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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 (¢) 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.



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.



Chapter 2

Variation and recombination in a
population of Mycobacterium

tuberculosts

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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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
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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. pinnipedit, 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
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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 Mth. 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 N(C'_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 maximume-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
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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
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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
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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.

11
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2.3.3 Recombination is minimal but not absent
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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: IppB, pks5 and
trzB. 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

13



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

cell surface, ultimately resulting in increased virulence, evolution and adaptation of
Mtb to mammalian hosts. Lastly, the trzB 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 Ry. We included results from experimental and observational studies,
as well as from systematic reviews when there were insufficient studies. We included
estimates of Ry 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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2E+06| 04 0 0.2 0.3 367509.272032668 | 352007.065743117 | 33172.837823313 | 183.754636016334 | 704.014131486235 | 431.24689170307 | 42126.4192805842 | 39114.012862926 | 9464.78085513352
2E+06| 04 0 0.2 0.4 367509.272032668 | 352007.065743117 | 33172.837823313 | 183.754636016334 | 704.014131486235 | 431.24689170307 | 42126.4192805842 | 39114.012862926 | 9464.78085513352
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
2E+06 0.4 0.1 1/ 0.2 309720.365608939 | 302360.489191306 | 30892.8544137133 | 154.1 604. 401.6071073; 35613, 33548, 8588.
2E+06| 0.4 0.1 1/0.3 317134.071501911 | 308808.958824781 | 31211.9918630464 | 158.567035750955  617.617917649561 | 405.755894219603 | 36453 34273.7273712067 | 8709.
2E+06| 0.4 0.1 1/ 0.4 324438.349518478 | 315139.467007976 | 31518.3419925742 | 162.219174759239 630 409, 37280. 34984, 8825.99279160949
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
2E+06| 0.4 0.1 0.3 0.2 327296.581251079 | 317607.824080618 | 31635.5234243471 | 163. 635.215648161235 | 411.261804516513 | 37603.6420903788 | 35262.6881912784 | 8871.01308583181
2E+06| 0.4 0.1 0.3 0.3 332342.04777288 | 321961.94993498  31840.6342750226 | 166.17102388644 | 643. 413.928245575293 | 38172.959780971 | 35750.9448152654 | 8949.45839808912
2E+06| 0.4 0.1 0.3 0.4 337370.451809105 | 326290.476022662 | 32041. 168. 65: 416, 38739, 36236. 9026.4
2E+06| 0.4 0.1 0.2 0.1 330247.637662514 | 320154.940006914 | 31755.7589199902 | 165.123818831257 | 640. 412, 37936. 35548.5918892489 | 8917.05382998498
2E+06| 0.4 0.1 0.2 0.2 334394.027678571 | 323728.916244388 | 31922. 167. 647 7| 414 38404. 35949.185983407 | 8981
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
2E+06| 0.4 0.1 0.2 0.4 342664.953578217 | 330835.895970307 | 32248.9258259514 | 171.332476789108 | 661.671791940614 | 419. 39335 36745. 9106
2E+06| 0402 1/0.1) 189846.738482376 | 194192.500933458 | 24169.7357250854 | 94.9233692411879 | 388.385001866915 | 314.20656442611 | 21773.0477046384 | 21243.2823052795 | 6183.30049482047
2E+06| 0402 1/0.2) 219992.711596228 | 222226.128312428 | 26215 109. 14 444, 340. 25279. 24434, 6875.31136835659
2E+06| 0402 1/0.3| 245549.538958602 | 245500.725079408 | 27731.0033878589 | 122.774769479301 | 491.001450158816 | 360.503044042166 | 28248.0002579267 | 27093.0803420746 | 7413.42011505706
2E+06| 0402 1]0.4 267287.445803342 | 264989.063484198 | 28891.8778973223 | 133.643722901671 | 520.978126968397 | 375.59441266519 | 30760.6373263568 | 29316.1720334775 | 7838.27547033264
2E+06| 0402 0.3 0.1 265539.361301123 | 263413.914221267 | 28797.7739289721 | 132. 1| 526. 374 30564. 29141. 78051
2E+06| 0402 0.3 0.2 278617.997392134 | 275035.249901041 | 29454.1046807138 | 139, 550, 1 382 32067.4052028316 | 30462.4778176084 | 8048.70489558681
2E+06| 0402 0.3 0.3 290823.546308152 | 285807.692279036 | 30037.80993229 | 145.411773154076 | 571.615384558071 | 390.49152011977 | 33464.0788573411 | 31682.5519894146 | 8266.6914682355
2E+06| 0.4 02 0.3 0.4 302415.980909721 | 295977.298737928 | 30568.4771707416 | 151.207990454861 | 591.954507475855 | 397.39020321964 | 34784.943592805 | 32830.6827131995 | 8466.15982728356
2E+06| 0.4 02 0.2 0.1 287023.534459777 | 282456.842415717 | 29857.8656000601 | 143.511767229889 | 564.913684831434 | 388. 1| 33031 31304.6911569634 | 8199.81140887782
2E+06| 0.4 02 0.2 0.2 296597.060320692 | 290876.679041877 | 30304.1211070945 | 148. 581. 393 34123. 32256.1755551798 | 8366.99986072668
2E+06| 0402 0.2 0.3 305850.888262032 | 298976.979814586 | 30720.9536919056 | 152.925444131016 | 597.953959629173 | 399.372397994774 | 35175.9509354941 | 33169.3527913465 | 8523.94520535126
2E+06| 0402 0.2 0.4 314879.787800351 | 306844.625984852 |  31114.50021739 | 157.439893900175 | 613.689251969706 | 404. 36199.8812942769 | 34054.4568032845 | 8672.83101749549
2E+06| 0.4 03 1]0.1) 22719. 25009. 4389 11.3596284120619 | 50.0° 57.06 2582.13613144908 | 2659.2896374476 | 950.189694278784
2E+06| 0.4 03 1]0.2) 49754.5227943835 |  54102.77191334 | 8930.88272895863 | 24.8772613971918 | 108.20554382668 | 116.101475476462 | 5649. 5766.1 1989,
2E+06| 0403 1/0.3| 96326.5049220832 | 102594.123070478 | 15322. 48. 205. 199. 1096 1245 11023, 1152 | 3585.27109963448
2E+06| 0.4 03 1/0.4 155436.794531944 | 161341.49686999 | 21413 77.7 3 278 17778 17536.0739182422 | 5311.
2E+06| 0.4 03 0.3 0.1 164494.643083718 | 170063.821884144 | 22181.8796611984 | 82.2473215418592 | 340. 288 18833 18522 5550
2E+06| 0.4 03 0.3 0.2| 200204.801099213 | 203879.097200662 | 24900. 100. 407.758194401325 | 323. 22984, 22350. 1812 | 6429,
2E:06| 0.4 03 0.3 0.3 230684.118493727 | 231993.128538285 | 2686 115 463 349.247997622214 | 26528.9145114961 | 25556.5132299824 | 7106.30141329832
2E:06| 0.4 03 0.3 0.4 256160.075649523 | 255028.228664746 | 28306.1322758071 | 128.080037824761 | 510.056457329492 | 367.979719585492 | 20481.3027898123 | 28186.0814828889 | 7624.90769081474
2E+06| 0.4 03 0.2 0.1 224871.039113479 | 226672.250911454 | 26510.0864839745 | 112.43551955674 | 453.344501822908 | 344.631124291668 | 25855. 24951. 6982.29616237476
2E+06| 0.4 03 0.2 0.2 246276.352300414 | 246129.937466938 | 27764.1707963734 | 123.138176150207 | 492. 360 28339. 27173, 74281
2E+06 0403 0.2 0.3 264972.351910573 262904.107679473 28767.4893380401 132.486175956287 525.808215358947 373.977361394521 30499.8424605013 29086.1102617151 | 7794.94067736591
2E+06| 0.4 03 0.2 0.4 281695.00311771  277754.496925879 | 29603.0479938934 | 140.847501558855 | 555.508993851756 | 384. 14| 32420, 30771.6767342911 | 8104.51634386116
2E+06| 0.4 04 1/0.1) 607.212788685398 | 672.813544421429 | 124. 0. K 1.61 70. 12| 72.781 26.7858860321574
2E+06| 0.4 04 1/0.2| 1895.60396310464 | 2104.59342716489 | 387.98951442693 | 0.94 1€ 4. X 218.030391139823 | 225.995459334725 | 83.0423753459957
2E+06| 0.4 04 1/0.3| 6462.56548316414 | 7165. 1306. 3 14, 16. 738.357747626182 | 764.495294468352 | 279.182469080984
2E+06| 0.4 04 1/0.4 22657.5298103555 | 24941.9208491354 | 4378.21346326043 | 11.3287649051778 | 49.8838416982708 | 56.9167750223856 | 2575.13048101903 | 2652.12995151561 | 947.709470547546
2E+06| 0.4 04 0.3 0.1 35828.3190374843 | 39204.3027204282 | 6676.70765121152 | 17.914; 78. 86.797 4068.98189502155 | 4172.33410158602 | 1465.27791827513
2E+06| 0.4 04 0.3 0.2 71097.2676740577 | 76571.5053148959 | 12061.9531392109 | 35.5 153, 156. 8081.51621554075 | 8191.23449046115 | 2749.24369570288
2E+06| 0.4 04 0.3 0.3 122235.626352974 | 128707.699268701 ~ 18228.638062833 | 61.117813176487 | 257. 236 13945 13902 4380
200 2E+06| 0.4 0.4 0.3 0.4 177611.923246871 | 182603.686932681 | 23240.: 88.1 365 1| 802.125590957752 | 20356.1335465935 | 19936.3471018136 | 5884.38128979934
201 2E+06 0.4 0.4 0.2 0.1 117027.642176862 | 123501.664676416  17674.8474967222 | 58.513821088431 | 247. 229.773017457388 | 13347.1828233343 | 13327.7127241534 | 4225.90254769254
20§ 2E+06 0.4 0.4 0.2 0.2| 161115.880795635 | 166808.914182632 | 21896. 80 76 333.61 284 18442.9631836721 | 18157.1133318946 | 5462.6603641345
203 2E+06| 0.4 0.4 0.2/ 0.3 201711.155080528 | 205280.191409269 | 25003.9030489736 | 100.855577540264 | 410. 325 23160, 22511 6464.2146694291
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 | 7209.52671160975
208 2E+06 0.4 05 1/ 0.1 26.7920544588943 | 27.4580621530184 13/ 0.0 0.0549 0.06568410755500% 3. 3 1.
206 2E+06| 0.4 05 102 65. 70. 142 | 12. 0.032622127791721 0.14029351015942¢ 0. 14 7. 7. 2.84302470034452
201 2E+06 0.4 05 1/0.3 218.455489119609 | 240.495421628994 | 44.4857848676868 | 0.109227744559804 0. 0. 25. 26. 9.
20§ 2E+06 0.4 05 104 973. 1079. 199 0.4867 2.15992817260824 | 2.59382422668579 | 112.383836818704 | 116.453159524257 | 42.8416369281576
20§ 2E+06 0.4 05 0.3 0.1 2848.85078445743 | 3162.82623061697 | 581.748917018231 | 1.42442539222871 | 6.32565246123394 | 7.56273592123701 | 326.945140807421 | 338.853740650859 | 124.352797703032
210 2E+06| 0.4 05 0.3 0.2 8283, 9177. 1666. 4. 18. 7| 21.6610841705473 | 945.261413494047 | 978.15559242152 | 356.326708963066
211 2E+06 0.4 05 0.3 0.3 24207.3560329792 | 26628.8222913556 | 4657.43480572477 | 12.1036780164896 | 53.2576445827112 | 60.5466524744221 | 2751.04328261892 | 2831.81956577208 | 1009.83211633283
213 2E406| 0.4 05 0.3 0.4 64214.0401181645 | 69372.0083519929 | 11092.2218272113 | 32. 138. 144, 7296, 19| 7412. 2509.5414762824
213 2E406| 0.4 05 0.2 0.1 24772, 27242, 4758 1 13 54. 61.86 2815, 2897.26161818077 | 1032.39253736773
214 2E406| 0.4 05 0.2 0.2 5357 58151. 9517 26.7861027803476 | 116, 123.728155177198 | 6084. 6203, 2128,
218 2E406| 0.4 05 0.2 0.3 101513.41708032 | 107863.888857722 | 15934.6970261705 | 50.7567085401599 | 215.727777715444 | 207.151061340216 | 11562.8716634032 | 11604.2946137706 | 3749.89584110201
21¢ 2E:06| 0.4 05 0.2 0.4 160063.083821364 | 165797.576303331 | 21808.0464234108 | 80. 331 283 1] 18319, 1804: 54341
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A
% = —fAcASA(Ip A+ I, A+ I, A+ I A+ I A+ It A) + wAS; A — e ASA
dSB
T —BBaBS(I,B+1,B+ I;B+ I B+ 14B+ IyB) +wBS;B—e1BSB
dsC
T —pCaCS(1,C + I,C + I,C + I,C + 1,,C + I4,C) + wCS,C — ,CSC
dEA
o = BAaASA(L, A+ [,A+ LA+ 1A+ 1A+ IgA) + wAEA — kiAEA — ¢ AEA
dEB
T BBaBSB(I,B + 1,B+ I,B+ Iy,B+ 1,4B + 14B) + wBE,B — kiBEB — ¢, BEB
dEC
T BCaCSC(I,C +1,C + I,C + I,,C + 1,,C + I;,C) + wCE,C — k,CEC — ¢,CEC
I,A
d;t = KAEA+ MNAzAIy A — ko ALLA — 11, A
dI,B
c;t = k1 BEB + ABzBI,B — ko BI,B — e11,B
a1,C
¥ = K CEC 4+ ACz2CI,,C — koCL,C — 1 1,C
dI, A
T Ko(1 —p1)Ip A+ Azl A — k3l A — €11, A
dl,B
dt = K,Q(l *pl)IpB =+ )\Z.[atB — I€3IEB - 61L1B
1
ddutc =ko(l —p1)I,B+ A2l B — k3l B — €11, B
dI A
dt = HzAplij + )\AZAI“A — /£3AISA — 62[514
dIsB
~ar = ko Bp1IpB + ABzBIyB — k3BI;B — e21,B
dI,C

