathepsin S (Ctss) and cathepsin B (Ctsb) and lysosomal 

membrane protein 2 (Lamp2). The Slpi gene was also among the contributing genes for each of the 

three neutrophil GO terms. 

The lightblue module comprised genes that were upregulated in LPS-treated M. musculus but not in 

either control mice or LPS-treated or control P. leucopus animals. In contrast to the darkorange 

module, the liver made the largest contribution to the lightblue module, with 1,170 genes, followed 

by spleen, with 566 genes, and blood, with 33 genes. The three highest-ranked GO terms for this 

module were cytokine-associated: cytokine-mediated signaling pathway, cellular response to 

cytokine stimulus, and response to cytokine. While the darkorange module also included two 

cytokine-associated GO terms at a lower rank than the three neutrophil-associated GO terms, only 
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a minority of genes (41 of 170) in the combined list overlapped between the two species for the 

cytokine-mediated signaling pathway GO term. 

 
Figure 29 Four selected Eigengene modules by network analysis of differential responses of P. 
leucopus or M. musculus animals to LPS 

The different modules are distinguished by the color of the hexadecimal scheme: dark orange 2 for 
upregulated in LPS-treated P. leucopus, dark sea green 4 for comparatively higher expression in 
untreated P. leucopus than in the other three groups, brown 4 for downregulated in both species after 
LPS treatment, and light blue for upregulated in LPS-treated M. musculus. The top 5 GO terms by 
adjusted P value are shown for each module. The modules from this analysis are available at the 
Dryad repository (https://doi.org/10.7280/D1B38G). 

Selected upregulated genes unique to LPS-treated M. musculus under this GO term included those 

for the following: cytokines Il1a, Il12, Il17, Il22, Il27, Il33, and Ifng; the chemokines Ccl5 (RANTES), 

Cxcl9, and Cxcl13; macrophage markers Cd86 and Cd80; and transcription factors Jak3 and Stat4. 
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Selected DEGs associated with LPS-treated P. leucopus for this GO term included those for the 

following: Alox5, annexin 1 (Anxa1), Casp3, leptin (Lep), Sod2, Tgfb1, and tissue inhibitor of 

metalloproteinases (Timp1); the cytokines Il1b, Il10, Il19, and interferon beta (Ifn1b); and the 

transcription factors Gata3, Irf8, Stat1, and Stat3. 

The two other modules highlighted in figure 29 are the darkseagreen module, which distinguished 

control P. leucopus from the other 3 groups, and the brown module, which featured GO terms that 

were downregulated in comparison to controls in both sets of LPS-treated animals. For the dark sea 

green module, the spleen was the major contributor, with 4,791 genes, followed by liver, with 3,189 

genes, and blood, with 73 genes. Two GO terms with many genes in common were plasma 

membrane-bounded cell projection assembly and cilium assembly. For the brown module, the liver 

RNA-seq with a contribution of 876 genes far out-numbered the contributions of spleen, with 6 

genes, or blood, with 3 genes. Genes common to the top three GO terms in this module were all 

genes for kinases: tyrosine-protein kinase ABL (Abl1), tyrosine-protein kinase CSK (Csk), mitogen-

activated protein kinase 3 (Mapk3), and megakaryocyte-associated tyrosine kinase (Matk). 

RT-qPCR of Nos2, Arg1, and Slpi 

In analyses of RNA-seq data at the gene, pathway, or network level, the Slpi, Nos2, and Arg1 genes 

were three of the genes that distinguished the species. We confirmed the markedly higher expression 

of Slpi in P. leucopus blood after LPS by reverse transcriptase quantitative PCR (RT-qPCR) of replicate 

cDNA libraries from the RNA extracts (Table 11). The assays also confirmed the absent-to-low 

expression of Nos2 in P. leucopus blood in both LPS-treated and control animals, as well as the high 

baseline expression of Arg1 in the deermice and even higher in the LPS-exposed animals (Table 11).  
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Table 11 RT-qPCR of selected transcripts in blood of P. leucopus animals with and without LPS 
treatment 

 

Comparative expression of other genes 

We examined other selected coding sequences in a cross-species analysis. Those chosen either 

typified one of the species’ responses to LPS or were shared between species. Some genes were 

identified through gene-level DEG analyses (figure 27). Others were highlighted by GO term analysis 

(figure 28) or module-based analysis (figure 29). There was a single reference set that contained the 

pairs of orthologous protein-coding sequences (CDS) of the mRNAs for both P. leucopus and M. 

musculus. For each of the 40 animals, there were 15 genes for blood, 40 genes for spleen, and 12 

genes for liver samples. Density distributions of the individual values in the each of the four 

experimental groups were plotted for 11 genes in blood, 12 genes in spleen, and 9 genes in liver). 

Figure 30 consolidates subsets of these as plots of 9 pairs of genes and presents results for blood, 

spleen, and liver. 

mRNA
Control (n  = 8) mean no. 
of copies (95% CI)

LPS (n  = 12) mean no. 
of copies (95% CI)

t  test P  value

Glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh)

55,888 (32,512–96,070) 135,970 
(75,934–243,471) >0.05

Nitric oxide synthase 2 (Nos2) 0 (0–0) 5 (1–9) >0.05

Arginase 1 (Arg1) 310 (199–481) 8,779 (5,185–14,864) 4 × 10−8

Secretory leukocyte peptidase 
inhibitor (Slpi)

5 (3–9) 43,524 (29,039–65,235) 3 × 10−16
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Figure 30 Correlations of pairs of selected genes of P. leucopus and M. musculus from the RNA-seq 
analysis 
The 9 scatterplots are log10 values of normalized unique reads of one coding sequence against 
another for each of the four groups: control M. musculus (MC), LPS-treated M. musculus (ML), 
control P. leucopus (PC), and LPS-treated P. leucopus (PL). Each group is represented by a different 
symbol. 

Up to a certain point, events after exposure to LPS appear similar in both species. Responses for both 

deermice and mice were highly correlated between the genes for TNF and IL-1β in the spleen and 

between the genes for the acute-phase reactants C-reactive protein, haptoglobin, and serum 

amyloid A (figure 30) (275). A couple of representative genes that were upregulated in both species 

but to a much greater extent in deermice were the Ptx3 and Ido1 genes. Pentraxin 3 is a member of a 

pattern recognition family involved in innate responses, and IDO1 is the rate-limiting enzyme of 
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tryptophan catabolism by the kynurenine pathway. Untreated P. leucopus and M. musculus 

displayed similar expression levels for the genes for the mitochondrial iron/manganese superoxide 

dismutase 2 (Sod2), an antioxidant, and arachidonate 5-lipoxygenase 5 (Alox5), which transforms 

essential fatty acids into leukotrienes. Both Alox5 and Sod2 were 10-fold higher in expression in the 

blood of LPS-treated deermice but about the same in all mice (figure 30). The difference between 

untreated animals and LPS-treated P. leucopus animals was even more striking for Slpi and Ibsp in 

the blood. 

The previously noted discordance between the species in Nos2 and Arg1 expression was observed 

in this analysis as well. The profile of high Nos2-low Arg1 expression in response to LPS indicated a 

type M1 macrophage response in the mouse, while the low-Nos2–high-Arg1 profile in P. leucopus 

was more typical of the type M2 macrophage response. Further evidence of a dichotomy 

corresponding to polarized macrophage categories was the Il10 to Il12 ratio in the spleen (figure 30) 

(276). In control M. musculus animals, the mean ratio was 0.036 (95% CI, 0.026 to 0.046), rising 10-

fold to 0.361 (95% CI, 0.251 to 0.471) in LPS-treated animals. The baseline Il10 to Il12 ratio of 3.47 

(95% CI, 2.32 to 4.63) was a hundredfold higher in control deermice than in their mouse 

counterparts. For LPS-treated P. leucopus animals, the ratio was 191 (95% CI, 123 to 259), many 

hundredfold higher than in LPS-treated M. musculus mice. 

Gauges of neutrophil or other white blood cell activity in the blood were Itgam (also known as 

CD11b), Fcgr1 (CD64), Fcgr2b (CD32), Cd177, and Mmp8 (figure 30). In mice treated with LPS, Itgam 

and Fcgr2b expression was either marginally lower than in controls or unchanged, while both genes 

were upregulated by severalfold in the LPS-treated deermice. Fcgr1 expression was higher in treated 

mice than in controls but in deermice was undetectable under both conditions. The pair Cd177 and 

Mmp8 provided the best discrimination between the two species (figure 30). Values for Cd177 and 

Mmp8 were tightly associated (R2 = 0.87) over the entire range for both species. 
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One of the genes associated with responses to LPS was growth differentiation factor 15 (Gdf15), 

which, among its ascribed functions, mediates tissue tolerance through triglyceride metabolism 

(277), but this gene was not annotated in the current genome assembly for P. leucopus; 

consequently, a corresponding transcript was absent from the reference set. Using the liver RNA-seq 

data, we performed a targeted analysis with the M. musculus coding sequence for Gdf15 and, as a 

substitute for P. leucopus, the orthologue in P. maniculatus. The log10-transformed normalized reads 

were higher in LPS-treated mice than in controls: 2.7 (95% CI, 2.5 to 2.9) versus 1.9 (95% CI, 1.8 to 

2.1) (P = 0.0004). This is an average fold change of 5.2. For the deermice, the reads in log10 values for 

controls were nearly identical to those for control mice: 1.9 (95% CI, 1.8 to 2.1). In contrast to mice, 

numbers were marginally lower in LPS-treated deermice: 1.8 (95% CI, 1.7 to 1.8). The difference 

between the species in the Gdf15 response was largely attributable to higher values among treated 

male mice.  

Diversity of responses within the populations 

We investigated whether the outbred deermice were more heterogeneous in their responses than the 

inbred BALB/c mice with a pairwise analysis of coefficients of determination (R2) among the 24 

animals that received LPS. We used spleen because of 150-nucleotide (nt) reads for this tissue and 

similar numbers of up- and downregulated DEGs in both species (figure 27). With self-pairings 

excluded, there were 66 pairs each for P. leucopus or M. musculus and 144 cross-species pairs. The 

genes were those for Alox5, Ccl2, Csf2, Csf3, Cxcl11, Gapdh (glyceraldehyde-3-phosphate 

dehydrogenase), Hmox1, Il1b, Il1rn, Il6, Lcn2, MT-Co1, Nfe2l2, Slpi, Sod2, Tgfb1, and Tnf. The median 

fold difference between P. leucopus and M. musculus for these genes was 1.2. Figure 31 shows the 

distributions of R2 values of the sets of pairs. As expected, correlations were lower between mixed-

species pairs than between intraspecies pairs (upper panel); the median R2 was 0.701. The seven 

highest intraspecies pairwise R2 values (0.987 to 0.994) were observed among the M. musculus 
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mice, and the median of the 66 R2 values was marginally higher, at 0.954, for the mice than the 0.948 

for the deermice, but, overall, P. leucopus animals in this experiment were not notably more diverse 

in their responses than were the inbred mice under the same conditions (P = 0.68; Mann-Whitney 

P = 0.19), an indication that the discriminating DEGs, enrichment GO terms, and modules were not 

wholly or partially attributable to greater variances among the deermice than the mice. 

 

Figure 31 Assessment of diversity among individual animals by species in transcriptional responses 
to LPS for 17 genes 

Pairwise coefficients of determination (R2) were calculated for the 66 intraspecies pairs for LPS-
treated P. leucopus animals, the 66 intraspecies pairs for LPS-treated M. musculus animals, and 
the 144 interspecies pairs for all LPS-treated animals.  The top panel is a frequency distribution of 
R2 values for all pairwise determinations. The bottom panel shows just the distributions of 
intraspecies pairwise determinations. 

RNA-seq of older P. leucopus animals in response to LPS 

We found similar profiles in blood and spleen samples of older animals in an experiment that was 

carried out before the deermouse-mouse comparison but under the same conditions: a 10-μg/g dose 
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or buffer alone as a control and samples taken after 4 h. The 16 animals (12 females) had a median 

age of 81 weeks, with a range of 54 to 94 weeks. Nine animals received LPS and seven buffer alone. 

We observed again in this second experiment low baseline and after-treatment expression of Nos2 

in the blood but high baseline expression of Arg1, with a further increase in the LPS-treated animals. 

Both Slpi and Ibsp increased more than a hundredfold in expression in the blood after LPS. In the 

spleen, Il1b, Tnf, Il6, Il10, Ccl2, Cxcl11, Csf2, and Csf3 all were increased in the LPS-treated animals, 

as were two genes that notably were more upregulated in the samples from young P. leucopus 

deermice than in comparably aged M. musculus mice: the Ido1 and Ptx3 genes. 

Systemic bacterial infection 

The simplicity of the LPS model of inflammation was a strength, but how representative was it of a 

bacterial infection in terms of the findings to this point? We chose the relapsing fever agent Borrelia 

hermsii, because Peromyscus species are natural reservoirs for the species (278), and because it 

has lipoproteins, instead of LPS, that are the ligands for Toll-like receptor signaling (279), (280). For 

this question, five P. leucopus were infected with the relapsing fever agent Borrelia hermsii on day 0. 

Another 3 animals received buffer alone. Infection of the blood was directly confirmed by microscopy 

on day 4. The animals were euthanized on day 5, just before the appearance of neutralizing antibody 

was anticipated (95). The infected animals had enlarged spleens, as well as large numbers of 

bacteria in the spleens, as assessed by quantitative PCR. We used previously collected but 

unanalyzed PE100 reads for the blood of these animals (6). As noted in the two LPS experiments, 

Nos2 expression was hardly detectable in either the controls or the infected animals. On the other 

hand, Arg1 expression was high at baseline and further elevated by day 5 of infection. Two genes of 

P. leucopus that clearly distinguished this species from M. musculus in its short-term response to 

LPS were the Slpi and Ibsp genes; both of these were a hundredfold more highly expressed in infected 

animals than in controls. 
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RNA-seq was carried out with the same reference set and settings as for the samples in a 

comparative response study. Given the smaller sample size of the infection study, we focused on 

more highly expressed genes. Of the 46,154 transcripts in the full reference set, 1,773 had mean TPM 

values of ≥50 in at least one of the two groups in each experiment. The latter set was used as the 

basis for determining and then comparing fold changes between the LPS condition with a duration in 

hours and the systemic bacterial infection condition with a duration in days. Figure 32 summarizes 

the pairwise fold changes for individual genes. Two-thirds of the DEGs in the infection experiment 

were also represented among the DEGs in the LPS experiment. We noted again the substantial 

upregulation of Slpi and Ibsp. Other coding sequences upregulated under both conditions were 

Acod1, Alox5, Arg1, Cxcl2, Il1rn, Il1b, Lcn2, and Mmp8. A discordant DEG was dual-specificity 

phosphatase (Dusp), which has been implicated in regulating lipid metabolism during sepsis (281). 

 

Figure 32 Comparison of DEGs of RNA-seq of P. leucopus deermice treated with LPS and P. 
leucopus animals systemically infected with the bacterial agent Borrelia hermsii 
There were 12 LPS-treated animals with 8 controls and 5 infected animals with 3 controls. (A) Venn 
diagram of numbers of DEGs in each experiment and the overlap between them (B) scatterplot of 
log2-transformed fold changes between study and control conditions for the infection experiment (y 
axis) versus the short-term LPS experiment (x axis). Selected genes are indicated with a label 
adjacent to a red symbol for the data point. 
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LPS treatment of P. leucopus fibroblasts 

Low-passage-number cultures of fibroblasts, a type of stromal cell isolated from ear tissues from 

five LL stock deermice, were split into pairs. Then one member of each pair was treated with LPS for 

4 h, and the other member was treated with saline alone. Of the 46,141 transcripts in the reference 

set, 18,462 had a mean TPM of >1 in either the control or the LPS group, and these were used in the 

DEG analysis (Dryad repository, https://doi.org/10.7280/D1MD69). For protein coding sequences, 

the 10 highest numbers of TPM, in order, among control samples were for ferritin heavy chain (Fth), 

Slpi, secreted protein acidic and cysteine rich (Sparc), eukaryotic translation elongation factor 1 

alpha (Eef1a1), ferritin light chain (Ftl), vimentin (Vim), serpin family H member 1 (Serpinh1), 

ribosomal protein lateral stalk subunit P1 (Rplp1), collagen type I alpha 1 chain (Col1a1), and Gapdh. 

There were 324 genes that were upregulated by the criterion of a fold change of ≥4 and an FDR of 

<0.05, and 17 genes that were downregulated, with an additional 80 downregulated by the criterion 

of a fold change of ≥2 and an FDR of <0.5 (figure 33). Among those displaying the marked increases 

in expression between the control and LPS conditions were two subunits of nuclear factor kappa B 

(Nfkb), two forms of Saa, Nos2, Csf3, Sod2, and Pla2g2a, which is associated with inflammation 

during systemic bacterial infection (282). Slpi transcripts were not only surprisingly abundant in the 

fibroblast cultures under usual cultivation conditions, but expression further increased by 1.5-fold 

(95% CI, 1.2- to 1.9-fold) in those pair members exposed to LPS (P = 0.02). Expression of Nos2 

increased 792-fold (95% CI, 124- to 5,073-fold) in the LPS-treated fibroblasts between paired 

specimens (P = 10−5). This was evidence that the absent or scant expression of inducible nitric oxide 

synthase that we observed in both control and LPS-treated P. leucopus animals was not attributable 

to a genotypic incapacity to transcribe the Nos2 gene. 

https://doi.org/10.7280/D1MD69
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Figure 33 Volcano plot of RNA-seq results for pairs of P. leucopus fibroblast cultures with or without 
exposure to LPS 

Fold changes for 543 genes are given on the x axis, and false discovery rate P values are given on the 
y axis. For conciseness, the upper limit for the –log10 values for this graph was 13.5. The exact or 
approximate locations of selected differentially expressed genes are shown. Numerical values for 
each gene in the data set are provided in the Dryad repository (https://doi.org/10.7280/D1MD69). 

Conjunctivitis 

After identification of a variety of DEGs under conditions of LPS treatment of whole animals and 

isolated cells or of systemic infection, we returned to the disease sign that we observed in P. 

leucopus but not in M. musculus, namely, conjunctivitis severe enough to cause eyelid closure within 

2 to 4 h of the LPS injection. Six of 12 animals receiving the LPS overtly manifested conjunctivitis. 

DEGs of note, in the blood of deermice with conjunctivitis, we found 21-fold-higher expression of 

Cxcl13, 12-fold-higher expression of Ccl6, but 46-fold-lower expression of lysozyme (with an FDR 

of <10−4), an antimicrobial enzyme and constituent of tears that coat and protect the conjunctiva 

(283). In spleen samples, the conjunctivitis animals was distinguished by 6- to 7-fold-higher 

expression (FDR, <0.005) of two forms of carbonic anhydrase, an enzyme of relevance for the eye 

disorder glaucoma, because of its role in producing the aqueous humor in the eye (284). 

https://doi.org/10.7280/D1MD69
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Discussion 

The study yielded abundant information about a small mammal that is emerging as an informative 

model organism, not only for the study of pathogenesis and immunology of infectious diseases but 

also for the fields of aging, behavior, ecology, and reproductive biology. The question driving this 

investigation was how do deermice largely avoid morbidity and mortality when infected with 

pathogens that otherwise are disabling if not fatal for humans? “Sickness” has various definitions, 

including one operationally based on behavior for animal studies (285). P. leucopus and M. musculus 

animals became equivalently sick by the behavioral criteria of reduced activity, mutual huddling, and 

lower food intake. Nevertheless, under conditions that frequently led to death or the moribund state 

in various strains of M. musculus in several studies, P. leucopus animals receiving the same or even 

much higher doses of LPS pulled through and recovered. 

To address this central question, we used RNA-seq of whole blood, spleen, and liver. The study did 

not specifically examine differences in mRNA isoforms or small noncoding RNAs. These results were 

complemented by analysis of a limited set of coding sequences, specific RT-qPCR assays, direct 

detection of the compounds in the blood, and metabolomics. The most extensive experiment was 

on the responses among several young adult animals of both sexes to a single dose of LPS at 

approximately the LD50 for mice, but we obtained similar results with P. leucopus of considerably 

older age under the same conditions and with animals that had systemic bacterial infections of 5 

days’ duration. While we noted some differences between the sexes of P. leucopus animals in the 

experiment, for the most part, females and males responded the same to LPS, at least in the short 

term and at these doses. The experiment with P. leucopus fibroblast cells in culture exposed to LPS 

showed that the some of the findings, such as high expression of Slpi, are reproduced in vitro and, 

thus, feasibly exploited by transgenic and silencing technologies. 
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Integration of the metabolomics results for plasma with the transcriptomics results for the three 

tissues was necessarily limited. The sources of some of the metabolites in the blood would likely 

have been organs, e.g., the adrenal glands, or gut microbiota not subjected to RNA-seq. 

Nevertheless, metabolomics confirmed that P. leucopus responded similarly to M. musculus in 

many respects to the same dose of LPS, as well as in corticosteroid biosynthesis. The evidence of 

greater catabolism of tryptophan by the kynurenine pathway in the LPS-treated deermice than in 

mice was associated with comparatively higher expression of Ido1 in the deermice. 

One of the striking differences between the two species in their responses to LPS was overall 

predominance in the GO term and de novo module analyses of neutrophil-associated genes for P. 

leucopus and cytokine-associated genes for M. musculus (figures 28 and 29). The blood was the 

greatest contributor to the set of genes that distinguished LPS-treated P. leucopus animals from 

treated and untreated M. musculus animals and from control deermice, while the liver provided the 

majority of genes that distinguished LPS-treated M. musculus mice from deermice and from control 

mice. A limitation of the study was that complete blood cell counts were not terminally performed; 

this was to ensure sufficient RNA for high-coverage sequencing and plasma for untargeted 

metabolomics. It is possible that the prominence of neutrophil-associated GO terms in LPS-treated 

deermice was accounted for by higher numbers and proportions of neutrophils in the blood of 

deermice than in the blood of mice. But this is not likely the sole explanation. Healthy animals of the 

LL stock population of P. leucopus at the Peromyscus Genetic Stock Center (PGSC) had lower 

absolute numbers and proportions of neutrophils than what was reported for the BALB/c population 

from which our animals were drawn (286), (287) (see Materials and Methods). A study of a separate 

breeding colony of LL stock P. leucopus animals also reported comparatively low absolute numbers 

and proportions of neutrophils among healthy adult deermice of both sexes (288). In addition, if there 

was a difference between species in overall white cell activity 4 h after injection of LPS, this was not 
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reflected in total mitochondrion reads, which represented the number of mitochondria and 

transcription by individual mitochondria in the blood sample. Values declined in both species from 

baseline by about the same proportion. 

The comparatively heightened neutrophil transcriptional activity in P. leucopus paralleled the 

appearance of conjunctivitis with purulent exudates in the eyes of deermice but not mice. While 

increased activity of neutrophils may lead to tissue damage from elastase and other proteases and 

from reactive oxygen species, this may be ameliorated in the deermice by such factors as the 

leukocyte protease inhibitor Slpi and Sod2, a defense against oxygen radicals. 

Slpi is a nonglycosylated 12-kDa cationic, cysteine-rich protein, which is known to be increased in 

expression in response to LPS and lipoteichoic acids and under the stimulus of TNF and IL-1β (289). 

It has an inhibitory effect on the formation of neutrophil extracellular traps (290). Slpi inhibits 

neutrophil proteases like cathepsins and elastase but also prevents degradation of the NF-κB 

inhibitory proteins IκBα and IκBβ through its antiprotease activity (291). Slpi knockout or deficient 

animals had impaired wound healing and increased inflammation (292), elevated Nos2 activity in 

macrophages (293), and increased susceptibility to LPS-induced shock (294). 

While LPS-treated P. leucopus animals exhibited increased expression of the TLR signaling adapter 

MyD88 and downstream inflammatory cytokines, such as IL-6, TNF, and IL-1β, to approximately the 

same degree as in M. musculus, this was countered by greater expression of cytokines associated 

with M2 polarization, such as IL-10 and TGFβ, as well as other anti-inflammatory mediators, like 

annex A1 (295), in the context of lesser expression of IL-12 and IFN-γ. The GO term cytokine-mediated 

signaling pathway served to distinguish both LPS-treated P. leucopus and LPS-treated M. musculus 

animals from their untreated counterparts (figure 29) but the sets of constituent genes that 

populated the GO term for each species overlapped for only a minority.  
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Another notable difference was the contrasting expression of arginase 1 and inducible nitric oxide 

synthase, or Nos2, in the two species. In this phenotype, which distinguishes deermice from mice 

under the same conditions, P. leucopus resembled another cricetine rodent, the golden hamster 

(Mesocricetus auratus), during infection with Leishmania donovani (296), (297). This phenotype can 

also be mapped to macrophage polarization, where type M1 macrophages generally feature high 

Nos2 and low Arg1 expression and where most varieties of type M2, or alternatively activated 

macrophages, are characterized by low Nos2 and high Arg1 (264). The differences between species 

in their IL-10/IL-12 ratios before and after LPS were also consistent with a greater disposition of P. 

leucopus to a type M2 response (figure 30) (276). Further categorization into the M2 subtypes 

recognized in mice was inconclusive at this point. Nos2 gene knockout mice are less likely to 

succumb to the toxicity of LPS, but at the cost of greater susceptibility to Listeria monocytogenes or 

to Listeria major infections (259), (298). While experimental infections with these particular 

intracellular pathogens have not been reported for P. leucopus, this species has not been notably at 

risk of morbidity or mortality from the obligate intracellular bacterial pathogen Anaplasma 

granulocytophilia (299) or the Powassan encephalitis virus (300), which utilizes P. leucopus as a 

reservoir. 

Integrin-binding sialoprotein (Ibsp), also known as bone sialoprotein 2 (BSP2), is a revelatory case in 

this study. There were marked increases in the expression of its gene in P. leucopus but not in M. 

musculus upon exposure to LPS. The Ibsp protein has predominantly been associated with bone and 

tooth morphogenesis and not with inflammation or innate immunity. Consequently, it is not expected 

to be included in innate immunity and inflammation pathways or GO terms that distinguish LPS-

treated from untreated animals. However, there is justification for viewing Ibsp as P. leucopus’ 

functional substitute for osteopontin or bone sialoprotein 1 (BSP1), another small integrin-binding 

glycoprotein that is heavily modified posttranslationally (301). Both BSP1 and BSP2 bind to alpha v 
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beta 3 integrins, and their genes are within 100 kb of each other on chromosome 4 of humans and 

chromosome 22 of P. leucopus. Osteopontin is a biomarker of sepsis in humans (302) and reportedly 

acts through Stat1 degradation to inhibit Nos2 transcription (303). 

Could observed differences between the two species in these experiments be attributable in part to 

differences in their microbiomes? The gut metagenomes were determined from preexperiment fecal 

pellets from the animals in this study in Chapter 2. In general, the deermice and mice had similar 

distributions and frequencies of bacteria at the taxonomic level of the family and in the 

representation and proportions of different biosynthetic, metabolic, catabolic, and regulatory 

functions, but there were also substantive differences in the gut microbiotas between the species 

that plausibly account for some distinguishing responses to LPS. The first was the presence in the 

intestine in P. leucopus, but not in M. musculus, of a protozoan, provisionally a new species of the 

parabasalid genus Tritrichomonas. The presence of Tritrichomonas muris in some populations of the 

same inbred strains of M. musculus mice altered their cellular immune responses to other 

microorganisms and antigens (177). Further distinguishing the gut microbiota was the greater 

abundance and diversity in P. leucopus of Lactobacillus spp as described in Chapter 2. In two studies 

on Lactobacillus spp. as probiotics, feeding of mice with Lactobacillus paracasei or Lactobacillus 

plantarum resulted in less inflammation in controls when they were challenged with an influenza 

virus or Klebsiella pneumoniae (304), (177). In the present study, a tryptophan metabolite in the 

plasma that distinguished the two species was indolepropionic acid which in controls was ∼4-fold-

greater in abundance in deermice than in mice (P = 0.003). This compound is the metabolic product 

of certain intestinal bacteria (305) and reportedly has anti-inflammatory and antioxidant properties 

(306). 

In summary, P. leucopus differed in many respects from M. musculus in these experiments in its 

response to LPS. Under conditions in which about half the mice were expected to die within 48 h, the 
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deermice survived the acute insult and recovered, a phenomenon that modeled the tolerance of 

these animals to infection. Simple pairwise variables characterizing the two species’ different 

responses to LPS were the ratios of Arg1 to Nos2 transcripts, IL-10 to IL-12 transcripts, and 

kynurenine to tryptophan metabolites. In their outcomes after LPS exposure, the naive P. leucopus 

animals resembled M. musculus animals that had become accustomed to LPS by prior exposure to 

a low dose of LPS (307). A characteristic profile of these pretreated mice is comparatively lesser 

expression of proinflammatory mediators and greater expression of genes of phagocytes (308), 

similar to what we observed in naive P. leucopus. 

Whether this points to a single pathway or even a single gene remains to be determined, but we doubt 

that the phenomenon of infection tolerance can be reduced to a simple explanation. The evidence 

rather is of multiple adaptive traits representing different aspects of innate immunity, metabolism, 

oxidative stress management, and perhaps the microbiome that serve to sustain P. leucopus 

populations amid the varied infectious agents that they face. This is also to the benefit of these 

agents in this trade-off, because it renders P. leucopus a competent vertebrate reservoir for them and 

one of impact for human populations in areas of endemicity. 

Materials and Methods 

Animals 

Adult outbred P. leucopus of the LL stock were obtained from the Peromyscus Genetic Stock Center 

(PGSC) of the University of South Carolina (http://stkctr.biol.sc.edu, accessed 10 February 2021). The 

LL stock colony was founded with 38 animals captured near Linville, NC, between 1982 and 1985 

and has been closed since 1985. Sib-matings are avoided, and complete pedigree records are kept. 

