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Abstract

Tuberculosis and influenza-like illness cause major disease burden for humans. In

our first study, we conducted a pangenome analysis of 67 Mycobacterium tuberculosis

genomes from Peru. We supported the paradigm that M. tuberculosis is highly clonal;

however, a small amount of genetic diversity originates from infrequent recombina-

tion events. In our second study, we reviewed the literature for parameters of five

common viruses that contribute to influenza-like illness: influenza, RSV, rhinovirus,

human coronavirus, and adenovirus. We found that their epidemiological parameters

vary considerably, and can have broad ranges; their basic transmission rates are the

most important for model outcomes. When we ran numerical epidemic simulations

by inputting historic mean parameter values into our deterministic model, human

coronavirus hit the highest epidemic peak and caused the most total infections. In

our third study, on COVID-19, we designed 216 model mitigations. Simulation re-

sults revealed that while social distancing and testing are important for slowing the

spread of the virus, if resources prevent testing more than 50% of symptomatic in-

dividuals, control could be feasible with improved testing speed and accuracy.
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Chapter 1

Introduction

The burden of infectious respiratory diseases is one of the major causes of human

suffering worldwide. Respiratory diseases are among the most damaging of diseases

because they interfere with the ability of the alveoli of the lungs to absorb oxygen and

expel carbon dioxide, a process essential to human life. Among the most widespread

respiratory infections are those caused by pathogenic microorganisms. This thesis fo-

cuses on (a) tuberculosis, caused by the bacterium Mycobacterium tuberculosis(Mtb),

(b) influenza-like illnesses (ILI), caused by a variety of viruses, and (c) COVID-19,

a specific influenza-like illness caused by the coronavirus SARS-CoV-2.

In Chapter 2 of this thesis, using the tools of bioinformatics, we investigated the

unsettled status of within-species genetic diversity, recombination, and horizontal

gene transfer in the evolution of Mtb. We downloaded a data set of 67 Mtb genomes

from Peru, re-annoted them, performed a pangenome analysis, selection analysis, and

recombination analysis, then looked up the the proteins coded by the genes indicating

evidence of recombination. We found that the 67 genomes were, as expected, mostly

clonal; however, we did find a small amount of variation and recombination, which

merit further investigation.
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Chapter 1. Introduction

In Chapter 3, to bring five of the common viruses underlying influenza-like illness

into perspective, we first systematically reviewed the published parameters for in-

fluenza, RSV, rhinovirus, human coronavirus, and adenovirus. We tabulated key

epidemiological measurements from experimental, observational, and review studies

that limit the dynamics of five common viruses. We then developed a simple deter-

ministic model to assess the impact those parameters have on model outcomes, and

found that the basic transmission rate is the parameter of most importance for all

five viruses.

In Chapter 4, we designed a more complex deterministic system of ordinary differen-

tial equations to address the effects of social distancing, testing, test speed, and test

accuracy on the course of an epidemic caused by a novel coronavirus, COVID-19, in

New Mexico. We found that testing and social distancing are both important for

controlling the spread of the disease. We found that when sufficient levels of testing

are present, the speed and accuracy of that testing do matter, and could potentially

contribute to preventing suffering and loss of life.

The three central results of this thesis do not, by themselves, eliminate any of the

pressing problems caused by tuberculosis and influenza-like illness. However, by

gaining insight into an unsolved aspect of the evolution of TB, by delineating pa-

rameters of the viruses that contribute to common colds and flu, and by identifying

criteria for prioritizing mitigations of the current pandemic of COVID-19, we hope

to contribute to basic science, which will eventually lessen the burden of infectious

respiratory diseases.
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Chapter 2

Variation and recombination in a

population of Mycobacterium

tuberculosis

Coauthors: Joshua T. Smith, Schuyler Liphardt, Helen J. Wearing, and Cheryl P.

Andam.

2.1 Introduction

Tuberculosis (TB) is one of the oldest diseases known to humanity [1]. It is estimated

to have caused the deaths of more than one billion people in the past 200 years [2, 3].

The World Health Organization estimates that Mycobacterium tuberculosis (Mtb),

the etiological agent of human TB, continues to cause more than 10 million new cases

and 1.5 million deaths per year [4]. Resistance to multiple antibiotics is a serious

threat to public health [5, 6]. The latent infection in one-fourth of the world’s pop-

ulation today, in addition to co-infection with HIV and other comorbidities, present
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Chapter 2. Variation and recombination in a population of Mycobacterium tuberculosis

obstacles to the development of effective control strategies and treatment options

[7, 8]. The burden of TB remains high in many resource-poor countries where ther-

apeutic interventions are expensive and inaccessible to most patients [4].

Much of the evidence to date supports the view that Mtb is clonal in nature,

shaped mainly by genetic drift and population bottleneck at every transmission event

[9–12]. Genetic diversity in extant Mtb populations is substantially low [13, 14].

Perhaps for this reason, competitive exclusion has often been assumed, although

recent evidence indicates that coinfection of a host with multiple Mtb strains may

be more common than previously thought [15–18].

The predominant clonality of Mtb has been attributed to its narrow ecological niche

during latency, as well as an absence of classically-defined plasmids, a lack of recog-

nized mechanisms for natural transformation and competence, and limited evidence

for transduction [19, 20]. Clonality plays a role in the emergence of drug resistance in

Mtb [21]. In contrast, the evolution of multiple (MDR) and extensive drug resistance

(XDR) in Mtb is attributed to the emergence, selection and epistatic interactions

of specific resistance-conferring mutations, compensatory mutations and the genetic

background of the strain [22].

