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ABSTRACT OF THE THESIS

Analyzing Longitudinal Isolates in the Age of Affordable Sequencing

by

Jonathan Eugene Pekar

Master of Science in Bioengineering

University of California San Diego, 2018

Professor Bernhard Ø. Palsson, Chair

Antimicrobial resistance (AMR) is becoming an increasingly important issue in health-

care, and a slowdown in discovery of new antibiotics necessitates an understanding of the devel-

opment of this resistance. While there are various methods with which to study drug resistance,

and various subtopics in this broad field, we have focused on understanding genetic mutations

within bacterial pathogens. Here, we analyzed longitudinal isolates of bacterial pathogens within

patients, as the patients are being treated with antibiotics. The first step in finding muta-

tions is creating a high-quality reference genome. Reference genomes are often made with solely

short-read DNA sequencing, but utilizing long-read DNA sequencing in tandem with short-read

x



sequencing can create a higher-quality genome. We employed long-read fragments to create a

scaffold with which we aligned the short reads more accurately. Using the relatively new Oxford

Nanopore MinION device, we began doing long-read sequencing in-house and found it to be an

effective substitute for the more expensive PacBio long-read sequencing. We have slowly been

developing a protocol for both wet and dry lab methods in acquiring and utilizing long-reads.

For our longitudinal isolates, we used Illumina sequencing on all the samples and MinION se-

quencing on the base, or first, sample of each set of isolates. After creating a reference genome

of the base strain, we compared short-read sequences from the subsequent isolates to the base

strain. Collectively, these tools and methods allowed us to develop a pipeline for determining ge-

netic mutations in longitudinal isolates of bacterial pathogens. This pipeline provides a starting

point for understanding the pathogens phenotype and the relationship between antibiotics and

bacterial evolution.
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Chapter 1

Introduction to Long-read

Sequencing

1.1 Importance of Genome Assembly

Genomics is a fundamental component in studying bacteria. The past decades have

brought forth various sequencing technologies and reduced cost in sequencing, to the point where

it is now commonplace and integral to science globally. In studying bacterial genomics, we

seek to understand various elements of the organisms: evolution, antibiotic resistance, metabolic

regulation, cellular signaling, etc. However, despite the rise of sequencing technologies and the

drop in sequencing costs, assembling a high-quality genome remains a difficult and monetarily

and computationally expensive task.

The reasons behind this are several-fold. Most obviously, genomes are magnitudes longer

than the DNA fragments being analyzed [5]. Correctly assembling a genome involves a variety

of computational tools and a high amount of computational resources, especially if one hopes to
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assemble genomes on a regular basis. The mathematics behind assembly revolves around creating

a de Bruijn sequence of the fragments, which arranges based on overlaps between fragments [6].

While the fine-tuned details of the math behind assembly is beyond the scope of this thesis, it

is simply important to note that the construction of a de Bruijn graph with DNA fragments can

be done with fragments of various sizes and accuracies.

1.2 Moving Toward Closed Genomes

Genomics is dominated by short-read sequencing, particularly utilizing Illumina sequenc-

ing technologies. While the reads are typically only 150-250 base pairs (bp), they are very

accurate and have a low cost per base [7]. However, these fragments are shorter than many of

the repetitive regions found in genomes, including bacterial genomes [8]. Due to the commonal-

ity of repetitive regions in bacterial genomics, the assemblies generated by short reads contain

may contiguous sequences, or contigs. For example, Bankevich et al. showed that with both a

single-cell and multi-cell samples of E. coli, for every assembler tested, at least 195 contigs were

created when assembling the genome [6], but they do not limit the ability to correctly order

small portions of the genome. Therefore, we fail to get a closed genome, which is one where

each chromosome is assembled as one sequence. For instance, we expect one chromosome for a

sequence of E. coli [9]. If our assembly has one contig representing the one chromosome, the

genome is closed; if there is more than one contig, it is not closed.

While a great deal of information and analysis can be done on assemblies that do not

provide a closed genome, closing the genome is important for downstream genome analysis. For

example, gaps in the genome, partly due to repetitive regions, can cause genes to be missing,

especially if coverage is not high. Multicopy genes can also be collapsed into a single gene
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sequence, causing both a loss of genetic diversity and gene presence in the assembly (Ekblom

and Wolf 2014). When only a fraction of the genes are available, the downstream analyses may

become biased. Furthermore, repeat regions can be subject to spontaneous mutation rates and

the loss and gain of repeats, such as with the spa gene (encoding the important virulence factor

Staphylococcus Protein A) in S. aureus, which has 24-bp repeats [10, 11]. Repeat regions are

important in understanding genetic regulation and antimicrobial resistance due to their place

in plasmids [12–15]. Order-based genomic analyses are more feasible with a closed genome as

well, allowing us to study gene regulation, operon structure, junction mutations, etc. more

thoroughly [16]. Thus, it is clear that these factors are all important in understanding genetic

mutations over time, and that tools that evaluate these mutations function better when the

genome is closed.

1.3 Long Read Sequencing Today

Long-read sequencing can be used to close genomes and thereby address missed repeat

regions and high contig counts. The long reads function as a scaffold for the short-reads and assist

in making a closed genome [1]. Pacific Biosciences (PacBio) and Oxford Nanopore Technologies

(ONT) are the main sequencing platforms for long-read sequencing, and the platforms can provide

reads of 5 kbp up to 20 kbp (and sometimes longer, but these are less common), and sometimes

longer [17–19]. Due to the length of the DNA fragments, the reads can span across entire

repeat regions, helping complete an assembly and reduce the number of contigs. Chin et al.

demonstrated how, for various organisms including E. coli, assemblers were able to consistently

produce fewer than 30 contigs, and often fewer than 10 contigs, when utilizing long reads [20].

