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ABSTRACT
INFERENCE OF VIRAL STRAINS USING METAGENOMICS DATA
By
Jiao Chen

RNA Viruses, such as human immunodeficiency virus (HIV), influenza, and hepatitis C virus
(HCV), have great impact on human health. The high mutation rate of RNA viruses can produce
a population of different but closely related virus sequences called viral quasispecies. To develop
prevention and treatment strategies for viral pathogens, an essential and fundamental step is to
characterize their sequences and abundances at the strain-level for a viral quasispecies.

Advances in next-generation sequencing (NGS) technologies have opened up new opportuni-
ties to study viruses. Viral metagenomic data, which contains the genetic information for a bunch
of viruses in the same habitat, have become the major resource for characterizing RNA viruses.
Although there are many pipelines for analyzing viruses in metagenomic data, they usually lack
three functions. First, novel viruses or viruses that lack closely related reference genomes cannot
be detected with high sensitivity. Second, strain-level analysis is usually missing. Although there
are several assembly tools specifically designed for viral haplotypes, de novo assembly of virus
genomes is still a computationally challenge task due to the error-prone short reads, high similar-
ities between related strains, and unknown number or abundance of virus haplotypes. Third, it is
hard to estimate the number of haplotypes and their abundances in a quasispecies.

In this dissertation, we have developed a pipeline with three tools, TAR-VIR PEHaplo and
VirBin to address the challenges existing for viral metagenomic assembly and analysis. TAR-
VIR is a tool for classifying and enriching viral reads from metagenomic data without relying

on complete or high-quality reference genomes. It is optimized for identifying RNA viruses



from metagenomic data with an efficient Burrows-Wheeler Transform (BWT) based overlapping
method. TAR-VIR was tested on both simulated and real viral metagenomic datasets. The results
demonstrated TAR-VIR competes favorably with benchmarked tools. PEHaplo is a de novo hap-
lotype reconstruction tool, which employs paired-end reads to distinguish highly similar strains for
viral quasispecies data. It was applied on both simulated and real quasispecies data, and the results
were benchmarked against several recently published de novo haplotype reconstruction tools. The
comparison shows that PEHaplo outperforms the benchmarked tools in a comprehensive set of
metrics. With assembled viral contigs, VirBin focuses on estimating the number of haplotypes
and clustering the contigs to different haplotypes. VirBin firstly identifies windows from contigs
alignment profile to estimate haplotype number and better calculate the contig abundances. Then,
it applies an Expectation-Maximization method to cluster the contigs based on contig abundance
levels. The experimental results of VirBin on both simulated and real data sets show that the
window-based method can precisely estimate the haplotype number, and generate more accurate
abundance estimation for contigs that will eventually lead to superior clustering results. In addi-
tion, this dissertation also contains one chapter for the other work we have done for identifying
the primary transcription start sites for miRNA genes in Caenorhabditis elegans and mouse with

Cap-seq data.
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Chapter 1

Introduction

Many of most important human viral pathogens, such as human immunodeficiency virus (HIV),
hepatitis C virus (HCV), Severe Acute Respiratory Syndrome (SARS) coronavirus (SARS-CoV),
and HINT1 flu virus, are highly variable RNA viruses. They usually mutate quickly in infected cells
or organisms and exist as a collection of different but closely related viral genomes with dynamic
distribution, which is referred to as viral quasispecies [41, 3]. The quasispecies dynamics provides
RNA viruses with high adaptive potential to overcome internal or external selective constraints,
such as immune responses, antiviral agents, etc., making disease prevention and treatment difficult.
These viruses still claim the lives of millions each year despite centuries studies of the vaccine and
treatment [158, 140]. Thus, characterizing human viral pathogens, including recognizing novel
ones, remains crucial.

Development of next-generation sequencing (NGS) technologies sheds light on characterizing
the viral genomes and their abundances in environment. The deep sequencing data of microbial
communities (metagenomic data) contains the genetic information of the microbes living in the
same habitat and has become the primary source for virus discovery [165]. Viral metagenomic
data has significant advantages over traditional methods since it is unnecessary to isolate viral
species and cultivate them in the laboratory. Also, multiple pathogens, including new ones, can be
identified in a single assay. Currently, the most popular NGS strategies for metagenomics, such as
[llumina MiSeq and HiSeq, are cost-effective and with high-throughput. They can produce billions

of short, highly accurate 100-300 bp reads within a few days for large-scale microbiome research



projects [109].

While with these advantages, assembling microbial genomes and characterizing their compo-
sitions from metagenomic data meet with several computational challenges. The first challenge
is the sheer data size from high-throughput sequencing, which requires massive computational re-
sources for assembling and analyzing the microbes. The second one is the short read length, which
makes it difficult to resolve the repeated sequences within the same organism, or shared between
different organisms. Third, it is difficult to assemble the low abundance microbial genomes with
the heterogeneous coverages for distinct microbes. In addition to these well-known challenges,
reconstructing RNA viruses in metagenomics faces several unique obstacles. First, the references
of viruses are still very limited. Usually, only a small percentage of reads in metagenomic data can
be mapped to available viral genomes, either because the viruses are mutating quickly or are novel
ones. Characterizing RNA viruses without quality reference genomes is thus needed. Second, most
clinically important viruses are often fast mutating RNA viruses that can lead to viral populations
of high genetic diversity (quasispecies) [107]. As different genomes in the same viral population
can have different properties such as resistance to anti-viral drugs, distinguishing these different
but highly similar viral strains (haplotypes) is essential but computationally difficult. Third, there
are usually only small amounts of eukaryotic viruses in viral metagenomic data. Although filtra-
tion techniques and amplification methods may be applied to enrich RNA viruses, these strategies
may cause various types of biases. Thus, effective preprocessing methods are still important to
identify reads for the targeted viruses.

In this work, to tackle all these challenges for characterizing viral haplotypes and their abun-
dances from metagenomic data, we have proposed a pipeline with three tools to (1) enrich target
viruses’ reads with low-quality or partial reference sequences; (2) de novo assembly of the vi-

ral haplotypes from the enriched reads; (3) analyze haplotype abundances by binning assembled



contigs to different groups.
In the following part of this chapter, I will first give a brief introduction to the pipeline I have
developed during my Ph.D. study, and then introduce the necessary background for next-generation

sequencing and viral quasispecies theory.

1.1 Overview of the pipeline

As shown in Figure 1.1, there are three main components for this pipeline. In the first step, we
utilize an overlap-based extension method to isolate and enrich the reads for target viruses before
assembly. With the big scale of viral metagenomic data, there are usually a small proportion of viral
reads among them, with many contaminations from host genomes or phages. Directly assembling
viruses from the metagenomic data is difficult and time-consuming. Therefore, it is important to
isolate and enrich the viral reads we are interested in before assembly. This part is detailed in
Chapter 2. Second, we assemble the different viral haplotypes from the enriched viral reads with a
paired-end information incorporated overlap graph. The details for this part are in Chapter 3. Third,
with the assembled viral contigs, we use an Expectation-Maximization algorithm to estimate the
abundances of different viral haplotypes by clustering the assembled contigs to different groups,
where each group represents one haplotype. The details for this part are in Chapter 4. Finally, in
Chapter 5, I introduce the other work I have done for studying the transcriptional regulations of

miRNA genes with Cap-seq data.
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Figure 1.1: Pipeline overview. (1) TAR-VIR for enriching viral reads of interest from metagenomic
data. (2) PEHaplo for de novo assembly of viral haplotypes. (3) VirBin for binning assembled
contigs and estimate the haplotype abundances.



1.2 Next-generation sequencing

Though the automated Sanger sequencing technology has proved its power with a number of mon-
umental accomplishments, including the completion of the Human Genome Project (HGP), its
limitations showed a need for new and improved technologies for large-scale and low-cost se-
quencing [98]. As the automated Sanger method is considered to be the ’first-generation’ technol-
ogy, newer methods are referred to as next-generation sequencing (NGS). While NGS technologies
constitute various strategies and are quite diverse in sequencing biochemistry, their workflows are
conceptually similar. These methods have similar basic mechanisms and are classified as cyclic-
array sequencing, which can be summarized as the sequencing of a dense array of DNA features
by iterative cycles of enzymatic manipulation and imaging-based data collection[101]. The basic
protocol of NGS technologies includes template preparation, sequencing and imaging, and data
analysis. The major advance of NGS is the ability to produce large volume of data with low cost -
in some cases over one billion short reads per instrument run[98].

There are several commercially available technologies, including Roche/454, Illumina/Solexa,
Life/APG and Helicos BioSciences, etc. The unique combination of specific protocols distin-
guishes one technology from another and determines the type of data produced from each platform.
Here we will give a detailed introduction to Illumina/Solexa sequencing technology and analyze
the different computational techniques for dealing with the data.

The Illumina/Solexa sequencing technology is called sequencing by synthesis (SBS). There are

four basic steps for Illumina NGS workflows:
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Figure 1.2: Library preparation. Genomic DNA is fragmented and common adaptors are ligated to
both ends of them.

1.2.1 Library preparation

Before sequencing the DNA or cDNA sample, the long DNA sequences are first randomly bro-
ken into smaller sizes by sonication. These short DNA fragments produced cannot be sequenced
directly; adaptors are ligated to the 5* and 3’ ends of these DNA fragments from which either
fragment templates or mate-pair templates are created (Figure 1.2). Adapters are short oligonu-
cleotides which are attached to the DNA to be sequenced. An adapter can provide a priming site

for both amplification and sequencing. All the DNA templates are called a sequencing library.

1.2.2 Cluster Generation

While bases of a DNA sequence are detected by fluorescence, most imaging systems have not been
designed to detect single fluorescent events. Amplification of templates are required. Illumina

applies a method called solid-phase amplification [43]. High-density forward and reverse primers
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Figure 1.3: Solid-phase amplication. Each single-stranded, single-molecule template is captured

by primer and immobolize to the solid surface. Each bound template is amplified into a clonal
cluster through bridge amplication.

are covalently attached to a glass slide, and the ratio of the primers to the template defines the
surface density of the amplified clusters (Figure 1.3). The library is loaded into a flow cell where
fragments are captured by the primers. Each fragment is then amplified into distinct, clonal clusters
through bridge amplification. When cluster generation is complete, the free ends of templates can

be hybridized by a universal sequencing primer to initiate the NGS reaction.

1.2.3 Cyclic Reversible Termination (CRT) Sequencing

Clonal amplification results in a population of identical templates, each of which has undergone the
sequencing reaction. Upon imaging, the observed signal is a consensus of the nucleotides added
to the identical templates for a given cycle.

[llumina technology utilizes a proprietary reversible terminator-based method that detects sin-



gle bases as they are incorporated into DNA template strands. In the first step, a DNA polymerase
binds to the primed template and adds or incorporates just one fluorescently modified nucleotide,
which represents the complement of the template base. A reversible terminator is on every modi-
fied nucleotide to prevent multiple additions in one round. Following incorporation, the remaining
unincorporated nucleotides are washed away. Using the four-colour chemistry, each of the four
bases has a unique emission. After each round, imaging is used to determine the identity of the in-
corporated nucleotide. A cleavage step is followed to remove the terminating/inhibiting group and

the fluorescent dye. The next incorporation step will start after an additional washing (Figure 1.4).

1.2.4 Data analysis

After NGS reads have been generated, they are aligned to a known reference sequence or assembled
de novo [149, 72, 70, 22, 83, 123]. The production of large numbers of low-cost reads makes the
NGS platforms useful for many applications. These include variant discovery by resequencing
targeted regions or whole genomes, such as detecting single nucleotide polymorphisms (SNPs) or
structural variants (SVs); cataloguing the transcriptomes of cells, tissues and organisms (RNA-seq)
[155]; genome-wide profiling of epigenetic marks and chromatin structure (ChIP-seq, MNase-seq,

etc.) [138, 113]; and species classification and/or gene discovery by metagenomics studies [120].

1.2.5 Paired-End Sequencing

Paired-end sequencing sequences both ends of long DNA fragments in a sequencing library and
aligning the forward and reverse reads as read pairs (Figure 1.5). In addition to producing twice
the number of reads for the same time and effort in library preparation, read pairs from two ends

of DNA fragments enable more accurate read alignment and the ability to overcome repetitive
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Figure 1.5: Paired-end sequencing enables both ends of the DNA fragment to be sequenced. The
distance between each paired reads is known and alignment algorithms can take advantage of to
map the reads over repetitive regions more precisely.

regions.

Aligning reads within repetitive regions or in corresponding regions that may not exist in the
reference genome is difficult. The repeats and gaps in the reference genome can also cause abnor-
mal extremely high peaks in the mapping profile, which may lead to false positives for downstream
functional analysis [25]. Paired-end reads can resolve the correct genome assignment for some

repetitive regions as long as one read in the pair is unique to the genome [98].

1.3 Virus quasispecies

A vast number of medically important viruses, including human immunodeficiency virus (HIV),
hepatitis C virus (HCV), and influenza, are RNA viruses. They replicate with extremely high mu-
tation rates and exhibit significant genetic diversity ,which allow them to rapidly adapt to dynamic
environments and evolve resistance to vaccines or antiviral drugs [75]. The RNA virus evolution
and dynamics can be modeled by quasispecies theory. A quasispecies is a cloud of diverse vari-

ants that are genetically linked through mutations, interact cooperatively on a functional level and
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collectively contribute to the characteristics of the population.

1.3.1 The quasispecies theory

Imagine a quasispecies with an infinitely large population of different strains, each carrying a
genome of length L. Let x; denotes the relative abundance/frequency of strains i. We have /' (x; =
1. The genomic structure of the population can be characterized by the vector X = (xq, X, ..., Xp).

Denote by f; the fitness of genome i, which means genomes of type i are being reproduced at
rate f;. The fitness landscape is given by the vector f = (fo,f1,---»fu). The average fitness of the
population is the inner product of the vectors X and f .0 =Xf.

Mistakes can happen when a genome replicates. We use mutation matrix Q = [g¢; ;| to denote
the probability that replication of genome i results in genome j. Q is a stochastic matrix, with
which each row is a probability and each row sums to one, Z;?:O gij = L.

The quasispecies equation is given by [107]

n
xi=Y xifiqji— 0x; (1.1)
Jj=0

where x/ is the differentiation of x; with respect to time. Sequence i is obtained by replicating
any sequence j at fitness rate f; times the probability that replication of sequence j generates
sequence i. To ensure that the total population size remains constant, that is Y7 (x} = 0, each
sequence is removed at rate ¢ (Proof: i ox; = Y1_ox;fiqji— @ Li_oXi = Xi0qjiXi—oXifi — ¢ =
Yi—oXifj—9¢=0).

If we combine the fitness landscape, f , and the mutation matrix, Q, we can obtain the mutation-

selection matrix,

W= [wji] = [fjq;i] (1.2)
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With the mutation-selection matrix, the quasispecies equation can be written in vector notation as

¥ =xW— % (1.3)

Therefore the equilibrium of quasispecies dynamics is given by

W = 0% (1.4)

This is a standard eigenvalue problem, where the average fitness ¢ is the largest eigenvalue of
the matrix W and X is the eigenvector associated with this eigenvalue. Thus, the eigenvector X*
of mutation-selection matrix W provides the equilibrium structure of the quasispecies, with the
proper normalization )7 ,x; = 1.

Error catastrophe
The quasispecies equation 1.1 describes the movement of a population through sequence space.
The quasispecies attempts to climb uphill in the mountain range of the fitness landscape and reach
local or global peaks (Figure 1.6). The error threshold plays a key role in the success of the
evolutionary walk.

When the mutation rate u is above the error threshold, the ability of the quasispecies to climb
uphill and to remain on top of a mountain peak is impaired [42, 13]. Small increases in muta-
tion rate will upset this balance as the master sequence itself disappears and meaningful genetic
information is lost in an avalanche of errors. Early studies with vesicular stomatitis virus (VSV)
showed that chemical mutagens generally reduced viral infectivity, and studies with poliovirus
demonstrated that mutagenic nucleoside analogs push viral populations to extinction - a 4-fold

increase in mutation rate resulted in a 95% reduction in viral titer [52, 153].
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on the fithess landscape
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Figure 1.6: Quasispecies adaption. Quasispecies tends to go uphills in high-dimensional fitness
landscape. The x-axis is the sequence space and the y-axis is the fitness. The higher they get, the
fitter they are.
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Chapter 2

TAR-VIR: TARgeted VIRal reads
classification and strain reconstruction from

metagenomic data

2.1 Background

Pathogenic human viruses such as human immunodeficiency virus (HIV), hepatitis C virus (HCV),
Severe Acute Respiratory Syndrome (SARS) coronavirus (SARS-CoV), and HINT flu virus, still
claim the lives of millions each year despite centuries studies of the vaccine and treatment [158,
140]. Thus, characterizing human viral pathogens, including recognizing novel ones, remains
crucial. The deep sequencing data of microbial communities (metagenomic data) contains the
genetic information of the microbes living in the same habitat and has become the primary source
for virus discovery [165]. For example, Li et al. [80] conducted comprehensive virus screening
in plasma samples of 19 antiretroviral-treated HIV patients using metagenomic sequencing. Lim
et al. [85] studied the dynamics of eukaryotic RNA and DNA viruses for the first year infants.
There are also global-scale studies on viruses in natural environmental samples such as ocean
water [102, 126]. Viral metagenomic data has significant advantages over traditional methods

since it is unnecessary to isolate viral species and cultivate them in the laboratory. Also, multiple
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pathogens, including new ones, can be identified in a single assay.

We are particularly interested in characterizing RNA viruses via metagenomic sequencing be-
cause many of them are clinically important and there are still urgent needs for better prevention
and treatment strategies. In addition to some well-known challenges for metagenomic assembly
such as sheer data size, short read length, and heterogeneous coverage, reconstructing RNA viruses
in metagenomics faces several unique obstacles. First, the references of viruses are still very lim-
ited. Usually, only a small percentage of reads in metagenomic data can be mapped to available
viral genomes, either because the viruses are mutating quickly or are novel ones. Characterizing
RNA viruses without quality reference genomes is thus needed. Second, most clinically important
viruses are often fast mutating RNA viruses that can lead to viral populations of high genetic di-
versity (quasispecies) [107]. As different genomes in the same viral population can have different
properties such as resistance to anti-viral drugs, distinguishing these different but highly similar
viral strains (haplotypes) is important but computationally difficult. Third, there are usually only
small amounts of eukaryotic viruses in viral metagenomic data. Although filtration techniques and
amplification methods may be applied to enrich RNA viruses, these strategies may cause various
types of biases. Thus, effective preprocessing methods are still important to identify reads for the
targeted viruses.

In this study, our goal is to develop a new pipeline that can classify RNA viral reads with high

sensitivity and also produce the assembled viral strains (i.e. haplotypes) from metagenomic data.

2.1.1 Related work

There exist some pipelines for conducting the composition and functional analysis of viral metage-
nomic data [99, 128, 105, 122]. Depending on the required inputs, existing programs can be

roughly divided into two groups.
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Some viral metagenomic analysis tools take metagenomic assemblies as input and conduct
reference-based taxonomic and functional analysis. For example, Espino et al. [112] identify viral
sequences from assembled metagenomic contigs of sizes greater than Skb. VirSorter [127] detects
viruses in assembled contigs at least 3kb. The viral sequences are usually screened by comparing
the contigs with a curated set of viral protein families.

Although virus detection using assembled contigs is usually more sensitive than using short
reads, conducting de novo assembly for raw viral metagenomic data requires massive computing
resources. Also, applying generic de novo assembly tools directly to metagenomic data can lead
to short or chimeric contigs due to the heterogeneous coverage along the genomes in metage-
nomic data and high similarity between strains. Therefore, most of the assembly methods for viral
metagenomics combine reference-based classification and de novo assembly. This strategy usu-
ally classifies reads into different taxonomies or functional groups using reference-based methods
and then conduct de novo assembly for reads within the same group. For example, VIP [84],
drVM [86], and VirusTAP [162] all apply this strategy. They classify/enrich viral reads by either
aligning reads to available viral references or removing host and other unrelated microbial reads.
Next, existing assembly tools such as SPAdes [8] are employed to the virus-like reads to produce
the final assembly results. While these tools made significant contributions in purifying the data by
removing non-virus reads and then classifying virus-like reads into functional/taxonomical groups,
their performance heavily depends on the quality of the references.

For RNA virus characterization, related tools also include haplotype reconstruction pipelines
designed to assemble viral strains in a quasispecies. A majority of these tools are reference-based
and take the alignments of reads against reference genomes as input. HaploClique [147], Vi-
Quas [59], VGA [95] all belong to this group.

In addition, there are generic assembly tools that apply extension strategies to iteratively extend
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the “seed” contigs. For example, PRICE [129] takes advantage of paired-end reads to iteratively
align reads on the initial contigs and extend them.

The limitation of reference genomes is the critical challenge of applying the above reference-
based tools for RNA viruses analysis in metagenomic data. While regarded as the most abundant
biological entities on earth, only a small portion of viruses have been sequenced and characterized.
Besides, for RNA viruses with high mutation rates, high-quality reference genomes of a viral
population are not always available. For example, many emerging viral diseases are caused by
zoonotic viruses, which originate in vertebrates but can infect humans. The genomes of some
emerging viruses may only share medium sequence identity with their peers in animals, creating

difficult circumstances for reference-based virus reads classification.

2.1.2 Overview of our work

Here we introduce TAR-VIR, which provides a useful addition to existing tools for identifying tar-
geted RNA viruses and their haplotypes in metagenomic data. The “targeted” viruses are those that
still possess local sequence similarity with their homologs in the reference genomes. A completely
new virus that does not share any conservation with any reference genome won’t be detected by
our method.

Our pipeline combines reference-based strategy and de novo assembly and is optimized for the
following applications. 1) Identifying host-switching viruses such as SARS-CoV using remotely
related viruses in other hosts as the references. 2) Reconstructing viral haplotypes that are diver-
gent from a known virus family. 3) Recovering viruses and their genomes that contain genes or
functional sites of interest to users. TAR-VIR is faster and more effective in identifying targeted
viruses than generic assembly, which is particularly important for large and complicated metage-

nomic datasets containing a small percentage of viruses. Meanwhile, TAR-VIR is more tolerant to
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incomplete or low-similarity references than existing reference-based tools.