T koCp1 I,C + AC2CI4C — k3CI,C — €21,C
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ds; A

fz; = —BAQAS; AL, A + I, A + T,A + LA+ Ty A+ I A) — NMAwS; A + e ASA
ds;B

5 = “BBaBS BB+ 1B + LB+ Iy B + B + 1, B) = \BwS,B + 1 BSB
s,c

5 = ~BCaCS,C(L,C + 1,C + I,C + Iy C + I C + I4C) = \CwS,C + 6 CSC
dEA

dt = ,BACKAStA(IpA + IaA + ISA + IptA + IatA + IstA) - lilAEtA - )\AwEtA + €1EA
dE:B

i = BBaBSB(,B + 1B + I.B + Iy B + I B + Iy B) = mBEB — \BwE B + e EB
dE,C

e BCaCSC(I,C + I,C + I;C + IyC + 1,4+C + I4C) — k1 CE,.C — \CwE,C + 1 EC
Al A
dL; = ki AE A — NALy A + eI, A — ko ALy A

1,,B
% = k1 BE,B — ABI,B + €,1,B — r3BI,,B
dr

;’;C = k1ICE,C — \CI,C + 6, 1,C — £yCIL,C

I, A
d d; = ko A(1 — p1) Iy A — NI A + e, [, A — kg Al A
dl,+B

d; = koB(1 — 1)1y B — ABI B + ¢11,B — k3BI.B
dr,

d;C = koC(1 = p1) [ C — AC 1t C + €,1,C — k3C 1 C

T A
d d; = ko Ap1 Iy A — NALyA + 621, A — k3 AL, A
dlyB

&; = ko Bp1 1B — ABIyB + e21,B — k3Bl B
dI,C

o = 1CpilpC = ACIuC + eoI,C = 55CLC
dIZA = MA(1 — zA) I A — ko Al A
dl,,B
—h= = AB(1 = 2B)IuB ~ myBl,, B
dI,,C

= = AC(1 = 20) I C = 52ClC
dl,pA

dt = HzA(l — pl)IPPA + )\A(l — ZA)IatA — KZBAIU,;)A
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Appendix G. Equations Showing Age Structure of NM Mitigation Model

dl,,B
;‘; = ko B(1 — p1)IpB + AB(1 — 2B)1B — r3BI,,B
dl,,C
F7 Ko C (1 — p1)IppC + AC(1 — 2C) [+ C — k3C1,,C
dls, A
C‘ZZ = ko Ap1Ip A+ NA(1 — 2A) I A — k3 AL, A
dls,B
cslz = ko Bp11p, B + AB(1 —2B)I4B — k3BIg,B
dl,,C
7 = Knglfm,C =+ )\C(l b ZC)[stC — KgCISpC
dRA
W = KZgAIaA -+ K}gAIsA + /ﬁgA[atA -+ /igAIstA + /ﬁ]gA[apA + /igAIspA
dRB
T = k3BI,B + k3BI,B + k3Bl B+ k3B IB + k3BI,,B + k3BI,B
dRC
7 = k3C1,C+ k3CI,C + k3CI,;C + k3CIyC + IigCIapC + H3C]SPC

111



References

1]

[7]

Inaki Comas, Mireia Coscolla, Tao Luo, Sonia Borrell, Kathryn E Holt, Mi-
dori Kato-Maeda, Julian Parkhill, Bijaya Malla, Stefan Berg, Guy Thwaites,
et al. Out-of-Africa migration and neolithic coexpansion of Mycobacterium

tuberculosis with modern humans. Nature genetics, 45(10):1176, 2013.

M Martini, G Besozzi, and I Barberis. The never-ending story of the fight
against tuberculosis: from Koch’s bacillus to global control programs. Journal

of preventive medicine and hygiene, 59(3):E241, 2018.
Tom Paulson. A mortal foe. Nature, 502(7470):52-S2, 2013.
B Annabel, D Anna, and MD Hannah. Global tuberculosis report 2019, 2019.

Francesc Coll, Jody Phelan, Grant A Hill-Cawthorne, Mridul B Nair, Kim Mal-
lard, Shahjahan Ali, Abdallah M Abdallah, Saad Alghamdi, Mona Alsomali,
Abdallah O Ahmed, et al. Genome-wide analysis of multi-and extensively

drug-resistant Mycobacterium tuberculosis. Nature Genetics, 50(2):307-316,
2018.

Christopher Dye and Brian G Williams. The population dynamics and control
of tuberculosis. Science, 328(5980):856-861, 2010.

Rein MGJ Houben and Peter J Dodd. The global burden of latent tuberculo-

112



REFERENCES

[10]

[11]

[12]

[13]

sis infection: a re-estimation using mathematical modelling. PLoS medicine,

13(10):1002152, 2016.