Animals of the LL stock have mitochondria with the same genome sequence with little or no 

heteroplasmy (33). Adult BALB/cAnNCrl (BALB/c) and C.B.17 strain severe combined 

immunodeficiency (SCID) M. musculus mice were purchased from Charles River. The SCID mice 

http://stkctr.biol.sc.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8092257/#B33
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were used for propagation of bacteria for infections (see below). The P. leucopus deermice in the 

study were drawn from an LL stock population at the PGSC with a mean total number of white blood 

cells per microliter of blood of 8,600 and absolute numbers (percentages of total white blood cells) 

of neutrophils, lymphocytes, and monocytes of 510 (5.9%), 8,000 (93%), and 90 (1.0%), respectively, 

per μl (286). The BALB/c mice were obtained from a population with a reported mean of 9,250 white 

blood cells per μl of blood and corresponding values for neutrophils, lymphocytes, and monocytes 

of 1,880 (20%), 6,600 (71%), and 640 (7%), respectively, for 8- to 10-week-old animals (287). All 

animals in the LPS experiments spent at least 2 weeks at the UCI facilities before the experiment. 

Animals were maintained in the AAALAC-accredited UC Irvine vivarium, with 2 to 5 animals per cage 

according to sex and on a 12-h-light/1-h-darkness lighting schedule, at a temperature of 21 to 23°C 

and a humidity of 30 to 70%, with water ad libitum, and with a diet of 8604 Teklad Rodent (Harlan 

Laboratories). Prior to injections, animals were lightly anesthetized with 2.5% isoflurane in the 

presence of 2 liters/min oxygen. The rodents were euthanized by carbon dioxide overdose and 

intracardiac exsanguination at the termination of the experiment or if they were moribund, unable to 

eat or drink, or otherwise distressed. Dissection was carried out immediately. Instruments were 

cleaned first and then sterilized between dissections. 

The study was carried out in accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the National Institutes of Health (309). University of California Irvine 

protocol AUP-18-020 was approved by the Institutional Animal Care and Use Committee (IACUC). 

The protocol for the comparative study of P. leucopus and M. musculus animals for responses to LPS 

after 4 h was in addition approved by the Animal Care and Use Review Office of the U.S. Army Medical 

Research and Materiel Command. P. leucopus animals studied at the PGSC were under IACUC-

approved protocol 2349-101211-041917 of the University of South Carolina. 
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The gut metagenomes from feces collected from the 20 P. leucopus and 20 M. musculus animals 1 

to 2 days before the comparative experiment have previously been described in Chapter 2 and are 

available from the MG-RAST database (https://www.mg-rast.org) under accession numbers 

mgm4832531 to mgm4832578. 

LPS susceptibility and dose responses 

Thirty adult P. leucopus deermice, divided into five groups of three females and three males, were 

each injected intraperitoneally (i.p.) on day 0 with a 50-μl volume of Escherichia coli O111:B4 LPS 

purified by ion exchange and with <1% protein and <1% RNA (Sigma-Aldrich; catalog L3024), which 

was diluted in sterile, endotoxin-free 0.9% saline (Sigma-Aldrich) to achieve the following doses in 

milligrams per kilogram of body weight: 10, 50, 100, 200, and 300. The doses were administered in 

randomized order over the period from 1400 to 1700 h of a single day. Animals were returned to their 

cages with ad libitum food and water and then monitored every 12 h for the following signs: reduced 

activity by criterion of huddling with little or no movement for >5 min, ruffled fur (piloerection), 

hyperpnea or rapid respiration rate, and conjunctivitis by the criterion of closed eyes with crusting 

observable on the eyelids. The primary endpoint was death during the period between observations 

or the moribund state (immobility, rapid respiration, and inability to feed or drink) at the scheduled 

monitoring time or when notified in the interim by vivarium attendants. 

Single-dose LPS comparison 

Animals were anesthetized with isoflurane and injected i.p. with a single dose of E. coli O111:B4 LPS 

at a concentration of 10 mg/kg body weight in a 50-μl volume as described above. The control group 

was anesthetized and then injected with the 0.9% saline alone. The experiment started at 0800 h, 

with 10-min intervals between animals and with alteration of LPS and control injections. At 4.0 h after 

their injection, the animals were euthanized. After the chest was opened, exsanguination was 

performed by cardiac puncture and blood was transferred to a heparin sulfate-coated tube (Becton, 

https://www.mg-rast.org/
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Dickinson Microtainer). Anticoagulated blood was centrifuged to pellet blood cells for 3  min at 

4,600 × g at 4°C. Plasma and blood pellets were kept separately at −80°C until further analysis. Liver 

and spleen were extracted, flash-frozen in liquid nitrogen, and stored at −80°C until RNA extraction. 

Experimental infection 

Infection of a group of adult P. leucopus deermice of the LL stock with the relapsing fever agent 

Borrelia hermsii strain MTW of genomic group II was described by Barbour et al. (6). Peromyscus 

species are natural hosts of genomic group II strains of B. hermsii (278). In brief, animals were 

anesthetized and then injected on day 0 with 103 bacteria divided between the i.p. and subcutaneous 

routes in 50-μl volumes of PBS and diluted plasma from infected SCID mice, as described previously 

(20). On day 4, a drop of tail vein blood was mixed with PBS and examined as a wet mount by phase-

contrast microscopy to confirm infection. On day 5, animals were euthanized with carbon dioxide 

and terminal exsanguination. Whole blood was dispensed into heparin-coated tubes, and the 

spleens were removed by dissection, weighed, and then flash frozen in liquid nitrogen. Confirmation 

of infection and quantitation of bacterial burdens in the spleens were carried by quantitative PCR, as 

described previously (310). 

Fibroblast culture and LPS treatment 

Fresh ear punches were collected from five LL stock P. leucopus animals (2 females and 3 males) 

during routine marking procedures at the time of weaning at ∼3 weeks of age. The PGSC 

identification numbers (and mating pair for each animal) were 22608 (H-1075), 22609 (H-1075), 

22610 (H-1121), 22611 (H-1121), and 22614 (H-1127). After the ear punch tissue was bathed in 70% 

ethanol for 2 min, it was placed in RPMI 1640 medium (HyClone FetalClone II; Thermo Scientific) 

supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, 

and 0.292 μg/ml l-glutamine (HyClone) as previously described (311). Ear punches were minced and 

then treated with 2 mg/ml collagenase type I (Millipore) for 1 h. Undigested debris was removed once 
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cells were visible. The disassociated cells were cultivated in the same medium at 37°C and in 5% 

CO2. Cells were passed when adherent layers reached 90% confluence and for no more than 7 

passages. For the experiment, individual cultures were split into pairs, and they were incubated at 

initial concentrations of 3 × 105 cells per well for 24 h. E. coli O111:B4 LPS or saline alone was added 

to the medium for a final LPS concentration of 1 μg/ml, and then the incubation was continued for 4 

h. After disassociation of the fibroblast layer with trypsin and then addition of RNAlater (Thermo 

Scientific), the cells were harvested and stored at a concentration of ∼106/ml in −80°C until RNA 

extraction. 

Analyses of blood 

Nitric oxide was analyzed from frozen plasma samples using a nitric oxide assay kit (Invitrogen) 

according to the manufacturer’s instructions; the nitrite concentration was calculated based on 

standard curve measuring optical density at 540 nm on a plate reader (BioTek Synergy2). 

Corticosterone was measured colorimetrically in plasma using DetectX corticosterone enzyme 

immunoassay kit K014-H1 (Arbor Assays). After incubation, the reaction was read at 450 nm on a 

BioTek Synergy2 plate reader. 

Metabolomics 

Untargeted detection and analysis of metabolites in plasma of P. leucopus and M. musculus were 

carried out essentially as described previously (312). In brief, 40-μl volumes of plasma, which had 

been stored frozen at −80°C, were extracted with 120 μl methanol containing as internal standards 

phenylalanine d5 (175 ng/ml), 1-methyl tryptophan (37.5 ng/ml), and arachidonoyl amide (30 ng/ml). 

After precipitated proteins were removed by centrifugation, the supernatant was dried under vacuum 

and then suspended in 50% methanol. Aliquots of 10 μl were subjected to high-pressure liquid 

chromatography (HPLC) and quadrupole time-of-flight mass spectrometry (Q-TOF-MS) with periodic 

inclusion of pooled samples for quality control. Metabolites were separated on an Agilent 
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Technologies Poroshell C8 column (100 by 2.1 mm, 2.7 μm) with a gradient of acetonitrile and water, 

both containing 0.1% formic acid, with an Agilent 1260 HPLC pump under conditions previously 

described (105). The eluent was introduced into an Agilent Technologies 6520 Q-TOF-MS instrument 

equipped with an electrospray ionization source. The parameters for the analysis were a capillary 

voltage of 4,000 V, a fragmentor voltage of 120 V, gas at 310°C, a gas flow of 10 liters/min, and a 

nebulizer pressure of 45 lb/in2 (gauge). Data were acquired in the positive ion mode at a scan range 

of 75 to 1,700 for the mass-to-charge ratio (m/z) and at a rate of 1.67 spectra per second. The raw 

data were deposited at the Metabolomics Workbench repository 

(https://www.metabolomicsworkbench.org) (https://doi.org/10.21228/M8PH55). 

The raw data files were converted to the XML-based mzML format with ProteoWizard (313). The files 

were then processed for peak picking, grouping, and retention time correction with the XCMS suite 

of software (314). The centWave algorithm was applied to detect chromatographic peaks with the 

following parameter settings: ≤30 ppm for m/z deviation in consecutive peaks, a signal-to-noise ratio 

of 10, a prefilter setting of 3 scans with peak intensities of ≥750, and 10 to 45 s for peak width. 

Molecular features (MF), defined by m/z and retention time, were grouped across samples using a 

bandwidth of 15 and an overlapping m/z slice of 0.02. Retention time correction was performed with 

the retcor algorithm of XCMS. Finally, peak area was normalized by the median fold normalization 

method as previously described (315). 

Pathway enrichment analysis was performed with Mummichog network analysis software v. 2 (316), 

which predicts functional activity from spectral feature tables without a priori identification of 

metabolites. This was implemented online at MetaboAnalyst (https://www.metaboanalyst.ca/). The 

parameter settings were a mass accuracy of 20 ppm, a positive ion mode, and a cutoff P value of 0.05 

for the Fisher’s exact test of observed and expected hits of a given pathway. Pathway enrichment in 

Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.genome.jp/kegg/) terms was 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8092257/#B105
https://www.metabolomicsworkbench.org/
https://doi.org/10.21228/M8PH55
https://www.metaboanalyst.ca/
https://www.genome.jp/kegg/
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determined separately for the P. leucopus and M. musculus sets of LPS-treated and control animals. 

A cross-species comparison of enrichments for pathways in common was plotted. Identifiable 

metabolites constituting the pathways that distinguished between LPS-treated and control animals 

were listed for each species. As a measure of abundance, the peak areas of selected metabolites 

were extracted from raw data set using Skyline software (317). Molecular features data for the 40 

individual plasma samples was deposited within the Dryad data repository 

(https://doi.org/10.7280/D12M4N). 

RNA extractions 

Cells of freshly obtained heparinized blood were pelleted by centrifugation for 3 min at 7,000 × g. The 

plasma supernatant and cell pellet were rapidly frozen on dry ice and stored at −80°C. For extraction 

of RNA from blood cell pellets in LPS experiments, we used a NucleoSpin RNA blood minikit 

(Macherey-Nagel). Lysis buffer and proteinase K were added to the frozen pellet and shaken while 

the pellet thawed. RNA from liver and spleen was extracted from 30  mg of frozen tissues, 

mechanically homogenized, and further lysed in Buffer RLT (Qiagen) with 2-mercaptoethanol in a 

TissueLyser (Qiagen) instrument with 3-mm stainless steel beads. Extraction was carried out using 

an RNeasy minikit (Qiagen). Extraction of total RNA from blood of P. leucopus animals infected with 

B. hermsii was as described by Long et al. (5). Frozen suspensions of dissociated, cultured 

fibroblasts in RNAlater (ThermoFisher Scientific) were extracted with an RNeasy minikit (Qiagen). 

Nucleic acid concentrations were determined with a Qubit fluorometer (ThermoFisher Scientific). 

The quality of the extracted RNA assessed with an Agilent 2100 Bioanalyzer with the Nano RNA chip. 

The RNA was stored in RNase-free distilled water at −80°C. 

RT-qPCR 

Reverse transcriptase quantitative PCR (RT-qPCR) assays were developed and implemented for 

measurement of transcripts of genes for the following proteins of P. leucopus: nitric oxide synthase 

https://doi.org/10.7280/D12M4N
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2 (Nos2), arginase 1 (Arg1), secretory leukocyte peptidase inhibitor (Slpi), and glyceraldehyde 3-

phosphate dehydrogenase (Gapdh). cDNA was synthesized from extracted RNA using an iScript 

reverse transcription kit and iScript Supermix (Bio-Rad) for qPCR, according to the manufacturer’s 

instructions. The reaction mix was incubated in a thermal cycler for 5 min at 25°C, 20 min at 46°C, 

and 1 min at 95°C. PCR of cDNA was carried out with qPCR PowerUp SYBR green master mix (Applied 

Biosystems) and performed in 96-well plates in a StepOnePlus real-time PCR system (Applied 

Biosystems) instrument. The forward and reverse primers, synthesized by Integrated DNA 

Technologies (San Diego, CA), were, respectively, the following:  

for Arg1, 5′-TCCGCTGACAACCAACTCTG and 5′-GACAGGTGTGCCAGTAGATG;  

for Nos2, 5′-GACTGGATTTGGCTGGTCCC and 5′-GAACACCACTTTCACCAAGAC;  

for Slpi, 5′-TCCCATCAGCAGACCAGTG and 5′-TTGGGAGGATTCAGCATCATACA;  

and for Gapdh, 5′-TCACCACCATGGAGAAGGC and 5′-GCTAAGCAGTTGGTGGTGCA. The product 

sizes were 352, 192, 81, and 169 bp, respectively. For all assays, the initial step was 95°C for 10 min, 

followed by 40 cycles. The cycle conditions for Arg1 and Nos2 were 95°C for 15 s, 52°C for 30 s, and 

72°C for 60 s. For Slpi and Gapdh, they were 95°C for 15 s and 52°C for 30 s. Standards were the 

corresponding PCR products cloned into the E. coli plasmid vector pUC57 and stored frozen at −80°C 

in single-use aliquots after plasmid purification, as described above. 

RNA-seq 

Library preparation with the Illumina TruSeq mRNA stranded kit was carried out as described 

previously (34). The libraries were normalized and then multiplexed to achieve 12 samples per flow 

cell on an Illumina HiSeq 4000 instrument and 100 or 150 cycles of paired-end read chemistry at the 

UC Irvine Genomic High Throughput Facility. The quality of sequencing reads was analyzed using 

FastQC (Babraham Bioinformatics). The reads were trimmed of low-quality reads (Phred score of 

<15) and adapter sequence, and corrected for poor-quality bases using Trimmomatic (214). After 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8092257/#B34
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these steps, there were overall for all the studies between 45 and 100 million reads for each of the 

samples. For the comparative study of 40 animals, the mean and median numbers, respectively, of 

reads (× 106) for the three tissues were 62.9 and 62.9 for blood, 65.2 and 63.8 for spleen, and 60.5 

and 59.4 for liver. Blood and liver RNA-seq outputs were 100 paired-end reads (PE100), and spleen 

and fibroblast RNA-seq outputs were PE150. Paired-end reads in fastq files were quantified using 

kallisto v. 0.46.1 (318) with the GENCODE annotation (v. 21; https://www.gencodegenes.org) for 

mouse and GCF_004664715.1_Pero_0.1 _rna from the NCBI for P. leucopus (34). The mean (95% 

confidence interval [95% CI]) coefficient of determination (R2) between paired replicates of 4 RNA 

extracts (blood of 4 LPS-treated P. leucopus deermice), but with independent cDNA libraries and 

sequencing lanes, was 0.994 (0.990 to 0.997) for 8,055 transcripts, with mean numbers of transcripts 

per million (TPM) being >1, while the mean R2 for the 24 discordant pairs for these samples was 0.975 

(0.973 to 0.977). Sequencing reads were deposited with the Sequence Read Archive Table 12. 

Table 12 BioProject, BioSample, and Sequence Read Archive accession numbers for RNA-seq 

Subject BioProject 
accession no. 

BioSample accession no. Sequence read archive 
accession no. 

Blood, spleens, and livers of 2- to 3-
mo-old Peromyscus leucopus LL 
stock deermice after injection of 
lipopolysaccharide (LPS) or buffer 
alone (control) 

PRJNA643534  SAMN15445639–
SAMN15445698 (20 
animals × 3 tissues = 60 
samples) 

SRR12781556–
SRR12781615 

Blood, spleens, and livers of 2- to 3-
mo-old Mus musculus BALB/c mice 
after treatment with LPS or buffer 
alone 

PRJNA643535  SAMN15445905–
SAMN15445964 (20 
animals × 3 tissues = 60 
samples) 

SRR12782328–
SRR12782387 

Blood and/or spleens of 1 to 2-yr-old 
P. leucopus LL stock deermice after 
injection of LPS or buffer alone 

PRJNA644403  SAMN15469591–
SAMN15469598; 
SAMN16439936–
SAMN16439945 

SRR15769470–
SRR15769487 

Blood of P. leucopus LL stock 
deermice infected with Borrelia 
hermsii strain MTW 

PRJNA508222  SAMN10522571–
SAMN10522573; 
SAMN10522575–
SAMN10522578 

SRR8283810–SRR8283816 

Fibroblasts from the ears of 5 P. 
leucopus LL stock deermice 
cultivated with or without LPS 

PRJNA672217  SAMN16563388–
SAMN16563397 

SRR13021354–
SRR13021363 

https://www.gencodegenes.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8092257/#B34
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA643534
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA643535
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA644403
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA508222
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA672217
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Differential expression 

We used edgeR v. 3.28.1 for DEG analysis (319). Genes were called differentially expressed if their 

absolute fold change between conditions was >4.0 and the false-discovery rate (FDR) was <0.05. To 

compare fold changes across species, we merged the output tables from the DEG analyses and 

retained 14,685 orthologous genes that were synonymously annotated between both species, out of 

a total of 24,295 annotated genes for P. leucopus and 35,805 for M. musculus. To screen for DEGs 

that varied in magnitude by species, we required an absolute fold change of >5.0 (log2 = 2.5) in one 

species and <5.0 in the other. For DEGs designated “shared” between the species, the absolute fold 

change was >5.0 in both. Enrichment analysis was done for each one of the gene groups, separated 

by up- or downregulation. Enrichment of gene ontology (GO; http://geneontology.org) terms for 

biological processes was computed using EnrichR (https://amp.pharm.mssm.edu/Enrichr) (320)and 

plotted using ggplot (v. 3.3.2) of the R package (321). The GO terms were sorted by ascending P value. 

RNA-seq of a limited set of protein coding sequences (CDS) of both species in the same DEG analysis 

was carried out using CLC Genomics Workbench v. 20 (Qiagen). Paired-end reads were aligned with 

a length fraction of 0.4, similarity fraction of 0.9, and penalties of 3 for mismatch, insertion, or 

deletion to the CDS of sets of corresponding to orthologous mRNAs of P. leucopus and M. musculus. 

Accession numbers are given in Dryad repository, https://doi.org/10.7280/D1R70J. Counted reads 

were those that were species specific. For example, for Arg1, the coding sequences for both P. 

leucopus and M. musculus were in the reference set, but for P. leucopus, only the unique reads for 

Arg1 for that species were tabulated. The cross-hybridization of reads, e.g., number of M. musculus 

reads mapping to P. leucopus Arg1, was no more than 5% of that of the homologously mapped gene, 

e.g., M. musculus Arg1, and usually <1%. Expression values were unique reads normalized for total 

reads across all the samples without adjustment for reference sequence length. These were log10 

transformed. 

http://geneontology.org/
https://amp.pharm.mssm.edu/Enrichr
https://doi.org/10.7280/D1R70J
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WGCNA 

We used weighted gene correlation network analysis (WGCNA) to identify densely interconnected 

genes (modules) (322). This was applied for the 6 data sets across species and tissues by building a 

matrix of gene expression with genes with numbers of TPM of >1 in one or more individual. We 

selected a power (β) of 13 for a soft threshold for the weighted network and specified a minimum of 

100 genes per module. To merge modules with similar gene expression profiles, we carried out a 

dynamic tree cut with an Eigengene dissimilarity threshold of 0.2 that generated the final Eigengene 

profiles, where Eigengene is the first principal component of the module expression matrix (323). The 

inferred modules were distinguished by assigned hexadecimal color code (https://www.color-

hex.com/color-names.html), e.g., darkorange2. Modules, associated GO terms, and constituent 

genes that are not presented in this paper have been deposited with Dryad (http://datadryad.org) 

under the data set name “Peromyscus_WGCNA_supplement” (https://doi.org/10.7280/D1B38G). 

Statistics 

Means are presented with 95% confidence intervals. Parametric (t test) and nonparametric (Mann-

Whitney) tests of significance were two-tailed. Unless otherwise stated, the t test P value is given. 

Adjustment of P values for multiple testing was by the Benjamini-Hochberg method (227), as 

implemented in edgeR, CLC Genomics Workbench (see above), or the False Discovery Rate Online 

Calculator (https://tools.carbocation.com/FDR). For categorical data, an exact likelihood ratio test 

was performed with StatXact v. 6 (Cytel statistical software). Other methods are given in software 

programs or suites cited above. 

Data availability 

The National Center for Biotechnology Information BioProject, BioSample, and Sequence Read 

Archive (SRA) identification and accession numbers for the nucleic acid sequences obtained in this 

study are listed in Table 12. The raw data for the metabolomics study is at 

https://www.color-hex.com/color-names.html
https://www.color-hex.com/color-names.html
http://datadryad.org/
https://doi.org/10.7280/D1B38G
https://tools.carbocation.com/FDR
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https://doi.org/10.21228/M8PH55 of the Metabolomics Workbench repository 

(https://www.metabolomicsworkbench.org) under project PR001060. 

 
 
 
 
 
 
 
 
 
 
 
 
  

https://doi.org/10.21228/M8PH55
https://www.metabolomicsworkbench.org/
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CHAPTER FOUR: The white-footed deermouse, an infection-tolerant reservoir 
for several zoonotic agents, tempers interferon responses to endotoxin in 
comparison to the mouse and rat 

Abstract 

The white-footed deermouse Peromyscus leucopus, a long-lived rodent, is a key reservoir for agents 

of several zoonoses, including Lyme disease. While persistently infected, this deermouse is without 

apparent disability or diminished fitness. For a model for inflammation elicited by various pathogens, 

the endotoxin lipopolysaccharide (LPS) was used to compare genome-wide transcription in blood by 

P. leucopus, Mus musculus and Rattus norvegicus and adjusted for white cell concentrations. 

Deermice were distinguished from the mice and rats by LPS response profiles consistent with non-

classical monocytes and alternatively-activated macrophages. LPS-treated P. leucopus, in contrast 

to mice and rats, also displayed little transcription of interferon-gamma and lower magnitude fold-

changes in type 1 interferon-stimulated genes. This was associated with comparatively reduced 

transcription of endogenous retrovirus sequences and cytoplasmic pattern recognition receptors in 

the deermice. The results reveal a mechanism for infection tolerance in this species and perhaps 

other animal reservoirs for agents of human disease. 

Introduction 

How does the white-footed deermouse Peromyscus leucopus continue to thrive while sustaining 

infections with disease agents it serves as reservoir for (3)? The diverse tickborne pathogens (and 

diseases) for humans include the extracellular bacterium Borreliella burgdorferi (Lyme disease), the 

intracellular bacterium Anaplasma phagocytophilum (anaplasmosis), the protozoan Babesia microti 

(babesiosis), and the Powassan flavivirus (viral encephalitis). Most deermice remain persistently 

infected but display scant inflammation in affected tissues (20), (5), (233), and without apparent 

consequence for fitness (21), (25). 
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A related question—conceivably with the same answer--is what accounts for the two-to-three fold 

longer life span for P. leucopus than for the house mouse, Mus musculus (324), (10)? The abundance 

of P. leucopus across much of North America (325), (326) and its adaptation to a variety of 

environments, including urban areas and toxic waste sites (327), (328), (329), indicates successful 

adjustment to changing landscapes and climate. Peromyscus species, including the hantavirus 

reservoir P. maniculatus, are more closely related to hamsters and voles in family Cricetidae than to 

mice and rats of family Muridae (330). 

As a species native to North America, P. leucopus is an advantageous alternative to the Eurasian-

origin house mouse for study of natural variation in populations that are readily accessible (7), (5). A 

disadvantage for the study of any Peromyscus species is the limited reagents and genetic tools of the 

sorts that are applied for mouse studies. As an alternative, we study P. leucopus with a non-

reductionist approach that is comparative in design and agnostic in assumptions as presented in 

Chapter 3. The genome-wide expression comparison for P. leucopus is with M. musculus and, added 

here, the brown rat Rattus norvegicus. Given the wide range of pathogenic microbes that deermice 

tolerate, we use the bacterial endotoxin lipopolysaccharide (LPS) as the primary experimental 

treatment because the inflammation it elicits within a few hours has features common to different 

kinds of serious infections, not to mention severe burns and critical injuries (331).  

We previously reported in Chapter 3 that a few hours after injection of LPS, P. leucopus and M. 

musculus had distinguishing profiles of differentially expressed genes (DEG) in the blood, spleen, 

and liver. In brief, the inflammation phenotype of deermice was consistent with an “alternatively 

activated” or M2-type macrophage polarization phenotype instead of the expected “classically 

activated” or M1-type polarization phenotype that was observed for M. musculus (264). The 

deermice also differed from mice in displaying evidence of greater neutrophil activation and 

degranulation after LPS exposure. The potentially damaging action from neutrophil proteases and 
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reactive oxygen species appeared to be mitigated in part in P. leucopus by proteins like secretory 

leukocyte protease inhibitor (Slpi) and superoxide dismutase 2 (Sod2). 

Here, we first address whether the heightened transcription of neutrophil-associated genes in P. 

leucopus is attributable to differences in numbers of white cells in the blood. To better match for 

genetic diversity, we substituted outbred M. musculus for the inbred BALB/c mouse of the previous 

study. We retained the experimental protocol of short-term responses to LPS. This main experiment 

was supplemented by a study of rats under the similar conditions, by an investigation of a different 

dose of LPS and duration of exposure in another group of deermice, and by analysis of deermice 

infected with a bacterium lacking LPS. The focus was on the blood of these animals, not only because 

the distinctions between species in their transcriptional profiles were nearly as numerous for this 

specimen as for spleen and liver, as described in Chapter 3, but also because for ecological and 

immunological studies of natural populations of Peromyscus species blood is obtainable from 

captured-released animals without their sacrifice. 

The results inform future studies of Peromyscus species, not only with respect to microbial infections 

and innate immunity, but conceivably also determinants of longevity and resilience in the face of 

other stressors, such as toxic substances in the environment. The findings pertain as well to the 

phenomenon of infection tolerance broadly documented in other reservoirs for human disease 

agents, such as betacoronaviruses and bats (242). Less directly, the results provide for insights about 

maladaptive responses among humans to microbes, from systemic inflammatory response 

syndrome (SIRS) to post-infection fatigue syndromes. 

Results 

LPS experiment and hematology studies 

Twenty adult animals each for P. leucopus and M. musculus and equally divided between sexes 

received by intraperitoneal injection either purified E. coli LPS at a dose of 10 µg per g body mass or 
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saline alone (Table 13). Within 2 h LPS-treated animals of both species displayed piloerection and 

sickness behavior, i.e. reduced activity, hunched posture, and huddling. By the experiment’s 

termination at 4 h, 8 of 10 M. musculus treated with LPS had tachypnea, while only one of ten LPS-

treated P. leucopus displayed this sign of the sepsis state (p = 0.005). 

Table 13 Characteristics and treatments of M. musculus CD-1 and P. leucopus LL stock. 

 

Within a given species there was little difference between LPS-treated and control animals in values 

for erythrocytes. But overall the deermice had lower mean (95% confidence interval) hematocrit at 

42 (36-48) %, hemoglobin concentration at 13.8 g/dL (12.1-15.5), and mean corpuscular volume for 

erythrocytes at 49 fL (47-51) than M. musculus with respective values of 56 (51-62)%, 16.1 g/dL (14.6-
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17.7), and 60 fL (58-62) (p < 0.01). These hematology values for adult CD-1 M. musculus and LL stock 

P. leucopus in this study were close to what had been reported for these colony populations (287), 

(286).  

In contrast to red blood cells, the mean numbers of white blood cells in the LPS groups in both 

species were lower than those of control groups (figure 34). Controls had a mean 4.9 (3.5-6.4) x 103 

white cells per µl among M. musculus and 5.8 (4.2-7.4) x 103 white cells per µl among P. leucopus (p 

= 0.41). For the LPS-treated animals the values were 2.1 (1.5-2.7) x 103 for mice and 3.1 (0.9-5.4) x 

103 for deermice (p = 0.39). However, there was difference between species among LPS-treated 

animals in the proportions of neutrophils and lymphocytes in the white cell population. The ratios of 

neutrophils to lymphocytes were 0.25 (0.14-0.45) and 0.20 (0.13-0.31) for control M. musculus and 

P. leucopus, respectively (p = 0.53). But under the LPS condition. the neutrophil-to-lymphocyte ratio 

was 0.18 (0.11-0.28) for mice and 0.64 (0.42-0.97) for deermice (p = 0.0006). The regression curves 

for plots of neutrophils and lymphocytes for LPS-treated and control P. leucopus and LPS-treated M. 

musculus had similar slopes, but the y-intercept was shifted upwards towards a higher ratio of 

neutrophils to lymphocytes for blood from the LPS group of deermice. Control group mice and 

deermice and LPS-treated mice had similar percentages (∼5%) of monocytes in their blood; the 

mean monocyte percentage rose to 10% in LPS treated deermice (p = 0.12). Eosinophil percentages 

tended to be higher in deermice at a mean 3.4 (2.1-4.7) % than mice at 1.2 (0.5-1.9)% under either 

condition (p = 0.004). 