We applied TAR-VIR to a simulated metagenomic data set containing five haplotypes of SARS-
CoV and a real human blood plasma metagenomic data set. The benchmarked results with both de
novo assembly tools and reference-based haplotype reconstruction tools demonstrated the utility

of TAR-VIR in recovering RNA viruses from metagenomic data with limited references.

2.2 Methods

Following a stand-alone error-correction step, our pipeline performs the following three steps.
First, we construct the set of “seed reads” by mapping the reads against provided reference se-
quences, which could be reference genomes in available databases or functional sites such as genes.
All the reads that can be mapped to the reference constitute the set of “seed reads”. Second, we re-
cruit reads that form significant overlaps with the seed reads. Newly recruited reads will be added
to the seed set. This process will iterate until no new reads can be recruited. Third, we conduct

strain-level assembly using the reads identified in the second step.

2.2.1 Two scenarios

The above pipeline is visualized for two scenarios in Figure 2.1. In scenario 1, users are trying to
detect viruses that contain a functional site, such as a gene. Unlike the well-studied gene-centric
assembly in metagenomic data, our goal is to recover the whole genome that contains a particular
gene. In this method, the gene is provided as a reference, and reads mapped to it are the seed reads.
Overlap detection is then applied to recruit more reads that belong to the same viruses as the seed
reads. The read recruitment process is presented in Figure 2.1(A).

In scenario 2, the goal is to identify viruses that lack quality reference genomes. This is partic-
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ularly important for host-switching viruses, which may not always conserve high sequence similar-
ity with their related peers in other hosts. For example, SARS-CoV shares about 80% of sequence
identity with the bat coronavirus according to BLAST [20]. And the identity is lower than 50%
at different loci. Thus, conventional read mapping methods cannot capture all reads from the tar-
geted viruses when they lack high similarity with the available references. Figure 2.1(B) presents
the process of identifying reads of the target virus with a remotely related virus as the reference.
Although the mapped reads are scattered along the reference genome with low coverage, sufficient

reads belonging to the target virus can be recruited through overlap detection.

I
[— B B
I

il

(B) aremote homolog

Figure 2.1: Two scenarios. (A). The reference is a gene or other functional site (long green bar).
The reads are represented by short lines. Short green lines can be mapped to the reference sequence
and define the set of seed reads. The first iteration of overlap detection will identify new reads (blue
lines) overlapping with the seed reads. The second iteration of overlap detection will identify more
reads (red lines). (B). The reference is a remotely related genome (long green bar). The seed reads
can be mapped to the reference genome and are represented by short green lines. Two iterations of
overlap detection will recruit new reads (blue lines and red lines, respectively).
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2.2.2 Validity of read recruitment using overlap detection

In this section, we will conduct careful analysis to examine whether using overlaps will be both
sensitive and accurate for classifying reads in the same quasispecies. In addition, we will use the
analysis to determine the appropriate overlap size.

An ideal read recruiting process should only capture the reads from the viruses of interest. At
the same time, it should capture all reads belonging to the targeted viral populations (i.e., qua-
sispecies). The success of the overlap extension-based read classification depends on the quality
of seed reads, sequencing depth of the targeted viruses, and sequence similarity between different
microbes. In particular, if many microbes share long common regions with the targeted viruses,
the overlap extension will recruit a large number of reads from unrelated species.

As any read that forms an overlap of size above a given threshold 7 with a seed read is recruited,
contamination, which refers to reads not sequenced from the targeted viral populations, can be
checked by examining whether genomes of different viruses share common regions with sizes
above 7. Therefore, we computed the sizes of longest common substrings (LCSs) between different
viruses. The LCSs between viruses and other microbial species were also examined. The details
for LCS calculation can be found in Supplementary Materials Section 1. The results are shown in
Supplementary Figure S1(A-C).

In summary, the sizes of LCSs between different viral genomes or between human viruses and
bacteria are usually smaller than 100 bp. LCSs longer than 100 bp are mostly between viruses
from the same genus or different genotypes of the same virus. For example, Vaccinia virus and
Variola virus share an LCS of 469 bp, and HCV genotype 7 and HCV genotype 5 share an LCS of
154 bp.

Meanwhile, it is also necessary to evaluate whether reads belonging to the same quasispecies
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can be recruited using overlap detection. As the characterized haplotypes for different RNA viruses
are very limited, instead of computing the LCS using available data, we estimated the LCSs within
a quasispecies using a probability model. With the mutation rate p at each base during virus
replication, the probability distribution of LCS length between two viral strains that are n gener-
ations apart can be calculated with dynamic programming [26]. As an example, the probability
distribution of LCS sizes between two HIV strains is shown in Supplementary Figure S1(D).

The result reveals that the LCSs between different haplotypes of the same viral population are
usually much longer than LCSs between different viruses or an Illumina read size. Thus, even with
the initial seed reads aligned to only one haplotype, the reads of other haplotypes can be recruited
through the long common regions shared by different haplotypes. The reads sequenced from the
common regions act like baits to recruit reads from different haplotypes.

The short LCSs between different viruses and the long LCSs between different haplotypes
within the same quasispecies enable high sensitivity and specificity of the read recruiting process.
By choosing a proper overlap threshold using the derived LCS size distribution, we are able to re-

cruit reads for the same viral quasispecies without introducing contamination from other microbes.

2.2.2.1 Sequencing errors

Without considering the sequencing errors, uneven sequencing coverage, and the virus recombi-
nation, the above analysis for viral quasispecies provides an upper bound of reads’ overlap sizes.
Sequencing errors will shorten overlaps between reads and may prevent recruiting all reads be-
longing to the same quasispecies. To recruit sufficient reads for assembly, we can construct either
approximate overlaps by allowing mismatches/gaps or exact overlaps on error-corrected reads.
Considering the risk of introducing contaminations by approximate overlap and extensive research

in error correction field, we chose to use stand-alone error correction tools paired with exact over-
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lap detection. Low sequencing depth will cause insufficient overlaps and thus affects the perfor-
mance of read recruitment. There is the possibility the low coverage regions of a genome cannot

be assembled.

2.2.2.2 Chimeric reads

One recent study revealed that chimeric reads, which contain sequences from more than one
species, can be generated in vitro during the preparation of high-throughput sequencing libraries
[114]. These chimeras may have overlaps with more than one species, thus introducing contamina-
tions from the host or unrelated microbes. In our experiments, we set the overlap threshold longer

than half of the read size to prevent recruiting these chimeric reads or extending from them.

2.2.3 Read recruiting

Let r; and r; be two reads. If there is a proper suffix of r; that is the prefix of r; or vice versa, r; and
rj form an overlap. In practice, we will also account for the overlaps formed by r; and r;-s reverse
complement. Naive algorithm for finding overlaps takes quadratic time and thus will not be able to
scale to large data sets. There are a few data structures and methods available for efficient overlap
detection [47, 142]. We apply the methods with BWT and FM-index [142] for efficient search. In
the first step, all reads are concatenated into a single sequence 7'[1..n] using $ as a delimiter, where
n is the number of reads in 7. Then, multi-key “quicksort” is applied to sort all the suffixes of T
for constructing a generalized suffix array SA(T') [121]. Then BWT(T) can be constructed using

the following equation, where BWT'[i] and SA[i] are abbreviated representations of BWT (T')[i] and
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SA(T)[i], respectively.

p— T[SAli]—1], if SA[i]>0 o

$, if SA[]=0

With T and BWT (T ), the backward search can be used to detect overlaps between a query read
and all other reads. After matching 7 (the overlap threshold) characters, we search for the delimiter
‘$’ to find the prefixes overlapping with the query’s suffix.

The backward search algorithm for BWT needs to use two auxiliary data structures built on
T and BWT. One data structure is an array C[1,...,|X|]. For each character c¢ in the alphabet X,
C|c| contains the total number of character in T that are alphabetically smaller than ¢ (including
repeating characters). The second data structure is a two-dimensional array Occ(c,i), where ¢ € £
and 1 <i <|T|. For the ith position in BWT, Occ[c|[i] is the number of occurrences of ¢ in prefix
BWT](1...i]. Examples of the SA, BWT, C, and Occ are provided in Figure ??. Note that in order
to main the correct ranking of the read IDs, the smallest suffix $ will be appended by the first read
in T for sorting. Thus, all the suffixes starting with $ are sorted by the reads following the $. In
addition, for any suffix starting with $, their read IDs are determined by the read following the $.

Once the BWT and the auxiliary data structures are constructed, backward search is conducted
for any query read, starting from the ending character. If some reads in T have a prefix match with
the query and the match size is above a given threshold, the backward search will return a range
containing those reads. Using the corresponding RID array, we can obtain their read IDs. Note
that bidirectional search algorithm exists [142]. In our work, we reverse the query in order to find
the overlap formed by the prefix of the query and suffix of a read in the constructed BWT. The
pseudocode of the backward search can be found in Algorithm 1. The input parameters are the

BWT, Occ, C, the query read r, the overlap threshold 7, and the read ID array RID. The outputs
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r, = AAAT r,=AATT T =AAATS AATTS,

SA(T) BWT(T) RID(T)
9 || S,(AAAT) T 1
4 || $,AATTS, PAAT T 2
0 || AAATS,AATTS, S, 1
1 || AATS,AATTS, A 1
5 || AATTS, MAT S, 2
2 || ATS,AATTS, 3 A 1
6 || ATTS, AMAT T 2
8 || TS, T 2
3 || TS,AATTS, AAAT A 1
7 || TTS, 1 A 2

Query: AAAT. Overlap threshold t =3

Figure 2.2: The visualization of the output of each step of the backward search for a query sequence
AAAT. The SA and the corresponding suffixes are grey because they are not actually used in the
search. The computed range for each iteration is highlighted using gray box encompassed by
arrows. When 7 is 3, the search should return r; as it forms an overlap of size 3 with AAAT.
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are reads whose prefix match the suffix of r with size > 7. An example of the backward search

following the pseudocode is provided in Figure 2.2.

Algorithm 1 Overlap detection using BWT’s backward search

Function: overlap((BWT(T),C(X),O0cc(X,BWT),r,t,RID(T))

Input: 7': input text; r: query read; C and Occ: the auxiliary structures; 7: the overlap threshold;
RID: read ID array

Output: Reads whose prefix match the suffix of r with size > 7

1o i< |r]
2: ¢ <« rli
3: start < Clc]+ 1
4: end + Clc+1] > character c+1 is the next character in alphabetically sorted alphabet
5: while start < end andi > 2 do
6: crli—1]
7: start <— Clc] + Occlc,start — 1]+ 1
8: end < Clc| 4+ Occ|c,end)|
9: i——
10: if |[r|—i> 7 then
11: start <— C['$'] + Occ['$' ,start — 1]+ 1
12: end < C['$']| + Occ['$, end]
13: if end > start then
14: output reads with IDs between RID[start| and RID[end)]
15: end if
16: end if

17: end while

2.2.3.1 Unique implementation strategies

Although there are available implementations of the BWT-based overlap detection, ours differs
from the existing ones in the following aspects. The first difference is the storage of the read ID
information. For a constructed BWT and a query, the output of the backward search is the set of
reads (i.e., their IDs) that form overlaps with the query. Theoretically, different reads can be dis-
tinguished by appending unique delimiters at the end of each read. Some existing implementations
save read IDs for each suffix. For example, SGA assembler [142] saves read ID information along

with the suffix starting position in the generalized suffix array SA(7) [142]. In our implementation,
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we use ‘$’ as the delimiter for all reads. The read ID array RID is created only for suffixes starting
with ‘$’. This works because the backward search algorithm needs to retrieve the read ID in the
final step, where the character to search is ‘$’. This modification significantly reduced the memory
usage by reducing the size of RID from |T| integers to n (number of reads) integers, where 7T is

roughly the product of n and the read size.

2.2.4 Iterative search

Overlap detection will be iteratively applied to recruit reads sequenced from targeted viruses. Let
Ry be the set of seed reads that can be mapped to given reference sequences (i.e., seed read set).
First, the BWT (T) for T is built. The seed reads in Ry are used as queries to the BWT (T'). Then
newly identified reads that overlap with the seed reads will be used as new queries to the BWT.

The iterations will continue until no new reads can be retrieved. Its pseudocode is described in 2.
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Algorithm 2 Default mode: create BWT for all reads
Input: seed read set Ry, the input text T, the overlap threshold 7

Output: Reads that are sequenced from the targeted viruses

1: output <— Ry

2: R+ Ry

3: Create BWT and RID for T: BWT(T), RID(T)

4: while R not empty do

5: Backward search on BWT (T) to find all reads that overlap with reads in R

6: Save them to set R

7: output <— output UR’
8: R+ R
9: end while

10: return output

2.2.4.1 Running time and memory usage

In the above pipeline, once the BWT is constructed, the suffix array will be deleted. The running
time of suffix array and BWT construction is linear to |T|. The memory usage of BWT is the
product of |T'| and the size of each character and thus is linear to |T'|. The memory usage of the
RID is the product of n and the size of saving a read ID.

When creating BWT for all reads becomes too expensive, our program supports distributed
construction of the BWT and FM-index for large input. Specifically, the program can automatically
partition input data into multiple smaller files. BWT is then constructed for each divided data set.
The read overlap detection can be run in parallel for each BWT. The identified reads are combined

and used as the query for the next iteration of read recruitment. In this case, the largest memory
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footprint is determined by the size of each divided read set. By default, the number of partitions is

five. This number can be modified by users.

2.2.5 Strain-level assembly

The final outputs of our program are assemblies of viral strains. All recruited reads will be used as
input to assembly programs. As our program has a modular structure, this step can be executed by
any assembly tool chosen by the users. By default, we include in the package our in-house devel-
oped tool PEHaplo [26] for viral haplotype reconstruction. PEHaplo does not require any reference
sequences and conducts strain-level assembly using paired-end reads. For the input paired-end
reads, PEHaplo constructs a paired-end overlap graph, which augmented standard overlap graphs
by adding edges connecting nodes that can form ends of read pairs. Then, a greedy path finding
algorithm is applied to search for the paths with the best supports from paired-end reads, where the
supports are quantified by the number of contained read pairs and also their distances. The detailed

algorithm and implementation of PEHaplo are described in Chapter 3.

2.3 Results and discussion

We have developed a modular structured tool named TAR-VIR for reconstructing viral haplotypes
from metagenomics data. The final outputs of this tool are assembled viral contigs corresponding
to different strains. We focus on evaluating the performance of the read recruiting stage and also
its impact on the final assembly.

Before presenting the results of TAR-VIR for different sets of input data, we first show the

results of the longest common substring (LCS) size computation for different microbes.
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2.3.1 Sizes of common regions between human viruses and other microbial
species

To evaluate the similarity between different microbes, we calculated the sizes of LCSs between
human viruses and other microbial genomes. As bacteria infect humans as well as viruses, the
sizes of LCSs between human viruses, human vs. non-human viruses, and human viruses vs.
bacteria were calculated. The virus reference genomes were downloaded from NCBI Viruses
(https://www.ncbi.nlm.nih.gov/genome/viruses/). To date (June 2018), there are in total 7,456
complete viral genomes, of which 481 have human as the natural host (denote as human viruses).
The human bacterial reference genomes were downloaded from Human Microbiome Project (HMP)
on NCBLI. In total, 2,314 bacterial reference genomes were downloaded.

As there 1s a large number of microbial species available, we conducted LCS search for avail-
able microbial genomes by constructing generalized suffix array and the corresponding longest
common prefix (LCP) array [50]. First, we build a generalized SA [121]. Then, the LCP array,
which contains LCPs between each two adjacent suffixes, can be calculated in linear time [61, 60].
By definition, the LCS for each two sequences is the maximum LCP between all pairs of suffixes
from the two sequences. The following lemma is employed in order to avoid checking all the
LCP values between two sequences. For the suffix starting at SA[i], the LCP between SA[i] and
SA[j] (j > i) is no less than the LCP between SA[i] and SA[k| if kK > j. With this property and a
user-defined LCS cutoff, the LCP calculation between SA[i] and all other suffixes after i can be
calculated in constant time. The overall time complexity is O(N).

The results of the LCS histograms are shown in Figure 2.3(A-C). One may also examine
whether the read recruitment process can incur contamination by using simulated or real sequenc-

ing data. However, the empirical studies using real data are limited to the viruses in the samples.
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Meanwhile, producing simulated sequencing data for all microbes is not practical. Using suffix-
array based LCS computation allows us to obtain a more comprehensive view of the common
regions between different microbes.

We also compared the sizes of the LCSs between different microbes with the ones within
a viral population. As the characterized haplotypes for different RNA viruses are very limited,
instead of computing the LCS using available data, we estimated the LCSs within a quasispecies
using a probability model and dynamic programming [26]. With the mutation rate of 3e-5 at each
base during virus replication, the probability distribution of LCS length between two HIV strains
that are n generations apart were calculated and the distribution of LCS probabilities is shown in

Figure 2.3(D).

2.3.2 Expl: reconstruct the SARS haplotypes using the bat coronavirus as

the reference

In this experiment, we mimic the scenario in which SARS-CoV [23] is an emerging virus infecting
humans. Our goal is to reconstruct the SARS-CoV haplotypes using other coronaviruses as refer-
ences. During the breakout of SARS, electron microscope image reveals the crown-like shape of
the infectious agent, providing hints to use coronaviruses as references.

To test this, we assume that the bat coronavirus (NC_014470.1) was sequenced and available

to use as a reference, although it was actually sequenced after the breakout of SARS.

2.3.2.1 Data properties and evaluation metrics

A viral metagenomic dataset containing Influenza (NC_002023.1), hepatitis C virus (HCV, NC_004102.1),

and 5 SARS-CoV haplotypes, was simulated. The SARS-CoV haplotypes were created from the
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Figure 2.3: Histogram of the LCS sizes between human viruses (A), between human viruses and
non-human viruses (B), and between human viruses and bacteria (C). The x-axis is the [og10 of the
LCS length. The y-axis is the number of pairs within the given range of LCS size. Only LCSs that
are longer than 10 bp are presented. (D) Probability distribution for LCSs between two simulated
HIV strains that are 50, 100, 200, and 500 generations apart. The x-axis is the length of LCS, with
a range from O to 10,000 bp. The y-axis is the corresponding probabilities for those LCS sizes.
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SARS-CoV reference (NC_004718.3) genome by mutating bases at randomly selected locations.
The sequence similarity between any two haplotypes is above 96%. The abundance of each hap-
lotype is calculated based on a power law equation [9]. The total sequencing depths for the 5
SARS-CoV haplotypes are 1000-x, with 438-x, 219-x, 146-x, 109-x, and 88-x for each haplotype,
respectively. The sequencing depths for Influenza and HBV are 700-x and 300-x, respectively. All
the data sets were simulated by ART-illumina [55] as error-containing MiSeq paired-end reads,
with the read length of 250 bp, the average insert size of 600 bp, and the standard deviation of
150 bp. In total, there are 173,703 simulated reads, of which 119,002 reads are from the five
SARS-CoV haplotypes.

With the available bat coronavirus as the reference, the simulated reads were aligned with both
Bowtie2 [71] and BWA [79]. We then applied the overlap extension component of TAR-VIR
to 1solate and enrich SARS-CoV reads, and assembled them with de novo assembly tools. Both
the read recruitment and the assembly performance were evaluated. For the simulated data, the
ground truth of the originating haplotype and position of each read is known. Thus read recruiting
performance can be evaluated using the reads’ positions and originating haplotypes. In summary,
we examine how many reads are correctly recruited for each haplotype and report the haplotype
coverage and depth.

The assembly performance was evaluated using the known genomes of the 5 SARS-CoV hap-
lotypes and MetaQuast [100]. Similar to other works, we quantified the assembly continuity,
completeness, and accuracy in terms of number of contigs, N50, genome coverage, and mismatch
rate. N50 is defined as the maximal length so that all contigs above this length contain at least 50%
of all the contig bases. Genome coverage is the percentage of the five haplotypes’ genomes being
aligned by at least one contig. Mismatch rate is the percentage of mismatches between the aligned

contigs and the references. In all cases, contigs of at least 500 bp are aligned to the viral refer-
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ence sequences for evaluation. The assembly results were also benchmarked with other popular

assembly tools SGA [142], SPAdes [8], and SAVAGE [6].

2.3.2.2 Performance of read recruitment

We applied both Bowtie and BWA in the read mapping stage. By adjusting the scoring function
related parameters, we constructed different sets of seed reads that can be aligned to the references
with different approximate match constraints. For each seed set, the recruited reads generated by
TAR-VIR are recorded. Table 2.1 compares the aligned and recruited reads for each SARS-CoV
haplotype. Besides approximate match rates, we also considered local and “glocal” alignment
mode, where the glocal mode requires the end-to-end alignment of the read against the reference.
Using local alignment mode for read mapping can usually produce a larger seed set. However, it is
possible that some of the locally aligned reads are not sequenced from the underlying haplotypes.
In Table 2.1, we used local alignment mode for BWA and glocal model for Bowtie. Thus, the seed
sets constructed by BWA is larger than Bowtie.

Even with the least stringent threshold, the aligned reads have lower genome coverage than
recruited reads, which is expected because SARS-CoV does not share genome-scale high similarity
with the bat coronavirus (Figure 2.4 (C)). In particular, with the parameter “-B 1", BWA can
align slightly more reads than what Bowtie2 can recruit with the parameter “L, 0, -0.9" ((52,688
vs. 52,377). The recruited reads (52,377), however, cover 20%-30% more genomes for the five
haplotypes. This indicates that alignment-based methods tend to identify reads sequenced from
highly similar regions between the target and the reference viruses, while the recruitment method
is more likely to obtain reads from the whole genome of the target viruses. Worth noting is all the
recruited reads are from SARS-CoV (no contamination from Influenza and HBV).