However, long reads have a much higher per-base error rate than short reads (5-15% vs. <1%)
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Table 1.1: Comparisons between PacBio and ONT MinION technologies, adapted from Birla [4].
Instrument PacBio RS II PacBio Sequel ONT Minion

Average read length (kbp) 10 - 15 10 - 15 Up to 900 kb
Error rate (%) 10 - 15 10 - 15 5 - 15

Data output (Gb) 0.5 - 1 5 - 10 5 - 10
Read count ∼ 50,000 ∼ 500,000 Up to 1,000,000

Price ($) 700,000 350,000 1,000
Run price ($) 400 ∼ 850 500 - 1000

[20, 21]. While the accuracy is sufficient to produce an assembly, the assemblies utility for fine-

grained genomic analyses is diminished. We will discuss the necessity of both long reads and

short reads in Chapter 2, but first we will address the integration of long-read sequencing in the

Systems Biology Research Group (SBRG).

1.4 Oxford Nanotechnologies MinION Sequencer in the lab

The PacBio platform has been an industry standard for several years now, but it is

prohibitively expensive, as Illumina reads are substantially cheaper and are better suited for pro-

viding high accuracy [22]. While we have utilized this platform for a portion of our sequencing

(Chapter 3.1: E. coli C ), we have been seeking more affordable ways to implement these tech-

nologies in the SBRG (Table 1.1; note that the run price of the MinION is the cost of a flow cell

and the sequencing kit, flow cells can be reused 1-2x, decreasing the price). Fortunately, in 2012,

ONT released the MinION, a portable device for DNA and RNA sequencing [23]. The MinION

is able to produce read lengths within the range above, but also ultra reads, with lengths greater

than 100 kbp [24].

Furthermore the device can simply be plugged into a computer and used. Typically, DNA

is extracted from samples of interest, prepared for the platform being utilized, and then shipped

to a sequencing center. However, the MinION can be plugged directly into a computer and run in

real time. Once the samples are inserted and the device begins to work, the results are produced
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in roughly 48 hours.

The output files of the MinION sequencer are in a FAST5 format, which is in fact an

HDF5 data model [25]. This data model supports a variety of file types; our pipeline necessitates

the extraction of the FASTQ files from the FAST5 files. The MinION has multiple types of

basecalling (e.g., 1D, which utilizes information from only one strand, rather than two), and

the type of basecalling allows for different computational tools [26]. However, the Albacore tool

by ONT can work with each basecalling type and does not require specification, easing some

of the burden of the individual doing the computational work [27]. Albacore takes FAST5 files

and converts them into file types of interest (in our case, FASTQ) and demultiplexes samples if

barcoding was used. If barcoding was used, a barcode was attached to up to 12 samples per each

MinION sequencer, and when extracting the data, the files must be filtered by barcode, which

Albacore is able to do.

Upon extraction of FASTQ files (and demultiplexing as needed), we are able to analyze

the FASTQ files and use them for genome assembly. An initial analysis is critical, however,

to ensure that a sufficient average read length and number of reads. Those metrics are likely

sufficient, as our primary motive in this initial analysis is to determine coverage. The quality of

the reads is already low, relative to Illumina-sequenced short reads, but we do still need to ensure

enough coverage to provide the benefit of using long-reads to make the assembly. Assemblers are

unable to produce a quality assembly if there is not a high enough coverage with the reads. If

we find that the reads are too short (an average below 5 kbp) or the coverage is not high enough

(below 30-50x), wet lab protocols must be adjusted to improve the quality of the sequencing run.

5



Chapter 2

Using Long-read Sequencing for

Hybrid Assemblies

2.1 The Need for Hybrid Assembly

Long reads generated by MinIon technology have a much higher per-base error rate than

Illumina short reads (5-15% vs. <1%) [20, 21]. While the accuracy is sufficient to produce an

assembly (provided high enough coverage), the assemblies utility for fine-grained genomic analyses

is diminished; we cannot determine point mutations, frameshifts, etc. with high confidence

using these assemblies. Conversely, a short-read assembly can be better for picking up on point

mutations due to the high accuracy of the reads, but other problems are introduced. For example,

certain diseases, such as Huntingtons, are associated with short tandem repeats (STRs), and

knowing the number of these repeats is critical in diagnosis and analysis of the disease [28].

With a short-read assembly, there is difficulty determining the number of repeats and what

flanks a given region of the repeats [29]. In microbial genomics, antibiotic resistant genes and
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cassettes can be associated with STRs, so correctly integrating STRs in an assembly is critical

in understanding AMR [30].

Furthermore, despite the developments in long-read technologies, public health and re-

search laboratories primarily use Illumina sequencing due to their high accuracy and low cost [31].

Institutions will likely not utilize long-reads unless necessary to complete genomes of interest. As

short reads are already available for many bacterial isolates, they are unlikely to be sequenced

again with a long-read platform. However, much of the expense and inconvenience comes with

requiring enough coverage to generate a long-read assembly. If that is desired, PacBio will typ-

ically be the platform of choice, as the platform can ensure high depth and higher accuracy

than the ONT MinION [32]. A solution to this problem is to combine long-read and short-read

technologies into what has become known as a hybrid assembly [1].

2.2 Benefits of Hybrid Assembly

Hybrid assembly can achieve the benefits of both long-read and short-read assemblies: a

high-accuracy, low(er)-contig assembly. A hybrid assembly needs less long read depth compared

to a long-read assembly, because it utilizes both long and short reads [1]. To reduce the long-read

load, the hybrid assembly is completed using a short-read-first approach. The short-reads are

first assembled into an accurate assembly graph (a de Bruijn graph), and then the long-reads

are used as a scaffold to join the short-read-derived contigs together. A long-read-first approach

is feasible as well, where the long-reads are assembled first and then error-corrected by the

short reads. The latter approach requires a sufficient long-read depth to ensure that the initial

assembly can be created [1]; coverage less than 25x has led to failed or erroneous assemblies. As

Illumina sequencing is institutionally prevalent and would be supplemented by the long-reads,
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Table 2.1: Read and assembly metrics for the hybrid assembly case studies (Chapter 3).
Sample E. coli C S. aureus LAC

Instrument PacBio RS II ONT MinION
Long reads 147015 187,271

Long reads mean 7229.6 4285.9
Long reads coverage 195.4 286.5

Short reads 3161393 3182905
Short reads coverage 145.9 113.7

Contigs in short-read assembly 165 38
Contings in hybrid assembly 1 2

we recommend the short-read-first approach to reduce cost in acquiring the necessary data for

hybrid assembly.