In the P. leucopus experiment with a 10-fold lower dose of LPS and a 12 hour duration, the mean (95% 

confidence interval) white blood cell count (x 103) at termination 3.5 (2.5-4.5) in controls and 7.9 

(6.0-9.7) in the LPS-treated (p = 0.01). Even with the higher overall white blood cell count the increase 

white cells was proportionately higher for neutrophils than for lymphocytes, as was seen in the 
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deermice in the higher dose LPS experiment. The ratio of neutrophils-to-lymphocytes was 0.20 (0.07-

0.32) in the controls and 0.38 (0.26-0.50) in the LPS-treated (p = 0.10). 

 

Figure 34 Total white blood cells, neutrophils, and lymphocytes of M. musculus and P. leucopus with 
or without treatment with LPS 
Total white blood cells, neutrophils, and lymphocytes of Mus musculus (M) and Peromyscus 
leucopus (P) with or without (control; C) treatment with 10 µg lipopolysaccharide (LPS; L) per g body 
mass 4 h previous. The box plots of left and center panels show values of individual animals and 
compiled median, quartiles, and extreme values. The linear regressions of the right panel are color-
coded according to the species and treatment designations. The outlier value for a M. musculus 
control (MM17) was excluded from the linear regression for that group. 

The higher neutrophil to lymphocyte ratio in the deermice exposed to LPS was consistent with the 

greater neutrophil activation noted by transcriptional analysis as described in Chapter 3. But many 

individual genes that constitute this and related gene ontology (GO) terms had transcription levels in 

the deermice that far exceeded a three-fold difference in neutrophil counts. For some genes the 

differences were a hundred or more-fold, which suggested that the distinctive LPS transcriptional 

response profile between species was not attributable solely to neutrophil counts. 

Genome-wide expression in blood of deermice and mice 

We used the respective transcript sets from the reference genomes for P. leucopus and M. musculus 

for deep coverage RNA-seq with paired-end ∼150 nt reads. Principle component analyses (PCA) of 

the P. leucopus data and M. musculus data revealed that untreated controls had coherent profiles 
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within each species (figure 35). With the exception of one mouse, the LPS-treated M. musculus were 

also in a tight PCA cluster. In contrast, the LPS-treated deermice displayed a diversity of genome-

wide transcription profiles and limited clustering. 

 

Figure 35 Principal component analysis of genome-wide RNA-seq data of P. leucopus or M. 
musculus 
Principal component analysis of genome-wide RNA-seq data of P. leucopus or M. musculus with or 
without (blue dot) treatment with LPS 4 h previous. The individual animals listed in Table 13 are 
indicated on the graphs. The insets indicate the size and color of the symbol for the experimental 
condition (LPS-treated or control). 

For both species the number of genes with higher expression with LPS exposure exceeded those with 

lower or unchanged expression. For P. leucopus and M. musculus the mean fold-changes were 1.32 

(1.29-1.35) and 1.30 (1.24-1.36), respectively (p = 0.31). For GO term analysis the absolute fold-

change criterion was ≥ 2. Because of the ∼3-fold greater number of transcripts for the M. musculus 

reference set than the P. leucopus reference set, application of the same false-discovery rate (FDR) 

threshold for both datasets would favor the labeling of transcripts as DEGs in P. leucopus. 

Accordingly, the FDR p values were arbitrarily set at <5 x 10-5 for P. leucopus and <3 x 10-3 for M. 

musculus to provide approximately the same number of DEGs for P. leucopus (1154 DEGs) and M. 

musculus (1266 DEGs) for the GO term comparison. 
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Figure 36 shows the GO terms for the top 20 clusters by ascending p-value for up-regulated and 

down-regulated in P. leucopus and the corresponding categories for M. musculus. The up-regulated 

gene profile for P. leucopus featured terms associated with “neutrophil degranulation”, “myeloid 

leukocyte activation”, “leukocyte migration”, and “response to molecule of bacterial origin”. Other 

sets of up-regulated genes for the deermice were “negative regulation of cytokine production” and 

“regulation of reactive oxygen species metabolic process”. None of these were among the top 20 up-

regulated clusters for M. musculus. Indeed, “leukocyte activation” and “leukocyte migration” were 

GO terms for down-regulated DEGs in M. musculus. Distinctive GO terms for up-regulated genes 

distinguishing mice from deermice were “response to virus”, “response to interferon-beta”, 

“response to interferon-gamma”, “response to protozoan”, and “type II interferon signaling”. 

 

Figure 36 Gene Ontology term clusters of P. leucopus and M. musculus  

Gene Ontology (GO) term clusters associated with up-regulated genes (upper panels) and down-
regulated genes (lower panels) of Peromyscus leucopus (left panels) and Mus musculus (right 
panels) treated with LPS in comparison with untreated controls of each species The scale for the x-
axes for the panels was determined by the highest -log10 p values in each of the four sets. The 
horizontal bar color, which ranges from white to dark brown through shades of yellow through orange 
in between, is a schematic representation of the -log10 p values. 
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By arbitrary criterion of 100 for the top DEGs by ascending p value for each species, 24 genes were 

shared between species. These included up-regulated Bcl3, Ccl3, Cxcl1, Cxcl2, Cxcl3, Cxcl10, Il1rn, 

and Sod2. Among the 100 mouse DEGs, 20 were constituents of GO terms “response to virus” or 

“response to interferon-beta” and only 3 were members of GO term sets “response to molecule of 

bacterial origin” or “response to lipopolysaccharide”. In contrast, among the top 100 deermouse 

DEGs, there were only 2 associated with the virus or type 1 interferon GO terms, but 12 were 

associated with either or both of the bacterial molecule GO terms. 

We confirmed the sex identification for each sample with sex-specific transcripts of Xist for females 

and Ddx3y for males, data presented in Chapter 3. For female and male P. leucopus  there were 5012 

transcripts out of 54,466 in the reference set for which there were TPM values of ≥10 in at least one 

animal in each of the sexes under either condition. The comparison of females to males by fold-

changes between LPS-treated and control animals revealed transcripts that were differentially 

expressed between sexes under LPS treatment (figure 37). Some were down-regulated in one sex 

while unchanged in expression in the opposite sex. Of note in this category were different isoforms 

or variants of Lilra6 (leukocyte immunoglobulin-like receptor, subfamily A, member 6), one of a family 

of orphan receptors of myeloid cells (332). The opposite case was exemplified by the Dnajc15 and 

Hspa8 genes for two chaperones: DnaJ heat shock protein family (Hsp40) member C15 and heat 

shock protein 8, respectively. These were substantially lower in transcription in the LPS-treated 

females than in untreated animals, but little changed in LPS-treated males. Coordinates for some 

other genes, e.g. Saa5 and Cxcl2, fell outside the prediction limits at the extreme end of up-

regulation, but their vectors were within 20-25° of each other. While these and other sex-associated 

differences merit attention for future studies, overall, they were not of sufficient number or 

magnitude in our view to warrant division by sex for the subsequent analyses, which had the aim of 

identifying differences applicable for both females and males. 
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Figure 37 Scatter plot with linear regression of pairs of log2-transformed mean fold-changes between 
LPS-treated and control P. leucopus by male and female sex 

Scatter plot with linear regression of pairs of log2-transformed mean fold-changes between LPS-
treated and control P. leucopus  by male and female sex. The 5012 reference transcripts from the 
genome reference set are defined in the text. The coefficient of determination (R2), the 95% upper 
and lower prediction limits for the regression line, and distributions of the values on the x-and y-axes 
are shown. Selected genes for which their x-y coordinates fall outside the limits of prediction are 
labeled. Cxcl2, Ibsp, Saa3, Saa5, Sbno2, Serpine1, Slpi, and Steap1 were noted as up-regulated 
DEGs for the groups with both sexes. 

Targeted RNA seq analysis 

The emerging picture was of P. leucopus  generally responding to LPS exposure as if infected with an 

extracellular bacterial pathogen, including with activated neutrophils. While M. musculus animals of 

both sexes shared with P. leucopus   some features of an antibacterial response, they also displayed 

type 1 and type 2 interferon type response profiles associated with infections with viruses and 

intracellular bacteria and parasites. 

Going forward, the challenge for a cross-species RNA-seq was commensurability between 

annotated transcripts of reference sets. Orthologous genes can be identified, but mRNA isoforms 

and their 5’ and 3’ untranslated regions may not fully correspond. Accordingly, we limited targeted 
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RNA-seq to protein coding sequences of mRNAs for the corresponding sets of P. leucopus   and M. 

musculus sequences. 

The 113 mRNA coding sequences, which are listed in Methods, were drawn from the identified DEGs 

for P. leucopus   and M. musculus from the genome-wide RNA-seq. For cross-species normalization 

we first evaluated three methods: (1) normalization using the ratio of mean total reads for all samples 

to total reads for a given sample, (2) the ratio of reads mapping to a given target gene (i.e. the 

numerator) to the reads to the mitochondrial 12S rRNA gene (i.e. the denominator), or (3) when the 

denominator instead was the myeloid cell marker CD45 (protein tyrosine phosphatase, receptor type 

C) encoded by the Ptprc gene (figure 38). In humans, mice, and hamsters, Ptprc is expressed by 

nucleated hematopoietic cells, and CD45 is commonly used as a white cell marker for flow 

cytometry (333). The coefficients of determination (R2) between comparison pairs (e.g. normalized 

total reads vs. Ptprc ratio) within a species were ≥ 0.95. There was also little difference between the 

choice of Ptprc or 12S rRNA transcripts as denominator with respect to cross-species comparisons 

of LPS-treated to control fold changes. Given the widespread adoption of CD45 for flow cytometry, 

we chose Ptprc as denominator and as an adjustment for white cell numbers in the samples. Pearson 

correlation between log-transformed total white blood cell counts and normalized reads for Ptprc 

across 40 animals representing both species, sexes, and treatments was 0.40 (p = 0.01). 

The normalization options were total reads for the same sample, unique reads for the mitochondrial 

12S rRNA, and unique reads for the Ptprc (CD45) transcript are presented in figure 38. The variable 

for comparison was, first, the mean fold-change between LPS-treated and control animals of each 

sex and by each of the three methods. The coefficients of determination (R2) were calculated for 

each of the pairs and for within each species and across species. The results of this analysis are in 

the matrix of the upper panel of figure 38.  
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Figure 38 Comparison of three different methods for normalization for cross-species targeted RNA-
seq 

Within each species the outputs from the 3 different methods were highly similar. Since the aim was 

to identify a normalization procedure suitable for use on blood sample with differing concentrations 

of nucleated cells and different states of activation, we next compared normalization by 12S rRNA 

with normalization by Ptprc. The lower left panel compares in the same scatterplot the LPS to control 

fold-changes by each method and the P. leucopus  (P) result regressed on the M. musculus (M) for 

the same gene. As expected, the two species differed overall in many of their responses, and this was 

more pronounced for genes with the higher magnitudes of fold-change. But areas of distributions of 

datapoints over the space for each of the methods overlapped. The next question was whether there 

would a difference in outcome for a cross-species comparison. For this we used the metric of the 

log-transformed ratio of the LPS:control fold- change for P. leucopus   to the LPS:control fold-change 

for M. musculus. To avoid confusion with the “fold-change” variable, we termed this cross-species 
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variable “fold-difference”. If the two methods yielded commensurate results, they would be highly 

correlated. The lower right panel of the figure is a scatterplot with linear regression and the R2 value. 

The slope (beta) was 0.92. The results indicated that the two normalization methods, one based on 

a mitochondrion gene and other on a chromosome gene, were commensurate. 

Figure 39 comprises plots of the log-transformed mean ratios for the 10 P. leucopus controls and 10 

M. musculus controls and for the 10 P. leucopus   and 10 M. musculus treated with LPS. For untreated 

animals (left panel) there was high correlation and a regression coefficient of ∼1 between the paired 

data for deermice and mice. The mitochondrial cytochrome oxidase 1 gene (MT-Co1) and S100a9, a 

subunit of calprotectin, were comparably transcribed. But, there were other coding sequences that 

stood out for either their greater or lesser transcription in untreated deermice than mice. Two 

examples of greater expression were Arg1 and MX dynaminin-like GTPase 2 (Mx2), an ISG, while two 

examples of lesser expression were matrix metalloprotease 8 (Mmp8) and Slpi. There was low to 

undetectable transcription of Nos2 and interferon-gamma (Ifng) in the blood of controls of both 

species. 

 

Figure 39 Scatter plots with linear regression of pairs of log-transformed P. leucopus and M. 
musculus sequences 
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Scatter plots with linear regression of pairs of log-transformed (ln) normalized RNA-seq reads for 
selected coding sequences for control P. leucopus   and M. musculus (left panel) and LPS-treated 
P. leucopus   and M. musculus (right panel). The R2 values and selected genes (each with a 
different symbol) are indicated in each graph. 

For the LPS-treated animals (right panel figure 39) there was, as expected for this selected set, higher 

expression of the majority genes and greater heterogeneity among P. leucopus   and M. musculus 

animals in their responses for represented genes. In contrast to the findings with controls, Ifng and 

Nos2 had higher transcription in treated mice. In deermice the magnitude of difference in the 

transcription between controls and LPS-treated was less. A comparatively restrained transcriptional 

response in deermice was also noted for Mx2. On the other hand, there were greater fold-change 

from baseline in P. leucopus   than in M. musculus for interleukin-1 beta (Il1b), Mmp8, Slpi, and 

S100a9. 

Table 14 lists all the selected targets with the means and confidence intervals for the normalized 

values for controls and LPS-treated M. musculus and controls and LPS-treated P. leucopus. The fold-

changes within each species and between treatments across species are given. The final column is 

the ratio of the fold-change between LPS to control in P. leucopus  to the corresponding value for M. 

musculus. This along with the derived heat-map of these ratios, presented in the second column, 

indicates the genes for which there was little difference between species in their responses to LPS--

either up or down--as well as those that were comparatively greater or lesser in one species or the 

other. Several of these genes are considered in other specific contexts below. Of note here are the 

places of Nos2 and Ifng at the bottom of the table, and Il1b near the top at position 20. 
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Table 14 Targeted RNA-seq of blood of Peromyscus leucopus and Mus musculus 4 hours after 
intraperitoneal injection of lipopolysaccharide (LPS) or saline control 
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“Alternatively-activated” macrophages and “nonclassical” monocytes in P. leucopus  

While we could not type single cells using protein markers, we could assess relative transcription of 

established indicators of different white cell subpopulations in whole blood. The present study, 

which incorporated outbred M. musculus instead of an inbred strain, confirmed the previous finding 

of differences in Nos2, the gene for inducible nitric oxide synthase and Arg1, the gene for arginase 1, 

expression between M. musculus and P. leucopus (figure 39, Table 15). Results similar to the RNA-

seq findings were obtained with specific RT-qPCR assays for Nos2 and Arg1 transcripts for P. 

musculus and M. musculus (Table 15). 

Table 15 RT-qPCR of blood of LPS-treated and control P. leucopus and M. musculus 

 

Low transcription of Nos2 in both in controls and LPS-treated P. leucopus and an increase in Arg1 

with LPS was also observed in another experiment for present study where the dose of LPS was 1 

µg/g body mass instead of 10 µg/g and the interval between injection and assessment was 12 h 

instead of 4 h (Table 16). 

In addition to the differences in Nos2 and Arg1 expression for typing macrophage and monocyte 

subpopulations, there are also the relative expressions of three other pairs of genes: (1) IL12 and 

IL10, where a lower IL12/IL10 ratio is more characteristic of alternatively activated or M2 type (334), 

(269); (2) the proto-oncogene kinases Akt1 and Akt2, where the associations are Akt1 with M2-type 

and Akt2 with M1-type macrophages (335), (336); and (3) CD14 and CD16 (low affinity 
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immunoglobulin gamma Fc region receptor III; Fcgr3), where low expression of CD14 and high 

expression of CD16/Fcgr3 is associated with “non-classical” monocytes (337). There is evidence that 

nonclassical monocytes can change to M2-type macrophages (338). 

Table 16 Targeted RNA-seq of P. leucopus blood in 12 h and 1 ug/g LPS experiment 

 

These four relationships, which are presented as log-transformed ratios of Nos2/Arg1, IL12/IL10, 

Akt1/Akt2, and CD14/CD16, are shown in figure 40. We confirmed the difference between P. 

leucopus and M. musculus in the ratios of Nos2/Arg1 and IL12/IL10 (3) with outbred mice and 

normalization for white cells. In both species the Akt1/Akt2 ratio declined in LPS-treated animals, but 

for P. leucopus the ratio remained > 1.0 even among LPS-treated animals, while in the blood of M. 

musculus the ratio was < 1.0 at baseline and declined further in the LPS-treated animals. 
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An orthologous gene for Ly6C (339), a protein used for typing mouse monocytes and other white 

cells, has not been identified in Peromyscus or other Cricetidae family members. Therefore, 

expression of Cd14 was compared with expression of the Ly6c alternative Fcgr3, which deermice and 

other cricetines do have. In mice, the Cd14/Fcgr3 transcription ratio increased from baseline in the 

LPS group. In the deermice, the ratio in control animals was midway between the two groups of mice 

but there was a marked decrease in the LPS-treated deermice (figure 40). This was not associated 

with a fall in the absolute numbers or percentages of monocytes in the blood of these animals (Table 

13). 

 

Figure 40 Box plots of log-transformed ratios of four pairs of gene transcripts from targeted RNA-
seq analysis 
Box plots of log-transformed ratios of four pairs of gene transcripts from targeted RNA-seq analysis 
of blood of P. leucopus  (P) or M. musculus (M) with (L) or without (C) treatment with LPS. Upper 
left, Nos2/Arg1. Upper right, IL12/IL10. Lower left, Akt1/Akt2. Lower right, Cd14/Cd16. 

Taken together, the Nos2-Arg1, Il12-Il10, Akt1-Akt2, and CD14-CD16 relationships document a 

disposition toward alternatively-activated macrophages and nonclassical monocytes in P. leucopus 
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both before and after exposure to LPS. This contrasts with profiles consistent with a predominance 

of classically-activated macrophages and classical monocytes in mice. 

Interferon-gamma and interleukin-1 beta dichotomy between deermice and murids 

For mice the Ifng transcript was one of the top ranked DEGs by both fold-change and adjusted p value 

by genome-wide RNA-seq (Table 14). In contrast, for P. leucopus Ifng was far down the list, and the 

comparably ranked DEG instead was Il1b. This inversion of relationships between two pro-

inflammatory cytokines was confirmed by analysis of the individual animals of both species (figure 

41). There was little or no detectable transcription of Ifng in the blood of deermice in which Il1b 

expression was high. There was also scant to no transcription of Ifng in the blood of P. leucopus 12 h 

after injection of LPS (Table 16). 

 

Figure 41 Transcripts of interferon-gamma and interleukin-1 beta by targeted RNA-seq of the blood 
of two rodents 
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Transcripts of interferon-gamma and interleukin-1 beta by targeted RNA-seq of the blood of P. 
leucopus  (P) or M. musculus (M) with (L) or without (C) treatment with LPS. The top panels are box 
plots of the individual values. The lower left panel is a scatter plot of interleukin-1 ý on interferon-ψ 
values. The lower right panel is a Discriminant Analysis of these pairs of values where Factor 1 
corresponds to interferon-gamma, and Factor 2 corresponds to interleukin-1 beta. 

The up-regulation of Ifng within 4 hours of exposure to LPS was not limited to the species M. 

musculus. In an experiment with the rat R. norvegicus, we used two different LPS doses (5 µg/g and 

20 µg/g), but the same 4 h endpoint and whole blood as the sample. Both groups of LPS-treated rats 

had lowered total white blood cells, and, like the mice, lower neutrophil-to-lymphocyte ratios 

compared to controls (Table 17). There were also elevations of interferon-gamma, interleukin-6 and 

interleukin-10 proteins from undetectable levels in the blood of the treated rats. The values for rats 

receiving 5 µg/g or 20 µg/g doses were similar, so these groups were combined. By targeted RNA-seq 

there were 24x fold-changes between the LPS-treated rats and control rats for Ifng and Nos2 but only 

∼3x fold-change for Il1b (Table 17). 

Given these findings, we asked why the interferon-gamma response observed in CD-1 mice and rats 

here was not as pronounced in BALB/c mice as described in Chapter 3. Accordingly, we used the 

RNA-seq reads obtained from the prior study described in Chapter 3 in combination with the reads 

of the present study and carried out targeted RNA-seq (figure 42). The BALB/c inbred mice had, like 

the CD-1 mice, modest elevations of Il1b transcription. Ifng expression was also elevated in the 

BALB/c animals but not to the degree noted in CD-1 mice or rats. One explanation is an inherent 

difference of BALB/c mice from other strains in their lower interferon-gamma response to LPS. 
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Figure 42 Scatter plot of interleukin-1 beta and nitric oxide synthase by interferon-gamma targeted 
RNA-seq of the blood of P. leucopus or M musculus with  or without  treatment with LPS 
Scatter plots of log-transformed normalized transcripts of genes for interleukin-1 beta (Il1b; left 
panel) or nitric oxide synthase 2 (Nos2; right panel) on interferon-gamma (Ifng) of blood of P. 
leucopus (Pleu) or M. musculus (outbred CD-1 and inbred BALB/c) with (LPS) or without (con) 
treatment with lipopolysaccharide 4 hr previously. The data are from the present study of P. 
leucopus and M. musculus (Pleu 2 and CD-1) and from the study presented in Chapter 3 of P. 
leucopus and M. musculus (Pleu 1 and BALB/c). 
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Table 17 Hematology, cytokines, and targeted RNA-seq of LPS-treated and control rats 
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Interferon-gamma and inducible nitric oxide synthase 

Interferon-gamma is a determinant of Nos2 expression (340), (341). So, the scant transcription of Ifng 

in P. leucopus conceivably accounted for the low expression of Nos2 in that species. The analysis 

shown in upper left panel of figure 43 shows a tight correlation between the levels of transcription of 

Ifng and Nos2 for both species and both experimental conditions. A significant correlation was also 

observed for the combined set of animals between the ratios of Nos2 to Arg1 and Ifng to Il1b (upper 

right panel figure 43), an indication of co-variation between Ifng expression and macrophage 

polarization. 

 

Figure 43 Normalized transcripts of Nos2, Ifng, and Cd69 in targeted RNA-seq analysis of blood of 
P. leucopus or M. musculus with or without treatment with LPS 
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Normalized transcripts of Nos2, Ifng, and Cd69 in targeted RNA-seq analysis of blood of P. leucopus  
(P) or M. musculus (M) with (L) or without (C) treatment with LPS. Upper left: scatter plot of individual 
values for Nos2 on Ifng with linear regression curve and coefficient of determination (R2). Upper right: 
natural logarithm (ln) of ratios of Nos2/Argi1 on Ifng/IL1b with regression curve and R2. Lower left: 
Box plots of individual values of normalized transcripts of Cd69. Lower right: Scatter plot of Ifng on 
Cd69 with separate regression curves and R2 values for M. musculus and P. leucopus.  
 
The plausible sources of Ifng mRNA in whole blood are T-cells, Natural Killer cells, and Type 1 Innate 

Lymphoid Cells (342). A DEG for M. musculus by both genome-wide and targeted RNA-seq (Table 14) 

was Cd69, a C-type lectin protein and an early activation antigen for these cells (343). In P. leucopus 

transcription Cd69 occurred in the blood of control P. leucopus , but it was the same or only 

marginally different for the LPS-treated animals (lower left panel figure 43). In contrast, in M. 

musculus the baseline transcription of Cd69 was below that of P. leucopus, but in the LPS-treated 

mice it was many fold higher. In mice transcripts for Cd69 correlated tightly with Ifng transcription, 

while in the deermice there was little correlation between Cd69 and Ifng expression at those low 

levels (lower right panel figure 43). 

The findings are consistent with CD69-positive cells being a source of Ifng in mice. Cd69 transcription 

was comparatively higher in control deermice than in control mice, so we presume that deermice 

have CD69-positive cells at baseline. One explanation then for the comparatively few Ifng transcripts 

in the deermice after LPS is a diminished responsiveness of these cells. Tlr4 expression increased 

∼3 -fold more in P. leucopus than in M. musculus after LPS (Table 14), but the magnitude of the 

decline in expression of Cd14 in deermice than mice was even greater. CD14 is required for LPS-

stimulated signaling through surface TLR4 (344), and, as such, its decreased availability for this 

signaling pathway is a possible explanation for the moderated response to LPS in P. leucopus. 

Interferon-stimulated genes and RIG-I-like receptors 

As noted, GO terms differentiating mice from deermice included “response to interferon-beta” and 

“response to virus” (figure 36). There was also the example of Mx2, an ISG with anti-viral activity on 

https://elifesciences.org/reviewed-preprints/90135v2#fig3
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its own, that showed a greater fold-change from baseline in mice than in deermice (figure 39). Five 

other ISGs--guanylate binding protein 4 (Gbp4), interferon-induced protein with tetratricopeptide 

repeat (Ifit1), interferon regulatory factor 7 (Irf7), ubiquitin-type modifier ISG15 (Isg15), and 2’-5’ 

oligoadenylate synthase 1A (Oas1a)—had higher transcription in all the LPS-treated animals. But the 

magnitude of fold change was less in the deermice, ranging from 6-25% of what it was in the LPS 

group of mice (Table 14). 

The up-regulation of these ISGs was evidence of an interferon effect, but transcripts for interferon-1 

beta (Ifnb) or -alpha (Ifna) themselves were scarcely detectable in deermice or mice in the blood 

under either condition. We then considered pattern recognition receptors (PRR) that might be part of 

a signaling pathway leading to ISG expression. Among the DEGs from the genome-wide analyses 

were four cytoplasmic PRRs: (1) Rigi (formerly Ddx58), which encodes the RNA helicase retinoic acid-

inducible I (RIG-I); (2) Ifih1, which encodes interferon induced with helicase C domain 1, also known 

as MDA5 and a RIG-I-like receptor; (3) Dhx58, also known LGP2 and another RIG-I-like receptor; and 

(4) cGAS (cyclic GMP-AMP synthase), which is part of the cGAS-STING sensing pathway. 

All four cytoplasmic PRRs were upregulated in the blood of LPS-treated mice and deermice (Table 

14). But, again, for each of them the magnitude of fold change was less by 50-90% in treated P. 

leucopus than in M. musculus. The coefficients of determination for the 6 ISGs and the 4 PRRs are 

provided in figure 44. For most of the pairs there was evidence of covariation across all 40 animals. 

When the correlation was low across all the data, e.g. between the ISG Mx2 and the PRR Rigi or the 

ISGs Mx2 and Gbp4, it was high within a species. 

These findings were evidence that pathways in P. leucopus for PRR signaling and ISG expression 

functioned similarly to those in M. musculus but differed under these experimental conditions in 

magnitude of the changes, being more moderate in the deermice. 
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Figure 44 Co-variation between transcripts for selected PRRs and ISGs in the blood of P. leucopus 
or M. musculus with or without LPS treatment 
Co-variation between transcripts for selected PRRs and ISGs in the blood of P. leucopus  or M. 
musculus (M) with (L) or without (C) LPS treatment. Top panel: matrix of coefficients of  
determination (R2) for combined P. leucopus  and M. musculus data. PRRs are indicated by yellow 
fill and ISGs by blue fill on horizontal and vertical axes. Shades of green of the matrix cells 
correspond to R2 values, where cells with values less than 0.30 have white fill and those of 0.90-
1.00 have deepest green fill. Bottom panels: scatter plots of log-transformed normalized Mx2 
transcripts on Rigi (left), Ifih1 (center), and Gbp4 (right). The linear regression curves are for each 
species. For the right-lower graph the result from the General Linear Model (GLM) estimate is also 
given. 

Endogenous retroviruses in deermice, mice, and rats after LPS exposure 

The six ISGs are nonexclusive consequences of activity of type I interferons. What we could 

document was the association of transcription of the gene for the cytoplasmic PPRs, including RIG-

I, and the ISGs in both species, as well as the distinction between deermice in the magnitude of the 

responses of both PRRs and ISGs. These findings led us to ask could be a pathogen-associated 

molecular pattern (PAMP) for signaling pathways leading to expression of type 1 interferons. 
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One of these is endogenous retroviruses (ERV). The activity of these diverse, abundant, and pervasive 

elements have been recognized as one of the drivers of innate immune responses to a microbe (345), 

(346), (347). Our attention was drawn to ERVs by finding in the genome-wide RNA-seq of LPS-treated 

and control rats. Two of the three highest scoring DEGs by FDR p value and fold-change were a gag-

pol polyprotein of a leukemia virus with 131x fold-change from controls and a mouse leukemia virus 

(MLV) envelope (Env) protein with 62x fold-change. 

We returned to the mouse and deermouse data. There were four MLV or other ERV Env proteins 

among the 1266 genome-wide RNA-seq DEGs for M. musculus. But there was no ERV Env protein 

identified as such among the 1154 DEGs identified for P. leucopus.  One possible explanation for the 

difference was an incomplete annotation of the P. leucopus genome. We took three approaches to 

rectify this. The first was to examine the DEGs for P. leucopus that encoded a polypeptide ≥ 200 

amino acids and was annotated for the genome as “uncharacterized”. A search with these 

candidates of both the virus and rodent proteins databases identified two that were homologous with 

gag-pol polyproteins of ERVs, mainly leukemia viruses, of mammals. 