Figure 2.4(A) and Figure 2.4(B) compared the genome coverage of seed reads and recruited
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Table 2.1: Read recruitment results by using seed sets constructed with Bowtie2 and BWA. The
“Alignment” section contains results for aligned reads. The “Recruitment” section contains results
for recruited reads by TAR-VIR using the aligned reads. For each row, the aligned reads in “Align-
ment" section are the seed set for the recruited reads in “Recruitment” section. For Bowtie2, the
“—score-min” parameter was set to allow different alignment error rates corresponding to 5%, 10%,
15%, and 20%, respectively. For BWA, “-A” is fixed as its default value 1. “-B” was modified to
allow different error rate similar to Bowtie2. “Number” is the number of aligned or recruited reads.
“Depth” is the average sequencing coverage. “Coverage” is the percentage of genome covering by
at least one read. hl to h5 represent the five SARS-CoV haplotypes.

Bowtie2 Alignment
Number Depth Coverage
hl h2 h3 h4 hS hl h2 h3 h4 hS
L,0,-0.3 55 0.13 0.01 0.06 0.15 0.12|0.01 0.01 0.01 0.01 0.01
L,0,-0.6 925 36 15 09 09 09 007 0.06 005 0.07 0.08
L,0,-09 | 8,154 32 14 9 8 7 1031 031 027 027 03
L,0,-1.2 | 13,221 49 24 15 13 10 | 043 045 042 044 043
Recruitment
Number Depth Coverage
hl h2 h3 h4 hS hl h2 h3 h4 hS
L,0,-03 | 45504 182 89 59 41 11 1.0 10 10 1.0 0.37
L,0,-0.6 | 46,576 183 90 60 42 18 | 1.0 1.0 1.0 096 0.55
L,0,-09 | 52337 198 9% 63 46 37 | 1.0 1.0 1.0 098 099
L,0,-1.2 | 55485 182 89 59 41 39 1 1.0 10 1.0 1.0 099
BWA Alignment
Number Depth Coverage
hl h2 h3 h4 hS hl h2 h3 h4 hS
B:8 24585 89 46 28 20 18 | 04 037 033 031 034
B:4 41,564 152 78 50 37 32 |0.63 057 056 057 0.53
B:2 51,995 195 94 63 46 39 |0.79 0.78 0.77 0.70 0.74
B:1 52,688 199 94 64 47 39 | 081 0.78 0.80 0.71 0.76
Recruitment
Number Depth Coverage
hl h2 h3 h4 hS hl h2 h3 h4 hS
B:8 62,609 235 117 75 55 44 |10 1.0 10 1.0 099
B:4 72901 270 135 8 65 53 | 10 1.0 10 10 1.0
B:2 79,755 299 146 97 71 58 |10 10 10 10 1.0
B:1 78,540 294 143 9% 70 57 | 1.0 10 10 1.0 1.0

reads. Directly aligning the reads to the bat coronavirus covers only a small proportion of the whole

genome (Figure 2.4(A)), leading to incomplete assembly. Using these aligned reads as seeds, TAR-
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Figure 2.4: Enriching SARS-CoV reads using the bat coronavirus genome as the reference. (A)
and (B) show the aligned and recruited reads profile. The dataset was aligned by BWA with the
default parameter ("-B 4, -A 1"). BWA is chosen to include more locally aligned reads in (A). The
reads were recruited using the overlap cutoff of 150 bp. (C) displays the sequence identity between
SARS-Cov and the bat coronavirus. The profile was generated using VISTA [45].

VIR is able to recruit many more reads that nearly cover the whole genome of SARS-Cov, as shown
in Figure 2.4(B).

Table 2.1 also shows that the numbers of recruited reads do not heavily rely on the number of
the seed reads. Even when the seed set is small (e.g. the seed sets constructed using Bowtie2),
many new reads can be recruited during each iteration. After multiple iterations, the final set of
recruited reads can be significantly larger than the seed set, bounded by the sequencing depth of
the haplotypes. On the other hand, if the seed sets contain many reads from non-relevant species,
the final set of recruited reads could even include all the reads from the input, which makes the
read recruiting useless. Because of this, we prefer to construct the seed set using glocal mode to

ensure high quality.
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Recruited reads lead to better assembly performance

Both the aligned and recruited reads were assembled with de novo assembly tools. PEHaplo is
the default assembly component in TAR-VIR. As TAR-VIR has a modular structure, other de
novo assembly tools including SGA, SPAdes, and SAVAGE are also used to replace PEHaplo for
haplotye reconstruction. SPAdes was run with —meta option, which is same as metaSPAdes [108].
As the aligned reads cover at most 80% of the genomes even with the least stringent alignment
threshold, it is not proper to apply the conventional reference-based assembly methods for this
data set.

The complete de novo assembly results using both aligned and recruited reads are presented in
Supplementary Table S1. Part of the results are shown in Table 2.2 due to space limiation. For all
assembly tools, using recruited reads produces better results: longer contigs and higher genome
coverage. Significantly, this is not simply due to the increased number of reads. For example, as
shown in Table 2.2, the reads recruited by Bowtie2 with parameter “L, 0, -0.9” is less than BWA-
aligned reads when B is 1 (52,337 vs. 52,668). But the recruited reads produce contigs at least ten
times longer than the aligned reads, and twice higher in the genome coverage. By comparing the
assembly performance of all tested tools on the recruited reads, our assembly component PEHaplo
consistently has higher N50 and genome coverage than others. Overall, PEHaplo and SGA perform
better than the other two assembly tools.

PRICE applies extension-based strategies for contig assembly. Using the seed reads as initial
contigs, PRICE can be readily used to perform targeted viral assembly from metagenomic data.
Therefore, the results of TAR-VIR was also benchmarked with PRICE’s results, as shown in Ta-
ble 2.3. PRICE produced one long contig (similar N50 to ours) for the most abundant haplotype.

Thus, its genome coverage is only about 20%.
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Table 2.2: Assembly results on SARS-CoV aligned and recruited metagenomic data. The de-
fault assembly tool in TAR-VIR is PEHaplo. The definitions of the metrics can be found in Sec-

tion 2.3.2.1.
Aligned | Tool # Contigs N30 S()ei‘;‘;;ei% : f:t‘zr?;;)ch
TAR-VIR 58 505 19.7 0.02
Bowtie2 | SGA 56 505 20.1 0.03
L,0,-0.9 | SPAdes 34 569 12.9 0.16
SAVAGE 54 455 17.5 0.0
Recruited | Tool # Contigs N50 (C}gs(;:gs( %) ?:;ZT;:; h
TAR-VIR 7 29,676 98.9 0.0
Bowtie2 | SGA 13 26,729 98.9 0.0
L,0,-0.9 | SPAdes 14 15,882 92.1 0.51
SAVAGE 22 12,445 97.0 0.0
Aligned | Tool # Contigs  N50 Soevne‘;‘;ei% : i\:t‘;’r?%ch
TAR-VIR 84 1,192  55.1 0.0
BWA SGA 85 1,027  56.5 0.0
B:1 SPAdes 67 1,012 44.6 0.12
SAVAGE 68 669 32.3 0.0
Recruited | Tool # Contigs N50 gzgg:gs( %) i/l[tlzr(n;)t)c h
TAR-VIR 6 29,706 99.5 0.0
BWA SGA 18 12,638 99.5 0.0
B:1 SPAdes 21 10,353 89.2 0.39
SAVAGE 56 5,140 89.3 0.0

Table 2.3: Assembly results on SARS-CoV metagenomic data for TAR-VIR and PRICE.

Tool # Contigs NS50 Genomes Covered (%) Mismatch (%)
Bowtie2 | TAR-VIR 7 29,676 98.9 0.0
L,0,-0.9 | PRICE 1 29,749 20.0 1.7
BWA TAR-VIR 6 29,706 99.5 0.0
B:1 PRICE 1 29,750 20.0 1.66

2.3.3 Exp2:

characterizing hepatitis viruses from the human plasma data

In this experiment, TAR-VIR is tested on a real metagenomic data set, which was sequenced

from the plasma of 19 antiretroviral-treated HIV patients (SRR2083204) [80]. The samples were

pre-amplified by random RT-PCR amplification (RA) for both viral RNAs and DNAs and then
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sequenced by Illumina Miseq, producing about 23 million reads. All these samples contain low
levels of HIV because of the antiretroviral treatment. But it may contain other human pathogens.
In our study, we focused on identifying hepatitis viruses. Although our pipeline is designed to
tackle the challenges of characterizing RNA viral quasispecies, we also include in the references

DNA hepatitis viruses such as HBV.

2.3.3.1 Preprocessing

The raw data set contains reads that come from varied sources: human, bacteria, phages, etc.
The reads of the target viruses comprise less than 30% of the entire data set. Since the primary
focus is human viruses, removing those reads from the host (human), bacteria, and phages is ideal
before pathogen detection. Following canonical quality control and trimming, we used bamtagger
[124] to remove human reads, and Bowtie2 to remove reads from bacteria and phage by aligning
reads against their reference genomes. The remaining reads were corrected by error correction tool

Karect [2]. After preprocessing, 8,145,722 reads were left.

2.3.3.2 Recruited reads by TAR-VIR can improve the performance of de novo assembly

In the first step, we conducted read mapping to obtain the seed reads. Both BWA and Bowtie2
could be used. However, although BWA aligned more reads, many reads yielded only short local
alignments and are unlikely to be sequenced from the target viruses. Using these reads as seeds
tend to cause contamination during the read recruitment stage. For example, when BWA (“-B 8, -A
1") was used to generate the seed set, roughly 3.5 million reads were recruited, while a portion of
them can be aligned to other genomes (such as phages). Although BWA’s output can be processed
to remove local alignments, the seed set can be more reliably produced using Bowtie2’s output.

Therefore, Bowtie2 was chosen as the aligner for all real data experiments.
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We downloaded the reference genomes of HBV (NC_003977.2), multiple genotypes of HCV
(NC_009827.1, NC_009823.1, NC_009825.1, NC_030791.1, NC_004102.1, NC_009826.1, NC_009824.1),
and human pegivirus (HPgV, NC_001710.1) from the viral genome database of NCBI. The pre-
processed reads were then aligned to the references under mismatch rates of 5%, 10%, 15%, and
20%, respectively. These initially aligned reads were used as the seed read sets. Although there
are multiple genotypes for HCV, only genotype 1 has a decent amount of aligned reads. Other
genotypes have less than 50 reads mapped. Thus, to produce a reliable evaluation of the assembly
results, only the results of HCV genotype 1 were used. The numbers of reads before and after read
recruiting are shown in Table 2.4.

Table 2.4: Overlap extension results using different seed set Rg. ‘#° represents ‘number’. The

shaded regions in this table and Table 2.5 highlight the case where less recruited reads can produce
better assembly results than aligned reads only.

Align Seed Recruited | Align Seed Recruited
mismatch # # mismatch # #

5% 21,925 200,650 | 10% 67,973 222,065
15% 162,454 1 263,029 | 20% 294,448 340,705

As this is a real metagenomic data set without known ground truth of the viral haplotypes, the
evaluation metrics for read recruiting are different from the simulation data set. We cannot evaluate
whether every recruited read is correct because its originating location is unknown. Thus, instead
of evaluating the depth and genome coverage for each haplotype, we focus on evaluating whether
using recruited reads can improve the performance of genome assembly.

Therefore, both the aligned reads and the recruited reads from TAR-VIR were assembled by de
novo assembly tools, and the results were compared in Table 2.5. The assembly results demonstrate
that the reads recruited by TAR-VIR usually improve the assembly results by producing longer

contigs and higher genome coverage for its PEHaplo, SGA, and SPAdes. The improvement is not
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simply due to the increased number of reads after the recruitment stage. For example, according
to Table 2.4, by using 15% mismatch rate, the recruited reads are less than the aligned reads under
20% mismatch rate (263,029 vs. 294,448). However, the assembly results using the recruited
reads are better than or comparable to the results using the aligned reads for all the assembly tools.
Among the four assemblers used, PEHaplo of TAR-VIR and SPAdes produced good results with
large N50 and high genome coverage. SGA generated larger number of contigs with low N50
value. While we have tried the best parameters for SAVAGE with our empirical experience, its
results are not consistent with the other three tools. Better parameters may exist for SAVAGE to
produce better results. However, the long-running time and high memory usage of this tool made
continuing to tune the parameters difficult.

Table 2.5: Assembly evaluation results on aligned and recruited reads using the genomes of HBYV,

HCV, and HPgV as references. ‘cov.’ is the abbreviation for ‘coverage’. The default assembly
component in TAR-VIR is PEHaplo.

Bowtie2 aligned Bowtie2 Recruited
Align Tool Contig Genome | Contig Genome
# N30 cov. (%) | # N30 cov. (%)
TAR-VIR | 11 920 273 97 3,643 82.3
59, SGA 14 645  26.8 63 675 68.4
SPAdes 5 1,177 27.6 15 3,636 79.6
SAVAGE | 13 698  21.6 49 806 404
TAR-VIR | 61 794 674 31 2,635 84.0
10% SGA 26 663  56.4 72 706  69.5
SPAdes 15 1,251 65.4 19 3,373 793
SAVAGE | 30 631  40.6 32 915 265
TAR-VIR | 97 939  80.9 14 3,579 83.1
15% SGA 56 617  57.7 74 722 70.2
SPAdes 20 1,689 77.6 16 3,986 81.0
SAVAGE | 32 639 299 24 999  27.6
TAR-VIR | 38 1,852 84.5 77 5,678 86.4
20% SGA 78 661 59.5 374 537 645
SPAdes 23 2,710 83.8 10 4,830 84.6
SAVAGE | 19 671 19.1 15 823 55
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2.3.3.3 Comparison with reference-based and extension-based assembly methods

With the reference genomes available, reference-based tools can be applied for viral metagenomic
data analysis. Therefore, we also benchmarked TAR-VIR with reference-based haplotype recon-
struction tools including Haploclique [147], drVM [86], and ViQuas [59]. VirusTap [162] can also
conduct reads classification and then assembly. While we were planning to compare TAR-VIR
with VirusTap, a large data set could not be uploaded to the website-based VirusTap. In addition,
about 3,000 jobs were waiting at the website. Therefore, the results from VirusTap could not be
reported.

The reads aligned with the mismatch rate of 15% were used as input for Haploclique and
ViQuas. For drVM, the reference genomes were built from human viruses, and it ran on the
raw fastq files (with simple quality control and trimming) dumped from SRA file with default
parameters. The seed read set of TAR-VIR were also the reads mapped with 15% mismatch rate.

The assembly results are shown in Table 2.6.

Table 2.6: Assembly results comparison with reference- and extension-based methods.

Contig Genome Contig Genome
Tool 4 N50 cov. (%) Tool 4 N50 cov. (%)
TAR-VIR 14 3,579 83.1 ViQuas 396 9,646 100.0
Haploclique 50,419 304  71.1 drVM 413 829 819

The results show that TAR-VIR performs better than Haploclique and drVM by producing
fewer but longer contigs with higher genome coverage. With the complete and also the likely
“true” virus genomes as the reference, ViQuas has produced near-complete genomes. However, it
produces almost 400 contigs with similar lengths (full genomes), indicating a high probability of
overestimation of the haplotypes. Since the ground truth of the actual number of haplotypes in this
data set is unknown, we intended to test this hypothesis using a dataset with known haplotypes.

Therefore, we tested ViQuas on the SARS-CoV simulated data set with 5 haplotypes. It reported
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113 contigs, each covering 99.98% of the genome with high mismatch rate (> 9.0%). Thus, the
long contigs produced by ViQuas are not likely the true haplotypes.

Similar to SARS-CoV data, we also benchmarked our results with the extension-based tool
PRICE. The initial contigs of PRICE were also the reads mapped with 15% mismatch rate. PRICE
generated 164 contigs, with a N50 value of 791, and genome coverage of 87.3%. PRICE’s results

have a slightly larger genome coverage but a much smaller N50 value comparing to TAR-VIR.

2.3.3.4 Assembling the whole data set directly

As SGA and SPAdes are highly efficient and have been used by various virus analysis pipelines, it
may be possible to directly apply them to all the preprocessed reads for recovering the three viruses
((HBV, HCV genotype 1, and HPgV). Thus, we applied SGA and SPAdes to the preprocessed
reads. The assembled contigs were compared with the reference genomes of the three viruses.
SGA took about 1 hour to finish. It generated 2,659 contigs, from which 123 contigs can be aligned
to the three viruses with the similarity threshold of 90%. The 123 contigs can cover 42.36% of
the reference genomes. SPAdes failed to report the results within 24 hours. The results from
SGA verified that although the preprocessed data set contains all the reads from the target viruses,
the sheer data size and the low proportion of the three viruses make generic assembly difficult.

Meanwhile, assembling a large data set consumes significant computing resources.

2.3.4 Identifying viruses containing target genes

In some situations, the researchers are only interested in the viral genomes containing a partial or
complete gene. In these cases, it is difficult for existing reference-based virus identification tools to
construct the whole viral genome. Here, we demonstrate that with the overlap extension method,

the most of a genome can be built from a partial gene reference.
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In this experiment, we show that with a non-complete gene sequence of length 1,073 bp for
HPgV as reference, most of the genome can be assembled. The reference sequence (Sequence
name: 10MYKJ037) was downloaded from Virus Pathogen Database and Analysis Resource
(ViPR) [117], which is a partial coding DNA sequence (CDS) of HPgV isolated from Malaysia
in 2010. The total length of HPgV genome is 9,392 bp. From the results of our previous ex-
periments, overlap extension from aligned reads under mismatch rate of 15% was able to recruit
adequate reads while keeping away unreliable reads as seeds. Therefore, we aligned the raw reads
to this CDS reference by allowing mismatch rate of 15%, from which 19,714 reads were aligned.
ViQuas and drVM were used to assemble the aligned reads. However, ViQuas could only produce
contigs similar to the short CDS sequence. In addition to provided CDS reference, drVM also
downloaded references from Internet. It correctly recognized the HPgV but failed to produce any
contig. The results confirm that reference-based methods do not apply in this case. With overlap
cutoff of 150 bp, 118,339 reads were recruited from the overlap extension step. They were then
assembled by PEHaplo of TAR-VIR, SGA, SPAdes, and SAVAGE, as shown in Table 2.7.

Table 2.7: Assembly results on recruited reads with a partial CDS sequence for HPgV as reference.

Contig HPgV Contig HPgV
Tool 4 N50 cov. (%) Tool 4 N50 cov. (%)
TAR-VIR 5 7,959 86.0 SPAdes 6 8,957 94.0
SGA 41 591 49.0 SAVAGE 35 580 495

While the length of reference strain being only 11.42% of the whole HPgV genome, the contigs
assembled from recruited reads by TAR-VIR and SPAdes are able to cover the nearly complete
genome. The results reveal that even with a gene/CDS sequence as reference, sufficient reads can
still be collected to construct the virus at the whole genome level. As there is only one target virus,

SPAdes produced the best results. Applying SPAdes to the whole human plasma data set failed
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to finish on the cluster after 24 hours, but by using recruited reads, SPAdes can produce better

assemblies with the minimum amount of resources.

2.3.5 Computational time and memory usage

We evaluated the time and memory usage of TAR-VIR on the real human plasma data. After
preprocessing, 8,145,722 reads were left. The data size is 2.9 GB, and the total length of the
sequences are 2,447,741,491 bp. To reduce memory usage, the raw data was split into 5 parts, with
5 BWTs being built for the whole data. The splitting process is embedded in our program, and the
number of segments can be set by users. For each partition, the file sizes for the BWT, Occ array,
and the read ID array are 490M, 200M, and 13M, respectively. The total size of built indexes is 3.5
GB. The detailed time and memory usage for the overlap extension is shown in Table 2.8 below.
A user can load each partition separately to reduce the memory usage. In that case, the memory
usage is about the size of each partition. In addition, we may further reduce the memory usage of
the recruiting process by applying more compact implementation of the BWT [18].

Table 2.8: Time and memory usage for overlap extension and assembly on viral metagenomic data

from human plasam. The de novo assembly time and memory usage were evaluated on recruited
reads based on mismatch rate from 5% to 20%.

Time Memory(GB)
Overlap Building index | 127m 2.4
extension Recruitment < 20m ~ 3.5
TAR-VIR Sm-20m 2-4
De novo SGA < 10m <1
Assembly SPAdes < 10m <1
SAVAGE 2h-72h 64
PRICE ~2h ~5.2
Haploclique 33h 5
Reference-based | ViQuas > 72h <4
assembly drVvM < 30m <1

All the experiments were tested on an MSU HPCC CentOS 6.8 node with Two 2.4Ghz 14-core
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Intel Xeon E5-2680v4 CPUs and 128GB memory. We used 4 threads for the assembly compo-
nent of TAR-VIR, 8 threads for SGA, 16 threads for SAVAGE, 8 threads for PRICE, 1 thread for

Haploclique and ViQuas, and 2 threads for drVM.

2.4 Conclusions

In this Chapter, we presented a novel pipeline for viral reads classification and strain-level assembly
from viral metagenomic data named TAR-VIR. When a virus in a metagenomic dataset is only
remotely related to a characterized virus in public databases, our pipeline can be applied to first
classify the reads belonging to these viruses and then conduct strain-level assembly. Or if a user is
interested in detecting a virus that contains a given gene, our method can be employed to recover
the whole genome of the gene-containing virus.

We also made contributions by conducting careful analysis of the common region sizes be-
tween and within viral quasispecies. These analyses laid the foundation for using overlap detection
to classify reads of the same quasispecies without introducing contamination. Our unique imple-
mentation of the indexing structure also make our method economical in both memory and CPU
usages.

We demonstrated the tool’s utilities on a simulated viral metagenomic data containing SARS-
Cov and a real viral metagenomic data set sequenced from human plasma. The simulated data
enables us to evaluate the performance of read classification to the resolution of each single read.
It shows that TAR-VIR can successfully classify enough reads to cover the whole genome. In
addition, it produced contigs covering five different haplotypes.