The approach we suggest to minimize cost in attaining hybrid assemblies necessitates

the ONT MinION. With low entry cost and low subsequent sequencing cost per sample, it can

be utilized instead of the PacBio platform. However, learning and developing effective sample

preparation protocols can be time-consuming and costly. Despite these initial issues, even the

first sequenced samples have been effective in helping improve assemblies. While we strive for

producing an average read length of 8-12 kb, we have been initially getting an average read length

of 5-7 kb. However, we were still able to get high coverage because the MinION can generate

many reads and then create low-contig assemblies. Therefore, we believe the cost and labor put

into learning how to use the MinION are worthwhile.

2.3 Hybrid Assembly Protocol/Pipeline

We have assembled all the necessary steps for hybrid assembly with quality control and

quality assurance into a detailed pipeline (Fig. 2.1). In step 1, we check to ensure the short reads

and long reads are of sufficient quality and coverage to create an assembly. For short-reads,

high-quality reads and high depth are critical and can be easily confirmed using FastQC. FastQC

provides a quality control (QC) report which can locate problems from both the sequencer and

8



FASTQ FASTA GBK

QC QC

ReassembleResequence

Look into resequencing and tool 
choices if reassembly does not 

work

Unicycler Prokka

Figure 2.1: General pipeline to create hybrid assemblies after acquisition of FASTQ files.

the starting library material [33]. FastQC is meant for short reads, so for long reads we follow

the protocol as above: determine the number of reads, average length, and coverage [34]. We

are primarily looking for sufficient coverage and length and are less concerned with the quality

of the reads. These reads will have lower quality than the short reads, but since they are being

used to create a scaffold for the short reads, the low quality is acceptable.

In step 2, after confirming the short read coverage is at least 50x, the long read coverage

is at least 15x, and the long read median length is at least 5-6 thousand bp, we utilize Unicycler

to create the hybrid assembly [1]. The tool begins with the process of short-read assembly, using

the St. Petersburg genome assembler (SPAdes), which sweeps through k-mer sizes to find an

optimal de Bruijn graph from the short reads with as few dead ends as possible (Fig. 2.2) [6].

SPAdes then determines the multiplicity on contigs using depth and graph connections and uses

repeat resolution (RR) in producing contigs from the assembly graph. Unicycler creates bridges
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from the graph by discriminating between the repeats and the single-copy contigs; if a path

contains two or more anchor contigs, Unicycler creates a bridge from the path. Next, the tool

relies on applying long reads to resolve the repeat regions and gaps in the short-read graph

bridges and graph in general. If multiple bridge paths exist, Unicycler chooses the best path

based on consistency with the long-read consensus sequence. The tool then ranks the bridges

and assigns them a quality score. The most supported bridges are used if there are multiple and

possibly contradictory bridges. When long reads allow for the creation of the appropriate bridge,

contigs can then be merged, creating even longer contigs. Lastly, the short reads are aligned to

the current assembly with Bowtie to find insertions and deletions (indels) and mismatches [35].

Pilon is then utilized to polish the draft assembly, including finding, fixing, and/or implementing

single base differences, indels, and gap filling [36]. Unicycler then outputs a FASTA file with the

assembly.

In step 3, we run QUality ASsessment Tool (QUAST) on the assembled genome file,

which computes various metrics of the assembly, and then in step 4, we annotate the genome

with Prokka [37,38]. The metrics showcase GC content, number of contigs, N50, etc., all of which

inform how successful the assembly was. While a single-contig assembly is ideal, an assembly

with fewer than five contigs has been sufficient for our purposes.

10



Figure 2.2: Main steps of the Unicycler pipeline adapted from Wick et al. [1].
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Chapter 3

Hybrid Assembly Case Studies

3.1 Escheria coli C

Escherichia coli C, an oft-used industrial strain, was originally isolated by Ferdinand

Hueppe from soured cow’s milk and described in his 1884 publication in German (Lange, Takors,

and Blombach 2017; Bruschi et al. 2012). The C strain was used extensively by Bertani and

collaborators in studies of phage P2 and by many others as a strain lacking a Type I restriction-

modification system (Wiman et al. 1970). The strain was originally termed NCTC 122 at the

National Collection of Type Cultures, London, where its entry states that it was deposited by the

Lister Institute, London, in 1920 as Escherichia coli (Bertani and Weigle 1953). It was recently

featured in a publication comparing seven commonly used E. coli platform strains and shown to

have high anaerobic growth rates and predicted to have high relative production potential for

propanol, butanol and 3-Hydroxypropanoate in anaerobic conditions (Monk et al. 2016). A draft

genome-sequence was deposited in NCBI in 2016, with accession number MNKV00000000 (Monk

et al. 2016). This assembly has 4,180 ambiguous base calls and chromosomal gaps ranging from

12



Table 3.1: Metrics of the reference and updated E. coli C assemblies.
Sequence Reference Updated
Contigs 165 1

Length (bp) 4538245 4164184
N50 (bp) 119166 4164184

CDSs 4205 4285
tRNAs 76 87
rRNA 8 8

GC content (%) 50.74 50.77
Ambiguous base calls 4180 0

45 to 125,000 bp with a mean gap size of 7,920 bp. While this genome has already been beneficial

in multi-strain reconstruction work (Monk et al. 2016), analyses reliant on a pristine and accurate

reference genome (e.g., single nucleotide polymorphism studies, analyzing repeat regions, etc.)

are hindered by ambiguities and gaps. We therefore sequenced this strain utilizing PacBio single-

molecule and Illumina short read sequencing and assembled the reads with Unicycler (version

0.4.2) (Wick et al. 2017). This produced an unambiguous genome sequence with no assembly

gaps and an updated genome annotation.

We obtained the E. coli C strain from DSMZ. This strain also goes by Sinshelmer C

(DSMZ 4860, ATCC 13706, NCIB 10544). Genomic DNA was prepared for PacBio and Illumina

sequencing. PacBio libraries were prepared according to standard library preparation using

Pacific Biosciences SMRTbell Template Preparation Reagent Kits. Libraries were size-selected

to ¿10 kb using a PippinHT (Sage Sciences) and then sequenced on a PacBio RS II sequencer at

the UCSD IGM Genomics in La Jolla, CA. Illumina libraries were generated using the TruSeq

DNA Sample Preparation Kit (Illumina Inc., USA). The libraries were sequenced using the

Illumina MiSeq platform with a paired-end protocol and read lengths of 150 nt.