For a second approach we carried out a de novo transcript assembly of mRNA reads from blood of 

LPS-treated and control P. leucopus and used the resultant contigs as the reference set for RNA-seq 

analysis. This identified two contigs that were measurably transcribed in the blood, differentially 

expressed between conditions, and were homologous to ERV sequences. One was revealed to be an 

Env protein that was identical to a P. leucopus protein annotated as “MLV-related proviral Env 

protein” (XP_037065362). The second was a gag-pol protein. The latter was near-identical to the gag-

pol protein identified by the first approach. 

The third approach was to scan the P. leucopus genome for nonredundant sequences, defined as 

<95% identity, that were homologous with ERV gag-pol sequences, which are not typically annotated 

because of masking for repetitive sequences. This analysis yielded 615 unique sequences. These 
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were used in turn as a reference set for RNA-seq. There were 4 sequences that met the criterion of 

FDR p value <0.01. Three were transcribed at 5-to 40-fold higher levels in LPS-treated deermice than 

in controls. But all three, as well as the fourth, a down-regulated DEG, were ERV relics with 

truncations, frame shifts, and in-frame stop codons. These were assessed as non-coding RNAs and 

not further pursued in this study. 

To represent P. leucopus in a targeted RNA-seq comparison with mice and rats we settled on the Env 

protein and gag-pol coding sequences identified present in the blood mRNA and as DEGs. 

Representing M. musculus were highest ranked MLV Env and gag-pol protein sequences among the 

DEGs. For rats we chose Env and gag-pol proteins that were second and third ranked DEGs identified 

in the genome-wide RNA-seq. Because of length differences for the coding sequences, the unit used 

for cross-species analysis was reads per kilobase before normalization for Ptprc transcription. 

The left panel of figure 45 shows the striking transcriptional fold-change in LPS-treated rats of both 

Env and gag-pol sequences over controls. Of lesser magnitude but no less significant was the fold-

change observed M. musculus for both Env and gag-pol sequences. In both mice and rats Env and 

gag-pol read values were highly correlated across conditions. In contrast, in P. leucopus  the 

magnitudes of fold-change upwards for gag-pol was less than in mice or rats, and transcription of the 

Env protein sequence was actually lower in LPS-treated animals than in controls. While there was a 

tight association between Env protein and the PRR Rigi transcription in the M. musculus, this was not 

observed in P. leucopus. Rigi transcription was moderately higher at the time that Env protein’s 

transcription was lower in the LPS group. 
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Figure 45  Scatter plots of endogenous retrovirus  
Scatter plots of endogenous retrovirus (ERV) Env and Gag-pol protein gene transcription (left) and 
association of ERV Env with Rigi transcription (right) in the blood of P. leucopus (Pero; P), M. 
musculus (Mus; M), or R. norvegicus (Rattus) with (L) or without (control; C) treatment with LPS. In 
right panel the linear regression curve and coefficients of determination (R2) for P. leucopus and M. 
musculus are shown.  

Borrelia hermsii infection of P. leucopus  

The phenomena reported so far were consequences of exposures to a particular PAMP--bacterial 

lipopolysaccharide with its hallmark lipid A moiety--recognized by a particular PRR, TLR4. While the 

focus was primarily on events downstream from that initial signaling, we asked in a concluding study 

whether the profile observed in P. leucopus applied in circumstances when the PAMP or PAMPs did 

not include LPS. This question is germane, given P. leucopus’ role as a natural host for B. burgdorferi. 

This organism and other members of the spirochete family Borreliaceae do not have LPS (348), (279), 

but they have abundant lipoproteins, which are agonists for TLR2 in a heterodimer with TLR1 (349). 

B. burgdorferi is transiently blood-borne at low densities in P. leucopus, but in its life cycle B. 

burgdorferi is mainly tissue-associated in vertebrate hosts (310). We previously observed that the 

blood of B. burgdorferi-infected P. leucopus  manifested few DEGs in comparison to skin (52). More 

https://elifesciences.org/reviewed-preprints/90135v2#c52
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comparable to the LPS experimental model is infection of P. leucopus with a relapsing fever Borrelia 

species, which commonly achieve high densities in the blood. P. leucopus  is a reservoir for Borrelia 

miyamotoi, which causes hard tick-borne relapsing fever (6), and the related P. maniculatus is a 

natural host for the soft tick-borne relapsing fever agent B. hermsii (278). 

Accordingly, we used blood RNA-seq reads, which were taken from a prior study of B. hermsii 

infection of P. leucopus, described in Chapter 3, for targeted analysis with the same reference set 

employed for the LPS analyses (Table 18). The blood samples were taken from infected and 

uninfected animals on day 5, when bacteremia was at its peak, as documented by microscopy of the 

blood, qPCR of the spleen, and transcripts of a B. hermsii plasmid in the RNA extracts of the blood. 

As expected for B. hermsii infection (95), the spleen was enlarged in infected animals. 

Similarities in the profiles for the LPS-treated and B. hermsii-infected deermice were as follows: (1) 

low levels of transcription of Nos2 and Ifng that contrasted with the high levels for Arg1 and Il1b in 

the same animals, (2) maintenance of Akt1/Akt2 > 1.0 under both conditions, (3) reduction of the 

Cd14/Cd16 ratio, (4) decreased transcription of Cd69, and (5) stable, low transcription of ERV Env 

and gag-pol loci with only marginal increases in transcription of ISGs and RIG-I-like receptors. Other 

equivalences under the two experimental conditions included increases in expression of genes for 

superoxide dismutase 2, low-affinity Fc gamma receptors, and secretory leukocyte protease 

inhibitor. Thus, the responses that distinguish deermice are not confined to the singular case of LPS 

as the elicitor. 
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Table 18 Targeted RNA-seq of Peromyscus leucopus with and without Borrelia hermsii infection. 
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Discussion 

Study limitations 

The approach was forward and unbiased, looking for differences between species broadly across 

their transcriptomes. The findings lead to hypotheses, but reverse genetics in service of that testing 

was not applied here. In selective cases we could point to supporting evidence in the literature on M. 

musculus and the phenotypes of relevant gene knockouts, but there are no such resources for 

Peromyscus as yet. The resource constraint also applies to the availability of antibodies for use with 

Peromyscus for immunoassays for specific proteins, e.g. interferon-gamma, in serum, or for cell 

markers, e.g. CD69, for flow cytometry of white blood cells. 

While a strength of the study was use of an outbred population of M. musculus to approximate the 

genetic diversity of the P. leucopus  in the study, this meant that some genes of potential relevance 

might have gone undetected, i.e. from type II error. The variances for a sample of genetically diverse 

outbred animals, like the LL stock of P. leucopus  (5), (5), would be expected to be greater than for the 

same sized sample of inbred animals. For some traits, especially ones that are complex or under 

balancing selection, even sample sizes of 10 in each group may not have provided sufficient power 

for discrimination between deermice and mice. For the same reason differences between sexes of a 

species in their responses might have been undetected. The interpretations applied to mixed-sex 

groups of deermice and mice. Expression strongly associated with female or male sex could have 

yielded an average fold change for the whole group that fell below the screen’s threshold. 

The parameters for the experiment of LPS dose, the route, and duration of experiment each might 

have had different values under another design. Those particular choices were based on past studies 

of deermice and mice as described in Chapter 3 and Langeroudi et al, (260). In another experiment 

we found that with doses twice or half those given the deermice the responses by rats to the different 

doses were indistinguishable by hematology, cytokine assays, and RNA-seq. Thus, there seems to 
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be some latitude in the dose and still achieving replication. We obtained similar results for P. 

leucopus  when we looked at a replicate of the experiment with the same conditions as in Chapter 3 

when the dose was lower and duration lengthened to 12 h (this study). The analysis here of the B. 

hermsii infection experiment also indicated that the phenomenon observed in P. leucopus  was not 

limited to a TLR4 agonist. 

While the rodents in these experiments were housed in the same facility and ate the same diet, we 

cannot exclude inherent differences in gastrointestinal microbiota between species and individual 

outbred animals as co-variables for the experimental outcomes. We reported differences between 

the LL stock P. leucopus  and BALB/c M. musculus of the same age and diet in their microbiomes by 

metagenomic analysis and microbiologic means in Chapter 2. This included a commensal 

Tritrichomonas sp. in P. leucopus  but not in the M. musculus in the study. The presence of these 

protozoa affects innate and adaptive immune responses in the gastrointestinal tract (350), (179), but 

it is not clear whether there are systemic consequences of colonization by this flagellate. 

LPS, ERVs, and interferons 

The results confirm previous reports of heightened transcription of ERV sequences in mice or mouse 

cells after exposure to LPS (351), (352), (353). Here we add the example of the rat. The LPS was 

administered in solution and not by means of membrane vesicles. The sensing PRR presumably was 

surface-displayed, membrane-anchored TLR4 (344). It follows that a second, indirect of LPS on the 

mouse is through its provocation of increased ERV transcription intracellularly. ERV-origin RNA, 

cDNA and/or protein would then be recognized by a cytoplasmic PRR. RIG-I was one associated with 

ERV transcription in this study. Kong et al. reported that LPS stimulated expression of Rigi in a mouse 

macrophage but did not investigate ERVs for an intermediary function in this phenomenon (354). As 

was demonstrated for LINE type retrotransposons in human fibroblasts, intracellular PRR signaling 

can trigger a type 1 interferon response (355). The combination of these two signaling events, i.e. one 
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through surface TLR4 by LPS itself and another through intracellular PPR(s) by to-be-defined ERV 

products, manifested in mice and rats as a response profile that had features of both a response to 

a virus with type 1 interferon and ISGs and a response to a bacterial PAMP like LPS with acute phase 

reactants such as calprotectin and serum amyloid. 

This or a similar phenomenon has been observed under other circumstances. In humans there was 

heightened transcription of retrotransposons in patients with septic shock (356), as well as in 

peripheral blood mononuclear cells from human subjects experimentally injected with LPS (357). 

Bacteria like Staphylococcus epidermidis that express TLR2 agonists, such as lipoteichoic acid, 

promoted expression of ERVs, which in turn modulated host immune responses (346). A synthetic 

analog of a B. burgdorferi lipoprotein activated human monocytic cells and promoted replication of 

the latent HIV virus in cells that were persistently infected (358).  

P. leucopus does not fit well with this model. Instead of the prominent interferon-gamma response 

observed in mice and rats, there were prominent responses of interleukin-1 beta and genes 

associated with neutrophil activation. Instead of the much-heightened expression of ISGs, like Mx2 

and Isg15, in mice treated with LPS, the deermice under the same condition had a more subdued ISG 

transcription profile. Instead of increased expression of ERV Env protein sequences in blood of mice 

and rats treated with LPS, there was decreased transcription of the homologous MLV Env gene in like-

treated P. leucopus. 

This suppression in the deermice may be attributable to defensive adaptations of Peromyscus to 

repeated invasions of endogenous retroviruses, as Gozashti et al. has proposed for P. maniculatus 

(359). This includes expanding the repertoire of silencing mechanisms, such as Kruppel-associated 

box (KRAB) domain-containing zinc finger proteins (360). Like P. maniculatus, P. leucopus has an 

abundance of Long Terminal Repeat retrotransposons, several named for their endogenous 

retrovirus heritages (5). Our initial analysis of the P. leucopus genome reported a depletion of KRAB 
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domains compared to Muridae (5). But a subsequent annotation round identified several genes for 

KRAB domain zinc finger proteins in P. leucopus, including Zfp809 (XP_006982432), which initiates 

ERV silencing (361), and Zfp997 (XP_037067826), which suppresses ERV expression (362). Another 

possible adaptation in P. leucopus is the higher baseline expression of some ISGs as noted here 

(figure 44). 

Reducing differences between P. leucopus and murids M. musculus and R. norvegicus to a single 

attribute, such as the documented inactivation of the Fcgr1 gene in P. leucopus (348), may be 

fruitless. But the feature that may best distinguish the deermouse from the mouse and rat is its 

predominantly anti-inflammatory quality. This characteristic likely has a complex, polygenic basis, 

with environmental (including microbiota) and epigenetic influences. An individual’s placement is on 

a spectrum or, more likely, a landscape rather than in one or another binary or Mendelian category. 

One argument against a purely anti-inflammatory characterization is the greater neutrophil numbers 

and activity in P. leucopus compared to M. musculus in the LPS experiment. The neutrophil 

activation, migration, and phagocytosis would be appropriate early defenses against a pyogenic 

pathogen. But if not contained, they bring local and systemic risks for the host. This damage would 

not likely be from nitric oxide and reactive nitrogen species, given the minimal Nos2 transcription. 

But deermice showed heightened expression of proteases, such as Mmp8, enzymes for reactive 

oxygen species, such as NADPH oxidase 1 (Nox1), and facilitators of neutrophil extracellular traps, 

such as PAD4 (Padi4) (Table 14). We had previously identified possible mitigators, such as the 

protease inhibitor Slpi and superoxide dismutase 2 presented in Chapter 3. These findings were 

replicated here. The topic of neutrophil activation and these and other possible counters is 

considered in more detail elsewhere. 
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An anti-inflammatory disposition but at what cost? 

An assignment of infection tolerance to a host and pathogen pairing assumes sufficient immunity 

against the microbe to keep it in check if elimination fails. P. leucopus and P. maniculatus, are in this 

sense “immunocompetent” with respect to the microbes they host and with which they may share a 

long history (363). Yet, has this balance of resistance and tolerance for certain host-associated 

microbes been achieved in a trade-off that entails vulnerabilities to other types of agents? 

The selection of LPS as the experimental model was meant to cover this contingency, at least for the 

common denominator of acute inflammation many types of infections elicit. But LPS studies 

revealed potential weaknesses that some pathogens might exploit. One of these is the low 

expression of inducible nitric oxide. Although Nos2 gene knockouts in M. musculus had lower LPS-

induced mortality than their wild-type counterparts, the mutants were more susceptible to the 

protozoan Leishmania major and the facultative intracellular bacterium Listeria monocytogenes 

(298), (259). While there are no known studies of either of these pathogens in P. leucopus , the related 

species P. yucatanicus is the main reservoir for Leishmania mexicana in Mexico (17). Compared with 

M. musculus, which suffer a high fatality rate from experimental infections with L. mexicana, P. 

yucatanicus infections are commonly asymptomatic (364). 

Given the restrained interferon and ISG response shown by P. leucopus, another plausible 

vulnerability would be viral infections. But other studies suggest that neither RNA nor DNA viruses 

pose an inordinately high risk for Peromyscus. Both tolerance of and resistance to the tickborne 

encephalitis flavivirus Powassan virus by P. leucopus were demonstrated in an experimental model 

in which mice, by contrast, were severely affected (300). P. maniculatus has been successfully 

infected with the SARS-CoV-2 virus by the respiratory route, but the infected animals displayed only 

mild pathology, manifested little if any disability, and recovered within a few days (108), (109). Among 

natural populations and in the laboratory P. maniculatus is noted for its tolerance of hantavirus, 

https://elifesciences.org/reviewed-preprints/90135v2#c17
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which commonly is fatal for infected humans (240), (365). P. maniculatus was permissive of infection 

with monkeypox virus, but the infection was mild and transient (366). 

A distinguishing P. leucopus characteristic, which was not expressly examined here, is its 

aforementioned 2-3 fold greater life span than that of M. musculus. While deermice may not be in 

the same longevity league as the naked mole-rat (Heterocephalus glaber), which can live for over 30 

years (367), some features of naked mole-rat immunology are intriguingly similar to what we have 

observed for P. leucopus. These include macrophages and blood myeloid cells with low to absent 

transcription of Nos2 or production of nitric oxide in response to LPS, even in the presence of added 

inteferon-gamma (368). Like P. leucopus and in distinction to M. musculus, naked mole-rats showed 

an increase in the proportion of neutrophils in the blood 4 hours after intraperitoneal injection of LPS 

(369). In another comparative study, the hematopoietic stem and progenitor cells of these rodents 

had a lower type 1 interferon response than mice to a TLR3 agonist (370). 

In summary, if there is a vulnerability that Peromyscus accepts in return for relief from inflammation 

(and perhaps a longer life), it has not been identified yet. However, potential threats and stressors 

are many, and the number assessed either in the field or laboratory has been limited to date. 

Implications for Lyme disease and other zoonoses 

Our studies of P. leucopus began with a natural population and documented a >80% prevalence of 

infection and high incidence of re-infections by B. burgdorferi in the area’s white-footed deermouse, 

the most abundant mammal there (15). This was a Lyme disease endemic area (371), where 

residents frequently presented for medical care for a variety of clinical manifestations, from mild to 

serious, of B. burgdorferi infection (372). Subclinical infections in humans occur, but most of those 

who become infected have a definable illness (373). The localized or systemic presence of the 

microbe is a necessary condition for Lyme disease, but the majority of the symptoms and signs are 

attributable to inflammation elicited by the organism’s presence and not from virulence properties 
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per se or the hijacking of host cells (374). Since humans are transmission dead-ends for B. 

burgdorferi and many other zoonotic agents in their life cycles, it is not surprising that human 

infections are generally more debilitating if not fatal than what adapted natural hosts experience. 

It is in the space between the asymptomatic natural host and symptomatic inadvertent host where 

there may be insights with basic and translational application. With this goal, we consider the ways 

the results inform studies of the pathogenesis of Lyme disease, where “disease” includes lingering 

disorders akin to “long Covid” (375), and where “pathogenesis” includes both microbial and host 

contributions. Plausibly-germane deermouse-mouse differences identified in our studies are 

summarized in figure 46. Two are highlighted here. 

 

Figure 46  Summary of distinguishing features of transcriptional responses in the blood between P. 
leucopus and M. musculus 4 h after treatment with LPS 
Summary of distinguishing features of transcriptional responses in the blood between P. leucopus 
and M. musculus 4 h after treatment with LPS. There is semi-quantitative representation of relative 
transcription of selected coding sequences or ratios of transcription for selected pairs of genes in 
the blood. 
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The first is macrophage polarization (334). By the criteria summarized above, the response to LPS by 

P. leucopus is consistent with the alternatively-activated or M2 type, rather than the expected 

classical or M1 type. But it was not only LPS-treated deermice that had this attribute, the blood of 

untreated animals also displayed M2 type polarization features. This included a comparatively high 

Arg1 expression level and a Akt1/Akt2 ratio of more than 1 at baseline. This suggests that studies of 

other mammals, including humans, need not administer LPS or other TLR agonist to assess 

disposition toward M1 or M2-type polarization. This reading could serve as a prognostic indicator of 

the inflammatory response to infection with B. burgdorferi or other pathogen and the long-term 

outcome. 

The second difference we highlight is the activation of ERV transcription that was prominent in the 

LPS-treated mice and rats but not in similarly-treated deermice. A paradoxical enlistment of antiviral 

defenses, including type 1 and type 2 interferons, for an infection with an extracellular bacterium, 

like B. burgdorferi, may bring about more harm than benefit, especially if the resultant inflammation 

persists after antibiotic therapy. There are various ways to assess ERV activation in the blood, 

including assays for RNA, protein, and reverse transcriptase activity. A xenotropic MLV-related 

retrovirus has been discounted as a cause of chronic fatigue syndrome (376). However, production 

of whole virions need not occur for there to be PRR signaling in response to cytoplasmic Env protein, 

single stranded RNA, or cDNA (377). 

Materials and Methods 

Animals 

The study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals: 

Eighth Edition of the National Academy of Sciences. The protocols AUP-18-020 and AUP-21-007 were 

approved by the Institutional Animal Care and Use Committee of the University of California Irvine. 
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Peromyscus leucopus, here also referred to as “deermice”, were of the outbred LL stock, which 

originated with 38 animals captured near Linville, NC and thereafter comprised a closed colony 

without sib-sib matings at the Peromyscus Genetic Stock Center at the University of South Carolina 

(246). The LL stock animals for this study were bred and raised at the vivarium of University of 

California Irvine, an AAALAC approved facility. Outbred Mus musculus breed CD-1, specifically 

Crl:CD1(ICR) IGS, and here also referred to as “mice”, were obtained from Charles River. Fischer 

F344 strain inbred Rattus norvegicus, specifically F344/NHsd, and here also referred to as “rats”, 

were obtained from Charles River. 

For the combined P. leucopus -M. musculus experiment the 20 P. leucopus were of a mean (95% 

confidence interval) 158 (156-159) days of age and had a mean 21 (19-22) g body mass. The 20 M. 

musculus were all 149 days of age and had a mean body mass of 47 (43-50) g. The ratio of average 

male to average female body mass was 1.04 for P. leucopus and 1.03 for M. musculus. The 6 female 

P. leucopus for the 12 h duration experiment were of a mean 401 (266-535) days of age and mean 

body mass of 20 (17-23) g. The 16 adult 10-12 week old female R. norvegicus had a mean 139 (137-

141) g body mass. The 7 male P. leucopus for the infection study were of a mean 107 (80-134) days 

and mean body mass of 21 (18-24) g. 

Animals were housed in Techniplast-ventilated cages in vivarium rooms with a 16 h-8 h light-dark 

cycle, an ambient temperature of 22 °C, and on ad libitum water and a diet of 2020X Teklad global 

soy protein-free extruded rodent chow with 6% fat content (Envigo, Placentia, CA). 

For injections the rodents were anesthetized with inhaled isoflurane. The rodents were euthanized 

by carbon dioxide overdose and intracardiac exsanguination at the termination of the experiment. No 

animals died or became moribund before the 4 hour or 12 h termination time points in the LPS 

experiments or before the 5 d termination point of infection study. 
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LPS experiments 

For the P. leucopus and M. musculus combined experiment, sample sizes replicated the 

specifications of the previous study, in which there were 20 P. leucopus and 20 M. musculus, equally 

divided between females and males and equally allotted between conditions described in Chapter 

3. The treatments were administered in the morning of a single day. At 15 min intervals and 

alternating between species, sex, and treatments, animals were intraperitoneally (ip) injected 50 μl 

volumes of either ion-exchange chromatography-purified Escherichia coli O111:B4 LPS (Sigma-

Aldrich L3024) in a dose of 10 μg per g body mass or the diluent alone: sterile-filtered, endotoxin-

tested, 0.9% sodium chloride (Sigma-Aldrich). The animals were visually monitored in separate 

cages continuously for the duration of the experiment. We recorded whether there was reduced 

activity by criterion of huddling with little or movement for > 5 min, ruffled fur or piloerection), or rapid 

respiration rate or tachypnea. At 4.0 h time after injection animals were euthanized as described 

above, and sterile dissection was carried out immediately. 

Lower dose and longer duration experiment. In an experiment with 6 P. leucopus, the animals were 

administered the same single dose of LPS but at 1.0 μg/g and the same control solution. The animals 

were euthanized 12 h after the injection the following day. 

Rat LPS experiment. The same experimental design was used for the rats as for the combined 

deermice-mice experiment, with the exception that the formulation of the E. coli O111:B4 LPS was 

“cell culture grade” (Sigma-Aldrich L4391), and the groups were sterile saline alone (n = 5), 5 μg LPS 

per g body mass (n = 6), or 20 μg LPS per g (n = 5). 

Experimental infection 

The infection of a group of P. leucopus LL stock with the relapsing fever agent B. hermsii and the 

processing of blood and tissues for RNA extraction 5 days into the infection were described 

previously in Chapter 3. In brief, animals were infected intraperitoneally on day 0 with either 
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phosphate-buffered saline alone or 103 cells of B. hermsii MTW, a strain that is infectious for 

Peromyscus species (278). Bacteremia was confirmed by microscopy on day 4, and the animals were 

euthanized on day 5. For that prior study the RNA-seq analysis was limited to the genome-wide 

transcript reference set. For the present study we used the original fastq format files for targeted 

RNA-seq as described below. 

Hematology and plasma analyte assays 

For the combined P. leucopus -M. musculus experiment automated complete blood counts with 

differentials were performed at Antech Diagnostics, Fountain Valley, CA on a Siemens ADVIA 2120i 

with Autoslide hematology instrument with manual review of blood smears by a veterinary 

pathologist. For the 12 h duration P. leucopus experiment hematologic parameters were analyzed on 

an ABCVet Hemalyzer automated cell counter instrument at U.C. Irvine. For the rat experiment 

complete blood counts with differentials were performed at the Comparative Pathology Laboratory 

of the University of California Davis. Multiplex bead-based cytokine protein assay of the plasma of 

the rats was performed at Charles River Laboratories using selected options of the Millipore 

MILLIPLEX MAP rat cytokine/chemokine panel. 

RNA extraction of blood 

After the chest cavity was exposed, cardiac puncture was performed through a 25 gauge needle into 

a sterile 1 ml polypropylene syringe. After the needle was removed, the blood was expelled into 

Becton-Dickinson K2E Microtainer Tubes, which contained potassium EDTA. Anticoagulated blood 

was split into a sample that was placed on ice for same-day delivery to the veterinary hematology 

laboratory and a sample intended for RNA extraction which was transferred to an Invitrogen RiboPure 

tube with DNA/RNA Later and this suspension was stored at −20 °C. RNA was isolated using the 

Invitrogen Mouse RiboPure-Blood RNA Isolation Kit]. RNA concentration was determined on a 
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NanoDrop microvolume spectrophotometer (ThermoFisher) and quality was assessed on an Agilent 

Bioanalyzer 2100. 

RNA-seq of blood 

The chosen sample sizes and coverage for the bulk RNA-seq were based on empirical data from the 

Chapter 3, which indicated that with 10 animals per group and a two-sided two sample t-test we 

could detect with a power of ≥ 0.80 and at a significance level of 0.05 a ≥1.5 fold difference in 

transcription between groups for a given gene. We also were guided by the simulations calculations 

of Hart et al. (378), which indicated for a biological coefficient of variation of 0.4 within a group, a 

minimum depth of coverage of ≥ 10, and a target of ≥ 2x fold change that a sample size of 7-8 was 

sufficient for 80% power and type I error of 5%. For the P. leucopus and M. musculus samples 

production of cDNA libraries was with the Illumina TruSeq Stranded mRNA kit. After normalization 

and multiplexing, the libraries were sequenced at the University of California Irvine’s Genomic High 

Throughput Facility on a Illumina NovaSeq 6000 instrument with paired-end chemistry and 150 

cycles to achieve ~100 million reads per sample for the combined P. leucopus -M. musculus 

experiment. The same method for producing cDNA libraries was used for the R. norvegicus RNA and 

the P. leucopus in the infection study, but these were sequenced on a Illumina HiSeq 4000 instrument 

with paired-end chemistry and 100 cycles. The quality of sequencing reads was analyzed using 

FastQC (Babraham Bioinformatics). The reads were trimmed of low-quality reads (Phred score of 

<15) and adapter sequences, and corrected for poor-quality bases using Trimmomatic (214). 

For the combined species experiment the mean (95% CI) number of PE150 reads per animal after 

trimming for quality was 1.1 (1.0-1.2) x 108 for P. leucopus and 1.1 (1.0-1.2) x 108 for M. musculus (p 

= 0.91). For P. leucopus of this experiment a mean of 83% of the reads mapped to the genome 

transcript reference set of 54,466; mean coverages for all transcripts and for the mean 62% of 

reference transcripts with ≥ 1x coverage were 97x and 157x, respectively. For M. musculus of this 
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experiment a mean 91% of the reads mapped to the genome transcript reference set of 130,329; 

mean coverages for all transcripts and for the mean of 21% of reference transcripts with ≥ 1x 

coverage were 103x and 568x, respectively. For the lower dose-longer duration experiment with P. 

leucopus the mean number of PE150 reads was 2.5 (2.3-2.6) x 107. For the rat experiment the mean 

number of PE100 reads was 2.4 (2.2-2.5) x 107. For the B. hermsii infection experiment the mean 

number of PE100 reads was 4.9 (4.5-5.3) x 107. 

Batched fastq files were subjected to analysis with CLC Genomics Workbench version 23 (Qiagen). 

Library size normalization was done by the TMM (trimmed mean of M values) method of Robinson 

and Oshlack (77). The reference genome transcript sets on GenBank were the following: 

GCF_004664715.2 for P. leucopus LL stock, GCF_000001635.27_GRCm39 for M. musculus C57Bl/6, 

and GCF_015227675.2_mRatBN7.2 for R. norvegicus. The settings for PE150 reads were as follows 

for both strands: length fraction of 0.35, similarity fraction of 0.9, and costs for mismatch, insertion, 

or deletion of 3. For PE100 reads the settings were the same except for length fraction of 0.4. Principal 

Component Analysis was carried with the “PCA for RNA-Seq” module of the suite of programs. 

For the P. leucopus RNA-seq analysis there were 54,466 reference transcripts, of which 48,164 (88%) 

were mRNAs with protein coding sequences, and 6,302 were identified as non-coding RNAs 

(ncRNA). Of the 48,164 coding sequences, 40,247 (84%) had matching reads for at least one of the 

samples. The five most highly represented P. leucopus coding sequences among the matched 

transcripts of whole blood among treated and control animals were hemoglobin subunits alpha and 

beta, the calprotectin subunits S100A8 and S100A9, and ferritin heavy chain. For the M. musculus 

analysis there were available 130,329 reference transcripts: 92,486 (71%) mRNAs with protein 

coding sequences and 37,843 ncRNAs. Of the coding sequences, 59,239 (64%) were detectably 

transcribed in one or both groups by the same criterion. The five most highly represented coding 

sequences of mRNAs of identified genes for M. musculus were hemoglobin subunits alpha and beta, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10515768/#R77
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aminolevulinic synthase 2, ferritin light polypeptide 1, and thymosin beta. For R. norvegicus there 

were 99,126 reference transcripts, of which 74,742 (75%) were mRNAs. The five most highly 

represented coding sequences of mRNAs of identified genes for R. norvegicus were hemoglobin 

subunits alpha and beta, beta-2 microglobulin, ferritin heavy chain, and S100a9. 