On the human plasma data, we were able to enrich enough reads from the target viruses for

downstream assembly even with a small seed read set. With a partial CDS sequence for HPgV as
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reference, TAR-VIR was able to produce near complete genome assemblies. The results clearly
showed the effectiveness of TAR-VIR. In summary, TAR-VIR provides complementary functions

to existing virus detection tools when the quality or complete references are not available.
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Chapter 3

De novo haplotype reconstruction in virus

quasispecies using paired-end reads

3.1 Introduction

Virus quasispecies describe a population of different but closely related virus with dynamic distri-
bution. Each strain in quasispecies is defined by its haplotype sequence. Nature selection, point
mutation, and recombinations can all change the haplotypes and their abundance inside a qua-
sispecies. RNA virus and some DNA virus evolve following the quasispecies model. Commonly
known examples include human immunodeficiency virus (HIV-1), the hepatitis C virus (HCV), the
foot-and-mouth virus (FMV), etc. Figure 3.1 shows a local multiple alignment of five haplotypes
in HIV quasispecies.

As the selection works on a set of sequences rather than one, quasispecies have abilities to
escape host immune responses or develop drug resistance. Reconstruction of the viral haplotypes
is a fundamental step to characterize the quasispecies, predict viral phenotypes, and finally provide
important information for clinical treatment and prevention.

Development of next-generation sequencing technologies sheds light on characterizing the hap-
lotypes and their abundance in quasispecies. If the reference sequences are available, read mapping
can be conducted to infer haplotypes. However, due to the high mutation rate, usually quality ref-

erence genomes of quasispecies are not available. Thus, there is a need for de novo haplotype re-
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construction method. A recent review of chosen haplotype assembly tools has shown that de novo
haplotype recovery is a computationally challenging problem. It shares some common challenges
with metagenomic assembly, which aims to assemble short reads into full genomes of member
species. The essential idea is to build a graph (e.g. De Bruijn or overlap graph) using reads in the
given sample and then recover the genome by walking through a path. In the ideal case, where
there are no sequencing errors, there is sufficient coverage, and the genomes differ substantially, it
is trivial to identify reads belonging to the same haplotype and stitch them into a long sequence.
However, in reality, haplotype construction must handle short error-prone reads, high similarity
between different strains, rare mutations, and low abundance of some strains. We briefly discuss
how these issues complicate the assembly problem. As we construct overlap graph for haplotypes
recovery in this work, we focus on how these issues make de novo assembly in overlap graphs
difficult.

First, if the common region between any two strains is shorter than the read length, the con-
nection of all reads will lead to different paths, each of which corresponds to the full sequence of
a haplotype. However, the common regions between strains can easily exceed the size of a read
and thus introduce many shared nodes and bifurcations in the overlap graph. Second, sequencing
errors can introduce wrong connections, tips, bubbles and significantly add to the complexity of
the graph. Third, alignment-based error correction have difficulty in distinguishing rare mutations
from sequencing errors. Finally, reads originating from haplotypes of low abundance tend to have
small overlaps and thus only fragments of haplotypes be reconstructed. Indeed, a recent bench-
marking [136] demonstrated that the performance of all the tested programs is poor when sequence
divergence is low. In addition, these programs failed to recover rare haplotypes. Thus, there is a
need for new methods and tools for more accurate haplotype assembly.

There exist a number of generic assembly tools [106, 150, 73, 116, 90, 133, 159], which can be

48



HXB2
NL43
YU2
JRCSF
89.6 G GATTG G lelele

Figure 3.1: Multiple sequence alignment of five HIV-1 haplotypes.

applied for sequence assembly in viral quasispecies data. However, these generic assembly tools
are not designed for recovering viral haplotypes in quasispecies. High similarity between different
strains, plus sequencing errors, can lead to highly tangled graphs. Applying existing tools either
lead to very short contigs or chimeric contigs.

There are a group of tools designed specifically for reconstruction of haplotypes [166, 92, 118,
148, 119, 4, 146, 54]. Some tools focused on estimating local haplotypes. Our goal of this work
is global reconstruction, which aims at reconstructing the full-length viral haplotypes in a sample.
Compared to local reconstruction, it provides a more complete and accurate characterization of
the quansispecies. Some tools such as ShoRAH rely on reference sequences for conducting align-
ments. For more general application of haplytype reconstruction, we need a de novo assembly tool
that does not rely on reference sequences.

Of the available haplotype reconstruction programs, there are three highly related ones to ours.
They are HaploClique [147], SAVAGE [5], and MLEHaplo [93]. Like PEHaplo, all of them are
designed for paired-end reads. HaploClique uses enumeration of maximal cliques as a general
approach to clustering NGS paired-end reads. Although PEHaplo is also designed for paired-
end reads, the two are highly different in using paired-end reads information. First, HaploClique
needs a reference sequence for generating alignment graphs while ours does not rely on reference
sequences. Second, HaploClique uses the insert sizes for detection of large indels. However, insert

size usually has a distribution and can vary substantially between different fragments. Thus this
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information is used more conservatively in PEHaplo. MLEHaplo also explicitly employs paired-
end reads for finding top-score paths. Its usage of paired-end information in a De Bruijn graph is
highly different from our method based on an overlap graph. HaploClique provides a source of
inspiration for SAVAGE [5], which is the first tool for recovering viral haplotypes using overlap
graphs. SAVAGE also took advantage of paired-end reads and merge short reads using cliques.
The authors benchmarked SAVAGE with other virus assembly tools and showed that SAVAGE
outperformed other tools in a comprehensive set of assembly metrics. As we focus on de novo
assembly tools, we will benchmark PEHaplo against SAVAGE and MLEHaplo.

In this work, we designed and implemented PEHaplo, which assembles virus haplotypes from
virus metagenomic sequencing data. Sequence assembly has been an intensive research area and
new methods or implementations are emerging quickly. PEHaplo adopted relevant techniques such
as error correction and efficient overlap construction. Most importantly, we made contributions to
distinguish highly similar haplotypes using paired-end reads. The rationale will be detailed in
the Methods Section. We applied PEHaplo to both simulated and real viral quasispecies data and
compared the assembly performance with the recently published tools. The experimental results

show that PEHaplo can recover viral haplotypes with longer contigs and higher accuracy.

3.2 Methods

In this section, we will first describe the graph models we use for haplotype construction. Then
we will present the key idea of applying paired-end reads to distinguish different viral haplotypes.

Finally, we show the whole pipeline and detail each main component.
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3.2.1 Overlaph graph and paired-end graph

An overlap graph G(V,E) is a weighted directed graph that reflects overlaps between reads. Each
node v € V represents aread. An overlap between two reads is formed if the suffix of a read matches
the prefix of another read. Given any two reads rq, rp, and an overlap threshold /, if the overlap
size between r| and r, is greater than /, a directed edge is added from the nodes representing r;
and r, in G. The edge weight is the overlap size.

While an overlap graph records the connectivity between reads, we also record the number of
paired-end reads between nodes using a paired-end graph PE_G. A paired-end graph is a weighted
undirected graph, which has the same node set as the overlap graph. Two nodes are connected by
an edge if the corresponding reads form a read pair. In practice, a node in the overlap graph can
contain multiple reads after we combine nodes without bifurcations. Thus, multiple read pairs can
exist between nodes. The total number of read pairs between two nodes is labeled as the edge
weight in PE_G.

In Figure 3.2(B), the edges in overlap graph are shown using solid lines while the edges in the
paired-end graph are shown using dashed lines. Nodes a.l and a.2 form a read pair and thus have
an edge of weight 1 in PE_G. Similarly, nodes d.1 and d.2 have an edge of weight 1 because d.1

and d.2 are a read pair.

3.2.2 Mutation Rate for Sequence Replication and Probability of Longest

Common Substring (LCS)

Different strains of a virus quasispecies usually share high sequence similarity. But the muta-
tions, insertions or deletions can happen randomly. Instead of sequence similarity, we use longest

common substring (LCS) to characterize the similarity between strains, from which strain-level as-
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sembly is possible if the LCS is shorter than the paired-end insert size. Here we will first infer the
mutation rate accumulation between an initial strain and its nth offspring, then provide a dynamic
programming algorithm for calculating the probability of LCS with length m between the initial
strain and its offspring.

Mutation rate accumulation for sequence replication Imagine the environment initially with
only one virus strain xo of length L, mistakes can happen each time when the genome replicates
and finally will result in an equilibrium with multiple strains of constant abundances, which is
described by the quasispecies theory.

Reproducing mistakes can be insertions, deletions or substitutions. To simplify the problem,
we assume only substituions can happen during replication and the virus genome length remains
unchanged. Assume the probability of mutation at each position when replicating is constant and
independant to each other, denoted as p, we ask what is mutation probability at each location
between xq and its nth offspring x,,?

This problem can be solved by dynamic programming. Let f(i) be the probability that x,,[i] is

different from xyi], and g(i) be the probability that x;,[i] is same to xq[i]. We get

fi+)=0=f))u+ O —-u/3), i=1,23,...,L

3.1
Qi+ 1) = g()(1 — i)+ F(OR/3, i=1,23,..L
Note that f(1) = p and g(1) = 1 — u, and f(i) + g(i) = 1, equations 3.1 can be solved
SO == -3 +3 i=123..L
(3.2)

. ApNie :
g =0-F)"G-w+y i=123..L
Probability of LCS For the initial virus strain xo of length L, we ask what is the probability of

LCS with length m between xg and its nth offspring x;,?
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Again this problem can be solved by dynamic programming. Define f(i) as the probability
that prefix x,[1 to i] has LCS < m with xo and x,[i] mutated, g(i) as the probability that prefix
xn[l to i] has LCS < m with xy and x,[i] not mutated. T as the probability that x,[i] is different

to xp[i], which can be calculated using equation 3.1. Now we look at the case when

fl+1) =1f(i) + tg(i)

gli+1) =Xy f(i—j)(1—r)it!

If i < m, the LCS will always be less or equal to m. Thus, f(i) =1, g(i) =1 — 7. Therefore, the
recursive equations for calculating f(i) and g(i) are

Whenl <i<m

(3.3)

WhenL>i>m+1
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f@) =(fi—=1)+g(i—1))

g(i) = ZT;OI fli—j—1)(1—=1)/*!

(3.4)

The time complexity to calculate the probability for LCS = m is O(2L+ mL). Since the sequence
length is L, m can be any integers between 0 and L. To calculate the probability for each m € [0, L],
the time complexity is O(2L% + (L + 1)%2) = O(L*). For HIV, its genome length is about 10%.
Calculating directly with equations 3.4 for all the possible LCS is time consuming. It costs hours
to calculate the probabilities for all the available LCS with a typical single-core CPU.

In fact, the result of g(i) can be used to calculate for g(i + 1), which will reduce the total time

complexity to O(L?). Let S(i) = f(i) +g(i), we will have the recursive relationship (Proof omitted)

SGi+1)=8{)—t(1—7)""'S(i—m—1), i>m+2 (3.5)

Therefore, we get

1, ifl<i<m

1—(1—7)™ ifi=m+1
S(i) = (3.6)

1-(1+7)(1—7)" ifi=m+2

Si—1)—t(1—1)"1S(i—m—2), ifi>m+3

It is linear to calculate the probability for one LCS. The time complextiy for calculating LCS = m

is O(L). To calculate each m € [0, L], the time complexity is O(L?).
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3.2.3 Use paired-end reads to distinguish different haplotypes

The scattered distribution of the mutations or insertions/deletions between different strains make
strain-level assembly possible by employing paired-end reads information. We first quantify the
strain similarity with sizes of the longest common substring (LCS). If the LCS size is smaller than
read size, path finding becomes trivial because different strains correspond to different paths in the
overlap graph G. The analysis of available data shows that the size of the longest common regions
are larger than typical read size but smaller than fragment size, which is the end-to-end size for
a read pair. Thus, it is highly likely that the two ends of a read pair can encompass the common
regions between different strains. As paired-end reads are sequenced from the same fragment, they
should be assembled into the same contig. Thus, by using the paired-end information, two different
strains can be distinguished from each other.

Figure 3.2 sketches the basic idea behind strain-level assembly using paired-end reads. There
are only two mutations between the two strains in this example. The LCS is the common region
between the two mutation loci. The overlap threshold is set as half of the read size. The overlap
graph G and the paired-end graph PE_G are constructed accordingly. In G, there are four long
paths:a.l -b—c—e— f—a2,al -b—c—e—f—d2,dl—-b—c—e—f—al,
andd.1 - b — c— e — f — a.2. The goal of assembly is to output the two correct paths (i.e. a.1
to a.2 and d.1 to d.2). Three types of information can be used. 1): Coverage: if the two strains
have highly different coverage, we may distinguish the two strains correctly. 2): Enumeration of
cliques. This method was recently adopted by several tools [147, 93, 5]. For reads with sufficient
coverage, reads forming cliques tend to come from the same haplotype and thus can be merged as
a super-read. This process can be iteratively applied to extend local haplotype to global one. 3):

paired-end information.
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By using the paired-end information, a path starting with a.1 in Figure 3.2 will end with a.2
because a.1 and a.2 should be assembled into the same contig. For the same reason, a path starting
with d.1 will only extend to d.2. Thus, the path finding will output two paths, correctly representing
the two haplotypes. Of the three types of information, paired-end information is the most accurate
one and can tolerate LCS up to the fragment size. Coverage difference has limited applications
because it requires relatively uniform coverage and can only distinguish strains of highly different
abundance. Clique enumeration can lead to "chimeric" super read even when the LCS is only
longer than read size. In this example, the clique enumeration will not be able to distinguish the
two strains. As shown in Figure 3.2.(B), there are five cliques of size 4. By merging the reads into
super-reads inside each clique, we obtained five super-reads in Figure 3.2.(C). Their overlap graph
is shown in Figure 3.2.(D). No matter whether cliques of size 3 are used for iterative merge, using

cliques won’t be able to distinguish the two strains without using paired-end information.

3.2.4 The whole pipeline of PEHaplo

There are five major components in the pipeline of PEHaplo: error correction, strand correction,
overlap graph construction, path finding, and contig correction. In the first pre-process stage, reads
with multiple low-quality or ambiguous base calls are filtered or trimmed. Base-calling errors or
indels are corrected from the filtered set of reads using alignment-based error correction. Dupli-
cated reads and substring reads are then removed from the corrected reads. Second, an overlap
graph is built from the pre-processed reads and the strand of reads are adjusted by traversing the
graph. The output reads will have the same orientation. The third stage will build the overlap graph
again from the strand-adjusted reads and utilize various graph pruning methods to remove possi-
ble random overlaps and simplify the graph for efficient assembly. In the fourth stage, paired-end

guided path finding algorithms are applied to produce contigs from the overlap graph. Finally, we
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Figure 3.2: (A) The bottom two long lines (red and black) represent two haplotypes, which only
differ by two mutations at two loci (G-C and A-G). Short lines represent reads sequenced from
the two strains. Red reads are sequenced from red strain while black reads are sequenced from
black strain. The reads are sorted by their read mapping positions against their native strain. a.l
and a.2 are a read pair from the black strain. d.1 and d.2 are the read pair from the red strain.
(B) The overlap graph and the paired-end graph are combined in one figure. Nodes b, c, e, and f
originate from the common region of the two strains. The dashed lines represent paired-end read
connection. (C). The super-reads generated by merging reads in five cliques of size 4. Each super-
read is named using the starting node and ending node. (D). The new overlap graph generated
using the super-reads.
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align paired-end reads against produced contigs to identify and correct potential mis-join errors.

3.2.4.1 Data pre-processing

Error correction based on coverage information, usually improves de novo assembly. An alignment-
based error correction tool Karect [2] is used to correct substitution, insertion, and deletion errors.
Besides adopting existing error correction tools, we also removed reads with very low abundance.
Only reads that are duplicated at least n times in the original data set will be used for downstream
analysis. Using a probability model, we show that this method can further filter out error containing
reads while maintaining sufficient reads for de novo assembly.

Let N be the total reads number, r be the read length and L be the genome size, the probability

that k reads start from the same location on the genome can be estimated by a Poisson distribution:

k,—A
prig =2 ; , A=N/L 3.7)
n—119i,—A
Pr[k>:n]:1—zl; , n>1 (3.8)
i=0 :

We denote e, be the probability of sequencing error at each base, N, be the number of error
base for one read, the probability that a read contains at least one sequencing error is Pr[N, > 1] =
1 — (1 —epyse)”- For nreads originating from the same location on genome, the probability that they
have at least one sequencing error on the same place can be calculated as Pr = Pr[N, > 1] /r"~1.
In the HIV MiSeq data set we used (detailed description in Results), ~700k error corrected reads
are left for 5 HIV strains. The genome length is ~10k bp. A =7 x 10°/(5 x 10*) = 14. For
each base on the genome, the probability that at least 3 reads start from it is over 99.9%. If we
assume ep,. = 0.01, 7 =200, the probability that a read sequence duplicated at least 3 times but

contains at least one sequencing error is Pr < (1 —0.992%0)3 /200? ~ 1.62¢ — 5. The results reveal
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that when sequencing depth is deep enough, keeping reads with duplications is able to filter out

error containing reads and will not reduce connectivity.

3.2.4.2 Overlap graph construction

All reads remained after pre-processing are used to construct the overlap graph. A straightforward
overlap detection method requires O(n?) comparisons, which is computationally expensive for
large sequencing data sets. There are efficient implementation of all-pairs suffix-prefix comparison
algorithms based on data structures such as hashing table or compact prefix tree [47, 51]. In
PEHaplo pipeline, we first use Readjoiner [47] to compute all suffix-prefix matches among reads
for read strand adjustment, and then use Apsp[51] for the final overlap graph construction.

Strand correction with overlap graph Reads in the raw data set can come from different
strands, and the two reads in a read pair come from two different strands. We use Readjoiner to
construct the overlap graph and traverse each node in the graph for strand adjustment. Readjoiner
provides a set of fast and space efficient algorithms to compute suffix-prefix matches among all
pairs of reads using suffix sorting and scanning methods. For two reads r; and r;j, we denote r/
and r}- as their reverse complements. Readjoiner computes all possible overlaps between (r;,r;),
(ri,r;) and (r;,7;), and label the overlaps with *++’, ‘- +” and “+ -’ respectively if their suffix-prefix
matches are longer or equal to the overlap threshold. Note that transitive edges are removed in the
output by Readjoiner.

We use a breadth-first search (BFS) traversal method to adjust the strand of each read. The
traversal starts at a start node (with in-degree of 0) and label it as ‘+’, then recursively labels
all its successors and predecessors based on the edge type. The ‘+ +’ type means current node
and its neighbor come from the same strand, while ‘- +’ or ‘+ -” types mean a different strand.

After traversing the whole graph, all the reads labeled with ‘- will be replaced with their reverse
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complements.
With strand-adjusted reads, we use another tool Apsp [51] to construct a new overlap graph

since we will need all overlap edges this time.

3.2.4.3 Graph pruning

The original overlap graph generated from the output of Apsp is usually very complex because
of the large data size, transitive edges, sequencing errors, and highly similar regions shared by
haplotypes. We apply an iterative graph pruning procedure to repeatedly simplify the graph at
each iteration.

Merge reads in cliques We are interested in cliques in the overlap graph because reads within
a clique can share true mutations while sequencing errors are usually more random and are not
shared by the majority of reads. Therefore, cliques can be used to distinguish true mutations
from sequencing errors. Several recent haplotype reconstruction tools [5, 147] merge reads inside
cliques as super-reads and conduct iteratively haplotype extension.

We handle cliques differently to these existing tools. Instead of directly mering each clique to
a super-read, we merge a group of linked cliques simultaneously. The linked cliques is defined as
a cluster of cliques which share common nodes with at least one other clique in the cluster. Each
clique cluster, denoted as G, is a connected subgraph. We simplify this subgraph by removing
transitive edges and performing collapse operations as described below and then connect G, to the
original overlap graph by reconstructing connections to its starting and ending nodes. The edges
connected to other clique nodes in the overlap graph are removed. Those common nodes shared by
cliques will be kept and we further apply paired-end information to identify strains in path finding
step. By merging linked cliques, we are able to simplify the overlap graph while avoid resulting in

"chimeric super-read" (Figure 3.2(D): (a.1 —e) — (b— f) — (¢ —d.2)).
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Remove transitive edges and node collapsing An edge u — v is called transitive if there exist
other paths from u to v in the graph. Transitive edges are usually removed in graph-based assembly
algorithms to simplify the graph while still keeping the connectivity. We use a depth-first search
(DFS) based algorithm to remove transitive edges from the overlap graph G = (V,E):

1. For each vertex u € G, start DFS from each of its successor v.

2. For each vertex w that could be reached by DFS from v, remove edge u — w if the edge exists.
The overall complexity of the algorithm above is O(|V|(|V|+|E])), which runs |V| DFSs to remove
all transitive edges.

Linearly connected nodes can be merged without loss of reachability. After transitive edge
removal, the overlap graph tends to have chains of linearly connected vertices, which are collapsed
to further simplify the graph.

Remove false edges using read pairs Due to the nature of virus quasispecies, different hap-
lotypes of one species usually have very high sequence similarity (possibly over 90%), which can
easily cause overlaps between reads originating from different strains. Therefore, having a suffix-
prefix match does not guarantee that the two reads originate from the same virus strain. Wrong
edges increase the complexity of graph and may also produce chimeric contigs. We employ paired-
end information to remove potentially wrong edges.

The overlap cutoff / is an important parameter. A small / tends to keep most true overlaps but
also introduces more false connected edges, while large [ is likely to eliminate most false overlaps
but can possibly miss true connections for reads from lowly sequenced regions. In PEHaplo, we
initially choose a relatively small overlap cutoff, then apply a set of paired-end based heuristic
methods to remove potential false edges. The key idea is that for an edge formed between reads
from different haplotypes, these two nodes or their predecessors and successors are not usually

supported by paired end connections. Thus, we will use paired-end connection as evidence to re-
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Figure 3.3: Removing false edges using paired-end information. Solid lines represent overlaps
between nodes and dashed lines represent the paired-end connections between nodes. The overlap
edges with red cross will be removed if insufficient paired-end information exist between their
ends.

move false edges. Specifically, we focus on three cases as shown in Figure 3.3, and remove edges
without paired-end information support. To aid the explanation, we introduce the following terms
for the overlap graphs. Let u — v be an edge between nodes u and v. Thus, u is the predecessor of
v and v is the successor of u. A node can have multiple predecessors or successors. Let function
succ(u) represent the set of all successors of u and let pred(u) be the set of all predecessors of u.
We examine edges in the following cases.