Ben J Marais, Knut Lonnroth, Stephen D Lawn, Giovanni Battista Migliori,
Peter Mwaba, Philippe Glaziou, Matthew Bates, Ruth Colagiuri, Lynn Zije-
nah, Soumya Swaminathan, et al. Tuberculosis comorbidity with communi-
cable and non-communicable diseases: integrating health services and control

efforts. The Lancet infectious diseases, 13(5):436-448, 2013.

Noel H Smith, Stephen V Gordon, Ricardo de la Rua-Domenech, Richard S
Clifton-Hadley, and R Glyn Hewinson. Bottlenecks and broomsticks: the
molecular evolution of Mycobacterium bovis. Nature Reviews Microbiology,

4(9):670-681, 2006.

Philip Supply, Robin M Warren, Anne-Laure Banuls, Sarah Lesjean, Gian D
Van Der Spuy, Lee-Anne Lewis, Michel Tibayrenc, Paul D Van Helden, and
Camille Locht. Linkage disequilibrium between minisatellite loci supports
clonal evolution of Mycobacterium tuberculosis in a high tuberculosis incidence

area. Molecular microbiology, 47(2):529-538, 2003.

R Hershberg, M Lipatov, PM Small, H Sheffer, S Niemann, S Homolka,
JC Roach, K Kremer, DA Petrov, MW Feldman, et al. High functional diver-

sity in M. tuberculosis driven by genetic drift and human demography. PLoS
Biol., 6:12, 2009.

Robyn S Lee, Nicolas Radomski, Jean-Francois Proulx, Ines Levade, B Jesse
Shapiro, Fiona Mclntosh, Hafid Soualhine, Dick Menzies, and Marcel A Behr.
Population genomics of Mycobacterium tuberculosis in the Inuit. Proceedings

of the National Academy of Sciences, 112(44):13609-13614, 2015.

E Chernyaeva, P Dobrynin, N Pestova, N Matveeva, V Zhemkov, and A Kozlov.

Molecular genetic analysis of Mycobacterium tuberculosis strains spread in

113



REFERENCES

[14]

[15]

[16]

[17]

[20]

different patient groups in St. Petersburg, Russia. Furopean journal of clinical

microbiology & infectious diseases, 31(8):1753-1757, 2012.

CA Taype, JC Agapito, RA Accinelli, JR Espinoza, S Godreuil, SJ Goodman,
Anne-Laure Banuls, and MA Shaw. Genetic diversity, population structure and
drug resistance of Mycobacterium tuberculosis in Peru. Infection, Genetics and

FEvolution, 12(3):577-585, 2012.

Chris Ford, Karina Yusim, Tom Ioerger, Shihai Feng, Michael Chase, Mary
Greene, Bette Korber, and Sarah Fortune. Mycobacterium tuberculosis—
heterogeneity revealed through whole genome sequencing.  Tuberculosis,

92(3):194-201, 2012.

Dario Garcia de Viedma, Mercedes Marin, Maria Jests Ruiz, and Emilio
Bouza. Analysis of clonal composition of Mycobacterium tuberculosis isolates
in primary infections in children. Journal of clinical microbiology, 42(8):3415—

3418, 2004.

Ana Martin, Marta Herrdanz, Maria Jesus Ruiz Serrano, Emilio Bouza, and
Dario Garcia de Viedma. Rapid clonal analysis of recurrent tuberculosis by
direct MIRU-VNTR typing on stored isolates. BMC microbiology, 7(1):73,
2007.

Anthony M Cadena, Sarah M Fortune, and JoAnne L Flynn. Heterogeneity in
tuberculosis. Nature Reviews Immunology, 17(11):691-702, 2017.

Gesham Magombedze, Winston Garira, and Eddie Mwenje. Modelling the
human immune response mechanisms to Mycobacterium tuberculosis infection

in the lungs. Mathematical Biosciences € Engineering, 3(4):661, 2006.

ZF Zainuddin and JW Dale. Does Mycobacterium tuberculosis have plasmids?
Tubercle, 71(1):43-49, 1990.

114



REFERENCES

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Erol S Kavvas, Edward Catoiu, Nathan Mih, James T Yurkovich, Yara Seif,
Nicholas Dillon, David Heckmann, Amitesh Anand, Laurence Yang, Victor
Nizet, et al. Machine learning and structural analysis of Mycobacterium tuber-
culosis pan-genome identifies genetic signatures of antibiotic resistance. Nature

communications, 9(1):1-9, 2018.

Sebastien Gagneux. Ecology and evolution of Mycobacterium tuberculosis.

Nature Reviews Microbiology, 16(4):202, 2018.

Amine Namouchi, Xavier Didelot, Ulrike Schock, Brigitte Gicquel, and Ed-
uardo PC Rocha. After the bottleneck: Genome-wide diversification of the

Mycobacterium tuberculosis complex by mutation, recombination, and natu-

ral selection. Genome research, 22(4):721-734, 2012.

Guillaume Sapriel and Roland Brosch. Shared pathogenomic patterns charac-
terize a new phylotype, revealing transition toward host-adaptation long be-
fore speciation of Mycobacterium tuberculosis. Genome biology and evolution,

11(8):2420-2438, 2019.

Jennifer Becq, Maria Cristina Gutierrez, Vania Rosas-Magallanes, Jean
Rauzier, Brigitte Gicquel, Olivier Neyrolles, and Patrick Deschavanne. Contri-
bution of horizontally acquired genomic islands to the evolution of the tubercle

bacilli. Molecular biology and evolution, 24(8):1861-1871, 2007.

Joyce Wang and Marcel A Behr. Building a better bacillus: the emergence of

Mycobacterium tuberculosis. Frontiers in microbiology, 5:139, 2014.

Frédéric Veyrier, Daniel Pletzer, Christine Turenne, and Marcel A Behr. Phy-
logenetic detection of horizontal gene transfer during the step-wise genesis of

Mycobacterium tuberculosis. BMC' evolutionary biology, 9(1):196, 2009.

115



REFERENCES

28]

[29]

[30]

[31]

[32]

[33]

[34]

Arup Panda, Michel Drancourt, Tamir Tuller, and Pierre Pontarotti. Genome-
wide analysis of horizontally acquired genes in the genus Mycobacterium. Sci-

entific reports, 8(1):1-13, 2018.

Todd A Gray, Janet A Krywy, Jessica Harold, Michael J Palumbo, and Keith M
Derbyshire. Distributive conjugal transfer in mycobacteria generates progeny
with meiotic-like genome-wide mosaicism, allowing mapping of a mating iden-

tity locus. PLoS biology, 11(7), 2013.

Tatum D Mortimer and Caitlin S Pepperell. Genomic signatures of distribu-

tive conjugal transfer among mycobacteria. Genome biology and evolution,

6(9):2489-2500, 2014.

Todd A Gray and Keith M Derbyshire. Blending genomes: distributive con-
jugal transfer in mycobacteria, a sexier form of HGT. Molecular microbiology,

108(6):601-613, 2018.

Eva C Boritsch, Wafa Frigui, Alessandro Cascioferro, Wladimir Malaga, Gilles
Etienne, Francoise Laval, Alexandre Pawlik, Fabien Le Chevalier, Mickael
Orgeur, Laurence Ma, et al. pks5-recombination-mediated surface remodelling
in Mycobacterium tuberculosis emergence. Nature microbiology, 1(2):1-11,

2016.

Tingting Yang, Jun Zhong, Ju Zhang, Cuidan Li, Xia Yu, Jingfa Xiao, Xin-
miao Jia, Nan Ding, Guannan Ma, Guirong Wang, et al. Pan-genomic study
of Mycobacterium tuberculosis reflecting the primary/secondary genes, gener-
ality /individuality, and the interconversion through copy number variations.

Frontiers in microbiology, 9:1886, 2018.

Sang-Cheol Park, Kihyun Lee, Yeong Ouk Kim, Sungho Won, and Jongsik

Chun. Large-scale genomics reveals the genetic characteristics of seven species

116



REFERENCES

[36]

[38]

[39]

and importance of phylogenetic distance for estimating pan-genome size. Fron-

tiers in microbiology, 10:834, 2019.

Xinmiao Jia, Li Yang, Mengxing Dong, Suting Chen, Lingna Lv, Dandan Cao,
Jing Fu, Tingting Yang, Ju Zhang, Xiangli Zhang, et al. The bioinformat-
ics analysis of comparative genomics of Mycobacterium tuberculosis complex
(MTBC) provides insight into dissimilarities between intraspecific groups dif-
fering in host association, virulence, and epitope diversity. Frontiers in cellular

and infection microbiology, 7:88, 2017.

Philip Supply, Michael Marceau, Sophie Mangenot, David Roche, Carine
Rouanet, Varun Khanna, Laleh Majlessi, Alexis Criscuolo, Julien Tap, Alexan-
dre Pawlik, et al. Genomic analysis of smooth tubercle bacilli provides insights
into ancestry and pathoadaptation of Mycobacterium tuberculosis. Nature ge-

netics, 45(2):172-179, 2013.

Jody Phelan, Francesc Coll, Ruth McNerney, David B Ascher, Douglas EV
Pires, Nick Furnham, Nele Coeck, Grant A Hill-Cawthorne, Mridul B Nair,
Kim Mallard, et al. Mycobacterium tuberculosis whole genome sequencing

and protein structure modelling provides insights into anti-tuberculosis drug

resistance. BMC medicine, 14(1):31, 2016.

Maxime Godfroid, Tal Dagan, and Anne Kupczok. Recombination signal in
Mycobacterium tuberculosis stems from reference-guided assemblies and align-

ment artefacts. Genome biology and evolution, 10(8):1920-1926, 2018.