Genome-wide differential gene expression 

Differential expression between experimental conditions was assessed with an assumption of a 

negative binomial distribution for expression level and a separate Generalized Linear Model for each 

(379). Fold changes in TPM (transcripts per million) were log2-transformed. The False Discovery Rate 

(FDR) with corrected p value was estimated by the method of Benjamini and Hochberg (227). To 

assess the limit of detection for differentially expressed genes between 10 animals treated with LPS 

and 10 with saline alone, we took the data for 4650 reference transcripts for which the mean TPM 

across 20 P. leucopus  was >10 and randomly permuted the data to achieve another 9 sets and 

calculated the fold-change of sub-groups of 10 and 10 with one random group serving as the proxy 

of the experimental treatment and other second as the control for each of the sets. The expectation 

was that mean fold-change of the 9 permuted sets and the 4650 reference sequences would be ~1. 

The result was a mean and median of 1.08 with a 99.9% asymmetric confidence interval for the mean 

of 0.81-1.49. This was an indication that the choices for sample sizes were realistic for achieving 

detection of ≥ 1.5x fold changes. 

Gene Ontology term analysis 

M. musculus was selected as the closest reference for the P. leucopus data. The analysis was 

implemented for data for differentially expressed genes meeting the criteria of a FDR p-value ≤ 0.01 

and fold-change of ≥ 1.5. The analysis was implemented with the tools of Metascape 

(https://metascape.org) (380). Functional enrichment analysis was carried out first with the 

hypergeometric test and FDR p-value correction (227). Then pairwise similarities between any two 

https://metascape.org/
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enriched terms were computed based on a Kappa-test score (381). Similarity matrices were then 

hierarchically clustered, and a 0.3 similarity threshold was applied to trim resultant trees into 

separate clusters. The lower the p-value, the less the likelihood the observed enrichment is due to 

randomness (382). The lowest p-value term represented each cluster shown in the horizontal bar 

graph. Besides the terms beginning with “GO” and referring to the Gene Ontology resource 

(http://geneontology.org) (2), others refer to Kegg Pathway database (https://www.kegg.jp) for 

“mmu..” designations, WikiPathways database (https://www.wikipathways.org) for “WP…” 

designations, and Reactome database (https://reactome.org) for “R-MMU…” designations. 

Targeted RNA-seq 

RNA-seq of selected set of protein coding sequences (CDS), which are listed below, was carried out 

using CLC Genomics Workbench v. 23 (Qiagen). Paired-end reads were mapped with a length 

fraction of 0.35 for ~150 nt reads and 0.40 for ~100 nt reads, a similarity fraction of 0.9, and costs of 

3 for mismatch, insertion, or deletion to the CDS of sets of corresponding orthologous mRNAs of P. 

leucopus, M. musculus, and R. norvegicus. Preliminary expression values were unique reads 

normalized for total reads across all the samples without adjustment for reference sequence length, 

as described in Chapter 3. Exceptions were the endogenous retrovirus coding sequences which 

differed in lengths between species. For within- and cross-species comparisons we initially 

normalized three different ways after quality filtering and removing vector and linker sequence: for 

total reads for the given sample, for unique reads for 12S ribosomal RNA for the mitochondria of 

nucleated cells in the blood, and for unique reads for the gene Ptprc, which encodes CD45, a marker 

for both granulocytes and mononuclear cells in the blood. This is described in more detail in Results. 

Following the recommendation of Hedges et al. we used the natural logarithm (ln) of ratios (383). 

The target CDS were as follows: Acod1, Akt1, Akt2, Arg1, Bcl3, Camp, Ccl2, Ccl3, Ccl4, Cd14, Cd177, 

Cd3d, Cd4, Cd69, Cd8, Cfb, Cgas, Csf1, Csf1r, Csf2, Csf3, Csf3r, Cx3cr1, Cxcl1, Cxcl10, Cxcl2, 

http://geneontology.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10515768/#R2
https://www.kegg.jp/
https://www.wikipathways.org/
https://reactome.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10515768/#S2


 163 

Cxcl3, Dhx58, Fcer2, Fcgr2a, Fcgr2b, Fcgr3 (CD16), Fgr, Fos, Fpr2, Gapdh, Gbp4, Glrx, Gzmb, Hif1a, 

Hk3, Hmox1, Ibsp, Icam, Ifih1, Ifit1, Ifng, Il10, Il12, Il18, Il1b, Il1rn, Il2ra, Il4ra, Il6, Il7r, Irf7, Isg15, 

Itgam, Jak1, Jak2, Jun, Lcn2, Lpo, Lrg, Lrrk2, Ltf, Mapk1, Mmp8, Mmp9, Mpo, MT-Co1, Mt2, Mtor, Mx2, 

Myc, Myd88, Ncf4, Nfkb1, Ngp, Nos2, Nox1, Nr3c1, Oas1, Olfm4, Padi4, Pbib, Pkm, Ptx, Ptprc (CD45), 

Retn, Rigi (Ddx58), S100a9, Saa3, Serpine1, Slc11a1 (Nramp), Slpi, Socs1, Socs3, Sod2, Stat1, Stat2, 

Stat4, Steap1, Sting, Tgfb, Thy1, Timp1, Tlr1, Tlr2, Tlr4, Tnf, Tnfrsf1a, and Tnfrsf9. The sources for these 

coding sequences were the reference genome transcript sets for P. leucopus, M. musculus, and R. 

norvegicus listed above. If there were two or more isoforms of the mRNAs and the amino acid 

sequences differed, the default selection for the coding sequence was the first listed isoform. The 

lengths of the orthologous pairs of P. leucopus and M. musculus coding sequences were either 

identical or within 2% of the other. Fcgr1, the gene for high-affinity Fc gamma receptor I or CD64, was 

not included in the comparison because in P. leucopus, it is an untranscribed pseudogene (7). For 

the targeted RNA-seq of blood of deermice infected with B. hermsii (Table 18), the reference 

sequence was the cp6.5 plasmid of B. hermsii (NZ_CP015335). 

Quantitative PCR assays 

Reverse transcriptase (RT)-qPCR assays and the corresponding primers for measurement of 

transcripts of genes for nitric oxide synthase 2 (Nos2) and glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) were those described previously in Chapter 3. These primers worked for M. 

musculus as well as P. leucopus using modified cycling conditions. For the arginase 1 transcript 

assays different primer sets were used for each species. The forward and reverse primer sets for the 

352 bp Arg1 product for P. leucopus were 5’-TCCGCTGACAACCAACTCTG and 5’-

GACAGGTGTGCCAGTAGATG, respectively. The corresponding primer pairs for a 348 bp Arg1 of M. 

musculus were 5’-TGTGAAGAACCCACGGTCTG and 5’-ACGTCTCGCAAGCCAATGTA. cDNA synthesis 

and qPCR were achieved with a Power Sybr Green RNA-to-Ct 1-Step Kit (Applied Biosystems) in 96 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10515768/#R7
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP015335
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MicroAmp Fast Reaction Tubes using an Applied Biosystems StepOne Plus real-time PCR 

instrument. The initial steps for all assays were 48 °C for 30 min and 95 °C for 10 min. For Arg1 and 

Nos2 assays, this was followed by 40 cycles of a 2-step PCR of, first, 95°C for 15 s and then, second, 

annealing and extension at 60 °C for 1 min. The cycling conditions for Gapdh were 40 cycles of 95 °C 

for 15 s followed by 60 °C for 30 s. Quantitation of genome copies of B. hermsii in extracted DNA was 

carried out by probe-based qPCR as described (310). 

Additional statistics 

Means are presented with asymmetrical 95% confidence intervals (CI) to accommodate data that 

was not normally distributed. Parametric (t test) and non-parametric (Mann-Whitney) tests of 

significance were 2-tailed. Unless otherwise stated, the t test p value is given. Categorical variables 

were assessed by 2-tailed Fisher’s exact test. FDR correction of p values for multiple testing was by 

the Benjamini-Hochberg method (227), as implemented in CLC Genomics Workbench (see above), 

or False Discovery Rate Online Calculator (https://tools.carbocation.com/FDR). Discriminant 

Analysis, linear regression, correlation, coefficient of determination, and General Linear Model 

analyses were performed with SYSTAT v. 13.1 software (Systat Software, Inc.). Box plots with whiskers 

display the minimum, first quartile, median, third quartile, and maximum. 

  

https://tools.carbocation.com/FDR
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CHAPTER FIVE: The Peromyscus leucopus - model of SARS-CoV-2 virus 
infection of lungs and brain 

Abstract 

The white-footed deermouse Peromyscus leucopus is a long-lived rodent and a key reservoir in North 

America for agents of several zoonoses including Lyme disease, babesiosis, anaplasmosis, and viral 

encephalitis. While persistently infected, this deermouse avoids apparent disability or diminished 

fitness. Its tolerance to infection with sometimes more than one pathogen makes P. leucopus 

comparable to bats. This study uses P. leucopus, LL colony stock, as a genetically diverse animal 

model for viral infection with SARS-CoV-2. We infected P. leucopus with SARS-CoV-2, collected 

plasma, lungs, and brain three and six days post-infection, and compared to control animals. P. 

leucopus mount an appropriate immune response against viral pathogens through production of 

neutralizing antibodies and genome-wide transcription of type I interferon stimulated genes in lungs 

compared to naïve animals. We report that viral RNA detection correlates with gene expression 

oftype I interferon stimulated genes in response to viral infection in the brain. These results show that 

P. leucopus is a viable animal model for SARS-CoV-2, particularly in research of viral infection of the 

brain.   

Introduction 

Since the declaration of the COVID-19 pandemic until March 2024, there have been 774,699,366 

reported cases and 7,033,430 deaths due to confirmed infection of SARS-CoV-2 (384), (385). The 

disease is characterized on a spectrum from asymptomatic (60%), mild (20%), and moderate/severe 

(10%) with hospitalization in one percent of cases (386). Symptoms vary from fever, cough with 

sputum production, dyspnea, myalgia, and fatigue, diarrhea and involve the nervous system  (387), 

(388). The outbreak trajectory was not initially predictable, but then cases of exacerbated pneumonia 

resulting in acute respiratory distress syndrome were reported in combination with systemic 
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inflammatory response and multiorgan failure, which caused an increased number of fatalities (389), 

(390), (391), (392). Laboratory findings predictive of poor prognosis included elevated markers of 

dysregulated coagulation, leucopenia, with high neutrophil count and proinflammatory cytokine 

release in lungs (bronchial lavage specimen): increased interleukin-6 (IL-6), IL-8, and lower interferon 

alpha (IFN-α) - infamous cytokine storm (393), (394), (395), (396). About 5 percent of individuals 

infected with SARS-CoV-2 do not fully recover from acute disease and develop long COVID 

characterized by plasma markers suggestive of myeloid inflammation and complement activation 

(397). The science is not set on viral involvement in the brain, although many neurological symptoms 

are associated with COVID-19, including loss of smell, headaches, and memory problems (398). 

Now, new research adds to the evidence that inflammation in the brain might underlie these 

symptoms (399), (400).  

Neuropathogenesis of COVID-19 in humans is associated with cognitive function decline and 

inflammation signature in postmortem frontal cortex samples, leading some groups to conclude that 

symptoms are independent of the virus, mainly since the viral receptor angiotensin-converting 

enzyme 2 (ACE2) expression is segregated in the brain – it is not expressed in the prefrontal cortex, 

but it is highly expressed in the olfactory bulb (401), (402), (403), (400). Both ACE2 docking protein for 

viral spike protein and transmembrane protease serine 2 (TMPRSS2) necessary for viral protein 

processing are expressed on blood vessels, and the blood-brain barrier is the proposed viral point of 

entry. Epithelial cells of the olfactory bulb express viral docking proteins and are suggested as 

another viral entry route along with infected immune cells (403), (404), (405). This data supports both 

viral invasion and inflammation in the brain, causing neurological symptoms, but in the case of long 

COVID with no resolution and prolonged inflammation. More studies using appropriate animal 

models could provide more information on brain involvement of SARS-CoV-2. 
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Animal models are crucial to understanding the host's viral pathogenesis, including neural 

involvement in the infection, as well as vaccine and drug development. Widely used animal models 

for COVID-19 are transgenic K18-hACE2 mice or mouse-adapted strains of SARS-CoV-2 (406). Ideally, 

an animal model would recapitulate mild to lethal forms of infection that resemble human disease; 

it would be a genetically diverse small mammal (407), (408), (409).   

It was experimentally established that other Peromyscus species like P. maniculatus (later 

reclassified as possibly Peromyscus sonoriensis) infected with SARS-CoV-2 could infect naïve 

deermice through direct contact since the virus was detected in nasal, oral, and rectal swabs, and 

viral RNA was detectable in feces and urine (109). Another species within the Peromyscus genus 

(Peromyscus sonoriensis) was successfully infected with SARS-CoV-2 and had detectable viral 

replication in the lungs, intestines, and brain (108). After two passages were attempted, a mutation 

was detected diverging from the original viral stock, demonstrating the potential for adaptation in the 

natural population (108). P. maniculatus, P. sonoriensis, P. polionotus, and P. californicus had 

detectable neutralizing antibodies, viral RNA, and viral particles in oral swabs and lung tissue. In 

contrast, some P. californicus developed severe clinical disease (107). Infection of P. leucopus with 

SARS-CoV-2 has not been attempted so far in laboratory conditions.  

For this study, we used the white-footed deermouse (Peromyscus leucopus), the primary reservoir 

for several zoonoses in North America, notably Lyme disease, as an outbred, small animal model for 

COVID-19. Unlike mice, this rodent does not require a modified virus (a species-adapted strain of the 

virus, as is the case in mice) or transgenic ACE2 receptor for successful infection with SARS-CoV-2 

(as in K18-hACE2 mice)  (410), (407), (406). Another advantage is its relatively small size compared 

to Syrian hamsters, also used as animal models for COVID-19 (406), (411), (412), (413), (414). In 

addition, P. leucopus used in research are genetically diverse, while Syrian hamsters used in 

research, although not inbred, are genetically isogenic (415). Just like for hamsters, an annotated 
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genome for P. leucopus is available, and immunity to infection has been investigated in response to 

bacteria, and endotoxins were described in Chapters 3 and 4 (6), (5). P. leucopus has demonstrated 

remarkable tolerance during infection. Some of the tolerance hallmarks in P. leucopus were 

identified as: moderate reaction to bacteria or bacterial endotoxin; macrophage polarization 

showing alternative polarization including upregulated enzyme arginase (Arg1) utilizing substrate for 

nitric oxide synthetase 2 (Nos2); and reducing reactive oxide species utilizing superoxide dismutase 

2 (Sod2). An additional mitigating factor in P. leucopus infection is its microbiome (Chapter 2). 

Although we report that P. leucopus is infection-tolerant, it responds appropriately to pathogens. 

Transcriptome analysis showed upregulated genes related to neutrophil activation gene ontology 

(GO) terms, and this was associated with the higher neutrophil to lymphocyte ratio cell counts in the 

deermice in response to LPS compared to mice described in Chapters 3 and 4, and Barbour (3). The 

damaging effect of neutrophil proteases on local tissue in infection is modulated by a 1,280-fold 

increase of secretory leukocyte peptidase inhibitor (Slpi) expressed in reaction to endotoxin 

described in Chapter 3. Our next question was, can P. leucopus, as a genetically diverse animal from 

a closed colony, get infected with SARS-CoV-2, and would it also show hallmarks of tolerance in this 

case?  

Recent evidence suggests that Peromyscus species can be successfully infected with SARS-CoV-2. 

Furthermore, P. leucopus is a comparable animal model to the Syrian hamster, but unlike hamsters, 

Peromyscus are genetically diverse. Thus, P. leucopus is a more informative and practical alternative 

for COVID-19 research. Here, we infected P. leucopus with a high titer SARS-CoV-2 and analyzed the 

lung and brain transcriptional profile and the level of humoral response in the plasma in this 

genetically diverse and infection-tolerant animal model. The lungs and brains of each animal were 

analyzed using histopathology, RNAscope in situ hybridization, genome-wide RNAseq, and RT-qPCR 
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analysis for the virus. Blood plasma was used to test P. leucopus’ antibodies specific to SARS-CoV-2 

spike (S) and nucleocapsid (N) protein and virus neutralization. 

Results 

Experimental infection of P. leucopus with SARS-CoV-2 

Genetically diverse Peromyscus leucopus from a closed colony was used as an animal model for 

infection with SARS-CoV-2. We performed two experiments and performed experimental procedures 

in the same way. This study aimed to describe the response of P. leucopus to SARS-CoV-2 and 

compare it to a group of control animals. Thirty P. leucopus were used over both experiments (figure 

47). The age of animals varied with an average age of 613 days (219-998 days range). Since 

deermouse species live 6-8 years, two-year-old animals are not considered aged adults (10). Animals 

used in experiment 2 were older, with a mean age of 645  (468-735) days, than the animals used in 

experiment one, with a mean age of 561(518-603) days, (p = 0.3).  

As a control for intranasal SARS-CoV-2 virus inoculum, we performed a mock infection with a tissue 

culture medium. The first experiment included animals (n=14) of both sexes. Out of those, n=8 were 

intranasally challenged with the virus. We intranasally inoculated (n=6) animals with VeroE6 growth 

medium as a control group. Animals were euthanized either 3 or 6 days post-inoculation in both 

groups. The second experiment was repeated 12 months later. This time, we used animals (n=16) of  

Animals from each group were euthanized either 3 or 6 days post-challenge. All of the animals and 

their characteristics, along with selected results of analyses, are described in Table 19. 

Animals were observed daily for clinical signs of disease or sickness behavior. Thirty P. leucopus in 

both experiments receiving either virus or medium did not show overt signs of sickness over periods 

of observation of 3 days or 6 days. The exceptions were two animals in experiment 2: 25255, which 

by day 3 had ruffled fur, hunched posture, lethargy, and tachypnea, and 25165, which had periorbital 

edema that lasted for more than a day (Table 19). These animals were euthanized on day 3 due to 
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concerns that they were not capable of eating and drinking, although they were intended for a day 6 

group. No clinical signs were observed in controls. One female P. leucopus (ID 25288) lost 14% of its 

weight, while others lost or gained less than 5% (Table 19). No animals succumbed to infection 

before euthanasia. The lungs of each animal were collected and analyzed for histopathology, the 

presence of the virus using RNAscope in situ hybridization, and bulk RNA was sequenced. The RNA 

derived from the brain was also sequenced and in addition analyzed for the viral RNA.  Blood plasma 

was used to detect P. leucopus’ antibodies specific to SARS-CoV-2 S- and N- proteins and to conduct 

a virus neutralization assay (figure 47). 

 
Figure 47 Schematic representation of experimental design 
Animals of both sexes and a wide range of ages received intranasal doses of SARS-CoV-2 or media 
independent of weight, and then post-euthanasia were processed the same way.  
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Table 19 Characteristics of P. leucopus infection with SARS-CoV-2 
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Antibody response 

The antibody response of P. leucopus to SARS-CoV-2 is highest on day 6 post-infection, measured by 

an S protein-specific binding ELISA. S-specific antibody titers significantly increased from day 3 to 

day 6 (p=0.0011 Student t-test) (figure 48). We also detected IgG titers against the SARS-CoV-2 N 

protein on days 3 and 6 post-infection, with no differences between cohorts by day (p = 0.96). Both 

experiments detected neutralizing antibodies on day 6 post-infection (Table 19). Focus forming assay 

of flash-frozen lung tissue isolated from animals in experiment 1 showed live virus counts of 30 

PFU/mg of tissue for animals ID 25025 and 4PFU/mg for animal 25117. The other two day 3 animals 

had the not detectable virus for a given dilution.  
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Figure 48 P. leucopus plasma antibody response to virus 
Peromyscus IgG antibody response against SARS-CoV-2 mixed spike (N) - left panel and 
nucleoprotein (S) - right panel antigens from both experiments were assessed by ELISA using plasma 
collected on the indicated days post-infection. Titer is represented as a Log10 value of reciprocal 
titration value. Solid lines and bars indicate the mean; error bars indicate 95% CI.  

RT-qPCR assays for virus in lungs, brain, and feces 

Viral RNA was detected in the lungs of all animals in both experiments, except in animal 25298, in 

which case it was below the calculated detection limit. On day 3 post-infection, we observed a higher 

viral copy number in the lung; the mean of log10 transformed copy number is 5.8 (4.4-7.3) compared 

to day 6, where the mean was 4.5 (3.7-5.3). We compared the viral load between day 3 and day 6 

cohort using an unpaired t-test and found that it was not significantly different with a p-value of 
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0.085, t=1.855, and df=14 (Table 19). The cutoff for detection was determined as the mean copy 

number of the control group plus two standard deviations.  

Viral RNA was also detected in the brains of all animals (8/8) in experiment 2 and half (4/8) of them in 

experiment 1. In experiment 2, we included the olfactory bulb, while in experiment 1, we only used 

the cerebrum and cerebellum for RNA isolation.  

There was no difference between sexes in viral copy numbers in either the brain or lungs based on a 

Student t-test (figure 49).  

In the first experiment, we tested the animals for viral shedding in the feces collected at euthanasia. 

RT-qPCR detected virions in the animals inoculated with SARS-CoV-2 on days 3 and 6, while controls 

were below the test detection limit. There was no difference in animal copy number on both days, 

p=0.19, with a log10 mean of 3.6 (2.4-4.7) of both day cohorts combined. 

 

Figure 49 Viral copy numbers in lungs and brain of P. leucopus infected with SARS-CoV-2 
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The upper left panel shows viral log10 copy numbers by RT-qPCR on days 3 (blue) and 6 (green). The 
upper right panel shows the log10 viral copy number in feces. The dotted horizontal line shows a 
calculated detection limit (mean of medium-treated samples plus two standard deviations). Lower 
panels show bar graphs of log10 viral copy numbers in the lungs and brain, respectively, of infected 
animals stratified by sex. Solid lines and bars indicate the mean; error bars indicate 95% CI.  

Histopathology of the lungs  

Infection with SARS-Cov-2 caused inflammation with histological changes that indicate the 

induction of acute lung injury (ALI). Hallmarks of acute inflammation were most prominent at 3 days 

after the infection. Histology showed that the changes in acute inflammation were more prominent 

3 days after the infection. Trichrome staining demonstrating fibrosis following acute inflammation 

was more prominent in day 6 cohort than day 3. The evaluation was based on the American Thoracic 

Society Report (416). Control animals that inhaled media presented with mild intraseptal 

inflammation with neutrophils and focal foreign body reaction compared to normal tissue. 

Additionally, focal peribronchial inflammatory infiltrates and areas with mild interseptal 

inflammation were observed, as shown in figure 50 upper panel. Animals infected with SARS-CoV-2 

presented with neutrophils in the interstitium of the alveolar septae, septal thickening, exudate in the 

alveolar sacs, and hyaline membranes covering the alveoli (figure 50). In 4/8 of the animals in the day 

3 infected group, the lungs were marked as having scored 2 on the lung injury scoring system in 

animals, and the rest scored 1. One animal scored 2 in the day 6 group (ID 20306), and the rest scored 

1 (Table 19). Combined hematoxylin and eosin-stained lung sections with probe-based SARS-CoV-2 

RNAscope in situ hybridization to determine sites of viral presence. In P. leucopus day 3 group, SARS-

CoV-2 is localized near neutrophil infiltrates (figure 51). SARS-CoV-2 presence was not detected in 

the day 6 cohort as infection in the lungs was cleared by that time. In the K18-hACE2 mouse, SARS-

CoV-2  localizes to epithelial cells in the alveolar region as previously reported (417). 
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Figure 50 Lung histology of P. leucopus infected with SARS-CoV-2 
Adult P. leucopus of both sexes were inoculated with 2x104 PFU in 20 µl or DMEM by an intranasal 
route. Lung pathology slides were stained with hematoxylin and eosin. A summary of all pathology 
scores and observations is provided in Table 19. Top panel lung tissue infected with SARS-CoV2 day 
3 (ID 25165) and 6 day (ID 25163) both from experiment two. The bottom is control with media (ID 
25225) and day 6 (ID 25306). Arrowheads indicate neutrophil infiltration in the alveolar septae 
(green), hyaline membrane (red), and alveolar exudate (white). Blue star indicates alveolar septal 
thickening.  

 

Figure 51 In situ viral RNA hybridization of SARS-CoV-2 
Deermouse lung fixed sections were analyzed using RNAscope. Deparaffinized slides were 
hybridized with probes targeting the SARS-CoV-2 spike, positive-control Hs-PPIB (Homo sapiens 
control probe for peptidyl isomerase B) for the housekeeping gene, or negative control DapB. Tissues 
were counterstained with Gill's hematoxylin. Deermouse lung infected with SARS-CoV-2 day 3 shows 
a positive reaction to the probe. Magnification is 10x. 
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Transcriptional analysis of early responses to SARS-CoV-2 infection in the lungs 

We used high-quality RNA paired-end 150 nt reads and the latest NCBI annotation for P. leucopus LL 

with 54475 transcripts. Since we currently don't have isoform data, transcripts post RNAseq were 

concatenated and analyzed for differential gene expression. Overall, we have 26570 genes for 

analysis.  

Lung transcripts were analyzed for differential gene expression on day 3 and day 6 for both 

experiments. To increase the power of analysis, we combined controls on both days 3 and 6. With a 

stringent cutoff of |log2 FC|>1.5 and FDR <0.05 and p<0.05 in both day 3 and 6 clusters, the number 

of genes was still higher on day 3, as shown in the volcano plot (figure 52). The total number of 

differentially expressed genes in each direction showed 61 upregulated and 2 downregulated genes 

in the day 3 group and 14 upregulated and 1 downregulated in the day 6 group, presented in the 

heatmap in figure 52. 

The Edwards-Venn diagram of differentially upregulated shows an overlap between the day 3 and 6 

groups, with genes overlapping Cxcl9, Cxcl10, Gbp6, Gzmb, Gzmk, and Iigp1. Cxcl9 is produced by 

activated macrophages and recruits Th1-polarized CD4+ CXCR3+ cells. Cxcl10 is expressed upon 

interferon gamma activation early in infection with RNA viruses in humans, and it tends to persist in 

infected individuals since it is used to bridge viral elimination until the adaptive immune system is 

activated. In plasma and bronchial lavage, it correlates with disease severity (418). There are two 

significantly downregulated genes based on the same criteria in the day 3 cohort (Ciart and St8sia5) 

while day 6 downregulated gene is Asgr2.  

Lungs in day 3 cohort have upregulated genes highlighted in Table 20. P. leucopus responds to 

infection with SARS-CoV-2 in the lungs by expressing type I interferon stimulated genes and effectors 

of negative stimulation of inflammation, striking a balanced response.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cxcr3
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Figure 52 Volcano plot, Venn diagram and heat map of differential gene expression in the lungs  
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Volcano plot comparing differentially expressed genes at day 3 versus media and day 6 versus media. 
Dots indicate upregulated and downregulated genes. Colors denote: red |log2 FC| > 1.5 and p-value 
< 0.05, blue is |log2 FC| <1.5 and p-value < 0.05, green is |log2 FC| > 1.5 and p-value > 0.05 and black 
is |log2 FC| < 1.5 and p-value > 0.05. The tables next to each plot show significantly upregulated genes 
with FDR < 0.05. with |log2 FC|>1.5 and FDR <0.05. Edwards-Venn diagram shows upregulated and 
downregulated genes in day 3 and day cohorts. Heatmap of differentially expressed genes on day 3 
and day 6 with the log2 FC>1.5 and FDR <0.05. 

Type I interferon-stimulated genes 

Day 3 group features type I interferon upregulated genes: Mx2, Oas, Ifit, Itim, Isg15, Rsad2, Herc6, 

Apobec, Rtp4, and Gbp (table 20). Apobec gene is primarily known for its role in editing 

apolipoprotein B mRNA, which involves changing cytidine to uridine in the mRNA. Deamination can 

cause mutation in viral DNA and hider replication (419). Rsad2, whose gene product is viperin - an 

enzyme belonging to the radical S-adenosylmethionine superfamily, exhibits antiviral activity against 

a wide range of viruses by perturbing lipid microdomains rich in glycolipids at the sites for viral 

release (420). Mx genes block the nuclear import of viral cDNA. This action disrupts the virus's life 

cycle, preventing it from integrating into the host genome and further replicating. Mx genes in bats 

are under constant positive selection, indicating structural flexibility, especially in surface-exposed 

variable regions indicating changes under viral pressure (421). We detected three possible isoforms, 

Mx2, LOC114689426, LOC114700341, using NCBI blast and orthoDB to detect orthologs (422). Rtp4 

gene binds to viral replicase and suppresses amplification. Like the Mx gene, it undergoes positive 

selection in bats, usually achieving patterns of specificity against certain viruses (423).  

Ifitm3 gene product inhibits viral entry into host cells. It adds to the cellular defense by incorporating 

itself into host cell membranes, which can block the fusion of viral membranes with host 

membranes, effectively preventing the virus from entering and replicating the cell. Lower levels of 

IFITM3 are linked to an increased risk of severe influenza infections. Studies in human COVID-19 

patients suggest that higher expression of Ifitm3 is protective against severe disease, although 

results are at odds in some studies (424), (425), (426). 
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Ifi27l2a has been implicated in promoting apoptosis and shows strong anatomical variation (427). 

Isg15 is a ubiquitin-like protein, an intracellular post-translational modifier conjugating to viral 

protein and modulating its function. Isg15 contributes to immunomodulation (428). 

Regulation of immune response 

Ifr7 is a transcription factor crucial for regulating the production of type I interferons. Ifr7 is activated 

by PRR and shortlived, regulated by numerous posttranslational modifications and cellular 

concentration of type I interferons by feedback amplification (429)  (430).  

Negative regulation of type I interferons 

The Igrm gene product is a master negative regulator of the interferon response, suppressing cGas 

and Rigi. IGRM is responsible for the mitophagy of dysfunctional mitochondria, preventing oxidative 

damage (431). We detected two possible isoforms, Igrm and LOC114706394, using NCBI blast and 

orthoDB to detect orthologs (422).  