1. For an edge u — v, if out-degree of u is larger than 1 and in-degree of v is larger than 1, check
paired-end connections between u and v, pred(u) and v, u and succ(v). If no paired-end connec-
tions between these nodes and the overlap between u, v is less than a user-defined edge removal
cutoff [y (/1 > I), remove edge u — v (Figure 3.3(A)).

2. For a node u with in-degree being 1 and out-degree larger than 1, we check the paired-end
connections between u and all nodes in succ(u). For an edge u — v, we remove this edge if the
following three conditions are met. 1) There is no paired-end connection between u and v. 2)

There exists a node V' € succ(u), (V' # v), and there is paired-end connection between u and v'. 3)
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The in-degree of v is larger than 1. Intuitively, if a node u has a large number of out-going edges,
it is highly possible that some of them are only random connections. Thus, we only keep the ones
with paired-end supports (Figure 3.3(B)).

3. Similar to case 2, if a node has a large number of incoming edges but only has one out-going
edge, we remove the ones without paired-end support. For a node u with out-degree being 1 and
in-degree larger than 1, we examine the paired-end connections between all nodes in pred(u) and
u. For an edge w — u, we remove this edge if the following conditions are met. 1) There is no
paired-end connection between w and u. 2) There are paired-end connections between other pre-

decessor nodes and u. 3) The out-degree of w is larger than 1 (Figure 3.3(C)).

3.2.4.4 Paired-end guided path finding

With sufficient coverage, virus haplotypes can be recovered by finding paths from the graph. Al-
though the graph has been greatly simplified with previous steps, the high sequence similarity
between virus haplotypes can still result in complex overlap graphs with a lot of bifurcations. To
recover more accurate contigs, paired-end information of reads are widely used in many assembly
tools for guiding the creation of contigs [169, 163, 93] or scaffolds. The rationale is that two ends
of a read pair are sequenced from two ends of a fragment, thus should be assembled in the same
contig or scaffold. Paired-end information can guide the path extension to go over common re-
gions shared by two genomes since the length of fragment is usually much longer than the length
of reads (Figure 3.4).

In our method, we use a DFS-based path extension algorithm and select the right node to
append to the path with a decision tree at each bifurcation. Path finding starts at a start node (in-

degree of 0) and terminates at an end node (out-degree of 0) or when meeting a visited node. At
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Figure 3.4: Paired-end information guide the path extension to go over bifurcation nodes. With
nodes coming from two strains a and b in the figure, those nodes belonging to the same strain
can be correctly combined to one path based on the paired-end connections. Solid lines represent
overlaps between nodes and dashed lines represent the paired-end connections.
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Figure 3.5: Path finding protocol. Paths are outputted when meeting an end node or a visited node.

each vertex with multiple successors, we transform the available paired-end and overlap informa-
tion as features and decide which successor to append to the current path with a pre-trained decision
tree. The flowchart of path finding algorithm is shown in Figure 3.5. The paired-end connections
between nodes can be efficiently accessed from the constructed paired-end graph PE_G.

Feature design and decision tree classification To find the correct path from the overlap
graph, we need to select the right node each time we extend the path. In particular, when a node
has multiple successors, a choice needs to be made for path extension. In general, we choose
a successor with the most number of paired-end connections with the nodes in the current path.
However, different types of paired-end connections should be treated differently in distinguishing
haplotypes. In particular, we need to differentiate single-in single-out nodes (SISO) from other

nodes. SISO nodes have in-degree of 1 and out-degree of 1. We have high confidence that these
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Plan nodes PE_plan nodes

Figure 3.6: In this example as shown in the figure, the ending node p, of current path has two
successors v; and vo. The solid lines are overlaps and dashed lines are paired-end connections
between nodes. Five features are computed to choose the right successor to extend the path. These
features are computed as paired-end graph edge weights between nodes in current path and nodes
associated with the successor. As for vy, the SISO score is calculated between SISO nodes and v;
plan score between SISO nodes and plan nodes; PE_plan score between SISO nodes and PE_plan
nodes; path score between path nodes and vy; path_plan score between path nodes and plan nodes.
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nodes belong to one haplotype and thus any paired-end connection incident to SISO nodes can
recruit nodes belonging to the same haplotype . On the contrary, the nodes originating from com-
mon regions of two or more haplotypes are not SISO nodes. Paired-end connections between
those nodes cannot provide useful guidance in path finding. In our feature design, we distinguish
paired-end connections involving SISO nodes and other nodes.

Let PE_G be the paired-end graph. Path = {pi,p2,..., pn} be the current path. The ending
node p, in the current path has multiple successors. For each successor v of p,, we compute the
scores of the following 5 features for node v. For each feature, we use Nyeqnure to recored the
number of successors with score value greater than 0. The features will then be used to make a
choice for path extension. To better illustrate how these features are calculated, we give an example
as shown in Figure 3.6.

1. SISO score: we calculate the SISO score as the summation of edge weights in paired-end
graph PE_G between SISO nodes in the current path Path and v. Note that edge weight in PE_G
is the number of paired-end reads between two nodes. We use Ng;so to denote the number of suc-

cessors that have a SISO score greater than 0.

2. Plan score: similar to SISO score, we calculate the plan score as the summation of PE_G
edge weights between SISO nodes and the plan nodes. The plan nodes are defined as follows.
Starting from v, define v’s successor as plan node if v has only one successor. Repeating this pro-
cedure until reaching a node with more than one successor or out-degree of 0. Plan score considers
the paired-end read connections between all potential SISO nodes inside a path, including the chil-

dren nodes of p,. Ny, denotes the number of successors that have a plan score greater than 0.

3. PE_plan score: v’s adjacent nodes in PE_G that are not in the path Path are defined as
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Figure 3.7: Decision tree to select the right node for extension based on paired-end score features.
If Nfearure = 1, we add the only node with score greater than O to the path. If N¢eure > 1, we select
the node with maximum score value. Otherwise, look at the next feature. If all the N4y values
are 0, we will select the successor with similar reads coverage to the path.

PE_plan nodes. The PE_plan score is calculated as the summation of PE_G edge weights between
SISO nodes in path Path and the PE_plan nodes. Npg 4, denotes the number of successors that

have a PE_plan score greater than 0.

While the above three features are focused on SISO nodes, the following features extend to
paired-end connections incident to other types of nodes.

4. Path score: the path nodes are all the nodes in the path Path except p, ifn > 1or pyifn=1.
Path score is calculated as the summation of PE_G edge weights between path nodes and v. N,

denotes the number of successors with path_score greater than O.

5. Path_plan score: the summation of PE_G edge weights between path nodes and v’s plan
nodes. Nyup_pian denotes the number of successors with path_plan score greater than 0.
With the 5 features shown above, we design the decision tree as shown in Figure 3.7 to classify

the right node for path extension.
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Figure 3.8: Read pair mapping profile on a misjoined contig. The contig is shown as the long
bar at the bottom, which is misjoined with two sequences from strains a and b. The red and blue
lines represent two ends of a read pair. Few read pairs will go across the misjoined location, thus
revealing a valley in the aligned reads profile, which can be used to split the contig.

3.2.4.5 Correcting contigs with paired-end read distribution

Our methods usually generate long contigs after path finding. While paired-end guided path finding
method can go over the common regions that are short than fragment length, it is limited when two
strains have a LCS longer than the insert size of read pairs. To further improve the quality of
assembled contigs, we apply a contig correction method similar to the tool PECC [81]. With the
contigs generated after path finding, we align the raw reads to them and split contigs from the

locations with low read pairs coverage (Figure 3.8).

3.3 Results

We have developed and implemented PEHaplo a de novo virus quasispecies assembly method
based on paired-end guided path finding on overlap graph. To evaluate the performance of our
method, we applied PEHaplo on both simulated HIV quasispecies data sets and HIV illumina
MiSeq sequencing data set. Both of the simulated data and real data were generated from a mixture
of five well-studied HIV-1 strains (HXB2, JRCSF, 89.6, NL 43 and YU2). These strains have

pairwise sequence similarities from 91.8% to 97.4% (Table 3.1) and a longest common substring
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of 427bp between HXB2 and NL43 (Table 3.2). We choose HIV data set because HIV-1 has high
intra-patient genetic diversity. To further evaluate the efficiency of the tool, we also tested PEHaplo
on a real Influenza MiSeq sequencing data.

As the haplotype sequences and compositions are known in these datasets, we are able to eval-
uate the performance of our methods with the assembled contigs. We also compared the produced
results to recently published de novo assembly tools IVA [57], MLEHaplo [93] and SAVAGE [5].

Table 3.1: Pairwise sequence similarity between 5 HIV-1 strains.

89.6 HXB2 JRCSF NL43 YU2

89.6 93.9 91.8 93,5 93.6
HXB2 92.8 974 952
JRCSF 926 929
NLA43 94.9
YU2

Table 3.2: Longest common substring (LCS) between 5 HIV-1 strains. These strains have similar
lengths of about 10k bp.

89.6 HXB2 JRCSF NL43 YU2

89.6 195 201 164 234
HXB2 180 427 216
JRCSF 157 201
NLA43 185
YU2

3.3.1 LCS probability simulation

To estimate the LCS between two strains within a quasispecies, we calculated the probability distri-
bution for LCS between two strains that are n generations apart from equation 3.2 and equation 3.6.
Let the mutation rate u between two generations be 3e-5, and the genome length L be 10,000. The
probability distribution for LCSs between two strains is shown in Figure 3.9. The figure shows

that as the mutation rate increases, the LCS length decreases.
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Figure 3.9: Probability distribution for LCSs between two strains that are 50, 100, 200, and 500
generations apart. The x-axis is the length of LCS, which ranges from 0 to 10,000. The y-axis is
the corresponding probability for each LCS.

3.3.2 Benchmark on simulated HIV data set

We first applied PEHaplo on a simulated virus quasispecies data set. We used ART-illumina [56]
to simulate 1.9e+5 paired-end, 250bp error-containing MiSeq reads from the five HIV-1 strains
with average fragment length of 600bp and total coverage of 5000x. A fitness based power law
equation [9] was used to simulate the coverage distribution among five strains: C; = bf;", where C;
and f; denote the coverage and fitness of strain i, respectively. The coverages for each strain in the
simulated data set are: 89.6 - 2190x, HXB?2 - 1095x, JRCSF - 730x, NL43 - 547x, YU2 - 438x.
Following the PEHaplo pipeline, we first performed error correction and duplicated sequences
removal on the raw simulated data set. With 1.9e+5 error corrected reads, 48,833 reads were
kept after removing duplicates. We then only kept those reads that are duplicated at least 3 times

in the raw data, further reducing the reads number to 26,961. After adjusting reads orientation,
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we constructed the overlap graph with tool Apsp. The original overlap graph has 26,961 nodes
and 977,570 edges, after merging linked cliques, removing transitive edges, collapsing nodes and
removing bad edges, 125 nodes and 166 edges were left. We then recovered paths and generated
contigs from this simplified graph based on paired-end information.

PEHaplo generated 14 contigs from the simulated data set. The generated contigs were aligned
and evaluated to five reference genomes with MetaQuast [100] and the results are summarized in
Table 3.3. The contigs are able to cover over 97% on the 5 virus strains, with a N50 of 7170 bp.
The largest contig has a length of 9667bp, which can almost cover a whole HIV strain. Meanwhile,
these contigs have low mismatch and indel rates.

We also assembled the simulated reads with benchmark tools IVA, MLEHaplo and SAVAGE
and summarize their results in Table 3.3. With the default parameters, IVA produced a single, long
contig from the error corrected reads. This long contig has a length of 13,434 bp and can cover the
whole genome of 89.6 strain and about 43% of the HXB?2 strain. The results of IVA reveal that it
tends to generate one consensus genome sequence corresponding to the haplotype with the highest
coverage. Other strains are largely missed, indicating that it may not fit for virus quasispecies
assembly. Using k-mer size of 55, MLEHaplo produced 205 contigs that cover 78% of the five
HIV-1 strains. The contigs it produced are quite fragmented, with a low N50 value of 671 bp and
largest contig of 1,716 bp. Following the guidance from the tutorial, we set the overlap cutoff as
190 bp to run SAVAGE. It produces 43 contigs that cover over 99% of the reference genomes, with
a N50 above 2,000 bp, and largest contigs of 9,594 bp.

Comparing to IVA and MLEHaplo, PEHaplo is able to produce longer contigs with less mis-
matches and indels on the simulated HIV-1 five strains data set. SAVAGE produced more contigs
that could cover almost all the five strains. However, these contigs have a much lower N50 value

(2,228 bp ) than PEHaplo (7,170 bp).
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Table 3.3: Assembly results on simulated HIV data set for IVA, MLEHaplo, SAVAGE and PE-
Haplo. Contigs that are at least 500 bp are aligned to the true haplotype sequences with a similarity
cutoff of 98%. The N50 value is the maximal length that all contigs of at least this length cover at
least half of the total assembly length.

Genomes Unaligned Mismatches Indels

Tools #contigs NS0 covered (%) length (%) (%)
IVA 1 13,434 28.7 0 0.809 0.051
MLEHaplo 205 671 78.0 81,125 0.542 0.008
SAVAGE 43 2228 99.4 5285 0.019 0.002
PEHaplo 14 7170 97.8 0 0.015 0

3.3.2.1 Paired-end guided path finding is able to generate accurate long contigs

In our algorithms, we have applied multiple methods to simplify the overlap graph and collapse
nodes before path finding. While these steps greatly reduce the complexity of the graph, they can-
not distinguish different strains that share long common regions. Thus, the path finding algorithm
based on paired-end connections play a crucial role for producing high quality long contigs from
the overlap graph.

To evaluate the performance of our path finding algorithm, we assembled the sequences in the
overlap graph before path finding with the popular assembly tools IDBA-UD [115] and Ray Meta
[14]. We then aligned the generated contigs to reference genomes and compared with the results
produced by PEHaplo. The results reveal that those contigs assembled by IDBA-UD and Ray Meta
from the reduced overlap graph are fragmented and may contain many misjoined segments: they
cover large proportions of the five reference genomes, but with high mismatch and indel rates and
their average lengths are much shorter than PEHaplo. The experiment shows that the paired-end
guided path finding algorithm in PEHaplo is able to correctly recover long haplotype sequences

from the virus quasispecies sequencing data.
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3.3.3 Benchmark on MiSeq data set

To further assess the performance of assembly methods, we applied PEHaplo on a real HIV quasis-
pecies data set (SRR961514) sequenced from the mix of the same five HIV-1 strains as described
above with [llumin MiSeq sequencing technology [39]. This data set contains 714,994 pairs (2x250
bp) of reads that cover the five strains to 20,000x.

We used PEHaplo to perform similar processing procedures on the real HIV quasispecies data.
With 774,044 filtered and error corrected reads, 98,947 reads were kept after removing duplicates
and substrings. Since the raw data set has extremely high coverage on the five strains, we still kept
those reads that are duplicated at least three times in the raw data set. After these pre-processing
procedures, 26,691 reads were kept for strand adjustment and assembly.

PEHaplo produced 33 contigs from the real MiSeq HIV data set that can cover over 92% of
the five HIV-1 strains. These contigs have a N50 value about 2,500 bp and the longest contig is
9108 bp. The results are summarized in Table 3.4. Compared to simulated HIV data set, PEHaplo
has generated more contigs but with a lower N50 value and higher mismatches and indels on the
real data set. We notice that the real HIV data set contains more sequencing errors and has a more
variable insert size than the simulated data set.

We again compared the performance of PEHaplo with IVA, MLEHaplo and SAVAGE. IVA
generated 10 contigs that cover about 20% of the five strains. These contigs still cover longer
parts on haplotypes with higher sequencing coverage. But they spread to four strains this time,
likely because the five strains have close sequencing coverages in the real data set. With the
same parameters as above, MLEHaplo produced 234 contigs that can cover over 53% of the five
genomes with similar mismatch and indel rates to the simulated data set. Strikingly, it generated

much longer contigs on the real data, with a N50 value of 6,501 bp and the largest contig of 8,470
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bp. However, these contigs contain many misjoined segments. Over 150 contigs with total length
of 787,272 cannot align to any reference genomes. Since the SAVAGE paper [5] has shown their
results on the same data set, we use the metrics in their literature for evaluation. From their results,
SAVAGE produced 482 contigs that cover over 90% of the reference genomes, with a N50 of 1,062
bp, and largest contig of 4,256 bp (Table 3.4).

On the real HIV data set, PEHaplo can still produce longer contigs with fewer mismatches and
indels than all three benchmarked tools. Overall, PEHaplo is able to assemble a bunch of reads
that are sequenced from multiple virus strains sharing high similarities, generate long, high quality
sequences and recover most of the target haplotypes. The tool consumes less running time while
still produces high quality contigs. Compared to other state-of-the-art methods, our tool usually
produces fewer but longer contigs. In figure 3.10, we show the contigs alignment result on HXB2
strain for PEHaplo and SAVAGE. Those contigs were aligned to HXB2 strain with a similarity
cutoff of 98% by MetaQuast evaluation tool. This figure shows that while both tools produced
contigs that cover the virus genome to a similar proportion, PEHaplo was able to generate less but
longer contigs.

Table 3.4: Assembly results on real HIV MiSeq data set for IVA, MLEHaplo, SAVAGE and PE-
Haplo. Contigs are evaluated with MetaQuast using the same parameters to simulated data set.

Genomes  Unaligned Mismatches Indels

Tools #contigs N50  covered (%) length (%) (%)

IVA 10 1150 20.1 1150 0.660 0.052
MLEHaplo 234 6501 53.6 786,272 0.588 0.035
SAVAGE 482 1062 90.5 0 0.147 0.048
PEHaplo 33 2553 924 0 0.117 0.049
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Figure 3.10: Contigs alignment result on HXB2 strain for PEHaplo and SAVAGE. These contigs
were produced from the real HIV MiSeq data and aligned to reference genome with MetaQuast.
The x-axis is the coordinations of HXB2 genome, with the regions covered by contigs in green and
others in black. The y-axis represents the number of contigs, with contig names listed on the left
panel. On each contig, the green number at the left is the starting coordinate of the aligned contig
and the number inside of the parenthesis shows the starting coordinate on the reference genome,
the black value at the right is the ending coordinate of the aligned contig and the number inside of
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3.3.4 Bechmark on simulated biased HIV data sets

To evaluate the performance of our methods on assembling low abundance strains, we used HIV
strains HXB2 and NL43 to simulate three groups of data sets with extremly biased coverages
between them. The total coverage for each group 1000x, with HXB2-900x, NL43-100x; HXB2-
950x, NL43-50x; and HXB2-990x, NL43-10x for each group, respectively. These data sets were
also simulated by ART-illumina with MiSeq platform.

With the similar processing procedures on HIV 5 strains data, we used PEHaplo to assemble
contigs from these data sets and compared the results with SAVAGE, which works much better
than MLEHaplo and IVA. The results are shown in Table 3.5.

Table 3.5: Assembly results on simulated biased HXB2-NL43 MiSeq data set fo SAVAGE PE-
Haplo. Contigs are evaluated with MetaQuast.

HXB2-NL43 Genomes  Unaligned Mismatches Indels
coverages Tools #contigs NS0  covered (%) length (%) (%)

900:100 SAVAGE 7 2500 46.76 581 0.022 0

' PEHaplo 11 8163 80.26 0 0.038 0
950:50 SAVAGE 8 8032 46.76 1817 0 0

' PEHaplo 1 9470 46.76 0 0.033 0.011
990:10 SAVAGE 13 2130 46.75 1590 0.022 0

' PEHaplo 1 9509 48.95 0 0 0

The results reveal that both tools failed to assemble the rare strain with 5% or 1% abundance.
However, PEHaplo was able to better assemble the dominant strain with producing one long contig.
In addition, when the rare strain constituted 10% (100x) of the total coverage, PEHaplo could

partially assemble it, while SAVAGE only assembled the dominant one.
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3.3.5 Bechmark on Influenza data set

In addition of HIV data, we also applied PEHaplo on a real Influenza HIN1 data set (SRR1766219)
sequenced from the mix of a wild type (99%) and a mutant type (1%). This data set is sequenced
with [llumina MiSeq sequencing technology, containing 646,879 pairs (2x250) of reads that cover
the two strains to 23,000x. The mutant type carries two silent mutations in the M1 ORF (C354T
and A645T, segment 7).

We first perform similar pre-processing on the Influenza data. With 851,988 filtered and error
corrected reads, 27,888 reads were kept after removing duplicates and substrings. We still kept
those reads that duplicate at least three times in the raw data set. After pre-processing, 11,940
reads were kept for strand adjustment and assembly.

PEHaplo produced 10 contigs from the MiSeq Influenza data, with 8 contigs cover over 99% of
the 8 segments of Influenza genome and 2 contigs unaligned. Again we compared the assembled
results with SAVAGE. The results are summarized in Table 3.6. On Influenza data, SAVAGE has
produced 220 contigs with a N50 value of 620 bp. These contigs are able to cover over 96% of the
Influenza genome. The results show that PEHaplo works much better than SAVAGE on Influenza

data as it successfully assembled all the 8 segments.

Table 3.6: Assembly results on Influenza MiSeq data set for SAVAGE and PEHaplo. Contigs are
evaluated with MetaQuast using the same parameters to HIV data sets.

Genomes Unaligned Mismatches Indels

Tools #contigs N50  covered (%) length (%) (%)
SAVAGE 220 620 96.3 38303 0.818 0.046
PEHaplo 10 1790 99.5 1270 0.836 0.007
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3.3.6 Computational time and memory usage

To evaluate the computational cost of our tool, we also compare the running time and memory
usage with the three benchmark tools. PEHaplo used 43 minutes with a peak memory usage of 2.9
GB on simulated data and 19 minutes with a peak memory usage of 1.3 GB on real data set. IVA
runs very fast: it took about 17 minutes on both simulated and real data set, with peak memory
usage about 2.6 GB. MLEHaplo and SAVAGE are much slower. MLEHaplo consumed over 10
hours with peak memory usage of 6.4 GB on simulated data set and about 4 hours with peak
memory usage of 2.4 GB on real data set. SAVAGE used 54 minutes for simulated data and 1331

minutes for real data. It is able to keep a low memory usage of 0.5 GB as shown in their paper [5].