The updated C genome consists solely of a 4,614,215 bp chromosome composed of one

contig, compared to a 4,538,245 bp chromosome in the previous C assembly composed of 165

contigs (Table 3.1, 3.1). This gapless assembly eliminates 4,180 ambiguous base calls compared to
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Figure 3.1: Contigs from 2016 E. coli C assembly mapped to updated assembly. Only showing
the contigs that are at least 10,000 bp long.

the previous assembly . The final assembled genome was annotated using Prokka (version 1.12)

(Seemann 2014). The updated genome has 4,284 annotated coding sequences (CDSs) compared

with 4,205 CDSs in the previous reference annotation mentioned above.

This whole-genome project has been deposited in GenBank under the accession no.

CP029371.
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Table 3.2: Metrics of the reference and updated S. aureus LAC assemblies.
Sequence Reference Updated
Contigs 38 2

Length (bp) 2872137 2878171
N50 (bp) 265782 2875046

CDSs 2983 2652
tRNAs 56 70
rRNA 11 4

GC content (%) 32.62 32.78
Ambiguous base calls 0 0

3.2 Staphylococcus aureus LAC

Staphylococcus aureus contains various subgroups, each with many sequenced strains.

Methicillin-resistant S. aureus (MRSA) represent a swath of S. aureus strains, and USA300 is a

subgroup that accounts for some of the MRSA strains. USA300 is a methicillin-resistant clone

that was isolated in September 2000, containing one circular chromosome and three plasmids.

This strain is a source of many community-associated infections in the United States, Canada,

and Europe. Many of its genes are clustered in novel allotypes of mobile genetic elements, and

these mobile genetic elements tend to encode resistance and virulence features that are sources

of the groups pathogenicity and fitness [39–41].

S. aureus Los Angeles County (LAC) is a clone used in many studies of USA300-0114,

which is a particular strain of the USA300 subgroup [39, 42]. MRSA strains have been found

to have between one and four plasmids [43]. The LAC strain is known to have two plasmids:

pLAC01 and pLAC03, of lengths 27-28 kbp and 3 kbp, respectively [44].

The S. aureus LAC genome was previously submitted by Galac et al. (2018), with

accession number NZ PQBH00000000. The 2018 assembly by Galac et al. has 38 contigs, 2,983

genes, and is 2,872,137 bp long (Table 3.2).

While the LAC genome and genomes of similar strains (e.g., TCH1516, JE2) have already

been useful in biofilm and phenotype screening work [42, 45], analyses reliant on an accurate
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Figure 3.2: Contigs from the 2018 Galac et al. assembly mapped to updated assembly. Only
showing the contigs that are at least 10,000 bp long.

reference genome with all its plasmids intact are hindered by the ambiguities and cured plasmid.

We therefore sequenced this strain utilizing ONT MinION single-molecule and Illumina short-

read sequencing and assembled the reads with Unicycler (version 0.4.2) [1]. This produced an

unambiguous genome sequence with two contigs, no assembly gaps, and an updated genome

annotation.

We obtained the S. aureus LAC strain from the Nizet group at UCSD, who has had it

in storage for over five years. Genomic DNA was prepared for MinION and Illumina sequenc-

ing. The genomic DNA was isolated using a Zymo Quick-DNA Fungal/Bacterial Kit (catalog

number D6007) and then sheared to 8 kb average size using a Covaris g-Tube (catalog number

520079). Libraries were prepared according to standard library preparation using ONTs Liga-

tion Sequencing Kit 1D and then sequenced using the ONT MinION sequencer at the SBRG in

La Jolla, CA. Illumina libraries were generated using the TruSeq DNA Sample Preparation Kit
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(Illumina Inc., USA). The libraries were sequenced using the Illumina MiSeq platform with a

paired-end protocol and read lengths of 150 nt.

The updated LAC genome consists of a 2,875,046 bp chromosome, compared to a

2,872,137 bp chromosome in the Galac et al. LAC assembly (Table 3.2, Fig. 3.2). Both of these

assemblies contain the pLAC01 plasmid and pLAC03 plasmids. The final assembled genome was

annotated using Prokka (version 1.12) [37]. The updated genome has 2,652 annotated coding

sequences (CDSs) compared with 2,712 CDSs in the Galac et al. reference sequence.
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Chapter 4

Longitudinal Isolates: Analyzing

Samples over Time

4.1 Utilizing the Hybrid Assembly

As bacteria become increasingly resistant to antibiotics, the risks surrounding chronic

infections increase. Whole genome sequencing has provided ways to investigate the AMR and

evolution of bacterial pathogens. Bacterial diversity and evolution has been considered limited

relative to viruses, when exposed to various treatments and host environments. However, recent

studies have showcased that short-term mutation rates of bacteria are of the order of 10̂-7 to 10̂-5

substitutions per site per year rather than the long-believed rates of 10̂-10 to 10̂-9 substitutions

per site per year [46–48]. While this is still lower than the evolution rates of RNA viruses (10̂-4

to 10̂-3), bacteria have larger genomes and therefore could experience evolutionary rates similar

to or higher than these viruses. As our understanding of within-host evolution and antibiotic

resistance improves, we increasingly need to utilize new means of tracking and analyzing bacterial
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evolution.

Due to these high mutation rates, more traditional methods of analyzing a genome, such

as multi-locus sequence typing (MLST), must be replaced with means of finer-grained analyses.

Whole-genome sequencing (WGS) allows for such studies and has already been utilized to better

understand bacterial evolution. If the reference genome is known, we can compare the sequenced

samples to it and search for differences. However, this methodology is limited in helping under-

stand the mutations between the pathogen in the host and the reference genome, rather than a

clearer understanding of mutations within the patient over time. As these mutations can occur

in various parts of the genome, including junctions, indels, and operons, having a closed genome

becomes important as well. Mutations in regions that are either under- or over-represented in

a genome that is not closed could also be under- or over-represented. The mutations and DNA

fragments generally would map better to a closed genome, where we are more confident about

the sequence and location of repeat regions, indels, etc.