Anti-inflammatory response 

IDO1 is an anti-inflammatory enzyme in kynurenine pathway depleting Triptophan in plasma, 

detected in COVID-19 patients (432). Ang (LOC114696007) gene expressing angiogenin is found in 

various tissues, and its expression can be induced by hypoxia. Ang has a role in tissue repair, where 

new blood vessels are needed. Reg3g gene product is an anti-microbial peptide typically associated 

with regeneration and inflammation in various tissues, particularly the gastrointestinal 

tract. Lactobacillus in the gut increased expression and circulating levels of Reg3g while antibiotics 

suppress it (433).  Studies suggest it has beneficial effects on epithelial injury, neuron regeneration, 

and cardiac inflammation (434) 

Lungs in the day 6 cohort feature cell-mediated immune response and anti-inflammatory genes; 

however, the overall number of genes and the fold change is lower than in the day 3 cohort.  
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Type I interferon stimulated genes 

There is a lingering effect of type I interferon with GPB6 and Oas1a, which are still differentially 

upregulated.  

T cell response 

Gzmk, Gzmb, Prf1, and Cxcr3 are significantly expressed in the day 6 cohort, which indicates 

activation of cytotoxic T-cells for removal of virus-infected cells. 

Anti-inflammatory response 

T-cell immunoglobulin and immunoreceptor tyrosine–based inhibitory motif domain (TIGIT) is a 

novel target for acute inflammation. TIGIT is expressed in NK cells and T cells at high levels, but long 

exposure to this product can lead to progression of tumors (435). CD8+ Tigit- T cells are associated 

with long covid, while subjects expressing Tigit in CD8+ cells recovered (400). Tigit expressed on CD4+ 

T cells induces Il10 production while suppressing Il12 production, inhibiting CD4+ T cell proliferation 

and Ifng production and favoring alternative macrophage polarization (436), (437), (438). Cd52 

(LOC114706008) or campath-1 antigen, expressed on T cells, suppresses other T cells. Soluble CD52 

binds to the inhibitory receptor Siglec-10 and impairs T cell activation. This mechanism of T cell 

regulation may be used in translational studies of autoimmune diseases (439). Soluble CD52 also 

suppresses the production of inflammatory cytokines by macrophages, monocytes, and dendritic 

cells in response to LPS, signifying its potential as an immunotherapeutic agent (440).  
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Table 20 Select differentially upregulated genes in the lungs three days post infection with SARS-
CoV-2 

 

Table 21 Select differentially upregulated genes in the lungs six days post infection with SARS-CoV-
2 

 

Gene ontology analysis of the lungs 

To further define the response to SARS-CoV-2 in the lungs of P. leucopus, we used identified 

categories of upregulated and downregulated genes based on the same cutoff. In a day 3 cohort, 61 

Gene Function log2 fold 
change

False discovery 
rate p-value

Type I interferon stimulted genes
Isg15 Ubiquitin-like protein that is conjugated to target proteins and can modulate immune responses. 4.7 4.0E-34
Acod1 Involved in the immune response to bacterial infection and is induced by interferons. 4.7 4.1E-02
Rsad2 Encodes Viperin, a protein with antiviral properties. 3.8 1.5E-18
Ifit1 Proteins that bind to viral RNA and inhibit translation. 3.6 1.5E-26
Ifi27l2a Interferon Alpha-Inducible Protein 27 Like 2A, inhibiting viral replication. 2.9 2.9E-30
Ifitm3 Interferon Induced Transmembrane Protein 3  inhibiting viral entry into host cells. 2.0 1.8E-31
Herc6 An E3 ubiquitin-protein ligase that could be implicated in antiviral response. 2.8 1.1E-15
Mx GTPases involved in antiviral activities against a range of viruses.
Mx2 3.7 6.3E-27
Mx-isoform 4.9 9.6E-47
Mx-isoform 4.2 1.3E-41
Oas Enzymes that synthesize 2'-5'-oligoadenylates which activate RNase L, leading to degradation of viral RNA.
Oas2 4.0 2.2E-44
Oas1 3.2 1.1E-18
Oas1a 3.2 1.5E-26
Oas3 3.7 1.9E-24
Ifr Transcription factors that play central roles in IFN signaling.
Irf7 4.2 3.9E-51
Irf9 2.1 2.1E-23
Gbp Guanylate binding proteins, which have roles in immune responses to pathogens.
Gbp6 3.3 1.6E-20
Gbp2b 2.4 1.6E-10
Gbp4 1.5 6.1E-11
Cxcl Chemokines that recruit immune cells to the site of infection or inflammation.
Cxcl11 3.2 2.8E-05
Cxcl2 2.7 3.1E-02
Cxcl10 2.1 5.2E-10
Anti-inflammatory 
Ido1 Indoleamine-2,3-dioxygenase oxydizing tryptophane via kynurenine pathway. 2.2 1.7E-06
Slpi Secretory leukocyte protease inhibitor controls excessive protease activity in inflammation. 2.0 8.3E-03
Ang Angiogenin expressed under hypoxia promoting repair or regeneration where new blood vessels are needed. 1.6 2.8E-02
Irgm1 Immunity Related GTPase M negative regulator of the interferon response. 1.5 5.6E-13
Irgm-isoform 1.6 3.2E-03
Anti-viral
Reg3g Regenerating family member gamma, antimicrobial peptide involved in wound reepithelialization. 2.0 1.3E-02
Rtp4 Receptor transporting protein 4, found in bats to suppress flavivirus genome amplification. 2.4 4.7E-31

Select upregulated genes in P. leucopus  lungs three days post infection with SARS-CoV-2

Gene Function log2 fold 
change

False discovery 
rate p-value

Ifng stimulated genes 
Cxcl9 Chemokine attracting activated T cells to sites of inflammation. 2.0 1.5E-02
Cxcl10 Chemokine recruiting and activation T and NK cells. 1.7 4.6E-07
Type I interferon stimulated genes 
Gbp6 Guanylate binding proteins, which have roles in immune responses to pathogens. 1.6 2.5E-08
Oas1a Enzymes that synthesize 2'-5'-oligoadenylates which activate RNase L, leading to degradation of viral RNA. 1.5 1.4E-02
CD8+ T cell 
Gzmk Serine protease recognizes and enters virus-infected or transformed cancer causing direct DNA damage apoptosis. 4.3 3.8E-18
Gzmb Serine protease  direct DNA damage and triggering of alternative apoptotic pathways. 2.2 2.2E-18
Prf1 Pore-forming protein facilitating delivery of cytotoxic granules, such as granzymes. 1.4 1.5E-02
Cxcr3 T-cell receptor 2.4 2.2E-06
Anti-inflammatory 
Tigit Expressed on CD4+ T cells and induces IL-10 production while suppressing IL-12 production. 1.8 1.4E-02
Cd52 Suppresses T-cell activation and production of inflammatory cytokines. 2.1 3.4E-23

Select upregulated genes in P. leucopus  lungs six days post infection with SARS-CoV-2
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genes are upregulated, and 53 are recognized by enriched biological pathways and protein 

complexes analysis as M. musculus genes. With a p-value of 0.01 cutoff for enrichment, we got 15 

gene ontology (GO) terms, and 6 had a P-value less than 10-10. The most significant GO term in day 3 

cohort is Response to virus enrichment (p-value 10-27) constituted of: Acod1, Apobec1, Bst2, Cxcl10, 

Cxcl9, Ddx60, Dhx58, Gbp2b, Ifi27l2a, Ifit1, Ifitm3, Irf7, Irgm1, Isg15, Mlkl, Mx2, Oas1a, Oas1b, 

Oas2, Oas3, Rsad2, Rtp4, Zbp1. The rest of the GO terms are related to early viral infection (GO: 

0009815) and activation of innate immune response (GO: 0045087). They also include Response to 

interferon-beta (GO: 0035456), Negative regulation of viral genome replication (GO: 0045071), 

Regulation of innate immune response (GO: 0045088), and Response to interferon-alpha (GO: 

0042742) (figure 7).  

Differentially expressed genes in the lungs 6 days post-challenge featured Chemokine receptors bind 

chemokine made up of genes: Ccl5, Cxcl9, Cxcl10, Cxcr3, Gbp6, Gzmb, Iigp1, Tbx21 while genes 

driving second GO term: regulation of leukocyte cell-cell adhesion are: Ccl5, Tbx21, Tigit, Sh2d2a. 

Based on the same cutoff, downregulated genes in the day 3 cohort are Ciart and St8sia5, and in the 

day 6 cohort Asfr2.  

Upregulated genes in day 3 cohort when compared to day 6 as a control in differential gene 

expression analysis are: Alb, Apobec1, Arg1, Bst2, Cd209d, Cmpk2, Galnt15, Gbp6, Gp2, Herc6, 

Ido1, Ifi27, Ifi27l2a, Ifitm3, Ifit1, Iigp1, Irf7, Irf9, Isg15, Il1r2, Mx2, Oas1, Oas1a, Oas2, Oas3, Plac8, 

Reg3g, Rsad2, Rtp4, Saa3, Saa5, Siglec1, Ube2l6, Usp18. Day 6 differentially upregulated genes in 

the same analysis are: Cxcr3, Dbp, Gzmk, Lratd1, and Per3.  
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Figure 53 Gene ontology of DEGs in the lungs 
GO term analysis of P. leucopus lungs with upregulated genes on day 3 (upper panel) and day 6 
(middle panel) compared to animals treated with media inhalation as controls and sacrificed on days 
3 and 6 post-treatment. The lower panel shows GO terms analysis of genes upregulated on day 3 
compared to the treated cohort on day 6X-axes are -log10 P-value and bars, while bars represent a 
range of the -log10 p depicted by shades from yellow to dark brown.  

Targeted RNA seq analysis in the lungs 

To confirm RNAseq analysis, we used a set of genes identified as significant in this and previous 

analyses of P. leucopus immunity and made a list of target 156 mRNA coding sequences used in 

Chapters 3 and 4. Out of 156 transcripts we included in the targeted analysis, we further normalized, 

transformed, and analyzed data using ANOVA and Tukey's multiple comparison tests to test which 

relationships with groups (day 3, day 6, and controls) are marked as significant.  
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Figure 54 Targeted RNAseq analysis in the lungs 
Plot with mean and 95% CI of lung viral copy number and targeted RNAseq. Genes selected based 
on 156 select genes mapping ANOVA between groups with p<0.001. RNAseq reads are normalized 
based on all reads per sample and transformed as log10. Green dots are day 6, blue are day 3, and 
gray are control with media. ANOVA was followed by a Tukey multiple comparison test to compare 
groups. "ns" on the bar means comparison has a p-value >0.05, one star means p-value < 0.05-, and 
four-stars p-value < 0.0001.  

Interferon-stimulated genes like Mx2, Irf7, and Isg15 are significantly upregulated on day 3 post-

infection, while the innate response to viruses is dominant (figure 54). Chemokine Cxcl10, Gzmb - a 

serine protease expressed by cytotoxic T lymphocytes and Oas1a - RNA sensing ISG, are all 

upregulated in lungs and stay upregulated over 6 days (441), (442), (83). Targeted gene analysis 

unveiled some extreme cases where animals presented with strong disease phenotypes. Those are 

associated with the expression of Slpi, Acod1, and Arg1. Mx2 is constitutively expressed higher than 

other ISGs like Isg15 and Irf7, although Ifi27l2a virus sensing is expressed highest in controls. In 

sepsis, Arg1 is associated with inflammation, as noted in Chapters 3 and 4. In viral infection, Arg1 
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increases 5 and 10 fold in animals with a disease phenotype compared to other infected animals. As 

seen previously, Nos2 did not change significantly during infection, nor did Ifng and Il6.  

Transcriptional analysis of early responses to SARS-CoV-2 infection in the brain 

Since there is evidence of infection with SARS-CoV-2 and inflammation in the brain in other 

Peromyscus species (108) and Syrian hamsters (413), ecologically important, widespread, and 

disease-tolerant P. leucopus would be a valuable model to simulate disease progress and describe 

pathogenesis in the brain during viral infection. 

Our experiment used a stranded rRNA depletion brain RNA library paired-end ~150 nt and got 40 

million reads per sample. Since we are interested in the brain's immunity, we included the cerebrum 

and cerebellum in the first experiment, while the olfactory bulb was analyzed together with the whole 

brain in the second experiment. Hence, the two experiments were analyzed separately. To determine 

the differences between experiments, we analyzed differential gene expression on day 3 and day 6 

versus all control animals and used the Quantile-Quantile Plot Linear Fit (QLF) test to identify genes 

differentially expressed across two experiments (figure 55). In the day 3 cohort, there are 19 

significantly upregulated genes (FDR<0.05 and log FC > 1.5) in experiment 2; out of those, 8 are 

downregulated in experiment 1 (Bpifa6, Ctse, Deg21, Ifi27, Irs4, Obp2a, Sptlc3, and Sulta1),  8 are 

upregulated but not significantly log2 FC < 1.5 (Bst2, Ifi27l2a, Irf7, Mx2,ncRNA, Pla1a, Usp18) and 3 

are upregulated in both experiments log2 FC > 1.5 (Isg15, Mx2 isoform, and Oas1a). In the same 

analysis for day 6 animals, there are only 2 significantly upregulated genes in experiment 2 (Cxcl10 

and Isg15), and in experiment 1, Cxcl10 is downregulated, and Isg15 is upregulated but not 

significantly (figure 55). Data show that DEGs between experiments 1 and 2 differ, and the olfactory 

bulb included in experiment 2 could be the driver of inflammation. 
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Figure 55 Scatter plot of differential gene expression correlated between two experiments on day 3 
and day 6 
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Scatter plot of differential gene expression between experiments on day 3 in the upper panel and day 
6 in the lower panel. Upregulated genes in experiment 1 are above the green dotted line, while the 
upregulated genes in both experiments are in the top right quadrant.  

There is a correlation between the RT-qPCR analyzed copy number in the brain and targeted RNAseq 

against the whole SARS-CoV-2 genome (figure 56). Hence, in this analysis of the brain, we use 

normalized viral copy numbers in the brain for the analysis and experiment 2 animals as they show 

significant inflammation in the brain.  

 

Figure 56 Viral copy numbers in the brain 
Left panel shows a correlation between log10 viral copy number in the brain by RT-qPCR and log10 
RNAseq targeted against the SARS-CoV-2 genome, normalized for the number of reads. The right 
panel shows the difference in copy number between the two experiments. Blue dots are day 3, and 
green are day 6. Lighter colors are experiment 1, and darker colors are experiment 2. Gray are 
controls. Animal IDs below the calculated test detection limit for RT-qPCR of 3.43 are highlighted on 
the graph as a dotted line.  

The overlapping genes between upregulated brain activity on days 3 and 6 are Aadacl2, Aadacl4 (both 

expressed on olfactory region), Bpifa6 (antimicrobial protein presented in the olfactory bulb and 

nasal epithelia (443)), Ifit1 (induced as a response to type I interferon, binding ssRNA  and acting as 

a viral sensor single and inhibiting expression of viral RNA (444)), Isg15 and Mx2 (type I interferon 

response genes (445)), innate response  Mogat3 (involved in triacylglycerol metabolism, not known 

to be present in mice (446)), ncRNA, Oas1a (type I interferon response gene limiting viral spread in 



 188 

the brain (447)), Olah (neutrophil related sepsis biomarker (448)), and Tmem29 (associated with 

programmed cell death in the brain post-ischemic shock and glucose insufficiency (449)). These 

genes are expressed in both datasets, indicating that they are active on both days or through the 

course of infection. There is no overlap in downregulated genes. There are nearly ten times more 

upregulated genes in the day 3 cohort than downregulated, contributing to the notion of increased 

transcriptional activity during inflammation.  

RNAseq of the brain used 26570 annotated transcripts. Figure 57 shows either up- or downregulated 

genes in the brain with criteria of |log2 FC| >1.5 and FDR < 0.5, and there are 57 upregulated genes in 

the day 3 cohort and 3 downregulated. There are 13 upregulated genes in the day 6 cohort and 1 

downregulated.  
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Figure 57 Volcano plot, Venn diagram and heat map of differential gene expression in the brain  
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Volcano plot of log2 FC and log10 p-value based on differential gene expression analysis comparing 
differentially expressed genes at day 3 versus media and day 6 versus media. Dots indicate 
upregulated and downregulated genes. Colors denote: red |log2 FC| > 1.5 and p < 0.05, blue is |log2 
FC| <1.5 and p-value < 0.05, green is |log2 FC| > 1.5 and p-value > 0.05 and black is |log2 FC| < 1.5 
and p-value > 0.05. The tables next to each plot show significantly upregulated genes with p < 0.05 
and |log2 FC|>1.5. Edwards-Venn diagram shows upregulated and downregulated genes in day 3 and 
day cohorts. Heatmap shows Log2 FC>1.5 data of the brain with FDR<0.5.  

Gene ontology analysis of the brain  

Gene ontology (GO) analysis uses defined categories of genes (figure 58). The most significant GO 

term in the day 3 upregulated cohort was GO:0008610 lipid biosynthesis process. The second one is 

GO:0034340: response to type I interferon: Acsl1, Adipoq, Bst2, Ifi27l2a, Ifit1, Ifitm3, Irf7, Isg15, Lbp, 

Mx2, Oas1a, Sphk1; driven by innate response and Interferon I induced genes. Sphk1 gene 

sphingosine kinase phosphorylates sphingosine SP1 is shown to influence proliferation, survival, 

migration, angiogenesis, and differentiation, especially during neuroinflammation (450), (451). Day 3 

downregulated gene Avp with log2 FC=-1.8 is responsible for the regulation of the body's osmotic 

system, body water content, blood pressure, and plasma volume, and its upregulation is correlated 

with poor clinical outcomes in Covid-19 patients (452). The brain day 6 cohort had 13 upregulated 

genes and 1 unique GO term. Genes driving GO term GO:0051607 cellular Response to interferon-

beta (Cxcl10, Ifit1, Isg15). 

 

Figure 58 Gene ontology analysis in the brain  
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Gene ontology term analysis of P. leucopus brain with upregulated and downregulated genes on day 
3 (2 upper panels) and day 6 (2 lower panels) compared to animals treated with media inhalation as 
controls and sacrificed on days 3 and 6 post-treatment. X-axes are -log10 P-value and bars, while 
bars represent a range of the -log10 p depicted by shades from yellow to dark brown. 

Targeted RNA seq analysis in the brain 

We use targeted gene expression to confirm bulk RNAseq data. Since gene expression correlates with 

the viral copy number and viral reads, we are using both experiments to show that relationship, as 

shown in figure 59.  The analysis included the Interferon response genes Mx2, Ifi27Ia, Irf7, Isg15, Ifit1, 

and Oas1a, all significantly upregulated in the brain.  

 

Figure 59 Targeted RNAseq analysis in the brain 
Targeted and ln transformed and normalized to Gapdh gene expression targeted RNAseq of select 
genes correlated with SARS-CoV-2 reads. Green points represent day 3 cohort (light green is 
experiment 2 and dark green is experiment 1), blue points represent day 6 cohort (light blue is 
experiment 2 and dark blue is experiment 1). 

Discussion 

This study is the first to show viral detection, immunity, and respiratory pathology in response to 

SARS-CoV-2 in P. leucopus. Our findings open new avenues for understanding the pathogenesis of 
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the virus and its effects on different organ systems, particularly the neuropathology of the brain at 

the transcriptional level—processes that have not been described before in Peromyscus.  

P. leucopus and related Peromyscus species response to SARS-CoV-2 

We show that neutralizing antibodies detected on day 6 correlate with SARS-Cov_2 spike protein (S) 

protein titer in P. leucopus, suggesting that by day 6, IgGs are successfully neutralizing the virus. 

Fagre et al. report that P. sonoriensis has detectable IgG to viral N protein in plasma on day 14 post-

infection with SARS-CoV-2 while we detect IgG to N protein in experiment 2 on day 3 (108). Lewis et 

al. show neutralizing antibodies and anti-N IgG in P. californicus later in infection while reporting 

clinical signs, morbidity, and weight loss. Other Peromyscus species in the study (P. sonoriensis, P. 

maniculatus, and P. polionotus) did not show clinical signs of infection, but all were presenting with 

lung pathology, particularly on day 3, including lesions and neutrophil infiltration, similar to P. 

leucopus (107). Griffin et al. also showed pathology in the lungs of P. maniculatus along with 

abundant viral RNA in epithelial cells and overall higher viral load in lungs by RT-qPCR than in P. 

leucopus. This could be because this group used 10 to 100 x higher viral titer for inoculation, or 

because P. leucopus cleared infection sooner with neutralizing antibodies (109). We detected viral 

RNA in the feces, meaning there is a possibility of transmission even without close contact, although 

direct transmission in Peromyscus species has been shown previously (109).  

Transcriptional analysis in the lungs 

Transcriptional analysis has identified the upregulation of genes involved in viral responses. Notably, 

the lungs showed more transcriptional activity than the brain, with 315 DEGs in lungs having a false 

discovery rate below 0.05, compared to 20 DEGs in the brain using the same criteria. Genes 

associated with innate immunity were predominantly upregulated in the lungs on day 3, while genes 

linked to adaptive immunity were more prominent in the day 6 cohort. The day 3 cohort also showed 

significant upregulation of ISGs and specific isoforms of the Mx gene. A similar trend of gene 
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expression in response to viral infections is observed in bats. Bats have developed unique 

expansions and specializations in their interferon system, critical for their antiviral defense (421). 

This specialization includes constitutive and highly inducible expression of interferons, particularly 

type I interferons, which are the primary line of vertebrate immune defense against viruses (453). 

There is an expanded and divergent range of interferon-induced genes in bats, mainly Mx genes. 

Besides being constitutively expressed, Mx genes have expanded with several active isoforms and 

diverged in response to particular viruses representing a dynamic evolutionary arms race (29). We 

report this trend in P. leucopus, also – three isoforms of Mx2 were significantly differentially 

expressed (table 20). In homeostasis, ISGs are significantly upregulated compared to outbred M. 

musculus, as reported in Chapter 3 (figure 60).  

 

Figure 60 Constitutively upregulated genes in the blood of P. leucopus in comparison to M. musculus 
EdgeR analysis combined and confirmed by targeted analysis of RNAseq blood data presented in 
Chapter 3 show ISGs upregulation in P. leucopus at a base level. The inflammation suppressive gene 
Arg1 is also upregulated in P. leucopus. M. musculus is characterized by upregulation of genes 
characteristic of inflammation (IL-12 andNos2) and constitutively expressed ERV proteins.  

When comparing RNAseq data from P. leucopus lungs to publicly available RNAseq data from hACE2 

mouse lungs infected with SARS-CoV-2, we noted upregulation of the Mx2 gene in both infection and 

homeostasis scenarios using a targeted gene RNAseq approach (unpublished data) (454). In the 
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same analysis, M. musculus also demonstrated significant upregulation of Cxcl10 and Ifng. A 

limitation of this analysis is the control treatments: P. leucopus was exposed to Vero6 growing media, 

whereas M. musculus was not. Sequencing untreated P. leucopus lungs would help determine 

whether the media is responsible for the observed gene upregulation. However, we report 

upregulation of Cxcl10. 

Fagre et al. report the same cytokine profile in the lungs on days 3 and 6 in P. sonoriensis: Isg15 

significantly lowered by day 6, and Cxcl10 remains upregulated on both days.   

We report that animals ID 25165 and ID 25255, presenting with periorbital edema and ruffled fur, 

respectively, had significantly higher expression of Arg1 and Slpi and lower expression of Il-12 in lungs 

(p=8.3 x 10-5, p=0.03, p=0.03 respectively). We also report a nonsignificant change in IL-10 among all 

the other animals in the day 3 

Transcriptional analysis in the brain 

So far, there has been no report of any deermice transcriptional analysis of the brain in response to 

SARS-CoV-2. Significant DEGs in the brain are type I interferon genes like Mx2, Isg15, Irf7, and Cxcl10 

on day 6. Besides these ISGs, the Ifi27l2a gene was found to be differentially expressed within the 

central nervous system upon interferon stimulation or viral infection elsewhere (455). DEGs in P. 

leucopus infected with SARS-CoV-2 correlate with infection with tick-borne Flavivirus - Powassan 

virus, causing life-threatening encephalitis in humans but lacking clinical signs of disease in P. 

leucopus. In early infection in the brain, DEGs in both SARS-CoV-2 and Powasan virus infection are 

Mx2, Irf7, and Ifitm3 (22). 

Similarities between Peromyscus and hamster and K18-hACE2 mouse models of COVID-19 

Clinical signs following infection of P. leucopus and lung pathology are also comparable to results in 

hamster lungs infected intranasally with similar viral loads (412), (105), (411). Antibody production in 

Peromyscus is comparable with hamster adaptive immune response to SARS-CoV-2 that peaked on 
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day 7 and returned to homeostasis on day 14 (456). None of the hamsters or P. leucopus died in these 

experiments. Mortality in humans infected with SARS-CoV-2 is less than 1-2% (457).  

Lung histology shows pathology in line with hamster respiratory tract infection (105), (412), (411). 

Unlike K18-hACE2 mice infected with SARS-CoV-2, neither Peromyscus nor hamsters developed 

fatal diseases associated with lethal neurodissemination after intranasal inoculation of SARS-CoV-

2. However, they both show changes predominantly localized in the olfactory epithelium. Hamster 

studies showed pathology in the olfactory bulb, and P. leucopus presented with GO terms pointing 

to changes in the epithelium of the olfactory bulb. This makes hamster and Peromyscus comparable 

to human COVID-19 disease (458), (413), (459), (460). With long COVID-19 on the rise, with over 65 

million cases worldwide of debilitating illnesses affecting multiple organs, P. leucopus could be a 

valuable model for studying infection and infection tolerance (388).  

Ecology 

P. leucopus occupies a wide variety of ecological niches, some in close proximity to humans, which 

means they can be considered a reservoir for coronaviruses and other viruses. Moreover, there is 

usually one or more species of Peromyscus in all habitats in North America. The most abundant 

Peromyscus species, P. maniculatus, P. leucopus, and P. sonoriensis, warranted a separate genus 

based on similarities combining their nuclear and mitochondrial genomes (461), (462), (7). Like bats, 

they tolerate a variety of otherwise serious disease agents (3). 

Since the onset of the COVID-19 pandemic, there has been a lingering question of where this 

zoonosis came from. There is still no definite answer. Viruses or antibodies to SARS-CoV-2 are 

detected in farm animals, pets, zoo animals, and animals in the wild, including Peromyscus species. 

A spillover from humans to other competent animal species is a viable scenario. To better 

understand a possible permanent reservoir of SARS-CoV-2 and its immunity to infection, we 
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analyzed P. leucopus, a widespread, genetically diverse and inflammation-tolerant small mammal 

found in heterogeneous habitats across Northern America.  

Study limitations 

This study was exploratory and not hypothesis-driven. We looked for differences within the 

population during the course of infection and compared our results to publicly available mouse and 

human data. Transcriptome analysis is confirmed using targeted gene analysis, but no reverse 

genetics and antibodies to specific proteins named in this study were used as there are no such 

resources for P. leucopus. This is why the opus of our work is constrained to sequencing. Animals 

used in the study are outbred and as diverse as some human populations. This is both a strength and 

a limitation since we detect a variety of responses, but this means that amplification of the genes 

can be silenced in the statistical analysis within the group, leading to type II error and false negative 

results, and overall increase of variances. We calculate the power of analysis based on previous 

studies, but there might be a higher uniformity of responses in the case of bacterial infection vs. viral 

inflammation. Low power for such a diverse group of animals could be the reason why we did not 

detect any differences between sexes or age-associated disease complications. 

We analyzed data from the two experiments and saw no significant differences in viral copy number 

within both experiments in the lung and brain. The parameters of the experiments were consistent in 

viral titer, the route of infection, and durations. However, we used different viral stocks from two 

different sources for two experiments; even though they were both the same viral strains and titers, 

the effect on inflammation could be different. We did not collect the same tissues in two 

experiments, which lowered the power in some analyses; we only collected feces in experiment 1 

and only olfactory bulbs in experiment 2.  

Animals were observed daily for signs of distress. There was no significant weight loss except in one 

case when the animal lost 14% of its body mass. Since there was no other quantitative measure, we 
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described the severity of the disease qualitatively. Two animals we observed doing poorly were 

euthanized sooner than expected (the animals were initially randomly assigned to be euthanized on 

day 6). Moving sick animals to a different category could have artificially made the day 3 group more 

severe.  

Media used for growing SARS-CoV-2 was used as a treatment for our control cohort to remove any 

effect of the media on the inflammation in the virus treatment group. We found lung pathology in 

media-treated animals with mild intraseptal inflammation and neutrophils, probably as a reaction to 

fetal bovine serum (FBS).  

Although the animals were housed in the same facility and fed the same diet, we cannot exclude the 

cage effect before they were separated and used in the study. Deermice are social animals, and 

separating them causes additional stress. P. leucopus are coprophagous, and they share 

microbiomes within a cage. We showed in Chapter 2 that differences in microbiomes between 

animals and some microbial species can affect the immune response (463), (464).  

Conclusion 

P. leucopus is an appropriate model for SARS-CoV-2 and COVID-19. Some animals got sick in this 

experiment, but there is a spectrum of disease presentation. We propose this is because P. leucopus 

colony animals are genetically diverse. Inflammation in the lungs was more significant than in the 

brain based on the number of significantly upregulated genes. We detected SARS-CoV-2 RNA in the 

brain, predominantly in samples containing olfactory bulb.  

Materials and Methods 

Animals 

All animal protocols described were carried out at the University of California, Irvine under 

Institutional Animal Care and Use Committee (IACUC) approved protocols AUP-18-020 and AUP-21-



 198 

007 and in accordance with the Guide for the Care and Use of Laboratory Animals: Eighth Edition of 

the National Academy of Sciences. 