A few recent studies have postulated that genetic exchange is not completely absent

in Mtb, though this process may involve short DNA fragments and recombination

with closely related strains of other species [23–27]. It has been proposed that strict

clonality would have resulted in the accumulation of deleterious mutations and gene

loss, similar to what has occurred in Mycobacterium leprae, although this not been

observed in Mtb [23]. Mycobacterium species within genus Mycobacterium, closely

related to Mtb, have been reported to recombine frequently. In a genome-wide

analysis of horizontal gene transfer (HGT) in 109 Mycobacterium species, DNA from

other genera of Actinobacteria (of which Mtb is a member) and viruses were reported

to be the most frequent DNA donors to diverse Mycobacterium lineages [28]. Support

4



Chapter 2. Variation and recombination in a population of Mycobacterium tuberculosis

for the existence of some form of genetic exchange in Mycobacterium has been further

strengthened with the discovery in this genus of distributive conjugal transfer (DCT),

a mechanism that allows the transfer of chromosomal DNA in a meiosis-like fashion

and generates progeny with mosaic genomes derived from the parental strains [29,

30]. In this mechanism, mosaicism of the progeny strains originate from a single

conjugal event and results in multiple, unlinked segments of DNA that are location-

independent [29–31].

It has been asserted that recombination may have played a more important role

during the early evolution of Mtb during its divergence from Mycobacterium canettii,

more important than the role it plays in extant Mtb populations [32]. Still, strict

clonality does not fully explain the unexpected observation of a high number of shared

accessory genes (n = 1,122) and strain-specific genes (n = 964) in 36 Mtb genomes

[33]. A separate study of 3,449 genomes of the Mtb complex (MTBC) reported that

each genome had on average 4,094 genes, with 81.66% of these belonging to the core

genome while the rest of the genes, representing 18.34% of the total, are found in

one or few strains [34].

MTBC is composed of seven recognized species: M. africanum, M. bovis, M. canettii,

M. caprae, M. microti, M. pinnipedii, and M. tuberculosis. These seven species

have over 99% nucleotide sequence identity with each other [35]. The differential

distribution of accessory genes is widely considered as evidence for frequent gene

gain and loss [36], and this therefore begs the question of why and how the strictly

clonal Mtb harbors accessory and strain-specific genes. Recombination hotspots in

Mtb have been identified in certain regions of the genome with high sequence diversity

and excess of non-synonymous polymorphisms [37]. Nevertheless, recombination in

Mtb has been argued to be simply the result of methodological artefacts produced

by unreliable sequence alignments and bias caused by reference-guided assemblies

that introduce reference variants into the assembled genomes [38]. The existence of

5
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genetic exchange in Mtb remains an unsettled topic.

In this study, we carried out a population genomics analysis of 67 previously pub-

lished Mtb genomes sampled from Lima, Peru, to assess whether strict clonality is

observed. Results show minimal evidence for strain-level genomic variation and re-

combination in a local Mtb population. As a whole, our results do not contradict

the accepted paradigm of clonality in Mtb. However, a low level of genetic exchange

is likely to be present, and may partly contribute to strain-level genomic variation

in Mtb.

2.2 Methods

2.2.1 Genomic Dataset

Our dataset consists of genome sequences of 67 clinical Mtb isolates downloaded from

the Pathosystems Resource Integration Center (PATRIC) database [39] hosted by

Argonne National Laboratory. These genomes have been recently published by Sheen

et al. in a study on pyrazinimide resistance [40]. Briefly, these isolates were recovered

from multiple unrelated patients from Lima, Peru in 2008 who were diagnosed with

active tuberculosis [40]. These were sequenced using Illumina HiSeq2000 paired end

mapping and were assembled using the Mt H37Rv strain (GenBank NC 000962) as

a reference genome [41]. The genomes have single contig, a mean of 362X coverage

and 97.7% of each genome was covered at least 5X-fold [40]. To maintain consis-

tency, we annotated the genomes using Prokka v.1.14.0 [42] with default parameters.

Antimicrobial resistance phenotypes and other metadata were also downloaded from

PATRIC. Accession numbers and genomic information available on the PATRIC web-

site (genome size, percent GC content, number of protein-coding genes, antimicrobial

resistance profiles) are shown in Appendix A.1.
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2.2.2 Pan-genome and phylogenetic analyses

We used Roary v.3.12 with default parameters to classify core and accessory genes

[43]. Roary classifies genes into core, soft core, shell, and cloud genes by iteratively

pre-clustering protein sequences using CD-HIT, all-against-all BLASTP, and Markov

clustering. We used this clustering output in all downstream analyses. Each orthol-

ogous gene family was aligned using MAFFT v.7.305b [44]. We used Phandango

to visualize the presence or absence of genes per strain [45]. The sequence align-

ments of each core gene family were concatenated to give a single core alignment,

and a maximum-likelihood phylogeny was then generated using the program RAxML

v.8.2.11 [46] with a general time reversible (GTR) nucleotide substitution model [47],

four gamma categories for rate heterogeneity and 100 bootstrap replicates. The phy-

logenetic tree was visualized using the Interactive Tree of Life [48]. The resistance

profile of each strain was determined using the machine learning classifier AdaBoost

[49] implemented in PATRIC [39]. Briefly, AdaBoost counts the occurrences of k-

mers in contigs that are present in resistant strains but absent in susceptible strains.

These k-mers then go through successive rounds of refinement (i.e., the ”learning”

component) that are then used to make predictions of antibiotic resistance in query

genomes [49].

2.2.3 Recombination detection

We ran fastGEAR [50] with default parameters to assess evidence for recombination

in the 67 genomes. Using the individual sequence alignments of all core and shared

accessory genes, we identified sequence clusters using BAPS [51] implemented in

fastGEAR. Recombination is then inferred by searching for similar nucleotide seg-

ments between diverse sequence clusters or lineages. To test the significance of the

inferred recombinations and identify false-positive recombinations, fastGEAR uses a

7
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diversity test, wherein the diversity of the sequence fragment in question is unlike

its background. We used BLASTX [52] to search the non-redundant database in

NCBI to determine the identity of the recombined genes inferred by fastGEAR. The

minimum cutoff value for query coverage was set to 90% and sequence identity to

95%.