4.2 Protocol/Pipeline

When analyzing longitudinal isolates, it is best to create a new reference genome from the

first sample in the sequence (Fig. 4.1.C). Therefore, rather than having to compare the samples

to each other and a foreign reference genome, one can limit the comparisons to samples from

the host. To create the reference genome, we utilize long- and short-read platforms (MinION

and Illumina, respectively) in order to acquire the DNA fragments needed to perform a hybrid

assembly (Fig. 4.1.A, Fig. 4.1.C).

The ONT MinION sequencer was used to acquire long read data for all of the base strains

of the longitudinal isolates (Table 4.1). While long read output was variable, in terms of both
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Table 4.1: Read and assembly metrics for the longitudinal isolate base strains.
Sample 96.0 96.2 D592 Sparrow1

Long reads (bp) 45435 505219 53345 76719
Long reads mean (bp) 5549.3 5254.8 6781.4 8969.3
Long reads coverage 90.0 948.2 129.2 244.0

Short reads (bp) 2632150 2040088 1918711 198573
Short reads coverage 94.9 73.6 68.5 10.6

Contigs in short-read assembly 36 44 34 246
Contigs in hybrid assembly 2 3 2 5

mean length and read count, we were able to consistently acquire coverage greater than 50x.

The hybrid assemblies were improvements over the short-read assemblies, decreasing the contig

count.

The remainder of the samples only require short-read sequencing. We align the short reads

to the reference genome and then undertake a comparative genome analysis, where we determine

which positions in the genome differ between the various samples (Fig. 4.1.D). Typically, some

of the differences are higher confidence than others, and so we trust that those differences are the

ones that should be analyzed first. However, this method does not merely find point mutations;

we are also able to find frame shifts, indels, and new junctions. To reiterate, this method requires

several steps: aligning the reads to the reference genome, identifying genetic variation between

the samples, and annotating these differences. We used breseq, a computational pipeline that

automates the listed steps and is designed primarily for haploid microbial-sized organisms (¡20

Mb) [49]. The output comes in several formats: an HTML format, a Genome Diff flat file format

that can be viewed with a text editor, and in community formats that can be used with various

genome viewers (e.g., the Integrative Genomics Viewer from the Broad Institute).

After breseq is run and the initial results are available, we examine the mutations present

among samples, where in the reference genome they occurred, etc. If certain regions are not

annotated or are of particular interest and necessitate more detail, we BLAST the region against

the NCBI database to see what matches occur.
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Figure 4.1: The general pipeline for a longitudinal analysis. A. Obtain short and long reads
of the first sample in the sequence (e.g., using Illumina and the MinION, respectively). B, C.
Build a de novo hybrid assembly of the first sample in the sequence (e.g., Unicycler). D. Align
the short reads of the subsequent samples to the base assembly (e.g., breseq).
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Chapter 5

Longitudinal Isolate Case Studies

5.1 Patient 96: Staphylococcus aureus

Our first case study is patient 96, a 50-to-60 year old male with a methicillin-resistant

Staphylococcus aureus (MRSA) infection. He had a dedicated central line for nutrition following

short gut 2/2 Crohns. He had multiple hospitalizations for recurrent and relapse bacteremias

over the past twenty years. The patient has had multiple outpatient parenteral antimicrobial

suppressive therapies, and he developed antibiotic tolerance during oxacillin, daptomycin, and

dalbavancin therapies.

We have eight samples from the patient, between the years of 2011 and 2017 (Table 5.1,

Fig. 5.1). The clinicians believed that during this time, the particular strain of MRSA changed.

We set out to determine the strains of MRSA present in the patient and how they evolved over

time.

Upon receiving the samples, we used the Illumina sequencing platform to acquire short

read data for each of them. In addition, we utilized the MinION sequencer to acquire long read
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Figure 5.1: Timeline of case study of MRSA bacteremia. All isolates were subject to analysis.

.

Table 5.1: Samples from patient 96 and their collection dates.
Sample Date collected

96.0 1/30/2011
96.1 3/8/2011
96.2 2/10/2012
96.3 1/14/2014
96.4 6/8/2014
96.5 1/8/2015
96.6 11/9/2015
96.7 12/3/2017

Table 5.2: Assembly metrics for three of the samples from patient 96.
Sample Type of assembly # contigs Total length N50 (bp) GC content (%)

96.0 Hybrid 2 2,820,784 2,796,131 32.96
96.2 Hybrid 3 2,763,882 2,736,680 32.76
96.7 Short-read 48 2,740,521 194,037 32.70

data for samples 96.0 and 96.2.

We used a bidirectional BLAST with the samples assembled genome files to determine

the similarity between the 8 samples. Using a percentage identify cutoff of 99, we BLASTed the

sequence of each of each sample against the sequences of the genes in sample 96.0 (Fig. 5.2).

Sample 96.0 had approximately 2600-2700 genes, and the gene content of sample 96.1 was very

similar, whereas the gene content of samples 96.2 thought 96.7 differed by at least 1000 genes,

suggesting that samples 96.0 and 96.1 were a different strain than the rest of the samples.

While samples 96.2 through 96.7 all had similar amounts of genes match to sample 96.0,

sample 96.7 was acquired approximately two years after sample 96.6 (Fig. 5.1). Due to this, we

decided to BLAST each sample against 96.2 to discover whether sample 96.7 might be a different
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Figure 5.2: Bidirectional BLAST of all the samples against sample 96.0.

strain and to uncover anything we might have missed with the previous bidirectional BLAST

(Fig. 5.3. This BLAST analysis showed that 96.7 appeared to lack 50-100 genes that samples

96.2 thought 96.6 have, suggesting that it could potentially be a different strain as well.