Peromyscus leucopus (white-footed deermouse)  LL stock originated from 38 animals captured near 

Linville, NC, and maintained as a closed colony at The Peromyscus Genetic Stock Center at the 

University of South Carolina (246). Animals used for this study were bred without sib-sib matings at 

the University of California, Irvine, an AAALAC-approved facility, under the Institutional Animal Care 

and Use Committee (IACUC) approved breeding protocol AUP-21-045 used for all experiments.  

Animals designated to get infected with the virus were brought to a biosafety level 3 animal room 

(ABSL-3) at least 24 hours in advance to acclimate. Infected animals were housed in Tecniplast 

USA's (Exton, PA) hermetic IsoCage, and negative pressure was maintained even when removed 

from the rack. All other experiments were performed in the biosafety level 2 (BSL-2) animal room or 

IsoCages on a rack with forced air to match the conditions in the biosafety level 3 animal room (ABSL-

3). All animals were separated for at least 24 hours before being dosed with either virus or media and 

kept individually in cages with food and water ad libitum. The food supplied was 8604 Teklad Rodent 

chow (HarlanLaboratories), and we used soft bedding. Deermice were housed at a 12 hours 

light/dark schedule (lights turn on at 6 am and off at 6 pm) in temperature and humidity-controlled 

rooms. Animals were monitored daily for signs of disease or discomfort. No animals died before the 

termination point in both experiments described below. All animal procedures were performed 

under isoflurane anesthesia, and euthanasia was completed using carbon dioxide intracardiac 

exsanguination at the termination of the experiment in each animal’s home cage. One animal was 

used untreated and processed the same way. All work with the virus was performed at the biosafety 

level 3 (BSL-3) conditions.   

A priori sample size analysis between groups at α of 0.05 and effect size d of 1.2 computed that 40 

animals would achieve a power of 0.95. 
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Virus 

In experiment 1, we used SARS-SoV-2 isolate USA-WA1/2020 from Biodefense and Emerging 

Infections Research Resources Repository (BEI) (Catalog #NR-52281) obtained from Ilhem 

Messaoudi, UCI (isolate 1). Isolate received from BEI was passaged two times in Vero E6 cells 

(ATCC® CRL-1586™, female) before clarification by centrifugation (3000 rpm for 30 min) and storage 

at −80°C until we used it in the experiment. To determine viral titers by focus forming assay, we used 

Vero WHO cell line (ATCC® CCL-81™, female). Cells were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) (Sigma- D5796-500ML) containing 25mM glucose 1% HEPES (Sigma- H3537-

100ML) and 2% FBS (Sigma- F0926) and at 37°C, 5% CO2 (5% DMEM) according to a previously 

published protocol (465).  

In experiment 2, we used the same isolate SARS-CoV-2 USA/WA/2020, originating from 

Microbiologics (Batch number: G2027B) provided by Lbachir BenMohamed, UCI (isolate 2). The 

stock was received from Microbiologics at 5.6 x 106 PFU/ml and further propagated to generate high-

titer virus stocks. Vero E6 (ATCC® CRL-1586™, female) cells were used according to an earlier 

published protocol (466).   

Experimental infection 

We performed experiments in two parts but handled animals and experimental procedures the same 

way. We had two cohorts: SARS-CoV-2 infection and mock treatment. 

In experiment 1, deermice were intranasally infected on day 0 with isolate 1 diluted in the same 

media used for propagating cells, to 2 x 104 particles in 20µl. During infection, the animals were 

anesthetized and held upright, and a drop of liquid was deposited in their nostrils. Animals were then 

observed for inhalation of the droplet in its entirety.  They were weighed at day 0 and placed in a cage 

for daily observation. Animals were euthanized on either day 3 or day 6 (n=4 animals in each group). 

In the first experiment, we compared virus-infected animals to deermice dosed with DMEM with 2% 
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FBS as a mock treatment control group and euthanized them on day 3 or day 6 (n=3 animals in each 

group).  

For experiment 2, we repeated the same procedure when infecting animals. We used 2 x 104 particles 

in 20 µl of isolate 2 for infection. Animals were euthanized on day 3 or day 6 post-infection (n=4 

animals in each group). Virus-infected animals were compared to control animals dosed with 20 µl 

DMEM and 2% FBS (n=4 in each group). Deermice were euthanized with carbon dioxide either at 3 or 

6 days post-infection.  

In both experiments, each animal was exsanguinated by heart puncture, and blood was pelleted by 

centrifugation for 3min at 7000 rcf and separated from plasma. Plasma used for ELISA and 

neutralization assays were treated for 45 minutes at 56°C and collected in a 1.5 ml tube. Lungs, 

brains, and feces were collected. The right lungs were homogenized and kept in Trizol (TRI reagent, 

ZYMO Cat: R2050 -1-50), while the right brain and feces were kept in Trizol (Invitrogen TRIzol Cat: 

10296-010 Lot). Trizol was shown to inactivate SARS-CoV-2 (467). Part of the right lung was frozen 

immediately on dry ice and kept at -80°C until TCID50 analysis. Control animals were treated the 

same way.  

Histopathology 

The left lung was submerged in 4% buffered paraformaldehyde (PFA) (Sigma HT501128) for 24h. 

Formalin-perfused tissue was then transferred to 70% ethanol. Formalin-perfused tissues were 

further paraffin-embedded and sliced to make slides. Slides used for pathology were stained with 

hematoxylin and eosin, and those not stained were used for RNAscope. We analyzed and scored 

slides according to the Histopathology scoring system presented in Table 22.  
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Table 22 Histopathology scoring system 

 

RNA isolation 

Brain tissue was kept in Trizol at -80°C until RNA extraction. Before RNA extraction, the brain was 

homogenized, and 50mg was used for extraction. Tissue was vigorously homogenized on Tissue 

Lyser followed by chloroform precipitation of proteins and lipids. The upper aqueous phase with RNA 

was removed, and RNA was precipitated with ethanol and treated with DNase I. Further 

concentration and purification of RNA were performed using RNeasy Mini Kit (Qiagen, Cat: 74104). 

Lung RNA was isolated using Direct-zol Miniprep kit (Cat: R2051) according to instructions. Fecal 

pellets were stored in DNA/RNA Shield (Zymo) and frozen at -80°C until further processed. RNA was 

isolated from 250 mg of fecal pellets in BashingBead Lysis Tubes and S/F RNA Lysis Buffer (Zymo) 

followed by homogenization using a Bead Ruptor 24 (OMNI). We used a Quick-RNA Fecal/Soil 

Microbe Microprep Kit (Zymo) to perform the RNA extractions of the fecal pellets. RNA extracts were 

then stored in RNase-free water and quantified using Qubit fluorometer (ThermoFisher Scientific).  

RNAscope IN SITU hybridization of SARS-CoV-2 spike RNA 

Deermouse lung fixed sections were analyzed using RNAscope 2.5 HD Red assay kit (Advanced Cell 

Diagnostics, Cat: 322350) according to the manufacturer's instructions. Slides were deparaffinized 

and treated with H2O2 and Protease IV before hybridization. Probes targeting SARS-CoV-2 spike (Cat: 

848561), positive-control Hs-PPIB (Cat: 313901) for housekeeping gene positive-control Hs-PPIB 

0 1 2

A. neutrophils in the alveolar space    none 1 to 5 >5

B. neutrophils in the interstitial space none 1 to 5 >5

C. hyaline membranes none 1 >1

D. proteinaceous debris filling the airspaces none 1 >1

E. alveolar septal thickening <2x 2x-4x >4x

score:  [(20xA)+(14XB)+(7XC)+(7XD)+(2XE)]/(numbers of fieldsX100)

at least 20 random high-power fields evaluated 

Scoring system
Score per field

Histopathology scoring system
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(Homo sapiens control probe for peptidyl isomerase B) for the housekeeping gene, or negative 

control DapB bacterial protein Bacillus subtilis dihydrodipicolinate reductase (dapB) gene (Cat: 

310043) were hybridized followed by proprietary assay signal amplification and detection. Tissues 

were counterstained with Gill's hematoxylin. As a negative control, we used a deermouse control 

animal and stained it, and as a positive control, we used mouse brain K18. Tissue staining was 

visualized using an Olympus BX60 microscope and imaged with a Nikon camera ay 40x 

magnification.  

Focus forming assay 

Frozen lungs were homogenized in DMEM media, cell debris was removed by centrifugation, and the 

supernatant was transferred onto Vero E6 cells (ATCC, C1008) seeded in a 96-well plate, followed 

by overlay using 1% methylcellulose (MilliporeSigma). After 24 hours, the medium was removed, and 

the plates were fixed. The number of infected foci was determined using anti–SARS-CoV-2 

Nucleocapsid antibody (Novus Biologicals, NB100-56576) and HRP anti-rabbit IgG antibody 

(BioLegend). Plates were developed using True Blue HRP substrate (Sigma-Aldrich) and imaged on 

an ELISPOT reader (Autoimmun Diagnostika Gmbh). Each plate included viral stock used in the 

experiment as a positive control and negative control. We also tested the heat-treated viral sample 

used in the experiment using a focus-forming assay.  

SARS-CoV-2 S protein expression and purification  

The day before transfection, 8 x 106 human embryonic kidney (HEK) 293T cells were seeded into 143 

cm2 cell culture dishes (GenClone) and incubated overnight in growth medium (DMEM, 10% FBS,1X 

Pen/Strep, and 20 mM glutamine). The next day, cells were washed twice with DPBS (10 mL each) 

and further cultured in BalanCD HEK293 serum-free medium (Irvine Scientific) supplemented with 

1X Pen/Strep and 20 mM glutamine. Cells were then transfected with pPP14 SARS CoV2 NFL 2P 

Foldon-His /polyethylenimine (PEI) complexes formulated in serum-free medium at a DNA/PEI ratio 
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of 1:3 (i.e., 10 μg DNA and 30 μg PEI per plate). Four to five days post-transfection, SARS-CoV-2 S 

protein-containing supernatants were collected, cleared (2,500 rpm for 5 min), filtered (0.45 μm), 

and concentrated with a 50-kDa Amicon Ultra-15 centrifugal filter device (Millipore) according to the 

manufacturer's recommendation. HIS-tagged SARS-CoV-2 S proteins were then purified over a 

gravity flow Ni-NTA column. The SARS-CoV-2 S protein expression plasmid pPP14 SARS CoV2 NFL 

2P Foldon-His was provided by Dr. Rogier Sanders. According to the manufacturer's 

recommendations, eluted fractions containing the purified SARS-CoV-2 S protein were 

concentrated and buffer-exchanged with DPBS using Amicon Ultra 0.5 mL centrifugal filter (50 kDa) 

units (Millipore). Antibody concentrations were measured at an optical density of 280 nm (OD280) with 

a NanoDrop spectrophotometer (Thermo Scientific). Purity was determined by SDS-PAGE followed 

by a simple blue safe stain procedure (Invitrogen) according to the manufacturer's suggestions. 

SARS-CoV-2 binding enzyme-linked immunosorbent assay (ELISA) 

Half-well area ELISA plates (Corning) were coated with either 100 ng SARS-CoV-2 S protein diluted 

in 1 X DPBS per well or 50 ng SARS-CoV-2 N protein diluted in 1 X DPBS per well and incubated 

overnight at 4ºC. Plates were washed three times with wash buffer (1 X DPBS containing 0.5% Tween-

20) and incubated with blocking buffer (wash buffer supplemented with 5% non-fat dry milk). After 1 

hour at 37ºC, plates were washed twice with wash buffer and further incubated for 1 hour at 37ºC 

with serial dilutions in blocking buffer of the deer mouse plasma samples. Unbound antibodies were 

removed by washing the plates three times with wash buffer, and bound antibodies were incubated 

with an HRP-conjugated goat anti-deer mouse serum IgG diluted in blocking buffer. After 1 hour at 

37ºC, plates were washed four times with wash buffer, and bound antibodies were detected by 

adding 50 µL 1-step TMB solution (Thermo Scientific) per well. The reaction was stopped by adding 

50 µL of 1 M H2SO4. Plates were read at 450 nm on an ELx808 Bio Tek plate reader. Endpoint binding 
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titers of deer mouse samples were determined by calculating the highest serum dilution, which gives 

a reading above the blank, including three standard deviations. 

Pseudotyped virus production and neutralization assay 

Pseudotyped HIV-1/SARS-CoV-2 S virions were generated by co-transfecting 1.5 x 107 HEK 293-T 

cells grown in 143 cm2 cell culture dishes with a single round infectious HIV-1 NL4-3 Gag-iGFP ΔEnv 

plasmid as well as a SARS-CoV-2 spike protein-expressing plasmid (pcDNA 3.1 SARS CoV-2 S). HIV-

1 NL4-3 Gag-iGFP ΔEnv (12455) was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH from Dr. Benjamin Chen. Plasmids (1 µg plasmid per 1 x 106 cells) were mixed with 

PEI at a DNA/PEI ratio of 1:3 both formulated in serum-free medium and added dropwise to the cells 

cultivated in growth medium. After 3-4 days, cell supernatants were harvested and cleared from 

cells. Virus aliquots were stored at -80ºC. 96-well tissue culture flat bottom plates (GenClone) were 

used to mix heat-inactivated (45 min at 56 ºC) and serially diluted deer mouse plasma samples with 

pseudotyped HIV-1/SARS-CoV-2 S virions. After 1 hour at 37ºC, 2.5 x 104 ACE2 expressing HEK 293T 

cells were added, and plates were further incubated for 2 days at 37ºC. The human embryonic kidney 

cells (HEK-293T) expressing human angiotensin-converting enzyme 2, HEK-293T-hACE2 cell line 

(NR-52511) were obtained through BEI Resources, NIAID, NIH. The supernatant was removed, and 

cells were detached by adding 100 µL of Accutase (Innovative Cell Technologies) per well. The cells 

were transferred into a 96-well round bottom plate, which was washed once with DPBS and fixed 

with 4% PFA. After 30 min at 4 ºC, ACE2 HEK 293T cells were analyzed by flow cytometry for green 

fluorescence protein expression. The reduction of the median fluorescence intensity compared to 

the virus control was used to determine the ID50 of the tested plasma samples. 

SARS-CoV-2 quantitative PCR (qPCR) 

For SARS-C0V-2 qPCR, genomic RNA from selected deer mouse tissues, including lung and brain 

tissue, was isolated and used as a template for amplification. Per reaction (25 µL total) 500 ng of 
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genomic RNA was used in combination with 0.1 µM of each SARS-CoV-2 N-specific primer (5’-

GGGGAACTTCTCCTGCTAGAAT-3' and 5’-CAGACATTTTGCTCTCAAGCTG-3') as well as the reagents 

from the qPCRBIO SyGreen 1-step Go Hi-ROX kit (PCRBIOSYSTEMS). The qPCR was carried out with 

a Rotor-Gene 6000 series cycler (QIAGEN) for 1 cycle at 50ºC (30 min), 1 cycle at 95ºC (15 min) and 

45 cycles at 94ºC (15 sec) and 60ºC (20 sec). SARS-CoV-2 copy numbers were quantified and 

reported based on a standard curve generated by serial dilutions of SARS-CoV-2 viral RNA using the 

Rotor-Gene 6000 series software. All samples were run and analyzed in triplicates. 

RNAseq 

Lung and brain isolated RNA was sequenced using Illumina technology. The brain RNA library was 

prepped stranded with rRNA depletion. The stranded mRNA library was normalized, multiplexed, 

and sequenced on the NovaSeq6000 instrument at the UC Irvine genomic High Throughput Facility. 

We used paired-end chemistry and 150 cycles to achieve 40 million reads per sample. Lung RNA was 

stranded, as well as PE150 sequenced on the same instrument, to obtain 40M reads. The quality of 

sequencing reads was analyzed using FastQC (Babraham Bioinformatics). The reads were trimmed 

of low-quality reads (Phred score of <15) and adapter sequences, and corrected for poor-quality 

bases using Trimmomatic (214). A number of reads for each sample is provided in Table 23, with an 

average of 7.3 x 107 reads for the brain, and 6.8 x 107 reads for the lungs. 
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Table 23 Numbers of reads in lungs and brain 

 

For this experiment, reads were mapped to the genome transcript reference set of 54,475 based on 

the reference genome transcript on GenBank version GCF_004664715.2 on CLC Genomics 

workbench version 23 (Qiagen) (468). The settings for PE150 reads were as follows for both strands: 

length fraction of 0.35, similarity fraction of 0.9, and costs for mismatch, insertion, or deletion of 3.  

 

Animal ID Experiment Treatment Day Sex Reads brain Reads lung
25160 1 C 3 F 8.1E+07 3.4E+07
25169 1 C 3 M 8.6E+07 4.8E+07
25124 1 C 3 M 7.4E+07 3.9E+07
25159 1 C 6 M 8.8E+07 4.1E+07
25167 1 C 6 F 6.7E+07 3.9E+07
25018 1 C 6 F 8.6E+07 4.3E+07
25117 1 V 3 M 7.4E+07 4.6E+07
25130 1 V 3 M 6.7E+07 4.3E+07
25013 1 V 3 F 7.8E+07 4.5E+07
25025 1 V 3 F 6.2E+07 4.7E+07
25157 1 V 6 M 7.9E+07 4.4E+07
25161 1 V 6 M 7.2E+07 4.0E+07
25128 1 V 6 F 9.6E+07 4.3E+07
25158 1 V 6 F 6.6E+07 4.1E+07
25225 2 C 3 F 5.2E+07 9.7E+07
25226 2 C 3 F 8.3E+07 8.9E+07
25281 2 C 3 M 6.4E+07 8.6E+07
25152 2 C 3 M 7.8E+07 8.9E+07
25287 2 C 6 M 7.5E+07 9.1E+07
25219 2 C 6 F 7.5E+07 8.3E+07
25313 2 C 6 F 7.5E+07 8.8E+07
25280 2 C 6 M 5.3E+07 9.7E+07
25165 2 V 3 M 7.6E+07 8.5E+07
25255 2 V 3 M 7.6E+07 9.3E+07
25298 2 V 3 F 7.2E+07 9.0E+07
25304 2 V 3 F 8.9E+07 7.9E+07
25136 2 V 6 M 4.9E+07 9.4E+07
25306 2 V 6 F 8.3E+07 8.2E+07
25163 2 V 6 M 5.6E+07 9.5E+07
25228 2 V 6 F 5.2E+07 9.4E+07

Number or reads for each tissue per sample
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Genome-wide differential gene expression 

Differential expression between experimental conditions was assessed using RStudio 1.3.1093 and 

edgeR version 3.42.4 software package for the differential expression analysis of digital gene 

expression data, that is, of count data arising from DNA sequencing technologies. It is specially 

designed for differential expression analyses of RNA-Seq or SAGE data or differential marking 

analyses of ChIP-Seq data (319). Fold changes in TPM (transcripts per million) were log2 transformed. 

The False Discovery Rate (FDR) with corrected p-value was estimated by the method of Benjamini 

and Hochberg (227). 

Gene ontology term analysis 

Differentially expressed genes following EdgeR analysis and meeting the criteria of a FDR p-value < 

0.05 and |log2 FC|>1.5 for lungs and p-value < 0.05 and |log2 FC|>1.5 for brain were used in each 

cohort. The analysis was implemented with the tools of Metascape (380). Functional enrichment 

analysis was carried out first with the hypergeometric test and FDR p-value correction by the method 

of Benjamini and Hochberg (227). Then, pairwise similarities between any two enriched terms were 

computed based on a Kappa-test score (469). Similarity matrices were then hierarchically clustered, 

and a 0.3 similarity threshold was applied to trim resultant trees into separate clusters. The lower the 

p-value, the less the likelihood that the observed enrichment is due to randomness (382). The lowest 

p-value term represented by each cluster is shown in the horizontal bar graph. Besides the terms 

beginning with ‘GO’ and referring to the Gene Ontology resource (http://geneontology.org), others 

refer to Kegg Pathway database (https://www.kegg.jp) for ‘mmu.’ designations, WikiPathways 

database (https://www.wikipathways.org) for ‘WP…’ designations, and Reactome database 

(https://reactome.org) for ‘R-MMU…’ designations. 
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Targeted RNAseq analysis 

RNA-seq of the selected set of protein-coding sequences (CDS) listed below was carried out using 

CLC Genomics Workbench v. 23 (Qiagen). Paired-end reads were mapped with a length fraction of 

0.35 for ~150 nt reads and 0.40 for ~100 nt reads, a similarity fraction of 0.9, and costs of 3 for 

mismatch, insertion, or deletion to the CDS gene set. Preliminary expression values were unique 

reads normalized for total reads across all the samples without adjustment for reference sequence 

length, as described in Chapter 3. For comparisons, we normalized reads based on overall reads and 

based on Gapgh. This is described in more detail in Results. Following the recommendation of 

Hedges et al. we used the natural logarithm (ln) of ratios (383). 

The target CDS were as follows: Acod1, Akt1, Akt2, Arg1, Bcl3, Camp, Ccl2, Ccl3, Ccl4, Cd14, Cd177, 

Cd3d, Cd4, Cd69, Cd8, Cfb, Cgas, Csf1, Csf1r, Csf2, Csf3, Csf3r, Cx3cr1, Cxcl1, Cxcl10, Cxcl2, Cxcl3, 

Dhx58, Fcer2, Fcgr2a, Fcgr2b, Fcgr3, Fgr, Fos, Fpr2, Gapdh, Gbp4, Glrx, Gzmb, Hif1a, Hk3, Hmox1, 

Ibsp, Icam, Ifih1, Ifit1, Ifng, Il10, Il12, Il18, Il1b, Il1rn, Il2ra, Il4ra, Il6, Il7r, Irf7, Isg15, Itgam, Jak1, Jak2, 

Jun, Lcn2, Lpo, Lrg, Lrrk2, Ltf, Mapk1, Mmp8, Mmp9, Mpo, MT-Co1, Mt2, Mtor, Mx2, Myc, Myd88, Ncf4, 

Nfkb1, Ngp, Nos2, Nox1, Nr3c1, Oas1, Olfm4, Padi4, Pbib, Pkm, Ptx, Ptprc, Retn, Rigi (Ddx58), 

S100a9, Saa3, Serpine1, Slc11a1, Slpi, Socs1, Socs3, Sod2, Stat1, Stat2, Stat4, Steap1, Sting, Tgfb, 

Thy1, Timp1, Tlr1, Tlr2, Tlr4, Tnf, Tnfrsf1a, and Tnfrsf9. The sources for these coding sequences were 

the reference genome transcript sets for P. leucopus listed above. If there were two or more isoforms 

of the mRNAs and the amino acid sequences differed, the default selection for the coding sequence 

was the first listed isoform.  

Statistical methods 

Statistical analysis, namely student t-test, graphing, and ANOVA, was performed on GraphPad Prism 

version 10.2.2. Edwards-Venn diagram was generated using an online visualization tool (470). 

Volcano graph was generated using EnhancedVolcano version 1.18.0 (471).  
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Data availability  

Sequencing data as fastq files of Illumina reads (SRA), along with descriptions of the samples 

(BioSamples) they are associated with, have been deposited with NCBI under BioProjects 

PRJNA1026327, PRJNA1026365. Data generated and analyzed for this study and included in the 

manuscript are deposited on Dryad database for lungs and brain separately. Data upload pending.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

  

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1026327
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1026365
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CHAPTER SIX: Conclusion and Future Directions 
 
This study's main objective was to illustrate how Peromyscus leucopus has adapted to enhance 

tolerance and dampen inflammation. Our interest in P. leucopus was prompted by the species’ 

status as a competent zoonosis reservoir suffering little morbidity from infection and living up to eight 

years. Throughout our broad and unbiased P. leucopus research, we investigated how P.  leucopus 

avoids morbidity and mortality when infected with pathogens that are disabling or lethal for humans. 

Since the publication of P. leucopus genome sequencing and gene annotation in 2019, we have taken 

advantage of these tools to understand how a tolerant reservoir handles infection  (5). Access to its 

annotated genome enabled us to proceed with transcriptome analysis and comparison between 

rodent species in Chapters 3 and 4 and to investigate immunity in viral infection in Chapter 5. In 

Chapter 2, we focused on another aspect of P. lecusopus' "omics," which describes the microbiota 

of this rodent. To better define and highlight the microbiome features of P. leucopus and contributors 

in reaction to pathogens, our experimental approach compared P. leucopus to rodents, widely used 

in research but not known for longevity or tolerance. By integrating genome sequencing, 

transcriptome analysis, and microbiota characterization, our study sheds light on the robustness of 

P. leucopus against infections, offering insights into its potential implications for understanding 

disease tolerance and management in wildlife reservoirs. 

Microbiome and tolerance 

Microbes are not the sole drivers of mortality and morbidity—the degree of the reaction to microbes 

determines the severity of the disease. We show that P. leucopus has a diverse microbiome and 

virome, harboring endogenous retroviruses. Most microbes do not cause disease in P. leucopus in 

any measurable or visible way, as the immune system controls them. Only a portion of microbes elicit 

a host response. In P. leucopus, this response is highly regulated and antagonized by an amplitude 
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of tolerance factors that dampen the antimicrobial response. We compare and discuss P. leucopus 

to other rodent specie and bats and highlight its features. We then examine the acquired knowledge 

from this study in the context of tolerance.  

P. leucopus microbiome and other rodents 

Rodents form the largest group of mammals in terms of diversity, and some synanthropic species 

have been involved in pandemics caused by zoonotic diseases, such as the 14th-century black 

plague (Yersinia pestis). However, despite their role in spreading the plague, rats were not tolerant to 

the Y. pestis bacterium and typically died from the disease within a week (472). Mice and rats do show 

some tolerance traits in laboratory conditions. Still, after embryonal transfer into wild animals, mice 

exhibit diminished tolerance since the microbiome of the gut and epithelial barrier changes (473), 

(474). Hence, the tolerance and gut microbiome are connected, and the microbiome in mice is 

influenced not only by environmental factors but also strongly by genetic factors (475), (476). The 

study provides a foundational understanding of the gastrointestinal microbiota of P. leucopus, 

highlighting its differences and similarities to more commonly studied rodents. We report that P. 

leucopus has higher diversity within individuals (alpha diversity) and between them (beta diversity) 

than M. musculus, particularly in the numbers of lactobacilli.  

P. leucopus harbors a diverse gastrointestinal microbiota, including a notable abundance of 

Lactobacillus species. Four distinct Lactobacillus species were isolated and studied in our study, 

revealing differences in abundance and distribution between P. leucopus and M. musculus (figure 9). 

Notably, female M. musculus had 100-fold more reads mapping to lactobacilli than males, while in 

P. leucopus, the sex differences were not as pronounced (figure 15) as confirmed in the natural 

population in this study and previously by Baxter et al. (138). We report that Lactobacillus johnsonii 

is the predominant lactobacilli species in M. musculus (figure 15), confirming the findings of Buhnik-

Rosenblau et al. Further, we report that P. leucopus has a higher alpha diversity of not only overall 
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microbial species but also lactobacilli (figure 16) (477). Among P. leucopus lactobacilli, the study 

identified host-specific microbial species such as Lactobacillus peromysci sp, nov. found in the 

colony and wild P. leucopus but not in M. musculus (figure 22). As is the case with hamsters' 

Lactobacillus hamsteri, P. leucopus has species-specific lactobacilli - L. peromysci sp. nov.,  found 

in both colony animals or nature. Peromyscus eremicus colony animals and Peromyscus boyliii did 

not have this lactobacillus in the gut when cultivated and sequenced for 16S fragment (unpublished 

data). DNA of isolated colonies from these Peromyscus species could have novel species-specific 

lactobacilli. If there are indeed species-specific acclimated lactobacilli, there is the potential for 

developing targeted interventions for zoonotic disease control, like bait vaccines targeting specific 

Peromyscus species.  

P. leucopus and bat microbiome and in the context of tolerance 

After rodents, bats account for the second-highest number of mammalian species; they are the only 

mammals capable of flying, covering long distances, and occupying diverse niches (478). They are 

also considered a perfect host for emerging zoonotic pathogens since, like Peromyscus, they exhibit 

tolerance. Their microbiomes change with diet and thus differ between species and habitats (122), 

(478). Bats' stomachs are globular without specialization. Some bats lack caecum and glands in 

certain regions; overall, they have decreased intestinal tissue and reduced carried food loads with a 

higher density of villi supporting absorption (479), (480). This differentiates them from Peromyscus, 

which has a morphologically distinct caecum. However, like bats, Peromyscus have localized 

glandular tissue covering only a fraction of the stomach. Although these two mammals are known as 

zoonosis reservoirs with exceptional tolerance, they do not share the same microbial constituents in 

their gut. Their similarities lie in how both species allow for microbiome diversity and adapt to 

environmental changes. In the case of Peromyscus, there has long been a critical knowledge gap 

since deep microbiome analysis was unavailable. Further microbiome research is crucial for 
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developing strategies to manage the transmission of zoonotic diseases, particularly in areas where 

P. leucopus is prevalent. 

P. leucopus microbiota and tolerance – tryptophan pathway 

Determining the causal relationship between gut microbiota and mammal immunity was beyond the 

scope of this work, but since this relationship is usually studied using germ-free animal models, our 

study could contribute to future research directions. The impact of microbial colonization on 

immune cell repertoire and regulation could also be investigated by administering broad-spectrum 

antibiotics like vancomycin, neomycin, ampicillin, and metronidazole. 