Alice R Wattam, James J Davis, Rida Assaf, Sébastien Boisvert, Thomas Bret-
tin, Christopher Bun, Neal Conrad, Emily M Dietrich, Terry Disz, Joseph L
Gabbard, et al. Improvements to PATRIC, the all-bacterial bioinformatics
database and analysis resource center. Nucleic acids research, 45(D1):D535—

D542, 2017.

117



REFERENCES

[40]

[42]

[43]

[45]

[46]

[47]

Patricia Sheen, David Requena, Eduardo Gushiken, Robert H Gilman, Ricardo
Antiparra, Bryan Lucero, Pilar Lizarraga, Basilio Cieza, Elisa Roncal, Louis
Grandjean, et al. A multiple genome analysis of Mycobacterium tuberculo-

sis reveals specific novel genes and mutations associated with pyrazinamide

resistance. BMC' genomics, 18(1):769, 2017.

STea Cole, R Brosch, J Parkhill, T Garnier, C Churcher, D Harris, SV Gor-
don, K FEiglmeier, S Gas, CE 3rd Barry, et al. Deciphering the biology of
Mycobacterium tuberculosis from the complete genome sequence. Nature,

393(6685):537-544, 1998.

Torsten Seemann. Prokka: rapid prokaryotic genome annotation. Bioinfor-

matics, 30(14):2068-2069, 2014.

Andrew J Page, Carla A Cummins, Martin Hunt, Vanessa K Wong, San-
dra Reuter, Matthew TG Holden, Maria Fookes, Daniel Falush, Jacqueline A
Keane, and Julian Parkhill. Roary: rapid large-scale prokaryote pan genome

analysis. Bioinformatics, 31(22):3691-3693, 2015.

Kazutaka Katoh, Kazuharu Misawa, Kei-ichi Kuma, and Takashi Miyata.
MAFFT: a novel method for rapid multiple sequence alignment based on fast

Fourier transform. Nucleic acids research, 30(14):3059-3066, 2002.

James Hadfield, Nicholas J Croucher, Richard J Goater, Khalil Abudahab,
David M Aanensen, and Simon R Harris. Phandango: an interactive viewer

for bacterial population genomics. Bioinformatics, 34(2):292-293, 2018.

Alexandros Stamatakis. RAxML version 8: a tool for phylogenetic analysis

and post-analysis of large phylogenies. Bioinformatics, 30(9):1312-1313, 2014.

Simon Tavaré. Some probabilistic and statistical problems in the analysis of

118



REFERENCES

[48]

[50]

[51]

[52]

[53]

[54]

DNA sequences. Lectures on mathematics in the life sciences, 17(2):57-86,

1986.

Ivica Letunic and Peer Bork. Interactive tree of life (iTOL) v3: an online tool
for the display and annotation of phylogenetic and other trees. Nucleic acids

research, 44(W1):W242-W245, 2016.

James J Davis, Sébastien Boisvert, Thomas Brettin, Ronald W Kenyon, Chun-
hong Mao, Robert Olson, Ross Overbeek, John Santerre, Maulik Shukla, Al-
ice R Wattam, et al. Antimicrobial resistance prediction in PATRIC and
RAST. Scientific reports, 6:27930, 2016.

Rafal Mostowy, Nicholas J Croucher, Cheryl P Andam, Jukka Corander,
William P Hanage, and Pekka Marttinen. Efficient inference of recent and

ancestral recombination within bacterial populations. Molecular biology and

evolution, 34(5):1167-1182, 2017.

Lu Cheng, Thomas R Connor, Jukka Sirén, David M Aanensen, and Jukka
Corander. Hierarchical and spatially explicit clustering of DNA sequences with

BAPS software. Molecular biology and evolution, 30(5):1224-1228, 2013.

Stephen F' Altschul, Warren Gish, Webb Miller, Eugene W Myers, and David J
Lipman. Basic local alignment search tool. Journal of molecular biology,

215(3):403-410, 1990.

Hervé Tettelin, David Riley, Ciro Cattuto, and Duccio Medini. Compara-
tive genomics: the bacterial pan-genome. Current opinion in microbiology,

11(5):472-477, 2008.

John P Huelsenbeck, Jonathan P Bollback, and Amy M Levine. Inferring the
root of a phylogenetic tree. Systematic biology, 51(1):32-43, 2002.

119



REFERENCES

[55]

[61]

Todd J Treangen and Eduardo PC Rocha. Horizontal transfer, not duplication,
drives the expansion of protein families in prokaryotes. PLoS genetics, 7(1),

2011.

Borna Miiller, Sonia Borrell, Graham Rose, and Sebastien Gagneux. The
heterogeneous evolution of multidrug-resistant mycobacterium tuberculosis.

Trends in Genetics, 29(3):160-169, 2013.

S F Altschul, W Gish, W Miller, E W Myers, and D J Lipman. Basic local
alignment search tool. J Mol Biol, 215(3):403-10, Oct 1990.

Sangita Mukhopadhyay and Kithiganahalli Narayanaswamy Balaji. The pe
and ppe proteins of mycobacterium tuberculosis. Tuberculosis, 91(5):441-447,
2011.

MI Voskuil, KC Visconti, and GK Schoolnik. Mycobacterium tuberculosis gene
expression during adaptation to stationary phase and low-oxygen dormancy.

Tuberculosis, 84(3-4):218-227, 2004.

Ashwani Kumar, Aisha Farhana, Loni Guidry, Vikram Saini, Mary Hondalus,
and Adrie JC Steyn. Redox homeostasis in mycobacteria: the key to tubercu-

losis control? Ezpert reviews in molecular medicine, 13, 2011.

A Danielle Tuliano, Katherine M Roguski, Howard H Chang, David J Mus-
catello, Rakhee Palekar, Stefano Tempia, Cheryl Cohen, Jon Michael Gran,
Dena Schanzer, Benjamin J Cowling, et al. Estimates of global seasonal

influenza-associated respiratory mortality: a modelling study. The Lancet,

391(10127):1285-1300, 2018.
CDC. U.S. influenza surveillance system: Purpose and methods.

Diep Ngoc Thi Nguyen, Le Quynh Mai, Juliet E Bryant, Nguyen Le Khanh
Hang, Le Nguyen Minh Hoa, Behzad Nadjm, Pham Quang Thai, Tran Nhu

120



REFERENCES

[64]

[65]

Duong, Dang Duc Anh, Peter Horby, H Rogier van Doorn, Heiman F L
Wertheim, and Annette Fox. Epidemiology and etiology of influenza-like-illness
in households in Vietnam; it’s not all about the kids! J Clin Virol, 82:126-132,
09 2016.

Liselotte van Asten, Cees van den Wijngaard, Wilfrid van Pelt, Jan van de
Kassteele, Adam Meijer, Wim van der Hoek, Mirjam Kretzschmar, and Mar-
ion Koopmans. Mortality attributable to 9 common infections: significant
effect of influenza A, respiratory syncytial virus, influenza B, norovirus, and

parainfluenza in elderly persons. J Infect Dis, 206(5):628-39, Sep 2012.

Kasia A Pawelek, Cristian Salmeron, and Sara Del Valle. Connecting within
and between-hosts dynamics in the influenza infection-staged epidemiological
models with behavior change. J Coupled Syst Multiscale Dyn, 3(3):233-243,
Sep 2015.

Dave Osthus and Kelly R Moran. Multiscale influenza forecasting, 2019.

Sylvia Taylor, Pio Lopez, Lily Weckx, Charissa Borja-Tabora, Rolando Ulloa-
Gutierrez, Eduardo Lazcano-Ponce, Angkool Kerdpanich, Miguel Angel Ro-
driguez Weber, Abiel Mascarenas de Los Santos, Juan-Carlos Tinoco, Marco
Aurelio P Safadi, Fong Seng Lim, Marcela Hernandez-de Mezerville, Idis
Faingezicht, Aurelio Cruz-Valdez, Yang Feng, Ping Li, Serge Durviaux, Gerco
Haars, Sumita Roy-Ghanta, David W Vaughn, and Terry Nolan. Respiratory
viruses and influenza-like illness: Epidemiology and outcomes in children aged
6 months to 10 years in a multi-country population sample. J Infect, 74(1):29—-
41, 01 2017.

Arturo Galindo-Fraga, Ana A Ortiz-Hernandez, Alejandra Ramirez-Venegas,
Rafael Valdez Vazquez, Sarbelio Moreno-Espinosa, Beatriz Llamosas-Gallardo,

Santiago Pérez-Patrigeon, Maggie Salinger, Laura Freimanis, Chiung-yu

121



REFERENCES

[69]

[70]

[72]

[74]

Huang, Wenjuan Gu, M Lourdes Guerrero, John Beigel, Guillermo M Ruiz-
Palacios, and La Red ILI 002 Study Group. Clinical characteristics and out-
comes of influenza and other influenza-like illnesses in Mexico City. Int J Infect

Dis, 17(7):e510-7, Jul 2013.

Hongxia Li, Quande Wei, Aijun Tan, and Leyi Wang. Epidemiological analysis
of respiratory viral etiology for influenza-like illness during 2010 in zhuhai,

china. Virology journal, 10(1):143, 2013.

Rodica Gilca, Rachid Amini, Monique Douville-Fradet, Hugues Charest, Josée
Dubuque, Nicole Boulianne, Danuta M Skowronski, and Gaston De Serres.
Other respiratory viruses are important contributors to adult respiratory hos-
pitalizations and mortality even during peak weeks of the influenza season. In

Open forum infectious diseases, volume 1. Oxford University Press, 2014.

K Bollaerts, J Antoine, V Van Casteren, G Ducoffre, N Hens, and S Quoilin.
Contribution of respiratory pathogens to influenza-like illness consultations.

Epidemiol Infect, 141(10):2196-204, Oct 2013.