After being advised by the clinicians that the patient initially was infected with S. aureus

USA600 and then was infected/recolonized with S. aureus USA800, we confirmed that the first

two samples (96.0 - 96.1) are the same strain, the following five samples a different strain (96.2

- 96.6), and the last sample (96.7) a third strain. Upon BLASTing with NCBI, sample 96.0

best matches a USA600 isolated (strain AR466, accession number CP029080), sample 96.2 best

matches the USA800 isolate (strain ECT-R 2, accession number FR714927), and sample 96.7 is

a USA800 isolate as well, but it a MSSA isolate, rather than a MRSA one (S. aureus SA564,
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Figure 5.3: Bidirectional BLAST of all the samples against sample 96.2.

accession number CP010890).

We performed a hybrid assembly for samples 96.0 and 96.2, and a short-read assembly

for sample 96.7. The assembly for 96.0 has 2 contigs, an N50 of 2,796,131 bp, a total length of

2,820,784 bp, and a GC content of 32.96%. The assembly for 96.2 has 3 contigs, an N50 2,736,680

bp, a total length of 2,763,882 bp, and a GC content of 32.76%. The assembly for 96.7 has 48

contigs, an N50 of 194,037 bp, a total length of 2,740,521 bp, and a GC content of 32.70

Next, we wanted to study the longitudinal evolution of each specific strain. We started by

comparing 96.1 to 96.0 using breseq. We were only able to find one mutation with high confidence:

a coding mutation in dapE, a putative succinyl-diaminopimelate desuccinylase. There were more

mutations in S. aureus USA800, as there were more samples and the bacteria was present in the
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Figure 5.4: Subset of mutations in the 96.3 to 96.6 samples from the breseq results. All genes
that did not have mutations for each sample of 96.3 through 96.6 were included. Blue indicates
a mutation has occurred.

host for a greater period of time (Table 5.3). Many of these mutations were fixed by sample 96.5,

including ebhA (extracellular matrix-binding protein) and walK (sensor protein kinase) (Fig.

5.4). Ebh is a large protein with many repeats found in staphylococci, responsible for tolerance

to osmotic shock and binding sugars [50]. The walK gene codes for a sensory kinase, and point

mutations in the gene are known to be responsible for conferring vancomycin resistance [51].

Furthermore, mutations in the gene cause decreased expression of genes associated with cell wall

metabolism, a thickened cell wall, and decreased autolytic activity.

26



Table 5.3: Mutations from Figure 5.4, excluding the genes that only had a mutation in one
sample. All the mutations listed occurred in 2-3 samples from samples 96.3 to 96.6.
Mutation Annotation Gene Description

A→T intergenic ( –393/+40) prfB ← / ← secA 1 Peptide chain release factor 2/Protein translocase subunit SecA
C→T R243H (CGC→CAC) yheS ← putative ABC transporter ATPbinding protein YheS
T→G V136G (GTC→GGC) mhqA 1 → Putative ringcleaving dioxygenase MhqA
T→C intergenic (+15/+304) ebh 2 → / ← mtlD Extracellular matrixbinding protein ebh/Mannitol1phosphate 5dehydrogenase
A→G intergenic ( –273/ –135) hylB ← / → adhR Hyaluronate lyase/HTHtype transcriptional regulator AdhR
A→G S221P (TCC→CCC) walK ← Sensor protein kinase WalK
A→G K115E (AAA→GAA) comK → Competence transcription factor
A→T L109I (TTA→ATA) ftsW ← putative peptidoglycan glycosyltransferase FtsW
C→A intergenic ( –269/+23) mraY ← / ← pbpB PhosphoNacetylmuramoylpentapeptide transferase/Penicillinbinding protein 2B
G→T V2404L (GTG→TTG) ebhA.2 → Extracellular matrixbinding protein EbhA
G→A R1313H (CGT→CAT) ebhA.1 → Extracellular matrixbinding protein EbhA
C→T R552C (CGC→TGC) ebhA.0 → Extracellular matrixbinding protein EbhA
C→T T1124T (ACG→ACA) sdrE 2 ← Serineaspartate repeatcontaining protein E

5.2 D strains: Staphylococcus aureus

A 50-something male patient presented with fever, cough, and dysuria, and had a prior

history of diabetes mellitus, emphysema, tracheomalacia, hypothyroidism, idiopathic thrombo-

cytopenia, osteoporosis, and left foot osteomyelitis requiring below knee amputation [2]. He

experienced prolonged and persistent MRSA bacteremia, and after 21 days of positive S. aureus

USA100 blood cultures, he was placed on a combination therapy of daptomycin and nafcillin.

The bacteremia was then resolved within 48 hours. However, on day 28 of his hospitalization, he

was diagnosed with sacral osteomyelitis and was treated for nosocomial Pseudomonas aeruginosa

pneumonia.

The two samples extracted from the patient are from day 1 and day 21, and they are,

respectively, sample D592 and D712 (Fig. 5.5) [2]. We did short-read sequencing on both

samples, and used the MinION platform to get long reads from D592. We then performed a

hybrid assembly on D592 and used breseq to compare D712 to D592.

The D592 sample has 2 contigs, an N50 of 2,820,177 bp, a total length of 2,847,444 bp,

and a GC content of 32.85% (Table 5.4).

There were many mutations, with most on annotated proteins, and some of the annotated
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Figure 5.5: Timeline of case study of MRSA bacteremia. Isolate D592(daptomycin-susceptible)
and D712 (daptomycin-nonsusceptible) were subject to analysis in the original study and in this
thesis. Adapted from Sakoulas et al. (2013) [2].