2.2.4 Data availability

Accession numbers of all genomes used in this study are listed in Appendix A.1 and

are available from the PATRIC database (https://patricbrc.org).

2.3 Results

2.3.1 Pan-genome characteristics of Peruvian Mtb

The pan-genome consists of all the genes that have been found in a group of strains

and thus reflects the genetic diversity that exists within the group [53]. We used

Roary to estimate the pan-genome of 67 Mtb genomes from Lima, Peru sampled in

2008 (Appendix A.1) [40]. Of the 4,374 genes that make up the pan-genome, core

genes comprised 90.15% of the pan-genome (3,943 genes; genes present in 99% ≤
strains ≤ 100%), soft core genes 1.40% (61 genes; genes present in 95% ≤ strains

< 99%), shell genes 3.09% (135 genes; genes present in 15% ≤ strains < 95%), and

cloud genes 5.37% (235 genes; genes present in < 15% of strains) (Figure 2.1). These

results were similar to those previously reported for 36 Mtb genomes [33]. Together,

the core and soft core genes make up 91.54% of the population pan-genome. While

the large core genome is expected for Mtb, it is interesting that 8.46% of the pan-

genome is differentially distributed among strains (Figure 2.1). We next estimated

8
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Figure 2.1: Pan-genome analyses. (a) The number of unique genes that are shared
by any given number of genomes or unique to a single genome. (b) Matrix showing
gene presence or absence per genome. Each row corresponds to a genome on the
phylogeny. Each column represents a unique gene family. (c) Gene accumulation
curve of the pan- (blue line) and core (red line) genomes, unique genes, i.e., genes
unique to an individual strain (purple line), and new genes, i.e., genes not found in
the previously compared genomes (green line).

how many new genes are discovered as more and more strains are added to the

dataset for comparison. The pan-genome of Mtb is closed, reflected in the relatively

flat line of the total number of genes as more genomes are compared. This means that

future sequencing of genomes will not likely result in finding previously unidentified

genes (2.1). We also found that the core genome is maintained at constant size as

more genomes are included and compared. Finally, we also show that the number

of unique genes and new genes found in a genome are limited, with the addition of

more strains (Figure 2.1).

2.3.2 Strain-level variation in antibiotic resistance and ac-

cessory gene content

Using the sequences of the 3,943 core genes inferred and concatenated by Roary,

we first generated a sequence alignment of 3.83 Mb in length. This alignment was

9
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Figure 2.2: Phylogenetic distribution of antibiotic resistance determinants inferred
from PATRIC https://patricbrc.org and accessory genes inferred by Roary [43].
The phylogenetic tree was rooted using midpoint rooting, an accepted method [54].
Scale bar represents nucleotide substitutions per site. Matrix shows the resistance
characteristics of each genome (colored blocks - present; white - absent).
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used to build a maximum likelihood phylogeny. We mapped the resistance char-

acteristics against different antibiotics based on the output of the k-mer-based Ad-

aBoost classifier implemented in PATRIC. All 67 genomes were predicted to be

resistant to rifampicin, while 40 were predicted to be resistant to isoniazid (Figure

2.2). Strains resistant to both antibiotics are classed as multi drug resistant (MDR)

TB. Predicted resistance to less common antibiotics were also identified. This in-

cludes amikacin (n = 5 genomes), capreomycin (n = 5 genomes), ethambutol (n = 3

genomes), kanamycin (n = 5 genomes), ofloxacin (n = 2 genomes) and streptomycin

(n = 4 genomes). Resistance to fluoroquinolones and second-line injectable drugs

(amikacin, kanamycin or capreomycin), in addition to rifampicin and isoniazid, is

considered XDR. Five of the strains in this dataset can be considered XDR. All five

are located in different parts of the phylogeny and hence do not appear to have been

derived from a single origin (Figure 2.2).

The dominant source of variability in accessory gene content among closely related

strains within Bacterial species is differential gene gain through HGT and gene loss,

with some contributions from gene duplications [55]. There are two main perspectives

on the origins of this variability. Accessory genes are maintained through adaptive

evolution, or that variation is neutral or nearly neutral (i.e., has no selective ad-

vantage) and accessory genes persist in the recipient lineage only for a short period

of time. We sought to examine the extent to which closely related circulating Mtb

strains vary in their accessory genomes. We found that the number of accessory genes

per genome range from 145 to 162 (mean = 154.58) (Appendix A.1). We identified a

total of 102 strain-specific genes, with individual genomes carrying a median of one

and a range of 0-7 genes that are unique to a strain (Appendix B.1). Similar pat-

terns of limited but clearcut variation in accessory gene content have been reported

in previous Mtb studies [27]. Overall, these results show that strains of Mtb strains,

though highly clonal, have access to a small accessory genome pool.
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2.3.3 Recombination is minimal but not absent

S
C
1

S
C
2

S
C
3

10 20 30 50 60 70 800
Gene length (kb)

Tree scale: 0.0001

From
 extern

al d
on

or

g
rou

p
_
1
1
9

g
rou

p
_
1
3

g
rou

p
_
1
6
4

g
rou

p
_
2
2

g
rou

p
_
2
0

g
rou

p
_
3
0
4

g
rou

p
_
3
4

g
rou

p
_
3
6
3
6

g
rou

p
_
3
6
3
7

40

g
rou

p
_
3
6
7
2

g
rou

p
_
3
8
6
6

g
rou

p
_
4
0
1

g
rou

p
_
4
1
1
4

g
rou

p
_
4
2
5
8

g
rou

p
_
4
3
3
8

g
rou

p
_
4
3
4
7

g
rou

p
_
6
8
3

g
rou

p
_
7
2
2

lp
p
A
2

p
ks5

trxB

Figure 2.3: Matrix showing the recombination in 21 genes inferred by FastGEAR.
Columns represent the length of a gene and rows correspond to a strain on the
phylogeny. Different colors in each column indicate that the DNA segments have
different origins.