M Sansone, A Wiman, M L Karlberg, M Brytting, L Bohlin, L-M Andersson,
J Westin, and R Nordén. Molecular characterization of a nosocomial outbreak
of influenza B virus in an acute care hospital setting. J Hosp Infect, 101(1):30—
37, Jan 2019.

James W Rudge, Nui Inthalaphone, Rebecca Pavlicek, Phimpha Paboriboune,
Bruno Flaissier, Chou Monidarin, Nicolas Steenkeste, Viengmon Davong,
Manivanh Vongsouvath, KA Bonath, et al. “epidemiology and aetiology of
influenza-like illness among households in metropolitan vientiane, lao pdr”: A

prospective, community-based cohort study. PloS one, 14(4), 2019.

Julia Reis and Jeffrey Shaman. Simulation of four respiratory viruses and

122



REFERENCES

[77]

[80]

[81]

inference of epidemiological parameters. Infectious Disease Modelling, 3:23—

34, 2018.

Lulla Opatowski, Marc Baguelin, and Rosalind M Eggo. Influenza interaction
with cocirculating pathogens and its impact on surveillance, pathogenesis, and
epidemic profile: A key role for mathematical modelling. PLoS pathogens,
14(2), 2018.

Gerardo Chowell, Carlos Castillo-Chavez, Paul W Fenimore, Christopher M
Kribs-Zaleta, Leon Arriola, and James M Hyman. Model parameters and

outbreak control for SARS. Emerg Infect Dis, 10(7):1258-63, Jul 2004.

Roujian Lu, Xiang Zhao, Juan Li, Peihua Niu, Bo Yang, Honglong Wu, Wenling
Wang, Hao Song, Baoying Huang, Na Zhu, et al. Genomic characterisation
and epidemiology of 2019 novel coronavirus: implications for virus origins and

receptor binding. The Lancet, 395(10224):565-574, 2020.

K Dietz. The estimation of the basic reproduction number for infectious dis-

cases. Stat Methods Med Res, 2(1):23-41, 1993.

P van den Driessche and James Watmough. Reproduction numbers and sub-
threshold endemic equilibria for compartmental models of disease transmission.

Math Biosci, 180:29-48, 2002.

M. D. McKay, R. J. Beckman, and W. J. Conover. Comparison of three meth-
ods for selecting values of input variables in the analysis of output from a

computer code. Technometrics, 21(2):239-245, May 1979.

Aimee K Zaas, Minhua Chen, Jay Varkey, Timothy Veldman, Alfred O
Hero III, Joseph Lucas, Yongsheng Huang, Ronald Turner, Anthony Gilbert,

Robert Lambkin-Williams, et al. Gene expression signatures diagnose influenza

123



REFERENCES

[82]

[84]

[85]

[86]

and other symptomatic respiratory viral infections in humans. Cell host € mi-

crobe, 6(3):207-217, 2009.

R S Fritz, F G Hayden, D P Calfee, L M Cass, A W Peng, W G Alvord,
W Strober, and S E Straus. Nasal cytokine and chemokine responses in ex-
perimental influenza A virus infection: results of a placebo-controlled trial of

intravenous zanamivir treatment. J Infect Dis, 180(3):586-93, Sep 1999.

R B Couch, R G Douglas, Jr, D S Fedson, and J A Kasel. Correlated studies
of a recombinant influenza-virus vaccine. 3. protection against experimental

influenza in man. J Infect Dis, 124(5):473-80, Nov 1971.

Ahmet Faik Oner, Ali Bay, Sukru Arslan, Hayrettin Akdeniz, Huseyin Avni
Sahin, Yasar Cesur, Serdar Epcacan, Neziha Yilmaz, Ibrahim Deger, Baran
Kizilyildiz, Hasan Karsen, and Mehmet Ceyhan. Avian influenza A (H5N1)
infection in eastern Turkey in 2006. N Engl J Med, 355(21):2179-85, Nov 2006.

M R Moser, T R Bender, H S Margolis, G R Noble, A P Kendal, and D G
Ritter. An outbreak of influenza aboard a commercial airliner. Am J Epidemiol,

110(1):1-6, Jul 1979.

L Kaiser, M S Briones, and F G Hayden. Performance of virus isolation and
directigen flu A to detect influenza A virus in experimental human infection.

J Clin Virol, 14(3):191-7, Dec 1999.

S Kondo and K Abe. The effects of influenza virus infection on FEV1 in
asthmatic children. the time-course study. Chest, 100(5):1235-8, Nov 1991.

Justin Lessler, Nicholas G Reich, Ron Brookmeyer, Trish M Perl, Kenrad E
Nelson, and Derek A T Cummings. Incubation periods of acute respiratory

viral infections: a systematic review. Lancet Infect Dis, 9(5):291-300, May
2009.

124



REFERENCES

[89]

[90]

[91]

[95]

Dennis Wat. The common cold: a review of the literature. Eur J Intern Med,

15(2):79-88, Apr 2004.

K M Johnson, R M Chanock, D Rifkind, H M Kravetz, and V Knight. Res-
piratory syncytial virus. IV. correlation of virus shedding, serologic response,

and illness in adult volunteers. JAMA, 176:663-7, May 1961.

C R Pringle, A H Filipiuk, B S Robinson, P J Watt, P Higgins, and D A
Tyrrell. Immunogenicity and pathogenicity of a triple temperature-sensitive
modified respiratory syncytial virus in adult volunteers. Vaccine, 11(4):473-8,

1993.

DAJ Tyrrell, Sheldon Cohen, and JE Schilarb. Signs and symptoms in common
colds. Epidemiology & Infection, 111(1):143-156, 1993.

Nicholas G Reich, Trish M Perl, Derek A T Cummings, and Justin Lessler.
Visualizing clinical evidence: citation networks for the incubation periods of

respiratory viral infections. PLoS One, 6(4):19496, Apr 2011.

R G Douglas, Jr, R D Rossen, W T Butler, and R B Couch. Rhinovirus
neutralizing antibody in tears, parotid saliva, nasal secretions and serum. J

Immunol, 99(2):297-303, Aug 1967.

P C Avila, J A Abisheganaden, H Wong, J Liu, S Yagi, D Schnurr, J L
Kishiyama, and H A Boushey. Effects of allergic inflammation of the nasal mu-

cosa on the severity of rhinovirus 16 cold. J Allergy Clin Immunol, 105(5):923—
32, May 2000.

C L Drake, T A Roehrs, H Royer, G Koshorek, R B Turner, and T Roth.
Effects of an experimentally induced rhinovirus cold on sleep, performance,

and daytime alertness. Physiol Behav, 71(1-2):75-81, 2000.

125



REFERENCES

[97]

[98]

[101]

[102]

[103]

R M Naclerio, D Proud, L M Lichtenstein, A Kagey-Sobotka, J O Hendley,
J Sorrentino, and J M Gwaltney. Kinins are generated during experimental

rhinovirus colds. J Infect Dis, 157(1):133-42, Jan 1988.

J Mitchell Harris and Jack M Gwaltney Jr. Incubation periods of experimental
rhinovirus infection and illness. Clinical infectious diseases, 23(6):1287-1290,

1996.

A F Bradburne, M L Bynoe, and D A Tyrrell. Effects of a “new” human
respiratory virus in volunteers. Br Med J, 3(5568):767-9, Sep 1967.

Maarit Valtonen, Matti Waris, Tytti Vuorinen, Erkki Eerola, Antti J Haka-
nen, Katja Mjosund, Wilma Gronroos, Olli J Heinonen, and Olli Ruuska-
nen. Common cold in Team Finland during 2018 Winter Olympic Games
(PyeongChang): epidemiology, diagnosis including molecular point-of-care

testing (POCT) and treatment. Br J Sports Med, 53(17):1093-1098, Sep 2019.

Abdullah Assiri, Jaffar A Al-Tawfiq, Abdullah A Al-Rabeeah, Fahad A Al-
Rabiah, Sami Al-Hajjar, Ali Al-Barrak, Hesham Flemban, Wafa N Al-Nassir,
Hanan H Balkhy, Rafat F Al-Hakeem, Hatem Q Makhdoom, Alimuddin I
Zumla, and Ziad A Memish. Epidemiological, demographic, and clinical char-
acteristics of 47 cases of Middle East respiratory syndrome coronavirus disease
from Saudi Arabia: a descriptive study. Lancet Infect Dis, 13(9):752-61, Sep
2013.

Victor Virlogeux, Minah Park, Joseph T Wu, and Benjamin J Cowling. Asso-
ciation between severity of MERS-CoV infection and incubation period. Emerg

Infect Dis, 22(3):526-8, Mar 2016.

Roy M Anderson, Christophe Fraser, Azra C Ghani, Christl A Donnelly, Steven
Riley, Neil M Ferguson, Gabriel M Leung, Tai H Lam, and Anthony J Hedley.

126



REFERENCES

104]

[105]

106]

107]

108

109

[110]

[111]

Epidemiology, transmission dynamics and control of sars: the 2002-2003 epi-
demic. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences, 359(1447):1091-1105, 2004.

J M Sendra-Gutiérrez, D Martin-Rios, I Casas, P Sdez, A Tovar, and C Moreno.
An outbreak of adenovirus type 8 keratoconjunctivitis in a nursing home in

Madrid. Euro Surveill, 9(3):27-30, Mar 2004.

D R Feikin, J F Moroney, D F Talkington, W L Thacker, J E Code, L. A
Schwartz, D D Erdman, J C Butler, and M S Cetron. An outbreak of acute
respiratory disease caused by Mycoplasma pneumoniae and adenovirus at a

federal service training academy: new implications from an old scenario. Clin

Infect Dis, 29(6):1545-50, Dec 1999.
S. Berger. Infectious Diseases of Bhutan. O’Reilly Media, Inc., 2010.