A more developed understanding of Peromyscus gut immunity and microbiota could fill a gap in 

knowledge of recently described intestinal innate lymphoid cells (ILCs) which play a critical role in 

microbiota and maintain homeostasis (481). Innate lymphoid cells sense changes in microbiota and 

diet indirectly through local dendritic and intestinal epithelial cells, while in return ILCs produce 

cytokines recruiting B and T cells (482). Dendritic cells of the intestines express Toll-Like Receptors 

(TLRs) and react to bacterial pathogen-associated molecular patterns (PAMPs) by producing IL-12 or 

type I interferon in stimulation with viruses. Although ILCs do not sense PAMPs, they have other 

environmental sensors, such as the aryl hydrocarbon receptor (Ahr). Ligands for Ahr originate from 

either diet or microbial activity and include metabolites in tryptophan catabolism indole and its 

derivatives, such as indole-3-aldehyde (IAld), indole-3-acetic-acid (IAA) and indole-3-propionic acid 

(IPA) (483). Indoles promote anti-inflammatory effects in tissues colonized by commensal 

microbiota like intestinal lumen, skin, lungs, and other mucosal environments (484), (483), (482), 

(485), (486), (487), (488), (489), (490). The binding of indoles to Ahr on T cells, dendritic cells, 

macrophages, or ILCs causes translocation of Ahr to the nucleus and acts as a transcription factor 

for IL-10,  transforming growth factor (TGF)-α, TGF-β, and arginase (Arg1) (483), (491). Bacterial and 

mammalian metabolic pathways converge in the conversion of tryptophan to indole metabolites, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/arginase
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facilitating tolerance at the organismal level. Tryptophan is oxidized in mammals via kynurenine 

pathway by indoleamine-2,3-dioxygenase (Ido1) expressed in various organs (490), (487), (485). 

Bacteria initially metabolize tryptophan into indoles using the enzyme tryptophanase (TnaA). TnaA 

can be found in Gram-negative and Gram-positive bacterial species, including Escherichia coli and 

Bacteroides sp. (488), (483), (490). We detected TnaA in P. leucopus' isolated E. coli LL2 assembly 

GCF_005869145.1, as well as in the whole metagenome across both colony and wild animals. We 

mapped it predominantly in the Bacteroidaceae family, but also in Clostridiales and 

Elusimicrobiaceae when mapped against Kyoto Encyclopedia of Genes and Genomes (KEGG) 

function on MG-rast platform (125). Besides Bacteroides, Hezaveh et al. show that M. musculus 

C57BL gastrointestinal tract lactobacilli can produce Ahr indole ligands when tryptophan is 

introduced as an energy source (483), (492), (493). Hezaveh et al. indicate that L. johnsonii, L. reuteri, 

L. intestinalis, and L. murinus produce several indole derivatives. P. leucopus lactobacilli do not have 

annotated genes for tryptophan metabolism, but growing these bacilli with tryptophan as a carbon 

and energy source could cause phase variation. Notably, the lactobacilli we sequenced were not 

growing in their natural environment but in MRS media instead and could have already altered their 

genomes due to the change in environment. Further investigating this phenomenon could be a future 

research direction. 

We report further convergence of tolerance, gut microbiome, and diet in P. leucopus in tryptophan 

metabolism and kynurenine pathway in Chapter 3. The kynurenine pathway is a highly regulated arm 

of the immune system promoting immunosuppression and tolerance. IDO1 is the initial rate-limiting 

inducible enzyme of the kynurenine pathway (Figure 1) (494), (495). During sepsis, Ido1 gene 

transcription is upregulated either directly by lipopolysaccharides (LPS) or indirectly by cytokines, 

mainly interferon γ (Ifn- γ) (496). 
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Figure 61 Tryptophan catabolism pathways and products in eukaryotes and procaryotes  
The figure shows main catabolic pathways of tryptophan: serotonergic, kyneurine, and indolic. 
Created by BioRender.com 

Under the same LPS-induced conditions, P. leucopus expresses Ido1 64, 15, 15, and 15 times more 

than controls in blood, spleen, liver, and adrenal glands, respectively (Dryad WGCNA, and adrenal 

RNAseq unpublished data). M. musculus does not show significant differential expression of Ido1 

under these conditions. We report the same trend in Chapter 5, in which we describe how lungs 

infected with SARS-CoV-2 also differentially express Ido1 four times more than controls three days 

post-infection. We recapitulate the activity of Ido1 in Chapter 3 and report a significant depletion of 

Ido1 substrate-tryptophan levels in the plasma of P. leucopus. At the same time, in M. musculus, 

Ido1 did not change significantly (figure 26).  

We further report in Chapter 3 that tryptophan metabolites IAA and IPA found in plasma and 

originating from microbial activity (497), (489), (498), (499) are significantly reduced in P. leucopus 
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treated with LPS compared to controls (student t-test p = 2.5 x 10-5, p=2.8 x 10-7, respectively) and did 

not significantly change in M. musculus under the same conditions. IAA attenuated inflammation 

and the effects of LPS by directly neutralizing free radicals or as through binding to Ahr (500), (489). 

IAA's effect on free radicals and nitric oxide (NO) production is direct. At the same time, it acts as a 

free radical scavenger, but it also suppresses inducible nitric oxide synthase (Nos2) expression 

induced by LPS (500). We conclude that IAA and IPA depletion in the plasma of P. leucopus is due to 

the higher efficacy of anti-oxidative and anti-inflammatory activity. At the same time, in the case of 

IPA, P. leucopus had a higher initial concentration in the plasma of control animals.  

Although we detected significant differential expression of Ido1 in several tissues and decreased 

concentration of tryptophan and its catabolites in plasma, we cannot ascertain whether their origin 

in plasma is mammal or microbial. Methods and studies understanding the origins of tryptophan 

derivatives are limited (501), (502). Future directions determining tryptophan metabolism and their 

roles in infection tolerance can include analysis of species-specific compounds in the blood that are 

unique to either mammal or microbial enzyme products. Other options include isotope labeling, 

gene knockout, and silencing genes in tryptophan metabolism and antibiotic and gnotobiotic animal 

studies. So far, the literature review has not shown concrete evidence of an association between 

tryptophan metabolites and septic shock survival (496). Due to the direct causal relationship of 

indoles, Aht, and the production of genes involved in alternative macrophage polarization and 

tolerance, finding the ligand with the most significant effect could change outcomes in patients with 

septic shock. Although there is interest in tryptophan metabolites primarily due to its role in the gut-

brain axis, serotonin production, and appetite suppression, there is still a gap in knowledge regarding 

its applications in inflammatory diseases (501), (489), (490). However, the opposite approach should 

be adopted for cancer treatment as it was shown that tryptophan and derivatives promote disease 

in cancer (483).  
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P. leucopus and protozoa 

Besides bacteria, protozoa are an integral part of the mammalian microbiome, although not nearly 

as commonly studied. We report a high density of tritrichomonas flagellated protozoan in the cecal 

fluid of P. leucopus LL stock. Recent work implicates tritrichomonas in mucosal immunity (177). 

This comprehensive analysis of P. leucopus's gastrointestinal microbiota enhances our 

understanding of its unique microbial ecosystem, highlighting commensal microorganisms that co-

evolved with P. leucopus toward mutualism and homeostasis. Our analysis sets the stage for 

developing targeted interventions to control zoonotic disease transmission in North American 

ecosystem. Subsequent parts of the dissertation focused on P. leucopus' response to infection and 

inflammation stimuli.  

Countering the inflammatory effects of endotoxin 

The study aimed to understand the mechanisms behind the infection tolerance observed in P. 

leucopus, a reservoir host for several zoonotic agents, including the agents of Lyme disease. By 

comparing the responses of P. leucopus and M. musculus to TLR4 ligand-LPS, we found that both 

species exhibited sickness behavior within the same time period and experienced similar increases 

in stress hormone and pro-inflammatory cytokine levels. However, the P. leucopus response was 

characterized by a dominance of neutrophil activity and alternatively activated macrophage 

response, indicative of a more regulated and less damaging inflammatory response.  

Slpi and tolerance 

Network analysis indicated that the P. leucopus response to LPS involved neutrophil activity as well 

as a low Nos2/Arg1 and high Il-10/Il-12 ratio, contrasting with the cytokine-associated response in M. 

musculus. One of the neutrophil activity drivers is the secretory leukocyte protease inhibitor (Slpi). 

Slpi has diverse biological roles, particularly in inflammation and innate immunity, by controlling 

excessive protease activity in inflammation. Slpi is a small, non-glycosylated protein with 131 amino 
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acids in P. leucopus. Its expression is not limited to leukocytes; it is also found in mucosal secretions 

synthesized by various epithelial cells, especially those lining the respiratory, reproductive, and 

gastrointestinal tracts. Possibly due to its small size, Slpi can cross membranes without a receptor 

(291). By contrasting the immune response patterns of P. leucopus with M. musculus, particularly in 

the context of LPS stimulation, the pivotal role of Slpi in moderating immune dynamics becomes 

increasingly evident. 

Knockout mice (Slpi -/-) were used to understand the function of SLPI on a systemic level (292). When 

exposed to pathogens or inflammatory stimuli, these mice may exhibit enhanced inflammatory 

responses and tissue damage followed by aberrant innate and adaptive immune responses. This is 

due to the absence of SLPI's protease inhibitory and anti-inflammatory function. Increased protease 

activity can delay wound healing since increased elastase levels maximize collagen degradation 

(292). 

The primary function of SLPI is to inhibit serine proteases, such as neutrophil elastase, which 

degrades extracellular matrix proteins. By inhibiting these proteases, SLPI protects tissues from 

damage during inflammatory responses. SLPI's anti-inflammatory properties reduce the production 

of pro-inflammatory cytokines and inhibit the activation of nuclear factor kappa B (NF-κB). Lentsch 

et al. showed a causal relationship between SLPI and NF-κB, effectively proving that SLPI regulates 

endogenous lung inflammation (503). In human asthma patients' lungs and a mouse model of severe 

asthma, interferon-gamma (Ifn-γ) expression is inversely correlated with Slpi. In a mouse model of 

severe asthma, overexpressed Slpi reduced signs of inflammation (504). Alterations in Slpi 

expression and function can have clinical implications. In Chapter 5, we also report that Slpi has four 

times higher expression in the lungs of P. leucopus infected with SARS-CoV-2 than controls, and that 

Slpi is significantly expressed in P. leucopus lungs exhibiting moribund state. Although in Chapter 3 

we report 1,280 times (p = 10-57) higher expression of Slpi in the blood of LPS-treated P. leucopus, Slpi 
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is typically not characterized as a systemic antiprotease, and it is primarily produced at local sites in 

response to inflammatory cytokines and bacterial products (505). Its prolonged presence in the 

systemic circulation could be a sign of chronic inflammation and a biomarker of diseases, as Sawicki 

et al. report in patients with heart failure (506). Besides immune suppression, SLPI possesses 

antimicrobial activity against bacteria (507), (508), fungi (509), and viruses (510), (511), contributing 

to the innate immune defense, especially in mucosal surfaces, facilitating tissue repair (292), (505). 

SLPI has an additional anti-inflammatory role: it inhibits neutrophil extracellular traps (NETs) 

formation since SLPI blocks cleavage of neutrophil elastase substrate histone H4 and blocks 

decondensation of chromatin necessary for expelling DNA and forming extracellular nets (290). SLPI 

is involved in tissue repair and regeneration, as it promotes epithelial cell growth and migration, 

facilitating the healing of mucosal surfaces (512). In that context, human recombinant Slpi controls 

pulmonary infection with Pseudomonas aeruginosa or systemic inflammation in M. musculus with 

LPS  and lipoteichoic acid mimicking infection with Gram-negative and Gram-positive bacteria, 

respectively (513) Aerosolized SLPI was successfully used in patients with cystic fibrosis (514), (515). 

Ongoing research continues to unravel the multifaceted roles of Slpi in health and disease, making 

Slpi a potential target for therapeutic intervention, particularly sepsis. 

SLPI garnered attention as a therapeutic agent due to its multifaceted roles in inflammation, immune 

response modulation, tissue protection, and short peptide structure. Human SLPI has 107 amino 

acids, and P. leucopus peptide has 131 amino acids. The N-terminal domain has modest 

antimicrobial activity, while the C-terminal domain is an inhibitor of neutrophil elastase, cathepsin 

G, trypsin, chymotrypsin, tryptase, and chymase (512). SLPI domains are  50 amino acids each, 

similar in size to insulin, which is widely used as a peptide therapeutic. The use of SLPI in modulating 

local and systemic inflammation should be considered in acute and short-term conditions, as the 

peptide is implicated in the progression and metastasis of cancer (505), (516). The balance between 
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immune surveillance of malignant progression and anti-inflammatory effect is crucial, like our 

reporting on other tolerance factors of innate (tryptophan metabolites) and adaptive immunity (Tigit-

highlighted gene in Sars-CoV-2 infection). We reported Slpi upregulation in P. leucopus four hours 

post-LPS exposure in Chapters 3 and 4, twelve hours in Chapter 4, and three days in the case of viral 

infection. We propose that Slpi upregulation is transient as P. leucopus is known for longevity and 

shown to live up to eight years in captivity (7), (10), (23). Further, it shows reduced mitogenic activity 

in response to carcinogenic stimulation in comparison to other Peromyscus species (517), (518). 

Hence, P. leucopus has found a delicate balance between immune regulation of tolerance and 

surveillance of malignant cells. Though our understanding of immunity in this zoonotic reservoir 

continues to develop, there are still gaps in our knowledge and research tools related to P. leucopus. 

Slpi recapitulation and future directions 

Our study focused on transcriptome analysis and used sequencing tools and bioinformatics. We 

have not recapitulated Slpi expression (or other reported genes) using antibodies due to the resource 

constraint. Synthesizing antibodies and producing knockout animals would be a future direction.  

We also report the upregulation of terms for gene ontology of neutrophils in P. leucopus; gradient-

based cell separation and analysis confirm this. So far, we have not isolated neutrophils to verify that 

this is indeed the origin of differentially expressed genes driving gene ontology (GO) terms. Isolating 

neutrophils is challenging due to the same antibody constraint and uniqueness of the species.  

Despite the unavailability of the antibodies, there is a technical advantage to working with  P. 

leucopus, a genetically diverse animal model. Due to the genetic diversity between individuals, we 

can attempt multiplexing animals across conditions and analyze single-cell RNAseq in different 

tissues (unpublished data). Each animal would have low-pass short-read DNA sequenced and 

imputed genotypes to demultiplex single-cell RNAseq data (261). After dimensionality reduction, 

clustering, and annotation, analyzing cell clusters is still challenging since we do not have a database 
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of known markers for cell populations. In vitro studies would resolve this and, in combination with 

acquiring new antibodies, could establish a Peromyscus database of known marker genes. Gene 

markers overlapping between humans, mice, and primates is a place to start.  

In addition, we focused our analysis on inter-species differences among rodents, and while we used 

orthologous genes, we do not have complete corresponding gene isoforms of P. leucopus. This could 

be achieved by using packages for identifying isoforms based on long-read transcriptome data sets 

like Talon and visualized with Swan (519), (520). Identifying isoforms is a future direction, and 

sequence data from different platforms are already available. While these are some of the suggested 

future directions, in Chapter 4, we recapitulate findings from Chapter 3 by following up transcriptome 

analysis with hematology studies and including additional animal models while proposing further 

ways P. leucopus tempers interferon responses.   

Tolerance and endogenous retroviruses 

The main findings presented in Chapter 4 are that in comparison to two other rodent species, M. 

musculus, and Rattus norvegicus, P. leucopus showed less transcription of interferon-gamma and 

lower activity in type 1 interferon-stimulated genes, suggesting a unique mechanism of infection 

tolerance in comparison to other two rodent species, M. musculus, and Rattus norvegicus. We 

confirmed that CD1 outbred M. musculus also presents with upregulated genes related to classically 

activated monocytes, including M. musculus BalbC in Chapter 3. We recapitulated findings from 

Chapter 3 that neutrophils’ GO terms and network analysis point to neutrophil influx, as hematology 

analysis of P. leucopus blood shows a higher neutrophil to lymphocyte ratio. This ratio is lower in M. 

musculus and R. norvegicus. We report that exposure to LPS increases the transcription of 

endogenous retrovirus (ERV) sequences in M. musculus and R. norvegicus and, to a lesser extent, P. 

leucopus. This response involves surface TLR4 and cytoplasmic pattern recognition receptors (PRR) 

like RIG-I, linking ERV activation to innate immune responses. P. leucopus, however, shows subdued 
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ERV and interferon-stimulated gene responses, possibly due to evolved mechanisms that silence 

ERV expression. This suggests a unique infection tolerance strategy (377), (521).   

ERVs are ancient viral remnants embedded within the genomes of all vertebrates, including humans, 

mice, and deermice (522), (359), (5). Over millions of years, these viral sequences have lost their 

infectious capabilities but have integrated into the germline while retaining the ability to influence 

the host genome and immune system (523), (377). Once presumed to be inactive, it has recently 

become apparent that some ERVs express intact open reading frames, which we report in P. 

leucopus. ERVs are typically silenced by host defense mechanisms; however, environmental factors, 

stress, or immune dysregulation can reactivate them, leading to the transcription of viral genes and 

the production of viral proteins. ERV might be a way to communicate between the immune system 

and environmental changes such as perturbations in the microbiota  (346) 

The reactivation of ERVs can have profound effects on the host's immune system. For instance, the 

production of viral proteins by ERVs can mimic an ongoing viral infection, triggering an immune 

response even without an actual virus (524). ERV transcription can lead to chronic inflammation as 

the immune system continuously reacts to these endogenous viral elements. Moreover, ERVs can 

influence the expression of nearby host genes, including those involved in immune regulation, 

thereby modulating the immune response. Understanding the precise mechanisms by which ERVs 

influence inflammation and the immune response is critical for developing new therapeutic 

strategies to treat ERV-associated diseases. This includes the potential for antiretroviral therapies, 

currently used in HIV treatment, to be repurposed for treating diseases associated with ERV 

reactivation and consequent inflammation (525), (526). 

Inflammation-induced by ERV activation is a double-edged sword. On one hand, it represents an 

ancient defense mechanism, keeping the potentially harmful ERV activities in check. On the other 

hand, if uncontrolled, ERV expression can contribute to the pathogenesis of various chronic 
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inflammatory and autoimmune diseases. The molecular mechanisms often involve the activation of 

PRRs by ERV-derived nucleic acids, leading to the production of type I interferons and other pro-

inflammatory cytokines. Kwon et al. report this phenomenon in LPS-treated mice leucocytes and we 

report the same in Chapter 4 in the blood of M. musculus and R. norvegicus (523). However, we do 

not see this trend in P. leucopus, although we have identified gag-pol and env sequences 

homologous to mammalian ERVs. Gozashti et al. analyzed the landscape of retroviruses P. 

maniculatus (359). This is another recorded tolerance factor utilized by P. leucopus (figure 62).  

There is still a gap in knowledge about the origins of ERVs in P. leucopus. We have mapped 

mammalian ERVs to the P. leucopus genome and we report that metagenome analysis shows an 

abundance of bacteriophages as well as an abundance of retroviral sequences, identified as Beta- 

and Gamaretroviruses. However, there was no comprehensive analysis of mapped retroviruses to 

the genome or the position of ERVs on the genome in areas of transcription-active euchromatin or 

heterochromatin (527). Additionally, we do not know if ERVs are like in the case of P. maniculatus, 

organized in "hot spots" and enriched in Kruppel-associated box (KRAB) domains, like in the case of 

P. maniculatus. If so, this could be the reason for silencing in inflammation, unlike in M. musculus. 

Research into the role of ERVs in inflammation is still evolving, with studies suggesting that ERV-

driven inflammation might be a more common contributor to disease than previously thought. 
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Figure 62 Factors supporting immune tolerance in P. leucopus and promoting inflammation in M. 
musculus 
P. leucopus show tolerance in response to endotoxin in terms of Arg1, Nos2, Il10, Il12, Slpi, Ifng, ERV 
proteins and Tryptophan metabolism compared to M. musculus.  Created by BioRender.com. 

Implications of infection of P. leucopus with SARS-CoV-2 

This study discusses variable responses of P. leucopus to coronavirus infection. We highlight that 

while P. leucopus is a tolerant reservoir of zoonoses; it can effectively clear an infection with minimal 

morbidity. Few studies have directly infected Peromyscus species with coronaviruses, and those 

have shown mild or no symptoms in the animals despite evidence of viral replication (108), (109), 

(107). However, none of those studies used P. leucopus; hence, we confirmed our initial hypothesis: 

that due to P. leucopus ACE2 receptor similarities with the human ACE2 protein, the coronavirus will 

be able to replicate in analyzed tissues while P. leucopus cleared infection within days. We propose 

that P. leucopus is a valuable animal model since it mimics the human response to the virus, 
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including the development of symptoms, transmission dynamics, and immune response. While no 

single animal model perfectly replicates human morbidity with SARS-CoV-2, several have been used 

extensively. Since P. leucopus are abundant mammals in many North American habitats, additional 

consideration of this animal model is warranted in terms of viral spillover into animal population.  

P. leucopus are social animals living in groups of typically 30 animals per hectare, (2), (528) exhibiting 

longevity (10) and long-distance movements (up to 15 km) (529). P. leucopus exhibit minimal impact 

on their health while carrying high priority zoonoses: Lyme disease agent Borrelia burgdorferi 

detected in about 75% of the animals in the field, babesiosis, Powassan virus encephalitis, human 

granulocytic anaplasmosis as well as Sin Nombre-like hantavirus (3), (528), (530), (531). Their social 

behavior, ecological reasons, immune system, and tolerance make them ideal zoonoses hosts. 

Understanding the immunity of P. leucopus to SARS-CoV-2 could aid in managing the virus in nature 

in case of a spillover. 

P. leucopus' immunity to viral infections is partially based on tolerance, or the ability to allow 

pathogens to persist without causing harm. In the case of SARS-CoV-2, we report that genetically 

diverse P. leucopus, after presenting with a spectrum of morbidities (primarily mild or none), initially 

clears the infection by upregulating type I interferon-stimulated genes; then, within six days of 

infection, it continues to clear the infection by producing neutralizing antibodies. Appropriate viral 

clearance of SARS-CoV-2 involves a series of coordinated immune responses that eliminate the virus 

from the body without causing excessive damage to the host's tissues.  

Innate immunity in SARS-CoV-2 infection 

Viral clearance starts immediately after infection at mucous barriers in the lungs and olfactory 

mucosa. Resident macrophages and dendritic cells recognize viral components using PRRs and 

respond by producing type I interferon. In P. leucopus we report increased expression of interferon-

stimulated genes like Mx2, Ifr7, Isg15, and Ifi27l2a — mainly those involved in the reaction to viral 
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infection and cytokines like Cxcl10. This action helps contain the virus. We report upregulation of 

interferon-inducible Rtp4, which may bind to viral RNA and suppress viral replication (532), (423). 

Rtp4 is expressed in mice, humans, and bats, although the mouse ortholog is ineffective against 

SARS-CoV-2 and human is mildly effective, while bat Rtp4 ortholog successfully binds to viral RNA, 

inhibiting viral synthesis. Bat Rtp4 shares ~58% identity with the human ortholog, underscoring 

recent adaptations of Rtp4 and the virus in an ongoing host-virus arms race (423). To confirm that 

Rtp4 in P. leucopus indeed inhibits amplification of SARS-CoV-2, one future direction for research 

would be a screen of lung-originating fibroblasts infected with SARS-CoV-2 surviving infection and 

carry out RNAseq of surviving cells followed by extraction of RTP4 proteins and testing their antiviral 

activity.  

In the case of viral infection with SARS-CoV-2, there was upregulation of cytoplasmic PRRs: RIG-I, 

Dhx58, Ifih1, and cGAS in the lungs of infected animals compared to control groups based on 

targeted analysis (p=5.6 x 10-5, p=1.2 x 10-5, p=5.1 x 10-5, and p=4.5 x 10-6, respectively). In this 

case, upregulation of PRRs leads to further response to the virus, unlike upregulation in these genes 

in response to endotoxin as a reaction to ERVs in M. musculus in homeostasis, causing 

inflammation. These sensors are integral to the intracellular innate immune response, allowing cells 

throughout the body to detect and respond to viral infections. Their wide expression profile across 

many cell types underscores the importance of a robust and ubiquitous antiviral defense 

mechanism. However, the upregulation of immune response genes is counterbalanced by the 

activation of immune suppressive genes in P. leucopus. 

Anti-inflammatory genes strike a balance in the early infection 

In concordance with our previous Chapters 3 and 4 results, we report upregulation of Slpi and Arg1 

in animals experiencing morbidity following viral infection. We observed an upregulation of Sod2 on 

day 3, which normalized by day 6, potentially regulating oxidative stress during the early innate 
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process. As previously reported in this chapter, Ido1 is upregulated in the lungs three days post-

infection. This leads to Trp degradation, shifting the balance towards alternative macrophage 

polarization and tolerance. If homeostasis post-infection is not reached and Trp is reduced by 

overexpressed Ido1, it could, in turn, deplete substrate for the serotonergic pathway, leading to 

serotonin reduction. Deficiency in serotonin can lead to reduced vagus activity, dysfunction of the 

hippocampus, and memory loss. Hence, serotonin depletion could manifest as post-acute sequelae 

of long COVID-19 (533). Early innate immune response is followed by activation of adaptive immunity 

to presented antigens. 

Cellular immunity to SARS-CoV-2 

After the initial upregulation of genes involved in innate immunity, in the day 6 cohort, there is an 

upregulation of genes related to cell-mediated immunity surveilling and targeting cells infected with 

a virus. We report the upregulation of genes pointing to the cell-mediated immune response by edgeR 

and confirmed by targeted analysis: Gzmb, Gzmk Perf1, Cxcr3, and CD8. Jonsson et al., report that 

CD8+ T cells expressing both GzmK and GzmB are a unique subset of immune cells with distinct 

characteristics. These CD8+ GzmK+ GzmB+ T cells are primarily cytokine producers with lower 

cytotoxic potential compared to other T cell populations. Hence, their role might be more oriented 

towards regulating immune responses through signaling molecules rather than directly killing target 

cells (534). GzmK and Gzmb expression is upregulated in the bronchoalveolar lavage fluid from 

COVID-19 patients matching the pattern of expression of these genes in P. leucopus (Gzmk>Gzmb). 

We did not asses the expression of both genes in the T cells granules due to animal model 

restrictions, but expression of both Gzmk and Gzmb can be determined in ssRNAseq experiments.  

Anti-inflammatory genes in cellular immunity 

To combat the cytotoxic effect of T cells, we report upregulation of the immunosuppressive gene Tigit 

six days post-infection. Tigit is expressed in viral infection or as a response to LPS, shifting the 
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balance between homeostasis and inflammation in favor of alternative macrophage polarization and 

suppressing both T cell activation and prolonged tissue damage (435), (535), (436). The expression 

of Tigit is beneficial only if transient, but it can prevent tissue damage during infection, as is the case 

with other tolerance factors such as tryptophan metabolites and Slpi. The expression of Tigit on 

tumor-infiltrating T cells promotes cancer survival since its ligand is expressed and upregulated on 

cancer cells, inhibiting immune surveillance of the malignant phenotype (437). 

Another upregulated anti-inflammatory gene is CD52. CD52 was initially detected in seminal fluid 

and is responsible for immunosuppression against complement-dependent sperm-immobilizing 

antibodies. Sperm-immobilizing antibodies have frequently been detected in women experiencing 

infertility (536). Rashidi et al., report that soluble CD52, suppresses T-cell activation, in modulating 

the innate immune response. In vivo, the same group report that CD52 mitigates symptoms of 

endotoxic shock induced by LPS, such as cytokine secretion and organ injury. (440) We report that 

expression of CD52 in SARS-CoV-2 infection may be another feature of immune tolerance. These 

findings suggest that soluble CD52 has broad immune-suppressive effects, making it a potential 

candidate for treating inflammatory and autoimmune disorders where modulation of innate immune 

responses is desirable. 

Viral infection in the brain 

We report that viral RNA was found in the brain of P. leucopus, although the virus may have been 

replicating in the olfactory bulb. Brain RNAseq showed upregulation of type I interferon stimulated 

genes. We propose that P. leucopus could be a valuable animal model for SARS-CoV-2 brain research 

and long COVID-19 since unlike hACE2 mouse, it can survive and clear infection.  

Viral shedding and ecological surveillance 

We also report the presence of the viral RNA in the feces as the opportunity for viral shedding and 

establishing a secondary reservoir of SARS-CoV-2. Although Earnest et al. sero-surveillance of SARS-
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CoV-2 showed limited transmission potential between humans and P. leucopus, extensive human 

interactions and relevant ligands for viral S-protein in P. leucopus increase the chances for passing 

the virus to a previously naïve species (110). Our study fills the knowledge gap in the potential impact 

on long-term disease control and emerging zoonotic viruses.  

Conclusion  

This study aimed to present the adaptations of P. leucopus that enhance tolerance and mitigate 

inflammation, positioning it as a competent zoonosis reservoir with minimal morbidity from bacterial 

or viral infections. The investigation powered by the sequencing and annotation of the P. leucopus 

genome, delved into its transcriptome and microbiome milieu, contrasting these with common 

laboratory rodents. Supported by a diverse microbiome, P. leucopus exhibits a controlled immune 

response to microbial encounters, supported by a diverse microbiome, including with unique 

Lactobacillus species, as well as a well-regulated immune system marked by specific cytokine 

profiles and SLPI activity. 

The study highlighted the intricate balance between immune tolerance and pathogen defense in P. 

leucopus, uncovering potential avenues for zoonotic disease control and offering insights into the 

mammalian immune adaptation. The role of SLPI in mitigating inflammatory responses, along with 

the detailed examination of gut microbiota, tryptophan metabolism, ERV transcription, and type I 

interferon-regulated genes, illustrate the complex interplay between genetics, microbiome, and 

immune regulation. These findings pave the way for future research into targeted interventions for 

zoonotic disease management and deepen our understanding of the immune mechanisms 

underlying disease tolerance in wildlife reservoirs (figure 63). 
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Figure 63 Graphical summary of P. leucopus as a model of tolerance and a zoonoses host 

Created and adapted from “M2 differentiation” and “Lipopolysaccharide structure” by 
BioRender.com (2024). 
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