The contributions of genetic exchange via recombination and HGT remains a con-

tentious issue for Mtb [56]. If Mtb does experience genetic exchange, it has been

purported to be sufficiently infrequent that recently developed algorithms are unable

to detect them [38]. Here, we examined whether we can find evidence for recombina-

tion in the genomes of locally co-circulating Mtb strains. Using sequence alignments

of the core and shared accessory genes identified by Roary, we used fastGEAR to

identify recombination events that are recent (i.e., affecting a few strains) and an-

cestral (i.e., affecting entire lineages) (37). We found that, of the 4,374 genes that

comprise the Mtb pan-genome, a total of 21 genes have a history of recombination

(Figure 2.3). This is not unexpected given the high level of presumptive clonality

of Mtb. A total of 19 genes were involved only in recent recombination, while two

genes experienced both recent and ancestral recombination. None exhibited evidence
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of only ancestral recombination.

Of the 21 genes inferred to have had experienced recombination, 16 are core genes,

three are soft core and two are shell genes. Many of these genes were annotated

with unknown or hypothetical functions. To obtain insights into the functions of

those with unknown or hypothetical functions, we used them as query sequences in a

BLASTX [57] search. Hypothesized to be implicated in virulence and immune evasion

in Mtb, pe/ppe genes contain proline-glutamate (PE) and proline-proline-glutamate

(PPE) signature motifs. A total of 11 genes that experienced recombination encode

for PE/PPE proteins, which are characterized by high nucleotide sequence variability,

are unique to pathogenic mycobacteria, and have been implicated in virulence [58,

59]. The distribution of pe/ppe can be variable, with some genes found to be highly

conserved in strains while others are not. We found that the recombining pe/ppe

genes can be categorized into nine core, one soft core, and one shell gene, based

on the classification by Roary [43]. Previous studies have indicated that the high

sequence polymorphism in some pe/ppe genes originated from recombination events

and that this diversity is consistent with the role of pe/ppe proteins in antigenic

variation. However, the highly repetitive nature and high GC content of pe/ppe

sequences could result in genes or sequences appearing recombined when they are

not.

Three of the 21 putative recombined genes have known functions: lppB, pks5 and

trxB. All three have been previously implicated in Mtb pathogenesis. The gene lppB

encodes lipoproteins found on the cytoplasmic membrane. Lipoproteins function

mainly in cell invasion, interaction with macrophages, adhesion and signal trans-

duction. The pks5 gene, which encodes a polyketide synthase, is involved in the

production of the surface-exposed highly antigenic glycolipids called lipooligosac-

charides (LOS) in some Mycobacterium species. It has been recently reported that

recombination of two ancestral pks5 genes resulted in the remodelling of the bacterial
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cell surface, ultimately resulting in increased virulence, evolution and adaptation of

Mtb to mammalian hosts. Lastly, the trxB gene encodes one of the three thiore-

doxins in Mtb, which contributes to the regulation of redox homeostasis, ensuring

survival under a variety of oxidative stress conditions and phagocytosis [60].

2.4 Discussion

Overall, we found that, despite being largely clonal, a small amount of genetic di-

versity in Mtb originates from infrequent recombination events. It is surprising to

find this variation in a presumptively clonal species, regardless of how limited the

variation is. The clonal population structure of Mtb is shaped mainly by a strong

population bottleneck, genetic drift and a narrow ecological niche. Here, we show

that there exists a limited amount of strain-level gene content variation and recom-

bination in a local Mtb population, which partly contributes to its diversity. We

posit that a limited amount of genetic exchange is occurring. Sources of horizontally

acquired accessory genes or recombined sequence variants are likely other Mycobac-

terium species or from other Mtb strains in cases of simultaneous infection within a

single host.

Several limitations of this study need to be acknowledged. First, we were not able

to distinguish recombination that originates from the within the same chromosome

or from outside. It is possible that the former occurs more frequently in Mtb than

the latter, and that recombination within the same chromosome often remains un-

detected by other recombination detection methods. Future advances in precise

identification of donors and recipients in recombination events will provide valuable

insights into the contributions of the two types of recombination in Mtb.

It is also possible that these recombined DNA fragments were vertically inherited

from an Mtb ancestor that had experienced recombination. If this is the case, we
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should expect most of the genomes to exhibit some signal of recombination. Second,

recombination in intergenic regions of the genome were missed in our analysis because

the input in fastGEAR were protein-coding genes in the core and shared accessory

genomes. It is likely that intergenic recombination in Mtb is more frequent than

initially thought, as reported in a previous study whereby a third of the inferred

recombined segments in 24 Mtb genomes were located in intergenic regions.Third,

the use of reference-based assemblies can lead to assembly errors.

Understanding the evolution of Mtb is critical to addressing the growing threat of

MDR and XDR in tuberculosis cases. The extent and origins of inter-strain genomic

variation in Mtb has not been widely examined, although there is growing evidence

that such variation, some of which may be due to infrequent recombination and

HGT, has important contributions to the evolution of this deadly pathogen. Future

work is needed to investigate the role of accessory genes, the origins and dynamics of

strain-specific genes, and the population structure and interactions (including genetic

exchange) of Mtb in cases of simultaneous infections of multiple strains in a single

individual.
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Chapter 3

Five Common Viruses in

Influenza-like Illness

Coauthors: Deborah P. Shutt, Sarah K. Moser, Hannah Clegg, Helen J. Wearing,

Harshini Mukundan, and Carrie A. Manore.