Table 5.4: Assembly metrics for the D592 strain.
Sample Type of assembly # contigs Total length N50 (bp) GC content (%)
D592 Hybrid 2 2,847,444 2,820,177 32.85

Table 5.5: Mutations in strain D712 from the breseq results. Mutations selected were ones that
were not entirely hypothetical proteins.
Mutation Annotation Gene Description

C→T intergenic (+161/ –240) ydeN → / → KJJPFECL 00163 Putative hydrolase YdeN/tRNAMet
T→C I29I (ATT→ATC) srrB → Sensor protein SrrB
A→G L341S (TTA→TCA) mprF ← Phosphatidylglycerol lysyltransferase
G→A A588V (GCA→GTA) tkt ← Transketolase
T→A I334F (ATC→TTC) patA 2 ← Peptidoglycan Oacetyltransferase
G→A R24* (CGA→TGA) bceA 1 ← Bacitracin export ATPbinding protein BceA
C→T intergenic ( –165/+146) pth ← / ← rplY PeptidyltRNA hydrolase/50S ribosomal protein L25
T→C E341G (GAA→GGA) pflB ← Formate acetyltransferase
C→T A151V (GCT→GTT) ysdC 2 → Putative aminopeptidase YsdC
A→C D282A (GAT→GCT) yfmJ → Putative NADPdependent oxidoreductase YfmJ

mutations were of particular interest (Table 5.5). Mutations of interest included coding mutations

of srrB (sensor protein) and patA 2 (peptidoglycan O-acetyltransferase). The SrrB protein, coded

for by srrB, is acts in the global regulation of staphylococcal virulence factors, in response to

environmental oxygen levels [52,53]. Two-component regulatory systems affiliated with virulence

and antibiotic resistance have become targets of interest for antimicrobial therapy against Gram-

positive pathogens [54], showcasing that breseq can be used as a starting point for genetic, and

perhaps mechanistic, investigation.
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Figure 5.6: Timeline of case study of Enterococcus faecium. All nine isolates were subject to
analysis.

5.3 Sparrow: Enterococcus faecium

A patient of unknown age and sex presented with Enterococcus faecium infection, and

they were treated with daptomycin and oral linezolid. They were treated over the course of nine

days, and the infection was resolved after the ninth day. There were nine samples total: Sparrow1

through Sparrow9 (Fig. 5.6).

We performed short-read sequencing of all nine samples at a local UCSD sequencing

center, and then MinION long-read sequencing of Sparrow1 in our laboratory. We then performed

a hybrid assembly on Sparrow1 and ran breseq on the remainder of the samples, comparing them

to Sparrow1.

The Sparrow1 assembly has 5 contigs, an N50 of 2,870,749 bp, a total length of 3,157,023

bp, and a GC content of 37.77%.

The eight longitudinal isolates have numerous mutations, especially on hypothetical pro-

teins, over the short course of treatment, and some of the annotated mutations were of partic-

ular interest (Table 5.6, Fig. 5.7). Mutations of interest included coding mutations of pbpX 1

(penicillin-binding protein), glpQ 1 (glycerophosphodiester phosphodiesterase), sdrD (Serine-

aspartate repeat-containing protein D; a marginal prediction, but this is actually a silent muta-

tion, so the amino acid stays the same), and bca (C protein alpha-antigen). The pbpX genes

code for PBP2x proteins, which are responsible for binding to penicillin, and mutations in these
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Table 5.6: Assembly metrics for the base Sparrow strain.
Sample Type of assembly # contigs Total length N50 (bp) GC content (%)

Sparrow1 Hybrid 5 3,157,023 2,870,749 37.77

Figure 5.7: Subset of mutations of the E. faecium samples from the breseq results. All genes
that did not have mutations for each sample of samples 1 through 8 were included.

can cause them proteins to have low affinitiy for penicillin [55, 56]. Interestingly, pbpX is also

involved in a two-component transducing system, like srrB above [56]. The glpQ gene is involved

in fatty acid and phospholipid metabolism. The gene tends to be down-regulated in the presence

of certain bacteriocins, but its mechanism and exact role in resistance to bacteriocins has yet to

be determined [57]. The bca gene is a virulence determinant and confers protective immunity,

as well as immune system evasion, and while present in E. faecium, it is more commonly studied

in streptococci [58–61].

Despite the samples only spanning nine consecutive days, there are similar amounts of

mutations compared to the USA800 set of isolates from patient 96, which were collected over

several years. This is due to E. faecium being a much more volatile and easily mutated organism,

whereas MRSA has a lower mutation rate.
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Table 5.7: Mutations in the Sparrow2 to Sparrow9 samples from the breseq results. Mutations
were selected based on them being fixed or occurring in the later isolates, with a preference for
genes with known products.

Mutation Annotation Gene Description
A→C T539P (ACA→CCA) pbpX 1 → Penicillinbinding protein 2X

(T)5→6 intergenic (+132/+429) dtpT → / ← BEFABKIE 01284 Di/tripeptide transporter/hypothetical protein
A→G K335E (AAA→GAA) fhs1 → Formatetetrahydrofolate ligase 1

+45 bp intergenic ( –18/ –348) srlB ← / → BEFABKIE 01534 PTS system glucitol/sorbitolspecific EIIA
component/hypothetical protein

T→A E184V (GAA→GTA) BEFABKIE 01635 ← hypothetical protein
A→G H29R (CAT→CGT) glpQ 1.0 → Glycerophosphodiester phosphodiesterase
T→A L93H (CTT→CAT) glpQ 1.1 → Glycerophosphodiester phosphodiesterase
G→A N151N (AAC→AAT) prfA ← Peptide chain release factor 1
T→A K560* (AAA→TAA) relA ← GTP pyrophosphokinase

(A)5→6 intergenic (+6/+103) BEFABKIE 02583 → / ← lysS hypothetical protein/LysinetRNA ligase
T→C E775G (GAA→GGA) rpoC ← DNAdirected RNA polymerase subunit beta’

Table 5.8: Mutations in the Sparrow2 to Sparrow9 samples from the breseq marginal predictions.
Mutations were selected based on them being fixed or occurring in the later isolates, with a
preference for genes with known products.
Mutation Annotation Gene Description

A→G L745L (TTA→CTA) sdrD Serineaspartate repeatcontaining protein D
C→T intergenic ( –3310/+117) BEFABKIE 02580/BEFABKIE 02581 tRNAVal/tRNAAla
1 bp intergenic (+127/+434) dtpT/BEFABKIE 01284 Di/tripeptide transporter/hypothetical protein
C→T intergenic ( –521/+220) polC 1/exoA DNA polymerase III PolCtype/Exodeoxyribonuclease
C→T G776G (GGG→GGA) bca.0 C protein alphaantigen
C→T E901E (GAG→GAA) bca.1 C protein alphaantigen
C→T E1010E (GAG→GAA) bca.2 C protein alphaantigen
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Chapter 6

Scale and Scope: Analyzing

Longitudinal Isolates in the Clinic

The large-scale generation of genetic data holds the potential to increase our understand-

ing of microbial evolution and drug resistance. With the price of sequencing decreasing, more

versatile sequencers being created, and better computational tools with which to analyze data,

there are more opportunities and capabilities to analyze and circumvent antibiotic resistance.