Robert R Tanz. Sore throat. In R.M. Kliegman, P.S. Lye, B.J. Bordini, H. Toth,
and D. Basel, editors, Nelson Pediatric Symptom-Based Diagnosis E-Book.
Elsevier Health Sciences, 2017.

C Robinson and M Echavarria. Adenoviruses. In PR Murray, EJ Baron, JH Jor-
gensen, ML Landry, and MA Pfaller, editors, Manual of clinical microbiology,
page 1589. Washington, DC, 9th edition, 2007.

Benjamin J Cowling, Vicky J Fang, Steven Riley, J S Malik Peiris, and
Gabriel M Leung. Estimation of the serial interval of influenza. Epidemiology,

20(3):344-7, May 2009.

C B Hall, C E Long, and K C Schnabel. Respiratory syncytial virus infections
in previously healthy working adults. Clin Infect Dis, 33(6):792—6, Sep 2001.

A Weber, M Weber, and P Milligan. Modeling epidemics caused by respiratory
syncytial virus (RSV). Math Biosci, 172(2):95-113, Aug 2001.

127



REFERENCES

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

CDC. Rsv transmission. https://www.cdc.gov/rsv/about/transmission.

html.

K G Nicholson, J Kent, V Hammersley, and E Cancio. Risk factors for lower
respiratory complications of rhinovirus infections in elderly people living in the

community: prospective cohort study. BMJ, 313(7065):1119-23, Nov 1996.

E Arruda, A Pitkdranta, T J Witek, Jr, C A Doyle, and F G Hayden. Frequency
and natural history of rhinovirus infections in adults during autumn. J Clin

Microbiol, 35(11):2864-8, Nov 1997.

R G Douglas, Jr, T R Cate, P J Gerone, and R B Couch. Quantitative
rhinovirus shedding patterns in volunteers. Am Rev Respir Dis, 94(2):159-67,
Aug 1966.

Marie Louise Landry. Rhinoviruses. In PR Murray, EJ Baron, JH Jorgensen,
ML Landry, and MA Pfaller, editors, Manual of clinical microbiology, page
1405. Washington, DC, 9th edition, 2007.

Laurent Kaiser, Nicolas Regamey, Hanna Roiha, Christelle Deffernez, and Urs
Frey. Human coronavirus NL63 associated with lower respiratory tract symp-

toms in early life. Pediatr Infect Dis J, 24(11):1015-7, Nov 2005.

Susan S Chiu, Kwok Hung Chan, Ka Wing Chu, See Wai Kwan, Yi Guan, Leo
Lit Man Poon, and J S M Peiris. Human coronavirus NL63 infection and other

coronavirus infections in children hospitalized with acute respiratory disease in

Hong Kong, China. Clin Infect Dis, 40(12):1721-9, Jun 2005.

J Y Hong, H J Lee, P A Piedra, E H Choi, K H Park, Y Y Koh, and W S
Kim. Lower respiratory tract infections due to adenovirus in hospitalized Ko-
rean children: epidemiology, clinical features, and prognosis. Clin Infect Dis,

32(10):1423-9, May 2001.

128



REFERENCES

[120]

[121]

[122]

[123]

[124]

[125]

[126]

H W Kim, C D Brandt, J O Arrobio, B Murphy, R M Chanock, and R H
Parrott. Influenza A and B virus infection in infants and young children during

the years 1957-1976. Am J Epidemiol, 109(4):464-79, Apr 1979.

Anca Draganescu, Oana Sandulescu, Dragos Florea, Ovidiu Vlaicu, Anca
Streinu-Cercel, Dan Otelea, Victoria Arama, Monica Luminita Luminos,
Adrian Streinu-Cercel, Maria Nitescu, Alina Ivanciuc, Rodica Bacruban, and
Daniela Pitigoi. The influenza season 2016/17 in Bucharest, Romania - surveil-
lance data and clinical characteristics of patients with influenza-like illness ad-
mitted to a tertiary infectious diseases hospital. Braz J Infect Dis, 22(5):377—
386, 2018.

Shobha Broor, Fatimah S Dawood, Bharti G Pandey, Siddhartha Saha, Vivek
Gupta, Anand Krishnan, Sanjay Rai, Pratibha Singh, Dean Erdman, and
Renu B Lal. Rates of respiratory virus-associated hospitalization in children

aged <5 years in rural northern India. J Infect, 68(3):281-9, Mar 2014.

T S Howard, LL H Hoffman, P E Stang, and E A Simoes. Respiratory syncytial
virus pneumonia in the hospital setting: length of stay, charges, and mortality.

J Pediatr, 137(2):227-32, Aug 2000.

Brenda M Morrow, Mark Hatherill, Heidi E M Smuts, Jane Yeats, Richard
Pitcher, and Andrew C Argent. Clinical course of hospitalised children infected

with human metapneumovirus and respiratory syncytial virus. J Paediatr Child

Health, 42(4):174-8, Apr 2006.

D K Shay, R C Holman, R D Newman, L L. Liu, J W Stout, and L J Ander-
son. Bronchiolitis-associated hospitalizations among US children, 1980-1996.

JAMA, 282(15):1440-6, Oct 1999.

Susan S Chiu, Kwok-Hung Chan, Hong Chen, Betty W Young, Wilina Lim,
Wilfred Hing-Sang Wong, and J S Malik Peiris. Virologically confirmed

129



REFERENCES

[127]

[128]

[129]

[130]

[131]

population-based burden of hospitalization caused by respiratory syncytial
virus, adenovirus, and parainfluenza viruses in children in Hong Kong. Pe-

diatr Infect Dis J, 29(12):1088-92, Dec 2010.

Pui-Ying Iroh Tam, Lei Zhang, and Zohara Cohen. Clinical characteristics and
outcomes of human rhinovirus positivity in hospitalized children. Ann Thorac

Med, 13(4):230-236, 2018.

Marika K Iwane, Mila M Prill, Xiaoyan Lu, E Kathryn Miller, Kathryn M
Edwards, Caroline B Hall, Marie R Griffin, Mary A Staat, Larry J Anderson,
John V Williams, Geoffrey A Weinberg, Asad Ali, Peter G Szilagyi, Yuwei
Zhu, and Dean D Erdman. Human rhinovirus species associated with hos-

pitalizations for acute respiratory illness in young US children. J Infect Dis,

204(11):1702-10, Dec 2011.

Guy Boivin, Mariana Baz, Stéphanie Coté, Rodica Gilca, Céline Deffrasnes,
Eric Leblanc, Michel G Bergeron, Pierre Déry, and Gaston De Serres. Infec-
tions by human coronavirus-NL in hospitalized children. Pediatr Infect Dis J,

24(12):1045-8, Dec 2005.

Victor M Corman, Ali M Albarrak, Ali Senosi Omrani, Mohammed M Albar-
rak, Mohamed Elamin Farah, Malak Almasri, Doreen Muth, Andrea Sieberg,
Benjamin Meyer, Abdullah M Assiri, Tabea Binger, Katja Steinhagen, Erik
Lattwein, Jaffar Al-Tawfiq, Marcel A Miiller, Christian Drosten, and Ziad A
Memish. Viral shedding and antibody response in 37 patients with Middle East
Respiratory Syndrome Coronavirus infection. Clin Infect Dis, 62(4):477-483,
Feb 2016.

Nir Peled, Charles Nakar, Henri Huberman, Edna Scherf, Zmira Samra, Yaron

Finkelstein, Vered Hoffer, and Ben-Zion Garty. Adenovirus infection in hos-

130



REFERENCES

[132]

133

[134]

135

[136]

pitalized immunocompetent children. Clin Pediatr (Phila), 43(3):223-9, Apr
2004.

Marika K Iwane, Kathryn M Edwards, Peter G Szilagyi, Frances J Walker,
Marie R Griffin, Geoffrey A Weinberg, Charmaine Coulen, Katherine A
Poehling, Laura P Shone, Sharon Balter, Caroline B Hall, Dean D Erdman,
Karen Wooten, Benjamin Schwartz, and New Vaccine Surveillance Network.
Population-based surveillance for hospitalizations associated with respiratory

syncytial virus, influenza virus, and parainfluenza viruses among young chil-

dren. Pediatrics, 113(6):1758-64, Jun 2004.

Alexander J Millman, Carrie Reed, Pam Daily Kirley, Deborah Aragon, James
Meek, Monica M Farley, Patricia Ryan, Jim Collins, Ruth Lynfield, Joan
Baumbach, Shelley Zansky, Nancy M Bennett, Brian Fowler, Ann Thomas,
Mary L Lindegren, Annette Atkinson, Lyn Finelli, and Sandra S Chaves. Im-
proving accuracy of influenza-associated hospitalization rate estimates. Emerg

Infect Dis, 21(9):1595-601, Sep 2015.

Li Wei Ang, Cindy Lim, Vernon Jian Ming Lee, Stefan Ma, Wei Wei Tiong,
Peng Lim Ooi, Raymond Tzer Pin Lin, Lyn James, and Jeffery Cutter.
Influenza-associated hospitalizations, Singapore, 2004-2008 and 2010-2012.
Emerg Infect Dis, 20(10):1652-60, Oct 2014.

Ann R Falsey, Edward E Walsh, Mark T Esser, Kathryn Shoemaker, Li Yu,
and M Pam Griffin. Respiratory syncytial virus-associated illness in adults

with advanced chronic obstructive pulmonary disease and/or congestive heart

failure. J Med Virol, 91(1):65-71, 01 2019.