3.1 Introduction

Influenza-like illness (ILI) accounts for a large burden of annual morbidity and mor-

tality worldwide [61]. Despite this, diagnostic testing for specific viruses underlying

ILI is relatively rare [62]. This results in a lack of information about the pathogens

that make between 9 million and 49 million people sick every year in the United

States alone [62]. Yet knowledge of the specific diseases is necessary for timely treat-

ment to prevent unnecessary suffering and death [63–65].

ILI is defined by the CDC as fever of 100◦F and a cough and/or a sore throat without

a known cause other than influenza [62]. Defining ILI as a cluster of symptoms rather

than a specific disease or diseases is necessary for keeping track of case counts, as
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well as for important analysis and forecasting [66]. However, the cluster of symptoms

known as ILI is caused by many underlying pathogens [67, 68]. Clinical studies have

been conducted to assess the contribution of different viruses to ILI [68–73]. Five

of the most common are influenza, respiratory syncytial virus (RSV), rhinovirus,

human coronavirus (HCoV), and adenovirus. However, modeling studies using the

measurements thus obtained to gain insight into the potential interactions of the

viruses underlying ILI have been less abundant [74, 75]. To provide a finer-grained

understanding of ILI that will contribute to a practical foundation for advances in

diagnostics and interventions, we reviewed the literature for epidemiological param-

eters, developed a deterministic model, and conducted a sensitivity analysis.

3.2 Methods

We reviewed the literature for the epidemiological parameters of incubation period,

infectious period, hospitalization period, hospitalized proportion, case fatality pro-

portion, and R0. We included results from experimental and observational studies,

as well as from systematic reviews when there were insufficient studies. We included

estimates of R0 from modeling studies. In one case, we included an estimate for the

infectious period, since values were lacking in the literature [76].

We searched Google Scholar for each virus, with the name of the virus, a description

of the parameter, and the type of study. For example, ”influenza AND incubation

period AND experimental” yielded a list of papers reporting the results of experi-

mental studies to determine the incubation period in influenza. We then read the

top 10 cited papers to examine the details of each study, and recorded the results in

an Excel workbook, with a separate worksheet for each of the five viruses (Appendix

E). We repeated this process for observational studies and systematic reviews, and

stopped when no additional studies could be found, or when the references of studies
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155 2E+06 0.4 0 0.2 0.3 367509.272032668 352007.065743117 33172.837823313 183.754636016334 704.014131486235 431.24689170307 42126.4192805842 39114.012862926 9464.78085513352 459 NA

156 2E+06 0.4 0 0.2 0.4 367509.272032668 352007.065743117 33172.837823313 183.754636016334 704.014131486235 431.24689170307 42126.4192805842 39114.012862926 9464.78085513352 459 NA

157 2E+06 0.4 0.1 1 0.1 302153.844958097 295755.002363517 30558.3657632716 151.076922479048 591.510004727034 397.25875492253 34753.2811322827 32803.6917165566 8461.59252014888 532 NA

158 2E+06 0.4 0.1 1 0.2 309720.365608939 302360.489191306 30892.8544137133 154.860182804469 604.720978382612 401.607107378272 35613.1807053252 33548.1940609622 8588.12022887365 523 NA

159 2E+06 0.4 0.1 1 0.3 317134.071501911 308808.958824781 31211.9918630464 158.567035750955 617.617917649561 405.755894219603 36453.6970966932 34273.7273712067 8709.27289002237 514 NA

160 2E+06 0.4 0.1 1 0.4 324438.349518478 315139.467007976 31518.3419925742 162.219174759239 630.27893401595 409.738445903465 37280.0403138025 34984.9262233631 8825.99279160949 505 NA

161 2E+06 0.4 0.1 0.3 0.1 322225.838644405 313220.880588695 31425.6413136045 161.112919322202 626.441761177391 408.533337076858 37030.7883243748 34770.3935091757 8790.96794789706 506 NA

162 2E+06 0.4 0.1 0.3 0.2 327296.581251079 317607.824080618 31635.5234243471 163.648290625539 635.215648161235 411.261804516513 37603.6420903788 35262.6881912784 8871.01308583181 501 NA

163 2E+06 0.4 0.1 0.3 0.3 332342.04777288 321961.94993498 31840.6342750226 166.17102388644 643.923899869959 413.928245575293 38172.959780971 35750.9448152654 8949.45839808912 495 NA

164 2E+06 0.4 0.1 0.3 0.4 337370.451809105 326290.476022662 32041.4235664559 168.685225904552 652.580952045323 416.538506363927 38739.7324333069 36236.0288434687 9026.47012698682 489 NA

165 2E+06 0.4 0.1 0.2 0.1 330247.637662514 320154.940006914 31755.7589199902 165.123818831257 640.309880013828 412.824865959873 37936.9434872509 35548.5918892489 8917.05382998498 497 NA

166 2E+06 0.4 0.1 0.2 0.2 334394.027678571 323728.916244388 31922.8685856523 167.197013839285 647.457832488777 414.99729161348 38404.5035958169 35949.185983407 8981.03623962256 492 NA

167 2E+06 0.4 0.1 0.2 0.3 338531.946536445 327288.202254406 32087.1935748149 169.265973268223 654.576404508813 417.133516472593 38870.7110666229 36347.9500179718 9044.10415190791 488 NA

168 2E+06 0.4 0.1 0.2 0.4 342664.953578217 330835.895970307 32248.9258259514 171.332476789108 661.671791940614 419.236035737368 39335.9960433893 36745.2567892614 9106.32769826552 483 NA

169 2E+06 0.4 0.2 1 0.1 189846.738482376 194192.500933458 24169.7357250854 94.9233692411879 388.385001866915 314.20656442611 21773.0477046384 21243.2823052795 6183.30049482047 651 NA