The MinION serves as a starting point of fast and efficient sequencing; hybrid assemblies allow

for more accurate analyses of sequencing data; and longitudinal analyses of bacteria provides

insight into their evolution during infection of the host and treatment.

6.1 Putting together the Pipeline

The past two decades have seen a dramatic decrease in the price of sequencing, exceeding

even Moores law since 2007 (Figure 6.1) [3].With the advent of new technologies, sequencing
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Figure 6.1: Cost of sequencing between 2002 and 2013, adapted from Check Hayden [3].

organisms has become efficient and commonplace. Older genomic techniques, such such as multi-

locus sequence typing (MLST), pulsed-field gel electrophoresis (PFGE), variable-number tandem

repeats (VNTR), and multi-locus enzyme electrophoresis (MLEE) have low resolutions relative

to whole genome sequencing (WGS) and subsequent analysis techniques, such as variant calling

[62–64]. As such, WGS has also become the first step in screening for genetic mutations of

bacterial pathogens.

Short-read sequencing is already common in clinics and research facilities worldwide.

However, its limitations prevent more complete genetic analyses, and to get a larger picture of

the genetic landscape of an organism, long-read sequencing is necessary, whether through a third

party or in-house. If in-house and more immediate (and affordable) methods are desired, the

ONT MinION is a good solution due to its lower price point, ease of use (despite the learning

curve), and ability to generate large amounts of data.
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Regardless of which short- and long-sequencing platforms are used, once both data types

are acquired, they can be utilized to create a hybrid assembly. The assembly tends to have fewer

contigs than a short-read assembly, while still maintaining precision and accuracy due to the

short reads. The long reads enable the contigs to be better bridged together and help resolve the

location of repeat regions in the genome.

In analyzing longitudinal isolates from a patient, our goal was to develop a means to

understand how the bacteria was evolving in vivo, under the stress of treatment. To do so, we

first needed to short-read sequence all the samples. However, comparing to an external reference

strain can be problematic, as that strain is only a close match, and perhaps not indicative of the

current genomic state of the strain within the patient, even before treatment. However, by using

the first strain in a set of longitudinal samples, we can understand how the researched strain is

evolving over time. To best do this, we use a long-read sequencing platform for the base strain

in order to be able to make a hybrid assembly. After applying quality control to the assembly,

we compare the later samples against the base strain. Fortunately, computational tools such as

breseq exist, easing the burden on the bioinformatician to initiate an analysis. Breseq can find

point mutations, indels, junctions, etc., and it is made for a haploid microorganism [49].

However, this pipeline is simply the beginning of an analysis, rather than the end. Upon

finding mutations, both high- and low-confidence, the organism can be examined in various ways,

both computationally experimentally in a wet lab setting. This includes finding correlations

between mutation occurrence and drug treatment, modeling the organism computationally and

studying drug treatment and evolution of the organism in simpler settings, relative to in vivo.
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6.2 Longitudinal Isolates in the Future

As the amount of sequencing data increases, there will be more opportunities for analyzing

and understanding pathogens, both in and outside of hospitals. The increasing application of

WGS to the clinic has helped elucidate the genomic epidemiology of various organisms. We have

showcased a pipeline to aid understanding of short- and long-term within-host evolution. There

is growing evidence that short-term evolution is actually greater than long-term when in patients,

and can result in a more genomically diverse population [46,65,66]. Furthermore, WGS is able to

help track the spread of pathogens in complex healthcare pathways within one or more hospitals in

a particular region [67,68]. Whole genome sequencing has the potential to trace human-to-human

transmission as well, and it has already been useful in understanding intercontinental spread and

global geographic phenotypes [69, 70]. By researching pathogen evolution and spread from a

small scale (within-host evolution and human-to-human transmission) to a global scale, we can

better elucidate and track the emergence of new phenotypes, aiding in both immediate treatment

development and future prevention efforts [71]. Analyzing longitudinal isolates can move from

simply understanding evolutionary dynamics of a pathogen within a patient to understanding a

pathogen historically and as it spreads and even becomes what might be currently classified as

a different strain. Our pipeline can serve as an integral tool in these developments.

The MinION is already being applied more readily in research institutions, hospitals,

and even in space [72, 73]. With its low price point and efficiency of use, it has become more

widespread and has the potential for large-scale application. With large clinical and healthcare

burdens tied to antibiotic resistance and pathogenic evolution in general, and the rate of drug

development decreasing while the rate of important genes are found, urgent action is necessary

(Figure 6.2) [74,75].
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Figure 6.2: Workflow for moving from WGS to generating transmission networks.

These burdens are likely to increase over time, but fortunately, the cost to study pathogens

is likely to continue decreasing [76]. Using the MinION and WGS generally is one of the vari-

ous tools that can be utilized in combating the human-pathogen arms race. By tracking more

pathogens in more areas globally, we can move toward understanding the small- and large-scale

patterns of the pathogens. Implementing WGS, hybrid assembly, and longitudinal isolate anal-

ysis at a large scale is a costly, but reasonable, step in achieving these goals. Furthermore, as

the precise understanding of AMR burdens have various uncertainties, it is critical to carefully

model future scenarios [77]. Understanding the evolution of antibiotic resistant pathogens can

aid the development of population-based disease transmission surveillance networks (Figure 6.2).

The benefits and importance of affordable sequencing, hybrid assemblies, and longitu-

dinal isolate analyses are not limited to single-patient studies. While these studies are an im-

portant first step in implementing such techniques and pipelines, the long-term opportunities

for them lie in better prediction, treatment, and prevention of pathogens and pathogen spread.

By understanding the evolution and resistance patterns of organisms within-host, between-hosts,

geographically, and historically, better and more accurate action can be taken to tackle disease

burdens locally and globally.
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