3.4 Discussion and Conclusion

Long reads will reduce the complexity of de novo assembly of general metagenomic data, including
virus quasispecies data. For paired-end reads, one may consider to combine short reads into a
relatively longer read before conducting assembly. We actually applied existing read joining tools
for this purpose. However, joining reads is not a trivial problem as the overlapping part of the
read pairs may not always be identical. Thus, existing methods of joining two ends may introduce
errors. In addition, merging paired-end reads will discard the paired-end information for guiding
the path finding process. As a result, the experimental results using PEAR [167] and other end
merging tools show inferior performance. Thus we did not include that step in our pipeline.

The third-generation sequencing platforms such as PacBio can produce very long reads, which
can cover the whole length of viral genomes. However, the high sequencing error rate (about
10%) and the lower throughput than Illumina still hamper their wide application for metage-

nomic sequencing. The advantages and limitations of applying current long reads technologies for
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virus haplotypes reconstruction are discussed in BAsSE-Seq [53]. With the increased read quality,
long read sequencing technologies will greatly simplify the assembly methods for metagenomic
data [39]. However, at this moment, virus haplotype reconstruction using short reads is still needed.

If the distribution of fragment size is known, we can further improve the accuracy of path find-
ing and false edge removal. For example, with known fragment size, we can accurately compute
how far we should examine the successors or predecessors for false edge removal. Currently, for
computational efficiency, we did not incorporate fragment size distribution in these two steps.

Our method can be extended to metagenomic data if the member species’ genomes have com-
mon regions with length smaller than fragment size. However, our analysis has shown that many
genes in metagenomic data can have LCS sizes much greater than typical fragment size. For those
metagenomic data, large insert sizes should be chosen for the sequencing protocol.

In conclusion, we presented a de novo virus haplotype reconstruction tool for viral quasis-
pecies. We applied it to both simulated and real quasispecies data and achieved better results than

several benchmarked tools.
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Chapter 4

Alignment windows based viral strain-level

contigs binning

4.1 Introduction

After contigs of different viral strains being assembled from viral quasispecies data, it is still un-
known that how many viral haplotypes are there in the quasispecies and what are there correspond-
ing abundances. Therefore, another crucial step in recovering viral haplotypes from metagenomic
data is the estimation of number of viral haplotypes and classification of contigs assembled into
different groups, which is often referred to as binning. The general binning for microbial samples
is defined as further investigating the taxonomic structure of contigs and clustering/classifying
them into operational taxonomic groups. For viral quasispecies assembly, these groups represent
composite strains of an individual viral species that comprise a viral quasispecies.

Many binning methods exist to bin assembled contigs from metagenomic data [160, 88]. These
methods usually estimate the bin number by aligning metagenomic data to a pre-established marker
gene database, and then assign assembled contigs to different bins using sequence composition
information and read coverage levels. For example, MaxBin [160] uses both tetranucleotide fre-
quencies and contig coverage levels to assign assembled contigs into different bins.

In addition, there are also methods of binning contigs using the coverage profiles of the contigs

across multiple metagenomic samples. The idea is that if two contigs are from the same bin, their
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coverage profiles across multiple samples should be highly correlated. For example, COCACOLA
[88] incorporates sequence composition and read coverage across multiple samples for binning.

While these binning tools exist, binning of contigs in a viral quasispecies has its unique chal-
lenges, and those existing tools are either not applicable or do not perform well. (1) Viral haplo-
types in a quasispecies belong to the same species, and they share the same marker gene. Aligning
the reads to marker gene database will only identify one species but not the number of haplotypes.
(2) Viral haplotypes in a quasispceis usually share high sequence similarity (may over 90%). The
sequence compositions for different haplotypes are thus very similar, and can hardly be used to
differentiate them. 3) There may not be multiple samples for a viral quasispecies.

Here we present VirBin, a method designed specifically for binning contigs assembled from a
viral quasispecies data. It takes advantage of contigs alignment and relative contig abundances in
aligned windows to accurately estimate the number of haplotypes and cluster contigs into differ-
ent groups. This method works with a single sequencing sample and does not require reference
genomes. VirBin was applied on two simulated datasets and a real dataset ,and benchmarked with
the recent approach MaxBin. The results show that VirBin reveals superiority in terms of both

precision and recall.

4.2 Methods

4.2.1 Problem definition

A viral quasispecies is composed of a set of highly similar viral strains with different abundance
levels. With assembled contigs from a quasispceis, the objective is to (1) estimate the number of
haplotypes in the quasispecies; (2) cluster contigs into groups so that contigs from the same viral

strain will be grouped together; (3) calculate the abundance for each viral strain in quasispecies.
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Mathematically, the problem can be defined as: Given contigs Cy,Cy,...,C, from a viral quasis-
pecies, the goal is to estimate the number of haplotypes N, cluster the contigs into N + 1 groups
(one more group as undefined) so that contigs from the same strain will be in the same group, and
calculate the abundance for each haplotype.

Since viral strains in a quasispecies belong to the same species are highly similar to each other,
aligning them to marker genes usually only identifies the species. Therefore, canonical binning
methods based on marker genes do not apply for viral quaspecies. However, taking advantage
of the high sequence similarities between haplotypes, contigs from different strains but derived
from the same genomic locations can be aligned together. With the alignment of contigs, VirBin
uses a window-based method to estimate the haplotype number and more accurately calculate the
relative abundance for each contig. The window is defined as a continuous region in the alignment
with the same number of contigs. This method begins with windows identification from contigs
alignment. Then high-quality windows, which have a high probability of containing contigs from
all haplotypes, are identified. The consensus heights (number of contigs /) in these windows are
used to estimate the number of haplotypes N. For each window, the relative abundance levels for

contigs can be calculated from the reads alignment profiles.

4.2.2 The VirBin algorithm overview

The overall pipeline of our method is shown in Figure 4.1. There are mainly two steps: (1) align
contigs and identify windows; (2) calculate relative abundances in each window and apply an

expectation-maximization method to cluster the contigs.
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Figure 4.1: The workflow of VirBin.

4.2.3 Estimate haplotype number by contigs alignment and windows extrac-
tion

In the first step, contigs are aligned with each other using blast [20]. Each time a contig C; is
chosen as a reference contig, and all other contigs are aligned against the reference to generate an
alignment profile similar to multiple sequence alignment. Although blast performs local alignment,
the raw alignment results were filtered where two types of alignment relationships are allowed
between every two contigs. One is overlap, where one contig’s suffix align with the other one’s
prefix (Figure 4.2(A)). Another one is inclusion, where one whole contig aligns to a substring
of another contig (Figure 4.2(B)). In this way, random alignments or alignment between repeated
sequences can be avoided. Then starting from 5’ end of C;, windows are identified as the continuous
regions with the same number of contigs. The algorithm for identifying windows from contigs
alignment is shown in Algorithm 3.

Ideally, if the contigs are complete and all alignments between them are correct, the height of
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(A) Overlap (B) Inclusion

Figure 4.2: Two kinds of alignment are allowed between two contigs to . (A) Overlap. (B) Inclu-
sion

Algorithm 3 Windows identification from contigs alignment profile

Function: Aligned contigs depth Height(T)

Input: Contigs alignment result on a reference contig C, with index from 1 to L;
Output: Windows on contig C, a list of tuples

i+ 1

j2

start < 1

end + 0

while i < L do

if i ==L or Height[i] != Height[j] then

end < i
Windows += [start, end]
start < j

10: i+ 4+

11: J++

12: end if

13: end while

e AR I e
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each window (/) can be used to represent the haplotype number in the quasispecies. In practice, the
contigs may not cover every region of haplotypes and there may exist chimeric contigs. Therefore,

we use the consensus window height as the number of haplotypes.

4.2.4 Expectation-Maximization method for binning contigs

The raw reads can be aligned to contigs to calculate their abundance levels. However, due to
the potential incompleteness of the assembled contigs and high sequence similarity between viral
haplotypes, directly calculating contig abundances is not accurate. Because reads from strains
with missing contigs may be mapped to contigs from other strains, which will eventually lead
to inaccurate estimation of contig abundances. With identified windows, denote the region of a
contig inside of a window as "sub-contig" c. The position-specific aligned reads profile on each
sub-contig can be used to calculate the "relative" abundances for each of them within a window,
which is a more accurate estimation for the contig abundances. The average relative abundance

(denote as ¢) for a sub-contig ¢; in a window is calculated as

S(Ci)

=" 4.1)
Z?:l S(cj)

Ci

where S(c;) is the summation of reads coverage on sub-contig ¢;. The rationale of this method is
that while the abundance estimation still may not be accurate in windows with missing contigs, we
can have more accurate abundance estimation for windows with correct number of contigs. Using
the relative abundances in these "correct” windows for clustering, we can have more accurate
binning results.

Similarly, we can calculate the position-specific relative abundance (denote as ¢) for a sub-

contig ¢; as
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. cilk]
k)= — 4.2)
alk Z?:lcj[k] "

where c¢;[k] represents the reads coverage at the k position of sub-contig ¢;. w is the window width.

Let the haplotype number estimated by windows height as N. With sub-contigs c, the position-
specific reads coverage profile ¢, and the average abundance ¢, VirBin utilizes the position-specific
relative abundances of sub-contigs in windows with height to estimate the probability that a
contig belongs to a bin with an Expectation-Maximization (EM) method. Let the haplotypes
be H|,H,,...,Hy, their abundances x{,xp,...,xy be random variables and follow distributions
E|(x),E>(x),...,En(x), respectively. Let C be the originating contig of ¢;, in total n sub-contigs
from C. We used EM algorithm to maximize the posterior probability P(c; € H;|¢;). The algorithm
contains four steps as shown below:

1. Initialize N groups by randomly assign sub-contigs to them or with guidance. The sub-
contigs in the same window are assigned to different groups.

2. Expectation
For each group, the compoent sub-contigs’ relative abundance profiles ¢s are aggregated to calcu-
late the empirical probability density function E(x). The aggregation is performed by calculating
the normalized histograms for these relative abundance profiles, so that the summation of his-
togram values will be 1. The likelihood that c; being produced from a haplotype can be denoted as
P(xj = ¢j|c; € Hj). It can be caclulated as E;(¢;).

The prior probability P(c; € H;) is same as P(C € H;), which is calculated as Y} | P(c; €

H,|¢;)P(c;). Here, P(c;) is the prior probability of ¢;, which is calculated as ZZ‘ZZE?;, P(c; € Hj|¢;)

is the posterior probability that c¢; belongs to haplotype H; from last iteration.

With both likelihood and prior, the expected probability that ¢; belongs to haplotype H; can be
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calculated as likelihood * prior, that is

length(c;)

n
P (e € Hjlci) = P'(xj=¢ile; € Hj)x ) P'(ci € ijc‘,-)m

k=1

4.3)

3. Maximization
With the posterior probabilities calculated for each group distribution, we can reassign the sub-
contig ¢; to the haplotype with the maximum posterior probability or using Gibbs sampling. The
same reassigning procedures are applied for all the sub-contigs. With the assignment results, the
distribution E(H;) and prior probability P(c; € H;) can be updated.

4. Iterate step 2 and 3 until the clustering results do not change or the maximum number of

runs have been achieved. The default maximum number of runs is 100.

4.3 Results

4.3.1 HIV simulated data set

VirBin was firstly tested on two simulated HIV quasispecies datasets for its effectiveness. One

simulated data set have 5 HIV haplotypes and the other have 10.

4.3.1.1 Data simulation

HIV haplotypes simulation Multiple HIV-1 strains are available on HIV sequence database (https://www.hiv.lanl.
However, the sequence similarities between them are usually below 90%, which are lower than se-
quence similarities between viral strains in a quasispceis. Therefore, we downloaded four HIV
strains (FJ061, FJ064, FJ065, and FJ066) from the database, and generate simulated haplotypes

from them by randomly mutating bases at randomly selected locations. For the viral quasispecies
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with 5 haplotypes, we generated 3 simulated haplotypes from FJ061 strain and mixed them with
FJ066 to compose a quasispecies (denote as 5 HIV haplotypes). The sequence similarities between
each simulated haplotype and FJ061 is 97%. For the quasispecies with 10 haplotypes, 2 simulated
haplotypes were generated from each FJO61, FJ065, and FJ066 strains. They were mixed with
FJ064 to compose the quasispecies (denote as 10 HIV haplotypes).

Contigs simulation While viral contigs can be assembled from simulated reads with available
assembly tools, the quality of generated contigs depends on the assembly algorithms and param-
eters used. To focus on the binning problem, we simulated error-free contigs directly from the
reference genomes. For each reference genome (denote its length as L), we randomly generated
a list of 20 location pairs (p1, p2), where 1 < p; < p» < L and p; — p; + 1 > 500. Each location
pair represents a candidate contig. These pairs were then sorted by p; and unqualified pairs were
filtered out from the list. The filtration starts from looking at the second pair in the sorted list (the
first pair is always kept), if it has an overlap less 100 bp with the previous pair and is not a substring
of the previous pair, keep it and move to the next pair. Otherwise, remove this pair from the list
and move to the next. After filtration, the contigs were then generated from the reference genome
with left location pairs.

HIV reads simulation With available HIV haplotypes, simulated reads were generated from
them by ART-illumina [56] as error-containing MiSeq paired-end reads, with read length of 250bp,
average insert size of 600 bp, and standard deviation of 150 bp. The abundance of each haplotype is
calculated based on a power law equation [9]. The total sequencing depths for the 5 HIV haplotypes
are 1000-x, with 438-x, 219-x, 146-x, 109-x, and 88-x for each haplotype, respectively. The
sequencing depths for 10 HIV haplotypes are 2000-x, with 683-x, 341-x, 228-x, 171-x 137-x, 114-
X, 98-x, 85-x, 76-x, 68-x for each haplotype, respectively. In total, there are 38,914 simulated reads

for 5 HIV haplotypes, and 76,974 reads for 10 HIV haplotypes.
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Table 4.1: Haplotype abundances for simulated 5 HIV haplotypes calculated from reads mapping.

Haplotype FJO61 FJO61-h1 FJ061-h2 FJ061-h3 FJ066
Abundance(%) 43.90 21.95 14.63 10.93 8.59

4.3.1.2 Results for 5 HIV haplotypes

Haplotype abundances
By mapping simulated reads to the simulated 5 HIV haplotypes by bowtie2, we were able to
estimate the abundance for each haplotype as shown in Table 4.1.

Windows identification
With the available simulated contigs and reads, we first aligned contigs to each other by blast and
identify windows by VirBin. For 5 HIV haplotypes, VirBin generated 121 windows from all the
contigs. The windows were sorted by their lengths and the top 5 windows are shown in Figure 4.3.

The results reveal that the height of these high-quality windows can be used to accurately
estimate the number of haplotypes in the quasispecies. For example, out of the top 100 windows,
50 contain 5 contigs, 8 contain 6 contigs, and 32 contain 4 contigs. Left windows contain 2 or
3 contigs. Out of the top 50 windows, 39 have 5 contigs, 1 contains 6 contigs, and 8 contain 4
contigs. Out of the top 25 windows, 20 contain 5 contigs, 1 contain 6 contigs, and 3 contain 4
contigs. Applying a simple voting process on the top-k windows, the number of haplotypes can be
estimated as the height of most abundance windows, which is 5.

By aligning reads to these contigs with Bowtie2, the relative abundance levels for each contig
within a window can be calculated following the equation 4.1. Relative abundances for contigs in
the top 5 windows are shown in Figure 4.3.

EM clustering

With the relative abundances calculated for contigs within windows, we applied the EM clustering
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Figure 4.3: Top 5 windows output from simulated contigs alignment for 5 HIV haplotypes. Each
line starting with >’ represents one window. The following columns represent reference contig
name, window height, window starting position on reference contig, window ending position one
reference contig, reference haplotype, and haplotype abundance, respectively. The rows after *>’
line show the information for each contig inside of this window. The columns represent contig
name, relative abundance, summation of reads coverage, reference haplotype, and haplotype abun-

dance, respectively.
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Table 4.2: EM clustering results on simulated 5 HIV haplotype contigs for VirBin and MaxBin.

virbin MaxBin
Precision (%) Recall (%) Precision (%) Recall (%)
FJ066 84.6 92.9 314 52.5
FJO61 96.6 89.0 0.0 0.0
FJO61-hl 88.2 82.9 0.0 0.0
FJO61-h2 91.8 99.6 0.0 0.0
FJO61-h3 92.7 89.0 0.0 0.0

method in VirBin to cluster contigs into 5 groups. Since the ground truth for which haplotype
each contig belongs to is know, we were able to evaluate the clustering results by calculating the
precision and recall a the base level. The evaluation results are shown in Table 4.2.

The results were benchmarked with MaxBin, which is a binning tool for metagenomic scaf-
folds/contigs based on tetranucleotide frequencies and reads coverage levels. The MaxBin program
requires marker genes to identify seed contigs for binning, which is not applicable for viral qua-
sispecies since the different viral haplotypes belong to the same species and have the same marker
gene. However, we were still able to run the core clustering program of MaxBin by providing the
seed contigs manually. We randomly chose one contig from each haplotype as the seed contigs
and calculated the contig abundances by mapping reads to them. The results from MaxBin are also
shown in Table 4.2. For all the 24 contigs, it assigned 17 to 5 clusters, leaving 7 unassigned. One
contig was correctly assigned to the cluster corresponding to FJ066 strain, but other contigs were
not correctly clustered.

StrainPhlAn [152] is also a tool to characterize the genetic structure of viral strains in metagenomes.
It takes the raw sequencing reads and MetaPhlAn2 [151] database of species-specific reference se-
quences as input and aims to output the most abundant strain for each sample. However, it failed
to detect any viral species at the first step running MetaPhlAn2. ConStrains [89] is another tool

designed to identify conspecific strain structures from metagenomic sequence data. It uses bowtie2
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Table 4.3: Haplotype abundances for simulated 10 HIV haplotypes calculated from reads mapping.

Haplotype FJO61 FJ066 FJ065 FJ064  FJO61-hl

Abundance(%) 34.61 16.83 11.26 8.44 6.94
Haplotype FJO61-h2 FJ066-h1 FJ066-h2 FJ065-h1 FJ065-h2
Abundance(%) 5.78 4.84 4.20 3.75 3.36

to map reads to a set of universal genes and infer the within-species strains abundances by utiliz-
ing single-nucleotide polymorphism (SNP) patterns. This tool again did not get enough mapped
reads to report any strain abundances. Thus, we cannot report the results from StrainPhlAn or

ConStrains.

4.3.1.3 Results for 10 HIV haplotypes

Haplotype abundances
Similar to 5 HIV haplotypes, by mapping simulated reads to the 10 HIV haplotypes by bowtie2,
we were able to estimate the abundance for each haplotype as shown in Table 4.3.

Windows identification
Similar to 5 HIV haplotypes, the contigs alignment and windows identification was also applied
on simulated contigs for 10 HIV haplotypes. VirBin generated 319 windows from all the contigs.
Sorting these windows by their lengths, the top 3 are shown in Figure 4.4.

From the results, out of the top 100 windows, 36 contain 10 contigs, 34 contain 9 contigs, and
20 contain 8 contigs, 4 of the left windows contain contigs number greater than 10 and 6 contain
contigs number less than 8. Out of the top 50 windows, 26 have 10 contigs, 16 contain 9 contigs,
and 6 contain 8 contigs. Out of the top 25 windows, 15 contain 10 contigs, 8 contain 9 contigs,
and 1 contains 8 contigs. Therefore, the haplotype number 10 can still be correctly figured out by
the heights of most abundance windows.

Similar to 5 HIV haplotypes, the relative abundances for contigs within windows can be calcu-
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lated by aligning reads to contigs with bowtie2. The relative abundances for contigs in the top 3

windows are shown in Figure 4.4.
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FJ061_2_5197_9265 0.35 977042.0 FJoel 0.326607244946
FJ066_2_5339_7628 ©.1539 430335.90 FJo66  0.15424@943818
FJ065_3_3121_7669 ©.1119 313399.0 FJee> 0.104100618471
FJ064_1_393_9239 0.0871 243864.0 FJoc4 ©0.0852086689881
FJ061-h1_2_3843_9776 0.0672 187587.0 FJo61-hl 0.078166415467
F1061-h2_2_1006_6705 0.0607 168648.0 FJ061-h2 0.0673951457824
FJ066-h1_1_316_8981 0.0558 156716.0 FJ@66-hl @.0544150511928
FJ066-h2_1_1560_8705 0.0449 126075.0 FJ066-h2 0.049893456681
FJ065-h1_1_373_8661 0.0386 108198.0 FJ065-hl 0.0416168598306
FJ065-h2_1_691_9145 0.0329 92061.0 FJO65-h2 0.0383555948236

>Window reference_contig: FJ066-h1_1_316_8981 10.0 1509 2444 FJ@65-hl 0.0416168598306

FJ@61_2_5197_9265 0.3548 690338.0 FJeel 0.326607244946
FJ066_2_5339_7628 ©.1531 299044.0 FJoco 0.154240943818
FJ065_3_3121_7669 0.1074 209787.0 FJo6> 0.104100618471
FJ064_1_393_9239 0.086 167954.0 FJoc64 ©0.0852086689881
FJ@61-h1_2_3843_9776 0.0674 131060.0 FJo61-hl 0.078166415467
F1066-h2_1_1560_8705 0.0627 122278.0 F1066-h2 0.049893456681
FJ@66-h1_1_316_8981 ©.0506 98033.0 FJO66-hl 0.0544150511928
FJ061-h2_3_6690_7641 0.0468 91557.0 FJ@61-h2 0.0673951457824

FJ065-h2_1_691_9145
FJ065-h1_1_373_8661

0.0395
0.0332

76640.0 FJ065-h2
64746.0 FJO65-hl

0.0383555948236
0.0416168598306

Figure 4.4: Top 3 windows output from simulated contigs alignment for 10 HIV haplotypes. The
output format are same as Figure 4.3.
EM clustering
With the identified windows and relative abundances, VirBin was also applied to cluster contigs
into 10 groups for 10 HIV haplotypes. The evaluation results for clustering are shown in Table 4.4.
The results were also benchmarked with MaxBin. Similar to simulated 5 HIV haplotypes, 10
seed contigs from each haplotype were randomly selected and provided to MaxBin. It classified
25 out of 34 contigs, with 9 unclassified. The results are shown in Table 4.4. While MaxBin

correctly classified one contig to FJ065-h1 and one to FJ066, most of the other contigs were not
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Table 4.4: EM clustering results on simulated 10 HIV haplotype contigs for VirBin and MaxBin.

virbin MaxBin
Precision (%) Recall (%) Precision (%) Recall (%)
FJ064 73.0 98.0 0.0 0.0
FJO61 100.0 80.0 0.0 0.0
FJO61-hl 98.1 88.1 0.0 0.0
FJO61-h2 99.5 89.2 0.0 0.0
FJ065 86.4 61.5 0.0 0.0
FJ065-h1 18.6 10.7 17.6 100.0
FJ065-h2 42.1 94.9 0.0 0.0
FJ066 84.6 95.8 43.4 69.2
FJ066-h1 90.9 79.2 0.0 0.0
FJ066-h2 60.0 47.6 0.0 0.0

appropriately clustered. We again tried StrainPhlAn and ConStrains on this simulated data set, but

still, no reads can be mapped to available reference genes.