170 2E+06 0.4 0.2 1 0.2 219992.711596228 222226.128312428 26215.3914620651 109.996355798114 444.452256624856 340.800089006847 25279.8401620354 24434.5501409669 6875.31136835659 623 NA

171 2E+06 0.4 0.2 1 0.3 245549.538958602 245500.725079408 27731.0033878589 122.774769479301 491.001450158816 360.503044042166 28248.0002579267 27093.0803420746 7413.42011505706 597 NA

172 2E+06 0.4 0.2 1 0.4 267287.445803342 264989.063484198 28891.8778973223 133.643722901671 529.978126968397 375.59441266519 30760.6373263568 29316.1720334775 7838.27547033264 573 NA

173 2E+06 0.4 0.2 0.3 0.1 265539.361301123 263413.914221267 28797.7739289721 132.769680650561 526.827828442534 374.371061076638 30564.0344896945 29141.9333931233 7805.60918418899 573 NA

174 2E+06 0.4 0.2 0.3 0.2 278617.997392134 275035.249901041 29454.1046807138 139.308998696067 550.070499802081 382.90336084928 32067.4052028316 30462.4778176084 8048.70489558681 558 NA

175 2E+06 0.4 0.2 0.3 0.3 290823.546308152 285807.692279036 30037.80993229 145.411773154076 571.615384558071 390.49152911977 33464.0788573411 31682.5519894146 8266.6914682355 543 NA

176 2E+06 0.4 0.2 0.3 0.4 302415.980909721 295977.298737928 30568.4771707416 151.207990454861 591.954597475855 397.39020321964 34784.943592805 32830.6827131995 8466.15982728356 530 NA

177 2E+06 0.4 0.2 0.2 0.1 287023.534459777 282456.842415717 29857.8656000601 143.511767229889 564.913684831434 388.152252800781 33031.0765033578 31304.6911569634 8199.81140887782 547 NA

178 2E+06 0.4 0.2 0.2 0.2 296597.060320692 290876.679041877 30304.1211070945 148.298530160346 581.753358083755 393.953574392228 34123.4657939942 32256.1755551798 8366.99986072668 536 NA

179 2E+06 0.4 0.2 0.2 0.3 305850.888262032 298976.979814586 30720.9536919056 152.925444131016 597.953959629173 399.372397994774 35175.9509354941 33169.3527913465 8523.94520535126 525 NA

180 2E+06 0.4 0.2 0.2 0.4 314879.787800351 306844.625984852 31114.50021739 157.439893900175 613.689251969706 404.48850282607 36199.8812942769 34054.4568032845 8672.83101749549 514 NA

181 2E+06 0.4 0.3 1 0.1 22719.2568241237 25009.1543931245 4389.38182048537 11.3596284120619 50.018308786249 57.0619636663097 2582.13613144908 2659.2896374476 950.189694278784 730 NA

182 2E+06 0.4 0.3 1 0.2 49754.5227943835 54102.77191334 8930.88272895863 24.8772613971918 108.20554382668 116.101475476462 5649.79242854446 5766.85801395333 1989.0255226737 730 NA

183 2E+06 0.4 0.3 1 0.3 96326.5049220832 102594.123070478 15322.1960300607 48.1632524610416 205.188246140956 199.188548390789 10965.2262521245 11023.5635061152 3585.27109963448 730 NA

184 2E+06 0.4 0.3 1 0.4 155436.794531944 161341.49686999 21413.7968758465 77.7183972659722 322.68299373998 278.379359386004 17778.3824080734 17536.0739182422 5311.55467313332 681 NA

185 2E+06 0.4 0.3 0.3 0.1 164494.643083718 170063.821884144 22181.8796611984 82.2473215418592 340.127643768289 288.364435595579 18833.9075692569 18522.2927909443 5550.67823256997 672 NA

186 2E+06 0.4 0.3 0.3 0.2 200204.801099213 203879.097200662 24900.9968530257 100.102400549607 407.758194401325 323.712959089334 22984.1975264344 22350.6028661812 6429.08743910485 640 NA

187 2E+06 0.4 0.3 0.3 0.3 230684.118493727 231993.128538285 26865.2305863242 115.342059246864 463.98625707657 349.247997622214 26528.9145114961 25556.5132299824 7106.30141329832 611 NA

188 2E+06 0.4 0.3 0.3 0.4 256160.075649523 255028.228664746 28306.1322758071 128.080037824761 510.056457329492 367.979719585492 29481.3027898123 28186.0814828889 7624.90769081474 584 NA

189 2E+06 0.4 0.3 0.2 0.1 224871.039113479 226672.250911454 26510.0864839745 112.43551955674 453.344501822908 344.631124291668 25855.8480562894 24951.5265505748 6982.29616237476 616 NA

190 2E+06 0.4 0.3 0.2 0.2 246276.352300414 246129.937466938 27764.1707963734 123.138176150207 492.259874933875 360.934220352854 28339.9282529629 27173.1259745626 7428.84266023586 594 NA

191 2E+06 0.4 0.3 0.2 0.3 264972.351910573 262904.107679473 28767.4893380401 132.486175955287 525.808215358947 373.977361394521 30499.8424605013 29085.1102617151 7794.94067736591 573 NA

192 2E+06 0.4 0.3 0.2 0.4 281695.00311771 277754.496925879 29603.0479938934 140.847501558855 555.508993851756 384.839623920614 32420.8923828739 30771.6767342911 8104.51634386116 554 NA

193 2E+06 0.4 0.4 1 0.1 607.212788685398 672.813544421429 124.400673606686 0.303606394342699 1.34562708884286 1.61720875688692 70.2831288400412 72.7811358803624 26.7858860321574 730 NA