John P Mullooly, Carolyn B Bridges, William W Thompson, Jufu Chen, Eric
Weintraub, Lisa A Jackson, Steve Black, David K Shay, and Vaccine Safety

131



REFERENCES

[137]

[138)]

[139]

[140]

[141]

[142]

[143]

Datalink Adult Working Group. Influenza- and RSV-associated hospitaliza-
tions among adults. Vaccine, 25(5):846-55, Jan 2007.

Luis F Avendano, Maria Angélica Palomino, and Carmen Larranaga. Surveil-
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.

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.

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.

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.

J Reina, C Loépez-Causapé, E Rojo-Molinero, and R Rubio.  Clinico-
epidemiological characteristics of acute respiratory infections caused by coron-

avirus OC43, NL63 and 229E. Rev Clin Esp, 214(9):499-504, Dec 2014.

M R Hilleman, R L Gauld, R L Butler, R A Stallones, C L Hedberg, M S
Warfield, and S A Anderson. Appraisal of occurrence of adenovirus-caused

respiratory illness in military populations. Am J Hyg, 66(1):29-41, Jul 1957.

W Paul Glezen, Ardath A Payne, Dorothy Nelson Snyder, and Tom D Downs.
Mortality and influenza. Journal of Infectious Diseases, 146(3):313-321, 1982.

132



REFERENCES

[144]

[145]

[146]

[147)

[148]

[149]

[150]

Cheryl Cohen, Sibongile Walaza, Florette K Treurnicht, Meredith McMorrow,
Shabir A Madhi, Johanna M McAnerney, and Stefano Tempia. In- and out-of-
hospital mortality associated with seasonal and pandemic influenza and respi-
ratory syncytial virus in South Africa, 2009-2013. Clin Infect Dis, 66(1):95-103,
01 2018.

Wiladimir J Alonso, Cécile Viboud, Lone Simonsen, Eduardo W Hirano, Lu-
ciane Z Daufenbach, and Mark A Miller. Seasonality of influenza in Brazil:
a traveling wave from the Amazon to the subtropics. Am J Epidemiol,

165(12):1434-42, Jun 2007.

Talia M Quandelacy, Cecile Viboud, Vivek Charu, Marc Lipsitch, and Edward
Goldstein. Age- and sex-related risk factors for influenza-associated mortality
in the United States between 1997-2007. Am J Epidemiol, 179(2):156-67, Jan
2014.

Nina I Mendez-Dominguez, Luis O Bobadilla-Rosado, Lizbeth S Fajardo-Ruiz,
Andrea Camara-Salazar, and Salvador Gomez-Carro. Influenza in Yucatan in
2018: Chronology, characteristics and outcomes of ambulatory and hospitalized

patients. Braz J Infect Dis, 23(5):358-362, 2019.

Robert C Welliver, Sr, Paul A Checchia, Jay H Bauman, Ancilla W Fernandes,
Parthiv J Mahadevia, and Caroline B Hall. Fatality rates in published reports

of RSV hospitalizations among high-risk and otherwise healthy children. Curr
Med Res Opin, 26(9):2175-81, Sep 2010.

M N Tsolia, D Kafetzis, K Danelatou, H Astral, K Kallergi, P Spyridis, and
Th E Karpathios. Epidemiology of respiratory syncytial virus bronchiolitis in
hospitalized infants in Greece. Eur J Epidemiol, 18(1):55-61, 2003.

Nelson Lee and Salman T Qureshi. Other viral pneumonias: coronavirus,

133



REFERENCES

[151]

[152]

[153]

154]

(155

[156]

[157]

respiratory syncytial virus, adenovirus, hantavirus. Crit Care Clin, 29(4):1045—

68, Oct 2013.

Alberto Fica, Jeannette Dabanch, Winston Andrade, Patricia Bustos, Ita Car-
vajal, Carolina Ceroni, Vjera Triantafilo, Marcelo Castro, and Rodrigo Fasce.

Clinical relevance of rhinovirus infections among adult hospitalized patients.

Braz J Infect Dis, 19(2):118-24, 2015.

Ann R Falsey, Edward E Walsh, and Frederick G Hayden. Rhinovirus and
coronavirus infection-associated hospitalizations among older adults. J Infect

Dis, 185(9):1338-41, May 2002.

Nour Ramadan and Houssam Shaib. Middle East respiratory syndrome coro-

navirus (MERS-CoV): A review. Germs, 9(1):35-42, Mar 2019.

Hyuk-Jun Chang. Estimation of basic reproduction number of the Middle East
respiratory syndrome coronavirus (MERS-CoV) during the outbreak in South
Korea, 2015. Biomed Eng Online, 16(1):79, Jun 2017.

A G Wesley, M Pather, and D Tait. Nosocomial adenovirus infection in a

paediatric respiratory unit. J Hosp Infect, 25(3):183-90, Nov 1993.

S I Gerber, D D Erdman, S L. Pur, P S Diaz, J Segreti, A E Kajon, R P
Belkengren, and R C Jones. Outbreak of adenovirus genome type 7d2 infection
in a pediatric chronic-care facility and tertiary-care hospital. Clin Infect Dis,

32(5):694-700, Mar 2001.

Carmen Larranaga, Jorge Martinez H, Angélica Palomino M, Ménica Pena C,
Flavio Carriéon A, and Luis Fidel Avendanio C. Molecular characterization
of hospital-acquired adenovirus infantile respiratory infection in Chile using

species-specific PCR assays. J Clin Virol, 39(3):175-81, Jul 2007.

134



REFERENCES

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Jae-Hoon Ko, Hyeong-Taek Woo, Hong Sang Oh, Song Mi Moon, Joon Young
Choi, Jeong Uk Lim, Donghoon Kim, Junsu Byun, Soon-Hwan Kwon, Daey-
oun Kang, Jung Yeon Heo, and Kyong Ran Peck. Ongoing outbreak of human
adenovirus-associated acute respiratory illness in the Republic of Korea mili-

tary, 2013 to 2018. Korean J Intern Med, Sep 2019.

J Wallinga and M Lipsitch. How generation intervals shape the relationship
between growth rates and reproductive numbers. Proc Biol Sci, 274(1609):599—
604, Feb 2007.

Birgitte Freiesleben de Blasio, Bjorn G Iversen, and Gianpaolo Scalia Tomba.
Effect of vaccines and antivirals during the major 2009 A(HIN1) pan-
demic wave in Norway—and the influence of vaccination timing. PLoS One,

7(1):e30018, 2012.

Chaninan Sonthichai, S Iamsirithaworn, Dat Cummings, P Shokekird, A Ni-
ramitsantipong, S Khumket, M Chittaganpitch, and J Lessler. Effectiveness
of non-pharmaceutical interventions in controlling an influenza A outbreak in
a school, Thailand, November 2007. Qutbreak Surveill Investig Rep, 4(2):611,
Dec 2011.

G Chowell, M A Miller, and C Viboud. Seasonal influenza in the United States,
France, and Australia: transmission and prospects for control. Epidemiol In-

fect, 136(6):852-64, Jun 2008.

Gerardo Chowell, Cécile Viboud, Lone Simonsen, Mark Miller, and Wladimir J
Alonso. The reproduction number of seasonal influenza epidemics in Brazil,

1996-2006. Proc Biol Sci, 277(1689):1857-66, Jun 2010.

Matthew Biggerstaff, Simon Cauchemez, Carrie Reed, Manoj Gambhir, and

Lyn Finelli. Estimates of the reproduction number for seasonal, pandemic,

135



REFERENCES

[165]

[166]

[167]

168]

[169]

[170]

171]

and zoonotic influenza: a systematic review of the literature. BMC Infect Dis,

14:480, Sep 2014.

Julia Reis and Jeffrey Shaman. Retrospective parameter estimation and fore-
cast of respiratory syncytial virus in the United States. PLoS Comput Biol,
12(10):e1005133, Oct 2016.

Jorge Xicoténcatl Velasco-Hernandez, Mayra Nunez-Loépez, Andreu Comas-
Garcia, Daniel Ernesto Noyola Cherpitel, and Marcos Capistran Ocampo. Su-
perinfection between influenza and RSV alternating patterns in San Luis Potosi

State, México. PLoS One, 10(3):e0115674, 2015.

Venkata R Duvvuri, Andrea Granados, Paul Rosenfeld, Justin Bahl, Alireza
Eshaghi, and Jonathan B Gubbay. Genetic diversity and evolutionary insights
of respiratory syncytial virus a ON1 genotype: global and local transmission

dynamics. Sci Rep, 5:14268, Sep 2015.

Virginia E Pitzer, Cécile Viboud, Wladimir J Alonso, Tanya Wilcox, C Jessica
Metcalf, Claudia A Steiner, Amber K Haynes, and Bryan T Grenfell. Environ-

mental drivers of the spatiotemporal dynamics of respiratory syncytial virus in

the United States. PLoS Pathog, 11(1):1004591, Jan 2015.

Julia Reis and Jeffrey Shaman. Simulation of four respiratory viruses and

inference of epidemiological parameters. Infect Dis Model, 3:23-34, 2018.

Nir Levy, Michael Iv, and Elad Yom-Tov. Modeling influenza-like illnesses
through composite compartmental models. Physica A: Statistical Mechanics

and its Applications, 494:288-293, 2018.

Erik J Scully, Sarmi Basnet, Richard W Wrangham, Martin N Muller, Emily
Otali, David Hyeroba, Kristine A Grindle, Tressa E Pappas, Melissa Emery
Thompson, Zarin Machanda, Kelly E Watters, Ann C Palmenberg, James E

136



REFERENCES

172]

[173]

[174]

[175]

[176]

Gern, and Tony L Goldberg. Lethal respiratory disease associated with human
rhinovirus C in wild chimpanzees, Uganda, 2013. Emerg Infect Dis, 24(2):267—
274, 02 2018.