4.3.2 HIV real MiSeq data set
4.3.2.1 HIV real data set and contigs

To further assess the performance of the binning method, we applied VirBin on the real HIV
quasispecies data set (SRR961514), sequenced from the mix of five HIV-1 (89.6, HXB2, JRCSF,
NL43, YU2) strains with Illumina MiSeq sequencing technology [39]. This data set contains
714,994 pairs (2x250 bp) of reads that cover the five strains to 20,000x. The raw data set was
pre-processed with FaQCs/1.3 [87] and Trimmomatic [15] to trim and filter low-quality reads or
adapters. The left reads were then error-corrected with Karect [2]. After pre-processing, 774,044
reads were left.

By mapping pre-processed reads to the available 5 reference genomes by bowtie2, we were
able to estimate the abundance for each haplotype as shown in Table 4.5.

We use the contigs assembled by PEHaplo as input for VirBin. PEHaplo produced 24 contigs
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Table 4.5: Haplotype abundances calculated from reads mapping.

Haplotype JRCSF NL43 89.6 YU2 HXB2
Abundance (%) 29.79 25.18 21.68 12.62 10.87

from the real MiSeq HIV data set that can cover over 92% of the five HIV-1 strains. These contigs

have a N50 value of 2,223 bp and the longest contig is 9,133 bp.

4.3.2.2 Results for HIV real data set

Windows identification
After aligning contigs to each other by blast, VirBin was applied on the aligned profiles and gen-
erated 197 windows. Sorting these windows by length, the top 5 are shown in Figure 4.5.

From the results, out of the top 100 windows, 44 contain 5 contigs, 39 contain 6 contigs, and
5 contain 4 contigs. Out of the top 50 windows, 27 contain 5 contigs, 16 contain 6 contigs, and
2 contain 4 contigs. Out of the top 25 windows, 17 contain 5 contigs, 5 contain 6 contigs, and
1 contains 4 contigs. Similar to the simulated haplotypes results, the haplotype number 5 can be
estimated from the heights of most abundant windows.

While the windows identified on simulated contigs tend to have windows heights less than
the haplotype number, the windows produced on contigs assembled have a lot of heights greater
than the haplotype number. One reason could be that there may be "chimeric contigs" assembled,
where a contig is joined by sequences from two or more haplotypes. The chimeric contigs can
align with those correct contigs, thus increasing the height of the windows. The simulated contigs
are error-free but not necessarily be complete due to the randomness. Therefore, there are a lot
of windows with a height less than the haplotype number. Another possible reason is that there
are repeated sequences for HIV real haplotypes. Let us denote a substring of a viral haplotype

X as X[start_position,end_position|. The blast results between these HIV haplotypes show that
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>Window reference_contig: 307711031 5.0 3 1640 YU2 0.1262

1471211167 0.3013 9840417.0 JRCSF  9.2979
1910914455 0.2079 6797490.0 89.6 0.2168
307711031 0.1914 6125241.0 HXB2 0.1087
171231944 0.1753 5788432.0 NL43 0.2518
19851810 0.1289 4221446.0 YU2 0.1262
>Window reference_contig: 19851810 5.0 367 1993 YUZ 0.1262
1471211167 0.2961 9773461.0 JRCSF  0.2979
1910914455 0.2098 6803613.0 89.6 0.2168
307711031 0.193 6129357.0 HXB2 0.1087
171231944 @.1758 5795251.0 NL43 @.2518
19851810 0.1292 4225063.0 Yu2 0.1262
>Window reference_contig: 191094455 5.0 275 1148 HXB2 0.1087
144021812 0.2749 6745597.0 NL43 0.2518
677913607 0.2415 5941781.0 JRCSF  9.2979
1910914455 0.1982 4896019.0 89.6 0.2168
96151725 0.1562 3843177.0 Yu2 0.1262
12061773 0.1317 3239063.0 HXB2 0.1087
>Window reference_contig: 191094455 5.0 36l 1988 YU2 0.1262
1471211167 0.2958 9768538.0 JRCSF  9.2979
191@914455 0.21 6810527.0 89.6 0.2168
307711031 0.1932 6136343.0 HXB2 0.1087
171231944 0.1757 5794854.0 NL43 0.2518
19851810 0.1292 4225369.0 YU2 0.1262
>Window reference_contig: 307711031 5.0 540 1413 HXB2 0.1087
144021812 0.2749 6745597.0 NL43 0.2518
677913607 0.2415 5941781.0 JRCSF  @.2979
191@914455 0.1982 4896019.0 89.6 0.2168
96151725 0.1562 3843177.0 YU2 0.1262
12061773 0.1317 3239063.0 HXB2 0.1087

Figure 4.5: Top 5 windows output for contigs assembled from HIV real MiSeq data. The output
format are same as Figure 4.3.
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Table 4.6: EM clustering results on assembled 5 real haplotype contigs for VirBin and MaxBin.

VirBin MaxBin
Precision (%) Recall (%) Precision (%) Recall (%)
HXB2 48.5 70.2 39.1 27.0
YU2 34.0 30.0 56.6 50.9
89.6 58.0 56.5 0.0 0.0
NL43 18.5 17.4 9.6 21.6
JRCSF 65.1 50.8 0.0 0.0

Table 4.7: EM clustering results on assembled 5 real haplotype contigs for VirBin and MaxBin.

VirBin MaxBin
Precision (%) Recall (%) Precision (%) Recall (%)
HXB2 70.0 87.5 33.3 25.0
YU2 25.0 20.0 33.3 33.3
89.6 33.3 100.0 0.0 0.0
NL43 66.7 28.6 25.0 20.0
JRCSF 33.3 33.3 0.0 0.0

89.6[9046, 9669] can be aligned with JRCSF[1, 630] with an identity of 92%. Therefore, the
alignment between contigs may not mean that they come from the same location of the consensus
genome sequence, which can lead to an overestimation of the height of the windows.

EM results The similar clustering procedures were applied on identified windows by VirBin
with relative abundances. MaxBin was run again as Benchmark The results from both tools are
shown in Table 4.6. StrainPhlAn and ConStrains were applied on this real HIV data set too.
StrainPhlAn was able to identify the HIV species, but could not report any strain information.
ConStrains could not align enough reads to marker genes for further reporting strain abundances.

VirBinS§ results are not as good as for simulated HIV data sets. One of the reason may be the
existence of imperfect assembled contigs, which may lead to the incorrect calculation of abundance

levels and finally affect the clustering.
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4.4 Discussion and Conclusion

Within the same viral quasispecies, binning the contigs from different haplotypes with k-mer
frequencies (such as tetranucleotide frequencies) is not applicable because of the high sequence
similarities between them. The only possible information to differentiate these contigs is their
abundances inferred from reads coverage levels by mapping. However, the inhomogeneous reads
coverage along the viral genome and close abundances between viral strains increase the diffi-
culty to directly applying coverage levels for binning viral contigs. In this Chapter, we proposed
a novel method to more accurately calculate the relative abundances for sub-contigs within win-
dows. Moreover, the number of haplotypes in the quasispecies can be estimated from the consensus
height of windows.

We have shown the utility of our tool on two simulated and one real viral quasispecies data sets,
and benchmarked the results with MaxBin. The success of this method relies on the quality of input
contigs and the abundance difference between viral haplotypes. When the assembled contigs can
cover the most part of viral strains, the number of haplotypes in the quasispecies can be accurately
identified. The empirical experience shows that it is difficult to classify two viral strains when the

abundance difference between them is below 3%.
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Chapter 5

Studying transcriptional regulations of

miRNA genes with Cap-seq

5.1 Introduction

MicroRNAs (miRNAs) are a large family of ~21 nucleotide-long RNAs that have been uncov-
ered as key regulators of gene expression at post-transcriptional level in metazoans, plants, and
viruses [63, 66, 10]. In metazoans, mature miRNAs and argonaute (AGO) proteins form into the
miRNA-induced silencing complex (miRISC), within which miRNAs base-pair to the 3’-UTR of
target mRNAs and inhibit protein synthesis by either repressing translation or promoting mRNA
degradation. It was inferred that more than one-third of all protein-coding genes are regulated by
miRNAs [94]. miRNAs have also been discovered to play a crucial role in precision medicine.
Precision medicine attempts to characterize the genetic background of patients and classify them
into subpopulations that differ in their susceptibility to a particular disease [30, 58, 91]. The capa-
bility of modulating a vast number of protein-coding genes makes miRNA powerful regulators of
the different cellular processes involved in the pathogenesis of various types of diseases, including
cardiovascular diseases and cancer. For example, liver miRNA miR-122, as the most abundant and
most specific liver miRNA, is most likely to represent a novel biomarker for cardiovascular and
metabolic diseases as it plays a central role in lipid and glucose homeostasis and is detectable in

serum and plasma [156]. Differential expression of miRNAs have also been observed in tumor
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tissues. Their alteration expression in prostate cancer has been well documented [96]. Because of
their important regulatory functions, many studies have focused on miRNA annotation and identi-
fying their targets [32, 164, 78]. However, how miRNAs themselves are expressed and regulated
is not fully understood.

In the canonical miRNA biogenesis pathway, miRNAs are processed from longer transcripts,
which are referred to as primary miRNAs (pri-miRNAs) [66]. Pri-miRNAs are either transcribed
by polymerase II (Pol II) from independent genes or derived from the introns of protein-coding
genes [77, 16]. Two members of the RNase III family of enzymes, Drosha and Dicer, further
process pri-miRNAs to mature miRNAs [76, 28, 68]. First, Drosha cleaves the hairpin structure of
a pri-miRNA to an ~70-nucleotide precursor miRNA (pre-miRNA) in the nucleus. Pre-miRNAs
are then exported to the cytoplasm by XPOS5, where Dicer cleaves off the loop region of the hairpin
and further processes it to ~21-bp mature miRNA(s). Recent studies have uncovered several
non-canonical ways of generating miRNAs, demonstrating the complexity of miRNA biogenesis.
One class of unconventional miRNAs is called mirtrons, which are encoded in introns, bypass
Drosha processor but rely on splicing machinery for pre-miRNA generation [11, 130]. miRNAs in
mammals have been shown to frequently utilize alternative promoters in different cell types, and
pri-miRNAs may encode subsets of clustered miRNAs [24]. Pri-miRNA transcripts can be cleaved
by cytoplasmic Drosha in human cells [35]. Another study on mice has uncovered a second class
of non-canonical miRNAs, of which the pre-miRNAs are 5’-capped and generated directly by
transcription [161].

Although the genomic coordinates of mature and precursor miRNAs have been annotated in
databases such as miRBase [48], very little is known about the coordinates of pri-miRNAs. RNA-
seq technology [155] has been proved as an efficient way to annotate protein-coding genes. Mature

mRNAs contain a 5° 7-methylguanosine (m’G) cap and a long 3’ polyadenylated (poly(A)) tail
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and are relatively stable, so they can be well extracted from cells and sequenced. The sequenced
RNA fragments are then mapped to the reference genome for gene annotation. However, since the
original 5’ ends of primary miRNA transcripts are rapidly cleaved off by Drosha during miRNA
maturation, regular RNA-seq technology cannot be used to find the primary TSSs of miRNA genes.
Pri-miRNAs are usually transcribed by Pol II and also contain a 5> m’G cap and a 3’ poly(A) tail
[77], indicating that the biological features related to Pol II transcription can be used to identify
the transcription initiation sites for miRNA genes.

To identify the primary TSSs of miRNAs, some computational methods have been imple-
mented based on features related to Pol II transcribed genes, such as transcription factor binding
sites (TFBSs), Pol II binding, and chromatin states including histone modifications and nucleo-
some positioning [132, 111, 31, 29]. Typically, Pol II and H3K4me3 are highly enriched at active
promoters, while nucleosomes are depleted at the TSSs. Wang et al. [154] designed a statistical
model to mimic Pol II binding patterns at the promoters of highly expressed protein-coding genes
and used it to search for similar Pol II binding patterns upstream of all intergenic miRNAs in hu-
man breast cancer cells to identify primary promoters. They verified their findings by checking the
conservation, CpG content, and activating histone marks in the identified promoter regions. Ozso-
lak et al. [111] combined nucleosome mapping with ChIP-chip screens for H3K4me3, H3K9/14ac,
Pol II and Pol III signatures to identify the proximal promoter regions of pri-miRNAs in human
genome. They tested their algorithm on human annotated protein-coding genes and predicted the
transcription initiation regions to a resolution of 150 bp. With the same method, the transcrip-
tion initiation regions of 175 transcriptionally active miRNAs were determined. Saini et al. [131]
predicted the 5° ends of intergenic pri-miRNAs in human, mouse and rat genomes by combining
the features of TSSs predictions, CpG islands and 5’ cap analysis of gene expression (CAGE)

tags. miRStart [29] built a SVM model using the features of CAGE tags, TSS Seq libraries and
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H3K4me3 chromatin signature from ChIP-seq to identify the TSSs of human miRNAs. The model
was trained on 7,268 protein-coding genes with unique TSS and identified 847 putative TSSs for
the 940 human pre-miRNAs obtained from miRBase.

While the methods discussed above [154, 111, 131] have predicted TSSs for miRNA genes
in mammal genomes, their prediction results have low resolution (hundreds of bps) because the
typical distribution patterns of Pol II and chromatin features surrounding promoters may not hold
for any particular gene. Even for some actively transcribed genes (29/85), the distance between
the TSS and the closest Pol II peak can be over 1000 bp (Figure S1(B)). A more accurate method
is to take advantage of the cap structure at 5’ ends of Pol II transcribed RNAs. Mapping the
capped sequences to reference genomes will enable direct discovery of the TSSs. CAGE and Cap-
seq have been used to directly sequence RNAs with 5> m’G caps, which are used to identify the
candidate TSSs. CAGE [65] uses a so-called “cap trapper" method to capture full-length mRNAs
and sequence the 5° ends with Sanger sequencing technology. However, CAGE is not widely used
to map TSSs for each gene because of the cost and sequencing depth. With the development of high
throughput sequencing technology, enriching capped RNA transcripts followed by next-generation
sequencing (NGS) technology (Cap-seq or deepCAGE [38]) has been used to sequence the capped
RNAs in the whole genome.

The mouse is a popular mammalian model system for genetic research, for which some Cap-seq
datasets have been generated [161, 49]. Recently the Cap-seq study in mice [161] has uncovered
a non-canonical way of generating pre-miRNAs, in which the pre-miRNAs are generated directly
by transcription and their 5> ends are m’G capped. These 5° m’G capped pre-miRNAs prefer to
be exported from the nucleus to the cytoplasm by exportin 1 (XPO1) and after Dicer processing,
only 3p-miRNA is efficiently loaded onto the AGO complex. This special class of 5’-capped pre-

miRNAs have also been discovered in the human genome (miR-320a) [161], but whether they also
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exist in other non-mammalian species is still unknown.

Caenorhabditis elegans (C. elegans) is also a well established model organism for genomic
studies. The worm is a simple multicellular organism but with a variety of tissue types and a
short life cycle [33]. Therefore, many functional genomic sequencing datasets, including Cap-seq
[49, 27, 67], have been generated on this species. The transcription regulation in this animal is
quite different from that in mammals. For example, the primary transcripts of about 70% of its
protein-coding genes undergo trans-splicing [144]; and its pri-miRNA transcripts are exported by
XPO1 and possibly processed in nuclear pore [19].

In this study, we utilized available Cap-seq datasets to study the transcription regulation of

miRNAs in C. elegans and mouse. The main results are summarized below.

e We identified a group of candidate 5> m’G capped pre-miRNAs in C. elegans.

e We classified another class of miRNAs with non-canonical transcription mechanisms, for
which the pre-miRNAs may be generated by both the canonical miRNA pathway with
Drosha and the non-canonical pathway without Drosha.

e Based on the capping signals for miRNA genes in clusters, we proposed a hypothesis that
these pri-miRNA transcripts might undergo cytoplasmic re-capping during the pre-miRNAs
generation process.

e We developed a method to separate these identified primary miRNA promoters as broad or
divergent and characterized them by analyzing the H3K4me3 and Pol II binding surrounding

them.
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5.2 Materials and Methods

5.2.1 Datasets and processing

The small RNA Cap-seq data for new born mouse was retrieved from the study by Xie et al. [161],
and was downloaded from Sequence Read Archive (SRA) with run number SRR1022391. The
small RNA Cap-seq data for mixed staged embryos of C. elegans is from the study by Chen et al.
[27], and was downloaded from NCBI Gene Expression Omnibus (GEO) with accession number
GSE42819. The small RNA-seq data of C. elegans L4 stage was also downloaded from GEO
database with accession number GSM916519. The ChIP-seq data of H3K4me3 and Pol II for
C. elegans were also obtained from NCBI GEO database, with accession number GSE28770 and
GSE15535, respectively. Small RNA-seq data for detecting mature miRNAs in C. elegans was
downloaded from GEO with accession number GSM916519.

Raw sequencing data sets are in SRA format and were dumped to FASTQ format by SRA
Toolkit [145]. The FASTQ files were then mapped to C. elegans (WBcel235) and Mouse (GRCm38)
reference genome using bowtie [72] allowing 2 mismatches and 3 mismatches for reads length of
36 nt and 50nt, respectively. Only uniquely mapped reads were reported in the output SAM files

and were visualized by GenomeView [1].

5.2.2 Clustering of 5’ end reads

Small RNA Cap-seq data for C. elegans and mouse are strand specific. Mapped reads on forward
and reverse strand were analyzed independently. We identified the transcription initiation clusters
(TICs) with similar methods from the study by Chen, et al [27]. First, mapped reads with same
strand and 5’ end positions were combined and denoted as cap-stacks. Second, all cap-stacks

containing five or more tags were clustered using a single-linkage approach: two or more stacks
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were clustered together if the distance between two adjacent stacks is less or equal to 50 bp. The
position covered by the most 5° ends within the TIC was defined as the mode, which represents
the TSS for the TIC. In the case of two or more positions with the same number of tags, the one
furthest upstream was selected as the mode. Here in total we obtained 32,530 TICs in C. elegans

and 4,903 TICs on mouse chromosome 7.

5.2.3 Statistical analysis

Because the Cap-seq is not perfect and may involve contamination or artifacts, we used a Poisson
distribution to model the background noise following the previous work [168]. Those TICs that
are significantly enriched with sequencing reads are reported (Poisson distribution p-value based
on A). Since the reads of Cap-seq are not randomly distributed along the genome, we estimate a

dynamic parameter Ajocq1, defined for each TIC as:

Mocal = min[Asy, Ajok] (5.1

where Asi and A;¢x are estimated from the 5kb or 10kb window centered at the mode of the TIC.
Our model is built on the assumption that a TIC is reliable if the number of reads enriched inside
of the TIC is significantly higher (default with p-value <10~>) than the number of reads located in

the TIC when they are randomly distributed in the local region.

Results of Cap-seq and small RNA-seq reads mapped to tRNAs were subject to a two-tailed
paired sample t-test to estimate their differences, with p-value <0.01 considered statistically sig-
nificant. Both Cap-seq and small RNA-seq mapping results on tRNAs were normalized by their
coverage depths on the genome. Since they only cover a small part of the whole genome, the

coverage depth was calculated as the total number of reads mapped multiply the reads length and
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divided by the length of covered genome region. The similar Poisson model is also used to estimate

the enrichment of Cap-seq reads on tRNAs.

5.2.4 miRNA cluster and intergenic pre-miRNAs identification

miRNA clusters were retrieved from miRBase with a distance threshold of 1000 bp. The distance
between pre-miRNAs in mice are usually longer than 1000 bp. Thus, we did not find any miRNA
cluster in mice with our threshold.

To identify intergenic miRNAs from C. elegans and mouse genome, we downloaded the miRNA
annotations from miRBase Release 21 and gene annotaion gftf3 files. The gene annotation files for
C. elegans and mouse were downloaded from Ensembl website (http://www.ensembl.org/index.html).
Pre-miRNAs from both miRBase and Ensembl gene annotation files were isolated and those miR-
NAs that are not covered by protein-coding genes, non-coding RNA genes, snoRNA genes and
snRNA genes were identified as intergenic miRNAs. In the case that same pre-miRNA is anno-
tated both in miRBase and gene annotation file, we only kept the one in miRBase. In total, we
identified 134 intergenic miRNAs in C. elegans and 80 intergenic miRNAs on mouse chromosome
7. The flanking region upstream of the 5’ end of intergenic pre-miRNA was also identified, and
TICs detected in this region were annotated as the candidate primary TSSs for the miRNA. The

TICs identified within the pre-miRNA region were annotated as the pre-cap TICs.