194 2E+06 0.4 0.4 1 0.2 1895.60396310464 2104.59342716489 387.98951442693 0.947801981552318 4.20918685432978 5.04386368755009 218.030391139823 225.995459334725 83.0423753459957 730 NA

195 2E+06 0.4 0.4 1 0.3 6462.56548316414 7165.93283741465 1306.69790067344 3.23128274158207 14.3318656748293 16.9870727087548 738.357747626182 764.495294468352 279.182469080984 730 NA

196 2E+06 0.4 0.4 1 0.4 22657.5298103555 24941.9208491354 4378.21346326043 11.3287649051778 49.8838416982708 56.9167750223856 2575.13048101903 2652.12995151561 947.709470547546 730 NA

197 2E+06 0.4 0.4 0.3 0.1 35828.3190374843 39204.3027204282 6676.70765121152 17.9141595187422 78.4086054408563 86.7971994657498 4068.98189502155 4172.33410158602 1465.27791827513 730 NA

198 2E+06 0.4 0.4 0.3 0.2 71097.2676740577 76571.5053148959 12061.9531392109 35.5486338370288 153.143010629792 156.805390809741 8081.51621554075 8191.23449046115 2749.24369570288 730 NA

199 2E+06 0.4 0.4 0.3 0.3 122235.626352974 128707.699268701 18228.638062833 61.117813176487 257.415398537402 236.97229481683 13945.9145093565 13902.4285662549 4380.51662790251 710 NA

200 2E+06 0.4 0.4 0.3 0.4 177611.923246871 182603.686932681 23240.4300736732 88.8059616234356 365.207373865361 302.125590957752 20356.1335465935 19936.3471018136 5884.38128979934 660 NA

201 2E+06 0.4 0.4 0.2 0.1 117027.642176862 123501.664676416 17674.8474967222 58.513821088431 247.003329352832 229.773017457388 13347.1828233343 13327.7127241534 4225.90254769254 715 NA

202 2E+06 0.4 0.4 0.2 0.2 161115.880795635 166808.914182632 21896.3329441036 80.5579403978176 333.617828365265 284.652328273347 18442.9631836721 18157.1133318946 5462.6603641345 675 NA

203 2E+06 0.4 0.4 0.2 0.3 201711.155080528 205280.191409269 25003.9030489736 100.855577540264 410.560382818537 325.050739636657 23160.6380886906 22511.2822006086 6464.2146694291 638 NA

204 2E+06 0.4 0.4 0.2 0.4 235589.347615173 236455.323932525 27154.4751561414 117.794673807587 472.910647865051 353.008177029839 27099.613436563 26067.3078357511 7209.52571160975 605 NA

205 2E+06 0.4 0.5 1 0.1 26.7920544588943 27.4580621530184 5.05262365807713 0.01339602722944710.05491612430603670.06568410755500293.08976655453805 3.06962655998758 1.12364946847852 0 1

206 2E+06 0.4 0.5 1 0.2 65.2442555834439 70.1467550797142 12.9560557263318 0.03262212779172190.140293510159428 0.168428724442314 7.59245229284504 7.7374886414569 2.84302470034452 730 NA

207 2E+06 0.4 0.5 1 0.3 218.455489119609 240.495421628994 44.4857848676868 0.109227744559804 0.480990843257989 0.578315203279928 25.4033009800009 26.2162642876089 9.64866850484567 730 NA

208 2E+06 0.4 0.5 1 0.4 973.436250972696 1079.96408630412 199.524940514292 0.486718125486349 2.15992817260824 2.59382422668579 112.383836818704 116.453159524257 42.8416369281576 730 NA

209 2E+06 0.4 0.5 0.3 0.1 2848.85078445743 3162.82623061697 581.748917018231 1.42442539222871 6.32565246123394 7.56273592123701 326.945140807421 338.853740650859 124.352797703032 730 NA

210 2E+06 0.4 0.5 0.3 0.2 8283.12595394157 9177.49836274388 1666.23724388825 4.14156297697078 18.3549967254877 21.6610841705473 945.261413494047 978.15559242152 356.326708963066 730 NA

211 2E+06 0.4 0.5 0.3 0.3 24207.3560329792 26628.8222913556 4657.43480572477 12.1036780164896 53.2576445827112 60.5466524744221 2751.04328261892 2831.81956577208 1009.83211633283 730 NA

212 2E+06 0.4 0.5 0.3 0.4 64214.0401181645 69372.0083519929 11092.2218272113 32.1070200590822 138.744016703986 144.198883753747 7296.29809560019 7412.07463786389 2509.5414762824 730 NA

213 2E+06 0.4 0.5 0.2 0.1 24772.1205619425 27242.9264442823 4758.57031696997 12.3860602809713 54.4858528885648 61.8614141206097 2815.15596572583 2897.26161818077 1032.39253736773 730 NA

214 2E+06 0.4 0.5 0.2 0.2 53572.2055606951 58151.7653000388 9517.55039824599 26.7861027803476 116.303530600078 123.728155177198 6084.90062822379 6203.03252228563 2128.9209564284 730 NA

215 2E+06 0.4 0.5 0.2 0.3 101513.41708032 107863.888857722 15934.6970261705 50.7567085401599 215.727777715444 207.151061340216 11562.8716634032 11604.2946137706 3749.89584110201 730 NA

216 2E+06 0.4 0.5 0.2 0.4 160063.083821364 165797.576303331 21808.0464234108 80.0315419106818 331.595152606662 283.504603504341 18319.6582283282 18042.0698920738 5434.83664332233 676 NA