Maimuna S Majumder, Caitlin Rivers, Eric Lofgren, and David Fisman. Es-
timation of MERS-Coronavirus reproductive number and case fatality rate for
the spring 2014 Saudi Arabia outbreak: Insights from publicly available data.
PLoS Curr, 6, Dec 2014.

Gabriel M Leung, Pui-Hong Chung, Thomas Tsang, Wilina Lim, Steve K K
Chan, Patsy Chau, Christi A Donnelly, Azra C Ghani, Christophe Fraser,
Steven Riley, Neil M Ferguson, Roy M Anderson, Yuk-lung Law, Tina Mok,
Tonny Ng, Alex Fu, Pak-Yin Leung, J S Malik Peiris, Tai-Hing Lam, and
Anthony J Hedley. SARS-CoV antibody prevalence in all Hong Kong patient
contacts. Emerg Infect Dis, 10(9):1653-6, Sep 2004.

Yunhwan Kim, Sunmi Lee, Chaeshin Chu, Seoyun Choe, Saeme Hong, and
Youngseo Shin. The characteristics of Middle Eastern Respiratory Syndrome
Coronavirus transmission dynamics in South Korea. Osong Public Health Res

Perspect, 7(1):49-55, Feb 2016.

Marc Lipsitch, Ted Cohen, Ben Cooper, James M Robins, Stefan Ma, Lyn
James, Gowri Gopalakrishna, Suok Kai Chew, Chorh Chuan Tan, Matthew H
Samore, David Fisman, and Megan Murray. Transmission dynamics and con-
trol of severe acute respiratory syndrome. Science, 300(5627):1966-70, Jun
2003.

Chris T Bauch, James O Lloyd-Smith, Megan P Coffee, and Alison P Galvani.
Dynamically modeling SARS and other newly emerging respiratory illnesses:

past, present, and future. Epidemiology, 16(6):791-801, Nov 2005.

137



REFERENCES

[177] Steven Riley, Christophe Fraser, Christl A Donnelly, Azra C Ghani, Laith J
Abu-Raddad, Anthony J Hedley, Gabriel M Leung, Lai-Ming Ho, Tai-Hing
Lam, Thuan Q Thach, Patsy Chau, King-Pan Chan, Su-Vui Lo, Pak-Yin Le-
ung, Thomas Tsang, William Ho, Koon-Hung Lee, Edith M C Lau, Neil M
Ferguson, and Roy M Anderson. Transmission dynamics of the etiological
agent of SARS in Hong Kong: impact of public health interventions. Science,
300(5627):1961-6, Jun 2003.

[178] Carolyn M Hendrickson and Michael A Matthay. Viral pathogens and acute
lung injury: investigations inspired by the sars epidemic and the 2009 hlnl

influenza pandemic. In Seminars in respiratory and critical care medicine,

volume 34, pages 475-486. Thieme Medical Publishers, 2013.

[179] Wei Zhen, Ryhana Manji, Elizabeth Smith, and Gregory J Berry. Comparison
of four molecular in vitro diagnostic assays for the detection of sars-cov-2 in

nasopharyngeal specimens. Journal of Clinical Microbiology, 2020.

[180] Na Zhu, Dingyu Zhang, Wenling Wang, Xingwang Li, Bo Yang, Jingdong
Song, Xiang Zhao, Baoying Huang, Weifeng Shi, Roujian Lu, et al. A novel
coronavirus from patients with pneumonia in china, 2019. New England Journal

of Medicine, 2020.

[181] CDC. Cdc confirms person-to-person spread of mnew coronavirus
in the united states. https://www.cdc.gov/media/releases/2020/

p0130-coronavirus-spread.html, Jan 2020.

[182] WHO. Who director-general’s opening remarks at the media briefing
on covid-19-march 2020. https://www.who.int/dg/speeches/detail/
who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---:

March 2020.

138



REFERENCES

[183]

[184]

[185]

[186]

[187]

[188)]

[189)]

Worldometer. Covid-19 coronavirus pandemic. https://www.worldometers.

info/coronavirus/, July 2020.

Los Alamos National Laboratory. Covid-19 confirmed and forecasted case data.

https://covid-19.bsvgateway.org/, July 2020.

New  Mexico Department of Health Press Release. New
mexico announces first presumptive positive covid-
19 cases. https://cv.nmhealth.org/2020/03/11/

new-mexico-announces-first-presumptive-positive-covid-19-cases/,

March 2020.

Michael Greenstone and Vishan Nigam. Does social distancing matter? Uni-
versity of Chicago, Becker Friedman Institute for Economics Working Paper,

(2020-26), 2020.

Neil Ferguson, Daniel Laydon, Gemma Nedjati Gilani, Natsuko Imai, Kylie
Ainslie, Marc Baguelin, Sangeeta Bhatia, Adhiratha Boonyasiri, ZULMA Cu-
cunuba Perez, Gina Cuomo-Dannenburg, et al. Report 9: Impact of non-
pharmaceutical interventions (npis) to reduce covid19 mortality and healthcare

demand. 2020.

Kevin Shaul Leslie Shapiro Bonnie Berkowitz Joe Fox, Brittany Renee Mayes.
Tests reported per 100,000 residents. https://www.washingtonpost.com/

graphics/2020/national/coronavirus-us-cases-deaths/, July 2020.

New Mexico Department of Health. Covid-19 in new mexico: Epidemiological
and modeling update. https://cvmodeling.nmhealth.org/wp-content/
uploads/sites/4/2020/07/WebCOVID-19EpiUpdate2020_07_07.pdf, July
2020.

139



REFERENCES

[190]

[191]

192]

193]

[194]

[195]

[196]

197]

198

[199]

Unacast. Social distancing scoreboard. https://www.unacast.com/covid19/

social-distancing-scoreboard#scoreboard, July 2020.

Matt J Keeling and Pejman Rohani. Modeling infectious diseases in humans

and animals. Princeton University Press, 2011.

Christopher JL. Murray, Alan D Lopez, Brian Chin, Dennis Feehan, and Ken-
neth H Hill. Estimation of potential global pandemic influenza mortality on the
basis of vital registry data from the 1918-20 pandemic: a quantitative analysis.

The Lancet, 368(9554):2211-2218, 2006.

Julien Arino, Fred Brauer, Pauline van den Driessche, James Watmough, and
Jianhong Wu. Simple models for containment of a pandemic. Journal of the

Royal Society Interface, 3(8):453-457, 2006.

Justin Lessler and Derek AT Cummings. Mechanistic models of infectious
disease and their impact on public health. American journal of epidemiology,

183(5):415-422, 2016,

Christina E Mills, James M Robins, and Marc Lipsitch. Transmissibility of
1918 pandemic influenza. Nature, 432(7019):904-906, 2004.

William O Kermack and Anderson G McKendrick. Contributions to the math-
ematical theory of epidemics—i. 1927., 1991.

WHO. Sars (severe acute respiratory syndrome). https://www.who.int/ith/

diseases/sars/en/, 2005.

WHO. Middle east respiratory syndrome coronavirus (mers-cov). https://

www.who.int/emergencies/mers-cov/en/, November 2019.

Marc Lipsitch, David L Swerdlow, and Lyn Finelli. Defining the epidemiology
of covid-19—studies needed. New England journal of medicine, 382(13):1194—
1196, 2020.

140



REFERENCES

[200]

[201]

202]

203]

204]

[205]

[206]

1207]

[208)]

Roy M Anderson and Robert M May. Infectious diseases of humans: dynamics

and control. Oxford university press, 1992.

Daniel B Larremore, Bryan Wilder, Evan Lester, Soraya Shehata, James M
Burke, James A Hay, Milind Tambe, Michael J Mina, and Roy Parker. Test
sensitivity is secondary to frequency and turnaround time for covid-19 surveil-

lance. medRxiv, 2020.

Centers for Disease Control and Prevention (CDC). Covid-19 pandemic
planning scenarios. https://www.cdc.gov/coronavirus/2019-ncov/hcp/

planning-scenarios.html, May 2020.

Marina Pollan, Beatriz Pérez-Gomez, Roberto Pastor-Barriuso, Jestis Oteo,
Miguel A Hernédn, Mayte Pérez-Olmeda, Jose L. Sanmartin, Aurora Fernandez-
Garcia, Israel Cruz, Nerea Fernandez de Larrea, et al. Prevalence of sars-cov-2
in spain (ene-covid): a nationwide, population-based seroepidemiological study.

The Lancet, 2020.

U.S. Census Bureau. United states census 2010. https://www.census.gov/

prod/cen2010/cph-2-1.pdf, September 2012.

Sara Y Del Valle, James M Hyman, Herbert W Hethcote, and Stephen G Eu-
bank. Mixing patterns between age groups in social networks. Social Networks,

29(4):539-554, 2007.

AC Hindmarsh and LR Petzold. Lsoda, ordinary differential equation solver
for stiff or non-stiff system. 2005.

R Core Team et al. R: A language and environment for statistical computing.

2013.

Yan-Rong Guo, Qing-Dong Cao, Zhong-Si Hong, Yuan-Yang Tan, Shou-Deng
Chen, Hong-Jun Jin, Kai-Sen Tan, De-Yun Wang, and Yan Yan. The ori-

141



REFERENCES

gin, transmission and clinical therapies on coronavirus disease 2019 (covid-19)

outbreak—an update on the status. Military Medical Research, 7(1):1-10, 2020.

142