3
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dSA

dt
= −βAαASA(IpA+ IaA+ IsA+ IptA+ IatA+ IstA) + wAStA− ε1ASA

dSB

dt
= −βBαBS(IpB + IaB + IsB + IptB + IatB + IstB) + wBStB − ε1BSB

dSC

dt
= −βCαCS(IpC + IaC + IsC + IptC + IatC + IstC) + wCStC − ε1CSC

dEA

dt
= βAαASA(IpA+ IaA+ IsA+ IptA+ IatA+ IstA) + wAEtA− κ1AEA− ε1AEA

dEB

dt
= βBαBSB(IpB + IaB + IsB + IptB + IatB + IstB) + wBEtB − κ1BEB − ε1BEB

dEC

dt
= βCαCSC(IpC + IaC + IsC + IptC + IatC + IstC) + wCEtC − κ1CEC − ε1CEC

dIpA

dt
= κ1AEA+ λAzAIptA− κ2AIpA− ε1IpA

dIpB

dt
= κ1BEB + λBzBIptB − κ2BIpB − ε1IpB

dIpC

dt
= κ1CEC + λCzCIptC − κ2CIpC − ε1IpC

dIaA

dt
= κ2(1− p1)IpA+ λzIatA− κ3IaA− ε1IaA

dIaB

dt
= κ2(1− p1)IpB + λzIatB − κ3IaB − ε1IaB

dIaC

dt
= κ2(1− p1)IpB + λzIatB − κ3IaB − ε1IaB

dIsA

dt
= κ2Ap1IpA+ λAzAIstA− κ3AIsA− ε2IsA

dIsB

dt
= κ2Bp1IpB + λBzBIstB − κ3BIsB − ε2IsB

dIsC

dt
= κ2Cp1IpC + λCzCIstC − κ3CIsC − ε2IsC

1
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dStA

dt
= −βAαAStA(IpA+ IaA+ IsA+ IptA+ IatA+ IstA)− λAwStA+ ε1ASA

dStB

dt
= −βBαBStB(IpB + IaB + IsB + IptB + IatB + IstB)− λBwStB + ε1BSB

dStC

dt
= −βCαCStC(IpC + IaC + IsC + IptC + IatC + IstC)− λCwStC + ε1CSC

dEtA

dt
= βAαAStA(IpA+ IaA+ IsA+ IptA+ IatA+ IstA)− κ1AEtA− λAwEtA+ ε1EA

dEtB

dt
= βBαBStB(IpB + IaB + IsB + IptB + IatB + IstB)− κ1BEtB − λBwEtB + ε1EB

dEtC

dt
= βCαCStC(IpC + IaC + IsC + IptC + IatC + IstC)− κ1CEtC − λCwEtC + ε1EC

dIptA

dt
= κ1AEtA− λAIptA+ ε1IpA− κ2AIptA

dIptB

dt
= κ1BEtB − λBIptB + ε1IpB − κ2BIptB

dIptC

dt
= κ1CEtC − λCIptC + ε1IpC − κ2CIptC

dIatA

dt
= κ2A(1− p1)IptA− λAIatA+ ε1IaA− κ3AIatA

dIatB

dt
= κ2B(1− p1)IptB − λBIatB + ε1IaB − κ3BIatB

dIatC

dt
= κ2C(1− p1)IptC − λCIatC + ε1IaC − κ3CIatC

dIstA

dt
= κ2Ap1IptA− λAIstA+ ε2IsA− κ3AIstA

dIstB

dt
= κ2Bp1IptB − λBIstB + ε2IsB − κ3BIstB

dIstC

dt
= κ2Cp1IptC − λCIstC + ε2IsC − κ3CIstC

dIppA

dt
= λA(1− zA)IptA− κ2AIppA

dIppB

dt
= λB(1− zB)IptB − κ2BIppB

dIppC

dt
= λC(1− zC)IptC − κ2CIppC

dIapA

dt
= κ2A(1− p1)IppA+ λA(1− zA)IatA− κ3AIapA

2
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dIapB

dt
= κ2B(1− p1)IppB + λB(1− zB)IatB − κ3BIapB

dIapC

dt
= κ2C(1− p1)IppC + λC(1− zC)IatC − κ3CIapC

dIspA

dt
= κ2Ap1IppA+ λA(1− zA)IstA− κ3AIspA

dIspB

dt
= κ2Bp1IppB + λB(1− zB)IstB − κ3BIspB

dIspC

dt
= κ2Cp1IppC + λC(1− zC)IstC − κ3CIspC

dRA

dt
= κ3AIaA + κ3AIsA + κ3AIatA + κ3AIstA + κ3AIapA + κ3AIspA

dRB

dt
= κ3BIaB + κ3BIsB  + κ3BIatB + κ3B IstB + κ3BIapB + κ3BIspB

dRC

dt
= κ3CIaC + κ3CIsC + κ3CIatC + κ3CIstC + κ3CIapC + κ3CIspC

3
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lance for respiratory syncytial virus in infants hospitalized for acute lower res-

piratory infection in Chile (1989 to 2000). J Clin Microbiol, 41(10):4879–82,

Oct 2003.

[138] E Kathryn Miller, Jodell Linder, David Kraft, Monika Johnson, Pengcheng Lu,

Benjamin R Saville, John V Williams, Marie R Griffin, and H Keipp Talbot.

Hospitalizations and outpatient visits for rhinovirus-associated acute respira-

tory illness in adults. J Allergy Clin Immunol, 137(3):734–43.e1, Mar 2016.

[139] Wai-Ming Lee, Robert F Lemanske, Jr, Michael D Evans, Fue Vang, Tressa

Pappas, Ronald Gangnon, Daniel J Jackson, and James E Gern. Human rhi-

novirus species and season of infection determine illness severity. Am J Respir

Crit Care Med, 186(9):886–91, Nov 2012.

[140] Nathalie Bastien, Kelly Anderson, Laura Hart, Paul Van Caeseele, Ken Brandt,

Doug Milley, Todd Hatchette, Elise C Weiss, and Yan Li. Human coronavirus

nl63 infection in Canada. J Infect Dis, 191(4):503–6, Feb 2005.
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