5.2.5 Finding bidirectional and multiple TSSs promoters

With the capped RNA reads, we identified transcription initiation sites and annotated their promot-
ers as bidirectional or broad promoters (promoters with multiple TSSs) in C. elegans. We used

the identified TICs to annotate these promoters. First for each TIC (A in Figure 5.7 (B))on the
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plus strand, the most close downstream (C in Figure 5.7 (B)) and upstream (B in Figure 5.7 (B))
minus strand TICs were searched. If the distance between the upstream minus TIC (B) and the
plus strand TIC (A) is less than threshold (here we use 300bp), the two TICs were treated as from
the same promoter and the promoter was annotated as bidirectional. The downstream minus strand
capped peak (C) acts as the boundary for detecting multiple transcripts. All the plus strand TICs
upstream of it were annotated as from the same promoter. To identify the multiple transcripts on
the minus strand, the most close upstream plus strand TIC (D) of B was found and all the minus
strand TICs between D and B were annotated as from this promoter. Those left minus strand TICs
were annotated with the similar method.

With this approach, we detected 11,272 promoters in C. elegans, of which, 6,149 are bidirec-
tional promoters and 2,359 are broad promoters. The most upstream 5° ends of both plus and
minus strand TICs were used to represent for the TSSs of these promoters. Only one TSS on each

strand was selected as representing TSS for one promoter.

5.3 Results

5.3.1 Identification of primary miRNA TSSs in C. elegans and mouse
5.3.1.1 Overview of primary miRNA TSSs annotation

We used the single-linkage clustering method to detect transcription initiation clusters (TICs) [27]
from Cap-seq data in C. elegans and mice. For each TIC, we also used a Poisson distribution
to model the local background noise and test whether it is significantly enriched with Cap-seq
reads by calculating a p-value (see Materials and Methods). The intronic miRNAs are usually

processed as part of their host-gene mRNA [10] and thus their transcriptions coordinate with the
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protein-coding genes. Therefore, in this study, we have focused on identifying the primary TSSs
for intergenic miRNAs. In both species, we first identified the intergenic miRNAs that are not
covered by protein-coding genes, non-coding RNA genes, small nucleolar RNA (snoRNA) genes,
or small nuclear RNA (snRNA) genes. Then the flanking region between 5’ end of pre-miRNA
and the closest upstream gene was searched for TICs. The identified TICs were annotated as
candidate primary TICs (Figure 5.1). The region within pre-miRNA was also searched for TICs,
and the identified TICs were annotated as pre-cap TICs (Figure 5.1). Moreover, we also searched
for miRNA clusters from miRBase with a distance threshold of 1000 bp. For miRNA clusters,
primary TSS(s) are annotated as the TIC(s) upstream of the 5* end of the first pre-miRNA in the

cluster and pre-cap TIC(s) are annotated as the TIC(s) within the pre-miRNAs in the cluster.

Primary TIC Pre-cap TIC

m—c

Pre-miRNA

a|

Figure 5.1: Primary TIC is located upstream of the pre-miRNA, while pre-cap TIC is located
inside of the pre-miRNA. The annotation of a pre-miRNA is usually a stem-loop that includes
the pre-miRNA and the lower stems. However, the real pre-miRNA only includes the red, purple
sequences (mature miRNAs) and the loop between them. Therefore, the pre-cap TIC starts from
the 5° end of a Sp-miRNA. Each blue or green bar corresponds to a mapped read, where green
indicates the plus strand and blue the minus strand. The Cap-seq datasets were sequenced in a
strand-specific way. Only the reads on the same strand of the miRNA are considered.

In C. elegans, we identified 134 intergenic miRNAs and 16 miRNA clusters. With the retrieved

Cap-seq data [27], 70 intergenic miRNAs were identified with at least one candidate primary TIC
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in the flanking regions, and 9 miRNAs were identified with at least one pre-cap TIC inside of the
precursors. For those miRNAs with candidate primary TICs or pre-cap TICs, 8 were identified
with both of them. The modes (highest coverage of reads’ 5° ends) of the primary TICs are used to
represent the candidate TSSs of miRNAs. In the 16 miRNA clusters, 6 were found to contain both
primary TSSs and pre-cap TICs, and 2 clusters were found to contain only primary TSSs (Table
S1).

In mice, we used the Cap-seq data from the study by Xie et al. [161]. They performed Cap-
seq to find the unconventional pre-miRNAs whose 5’ ends are generated directly by transcription
initiation with Pol II and thus 5° m’G capped. Based on their results, there are the highest number
of 5’-capped pre-miRNAs on chromosome 7, so we focused on identifying the primary TSSs for
miRNAs within mouse chromosome 7. We identified 80 intergenic miRNAs on this chromosome,
of which 10 miRNAs were identified with at least one pre-cap TIC and 37 miRNAs were identified
with at least one candidate primary TICs. Of those miRNAs with candidate primary TICs or pre-

cap TICs, 2 were found to contain both of them (Table S2).

5.3.1.2 Comparison with previous work

In the previous study [49], Gu et al. developed the CapSeq protocol to enrich and sequence longer
(70-90 nt) 5’-capped RNA transcripts, and CIP-TAP cloning to isolate and sequence 5’-capped
small (18-40 nt) RNAs. They applied these two 5’ anchored RNA deep-sequencing approaches
onto C. elegans and mouse genomes and annotated the primary TSSs for miRNAs in both of them.
As a result, they identified at least one TSS for 55 individual pre-miRNAs and 9 miRNA clusters
in C. elegans, and 134 individual pre-miRNAs in mice, with 7 miRNAs annotated on chromosome
7. Comparing with their results, we identified the primary TSSs for 43 additional miRNAs, 2

additional miRNA clusters in C. elegans and 37 additional miRNAs on mouse chromosome 7
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(Table S3).

In another study [67], Kruesi et al. devised a global run-on cap sequencing (GRO-cap) method
to capture and sequence only those 5’ m’G capped RNAs in C. elegans embryos, starved L1 lar-
vae, and L3 larvae. With the GRO-cap sequencing data, they annotated the primary TSSs for 52
individual pre-miRNAs and 5 miRNA clusters. We identified similar primary TSSs for those over-
lapping pre-miRNAs (24 miRNAs). Furthermore, we annotated the TSSs for 46 more individual

miRNAs and 3 more miRNA clusters (Table S4).

5.3.2 5’ m’G capped pre-miRNAs are identified in C. elegans

As shown in Figure 5.1, reads in pre-cap TICs are usually aligned very well with the 5’ ends of
pre-miRNAs. There is a possibility that these reads were actually sequenced from uncapped pre-
miRNAs rather than capped RNAs. In this section, we first investigate whether usually uncapped

pre-miRNAs are highly enriched by Cap-seq protocol.

5.3.2.1 Possible 5’ recessed RNAs enriched by Cap-seq

To enrich for capped RNA in Cap-seq experiments for C. elegans, exonuclease Terminator and calf
intestinal alkaline (CIP) were used to remove the uncapped RNAs [27]. However, some uncapped
RNAs, such as pre-miRNAs and tRNAs, may not be accessed efficiently by Terminator/CIP be-
cause of their 5’ recessed ends in their secondary structures. As a result, some of the Cap-seq reads
in pre-cap TICs may actually come from pre-miRNAs. To investigate the contamination of pre-
miRNA reads in Cap-seq data, we downloaded small RNA-seq data (GSM916519) for C. elegans
and mapped the reads to the reference genome as the control. Those miRNAs that are detected as
expressed by small RNA-seq data might be observed in Cap-seq data as well. We then quantified

the number of Cap-seq reads aligned to those expressed pre-miRNAs (mapped with sufficient small
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RNA-seq reads) (Figure S2(A)). The results showed that the numbers of Cap-seq reads mapped to
pre-miRNAs are not proportional to the numbers of small RNA-seq reads mapped. For many
highly expressed miRNAs (22/33), there are few or no Cap-seq reads aligned to their precursors,
indicating that many Cap-seq reads may not be pre-miRNAs. In addition, pre-miRNAs, serving
as an intermediate during miRNA maturation, are quickly processed by Dicer and thus tend not to
be enriched by Cap-seq. Previous work has shown that the data of carefully designed pre-miRNA
sequencing only contains less than 1% reads that can be mapped to pre-miRNAs [82].

According to Chen et al. [27], there was no step to remove tRNAs in the Cap-seq protocol. We
then did the similar comparison for tRNAs because tRNAs may escape treatment of the Terminator
and CIP for the same reason as pre-miRNAs. The results showed that, although almost all the
annotated tRNA genes in the worm were expressed (604/605), most of these tRNAs (463/605) do
not have any Cap-seq reads mapped (Figure S2(B)). A two tailed paired sample t-test was used
to estimate the mean difference between the normalized Cap-seq reads and small RNA-seq reads
mapped to tRNAs. We got a p-value as 1.12e-185, showing that the tRNA reads captured by two
protocols are significantly different (alpha level as 0.01). Pearson’s correlation and Spearman’s
rank correlation between two mapping results were also calculated. The correlation coefficient
results (-0.042 and -0.125, respectively) suggest that they are poorly correlated. Most of those
tRNAs mapped with Cap-seq reads have less than 10 reads (124/142, Figure S3), implying that
these reads might be caused by random contamination. We then used the Poisson distribution to
model the background noise (see Materials and Methods). 31 tRNAs were reported as significantly
enriched with Cap-seq reads at the cutoff of 107>. Those tRNAs that are highly enriched for Cap-
seq reads are usually overlapped with the repeat regions. Considering that most of the other tRNAs
have few or no Cap-seq reads mapped, we infer that these regions might be transcribed by Pol II

and produce capped RNAs under certain conditions.
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We also suspected that some of the Cap-seq reads within pre-miRNAs might be mature miR-
NAs. However, mature miRNAs are short and usually do not possess complex secondary struc-
tures. They could be efficiently removed by Terminator/CIP treatment [44]. The deficit of Cap-seq
reads on most mature miRNAs adds support to this. Hence the pre-cap TICs are not likely formed
by mature miRNAs either. The Cap-seq study on mice have also shown that uncapped RNAs con-
stitute less than 10% of the total sequenced reads [161]. Considering the above analysis together,
we posited that although Cap-seq inevitably contains some uncapped RNAs, many of the reads

mapped to pre-miRNAs are likely sequenced from capped RNAs.

5.3.2.2 Defining 5> m’G capped pre-miRNAs with pre-cap TICs

RNAs synthesized by Pol IT are 5> m’G capped cotranscriptionally. A previous study [161] has
documented a new class of unusual miRNAs in new-born mice, for which the 5’ ends of the
pre-miRNAs are m’G capped and coincide with their TSSs. These miRNAs were suggested to
be generated without Drosha processing, with their 5° ends determined directly by transcription
initiation and the 3’ ends generated by transcription termination.

To examine whether there are the same class of miRNAs in C. elegans, we analysed those pre-
miRNAs with pre-cap TICs mapped inside. The 5’ ends of pre-cap TICs are usually consistent with
the 5° ends of pre-miRNAs or Sp-miRNAs. Therefore, those pre-miRNAs that were detected with
pre-cap TICs should acquire m’G cap at their 5’ ends and were annotated as 5’-capped miRNAs.
We also applied our method to mouse Cap-seq data obtained from the study by Xie et al. [161]
and compared our results with theirs. Our results have uncovered all the 9 intergenic 5’-capped
pre-miRNAs on mouse chromosome 7 as shown in the paper, validating our method. Besides, we
also annotated the primary TSSs for 37 miRNAs with the same dataset. Strikingly, new candidate

TSSs were also found upstream of two 5’ capped pre-miRNAs (mmu-mir-344c and mir-344i ). In
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total, we identified 9 5’-capped miRNAs in C. elegans (Table S1) and 10 on mouse chromosome 7
(Table S2).

We also used statistical analysis to evaluate the enrichment of capped RNA reads on the 5’ ends
of pre-miRNAs. With the calculated p-values, 7/9 5’-capped pre-miRNAs in C. elegans and 9/10
in mice are significantly enriched with Cap-seq reads (p-value <10~>; Table S1).

To look for sequence motifs surrounding these identified putative miRNA TSSs, we plotted the
nucleotide composition around them by Weblogo [34]. A strong YR motif was observed at both
the putative primary miRNA TSSs or pre-cap TSSs of independent miRNAs, in which Y represents

pyrimidine, R represents purine and R locates at the TSSs (+1 position, Figure 5.2).

2‘0_: miRNA primary TSSs YR
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Figure 5.2: Sequence motif analysis of nucleotides around putative miRNA TSSs (+1). The nu-
cleotide height (in bits) stands for the /og; ratio of the observed nucleotides frequency relative to
the background genomic nucleotide composition. The YR motif is observed at the putative primary
miRNA TSSs and independent miRNA pre-cap TSSs.
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5.3.3 M’G capped pre-miRNAs often have upstream primary TICs

In both C. elegans and mice, we noticed that some of these 5’-capped pre-miRNAs also have
primary TICs in the region from the pre-miRNA 5’ end to the closest upstream gene. In C. elegans,
8 out of 9 5’-capped pre-miRNAs have been detected with primary TICs; while in mice, 2 out of 10
5’-capped pre-miRNAs have upstream primary TICs. These upstream TICs are usually not very far
from the pre-miRNAs and the Pol II binding at these TICs elongate to the downstream miRNAs,
indicating that they are connected with the miRNAs. To our knowledge, this phenomenon has not
been described in other studies. Two examples in C. elegans are shown in Figure 5.3. Since pre-
miRNAs can be generated both in the canonical way as from a long pri-miRNA by Drosha and in
the non-canonical way by transcription initiation and termination, we ask which TIC corresponds
to the real primary TSS of the miRNA or can both of them produce pre-miRNAs?

We proposed two possible explanations for this phenomenon. The first explanation is that there
could be multiple isoforms for these miRNA genes. For example, the second discovered miRNA in
C. elegans (let-7) has been detected with at least three primary transcripts [17]. It was also reported
that genes often use alternative promoters in a developmental stage or cell type specific way that
can spread up to thousands of kilobases. As an example, about one half of the protein-coding
genes in human and mouse genomes have multiple alternative promoters [37]. Therefore, these
miRNA genes may also contain mulitple alternative promoters that can generate several isoforms
(Figure 5.4 (A)). The other primary TICs may produce longer miRNA transcripts that are subject to
the canonical miRNA processing procedures involving Drosha. Since the 5’-capped pre-miRNAs
are most likely generated directly by transcription, two paths may be able to lead to the maturation
of the same miRNA: one with Drosha and the other without. Because we used the dataset from

mixed-stage embryos, these miRNA genes may employ alternative promoters and produce diverse
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Figure 5.3: Primary TICs are detected upstream of 5’-capped miRNAs cel-mir-51 and cel-mir-53.
Multiple Cap-seq peaks are observed in pre-miRNA regions. The mapped reads were visualized
by GenomeView [1]. Each blue or green bar corresponds to a mapped read, where green indicates
the plus strand and blue the minus strand. The reads in upper panel are from Cap-seq dataset, with

uniform length of 36 nt. The reads in lower panel are from small RNA-seq dataset, with length in
range from 14 nt to 26 nt.

isoforms at different stages. We also observed that for some miRNAs (Supplementary Figures S5
- S7: cel-mir-235, cel-mir-244, cel-mir-238, and cel-mir-228), the upstream TICs are very close to
the pre-miRNA, likely that they are generated from the same promoter as the pre-cap TIC.

The second explanation is that the TICs upstream of pre-miRNA may be transcribed enhancers
or promoters, which generate transcripts that will not produce miRNAs. Recently several studies
have shown that promoter and enhancer regions can be transcribed in human, mouse and C. elegans
genomes [40, 141, 27]. The transcription in promoters and enhancers are usually associated with
downstream genes. It is suggested in C. elegans that the elongation from an upstream enhancer

toward a downstream gene may have the potential to deliver Pol II to a proximal promoter, or al-
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ternatively function directly as a distal promoter [27]. Thus, the upstream TICs may be transcribed

in the enhancer regions and have a regulatory effect on the downstream miRNA genes (Figure 5.4

(B)).

Primary TIC Pre-cap TIC

._

Promoter

/

Enhancer Regulatory Effect

Figure 5.4: Upstream primary TICs also exist for m’G capped pre-miRNAs. (A) Two alternative
promoters for the same miRNA. Both of them are able to generate the transcripts that produce the

same mature miRNA. (B) The miRNA transcript is generated by the pre-cap TIC. Upstream TIC(s)
correspond to transcribed enhancer(s).

5.3.4 5p-miRNAs are produced from the identified m’G capped pre-miRNAs

The m’G capped pre-miRNAs have been reported to produce single 3p mature miRNAs in mice
[161]. The main explanation is that the capped 5p-miRNA is not efficiently loaded onto Ago com-

plex. However, we noticed that some identified 5’-capped pre-miRNAs in C. elegans also generate
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Sp mature miRNAs based on the annotations in miRBase (Table S1). While there is a possibility
that some of the Cap-seq reads mapped to pre-miRNAs may be uncapped due to contamination
or technical artifacts, most of these identified m’G capped pre-miRNAs are significantly enriched
with capped RNA reads according to our previous analysis. We surmise that there might be al-
ternative pathways for producing 5p-miRNAs from those 5° m’G capped pre-miRNAs. Similar
observations were also made for identified 5’-capped pre-miRNAs in mice: four of them (mmu-
mir-484, mmu-mir-1903, mmu-mir-344f and mmu-mir-344i) actually prefer to generate Sp mature
miRNAs [161].

The 5p mature miRNAs could be generated by alternative primary TSSs. As many of these
identified 5’-capped pre-miRNAs also have candidate primary TSSs, canonical primary miRNA
transcripts may be generated from them and produce Sp-miRNAs. Studies have shown that mature
miRNA selection from 5’ and 3’ strands of the same precursor is highly regulated and varies under
different cell types, developmental stages and disease states [12, 97]. Capped 5p mature miRNAs

may be produced under specific conditions to promote its target gene’s expression.

5.3.5 Multiple transcription initiation sites for miRNA clusters in C. elegans

miRNAs in a cluster are close to each other, usually coexpressed and transcribed as a single pri-
miRNA [74, 10]. Previously each miRNA cluster in C. elegans has been annotated with one
primary TSS using Cap-seq [49] or GRO-cap [67] datasets. Strikingly, the datasets we used here
have shown that the TICs for miRNA clusters in C. elegans can have a broad distribution with
multiple strong peaks across the whole cluster. We identified primary TICs for 8 clusters, of which
7 have TICs inside of the clusters. One example of cluster cel-mir-35-41 is shown in Figure 5.5.
The similar phenomenon is also observed in individual pre-miRNAs, as shown in Figure 5.3, the

Cap-seq signal within cel-mir-51 and cel-mir-53 also displays multiple strong peaks. We noticed
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that these capped reads peaks inside of clusters were located on both arms of pre-miRNAs, with
Sp-peaks have the same 5’ ends of S5p-miRNAs and 3p-peaks start from the 3* ends of 3p-miRNAs
(Figure 5.5). As analyzed above, not many pre-miRNAs or mature miRNAs were kept in the Cap-
seq experiments and many of the reads mapped are likely to be capped RNAs. This is further
supported by the coordinate differences between the capped peaks and the miRNA/miRNA* on 3p

arms. We proposed three hypotheses to explain this phenomenon.
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Figure 5.5: Capped TICs distribution in miRNA cluster cel-mir-35-41. Multiple strong capped
peaks have been observed in pre-miRNAs in the cluster. As illustrated by the red dashed line, the
Cap-seq peaks on the Sp arm have the same start position as the Sp-miRNAs, while the peaks on
the 3p arm start from the end of the 3p-miRNAs. The length of Cap-seq reads is 36 nt.

5.3.5.1 5’ re-cap after post-transcriptional processing

It has been reported that mature long transcripts of both protein-coding mRNAs and long ncR-

NAs in human cells can be processed post-transcriptionally to yield small RNAs, which are then
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modified by the addition of a 5’-cap structure [44]. Later on, a cytoplasmic capping enzyme,
which is able to add 5’-cap to the ends of cleaved RNAs was identified in murine erythroid and
nonerythroid cells [110]. This cytoplasmic capping enzyme, together with a kinase, can trans-
fer covalently bound GMP onto a 5’-monophosphate RNA to create a 5’-GpppX RNA, but it can
not function on RNAs with 5’-hydroxyl ends [137]. This phenomenon is known as cytoplasmic
capping, which has been found in both murine and human cells [110, 103, 64].

The well coordinated capped reads at Sp and 3p arms of pre-miRNA hairpins indicate that the
exposed 5° ends of the miRNA transcripts after Drosha cleavage may be re-capped: that is why the
capped reads were observed at the 5’ ends of Sp miRNAs and the 3’ ends of 3p miRNAs. Certainly,
in the canonical miRNA biogenesis, pre-miRNAs are produced from pri-miRNAs in the nucleus by
Drosha. Therefore, the 5’ monophosphate ends at the cleavage sites may be re-capped by nuclear
capping enzyme in the nucleus. However, pri-miRNAs in C. elegans are exported to the cytoplasm
by XPO1 and be processed to pre-miRNAs either in the nuclear pore or in the cytoplasm [19].
Considering the discovery of cytoplasmic capping enzyme, the pre-miRNA re-capping is more
likely to happen in the cytoplasm.

The processing of pri-miRNAs in the cytoplasm requires cytoplasmic miRNA processors. It
has been shown that cytoplasmic RNA viruses which encode miRNAs were able to produce func-
tional miRNAs in the cytoplasm of BHK-21 cells [125]. The processing of these virus-generated
cytoplasmic pri-miRNAs also relies on Drosha but takes place in the cytoplasm [139]. Based on
this discovery, although without direct experimental verification, there is a possibility that the sim-
ilar cytoplasmic miRNA processors involving Drosha also exist in C. elegans cells. All these find-
ings support a new model of miRNA biogenesis in C. elegans in which pri-miRNAs are exported
to the cytoplasm by XPO1, where they are cleaved by Drosha and further processed. Transcripts

of miRNA clusters may undergo cytoplasmic re-capping during the cleavage process (Figure 5.6).
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Figure 5.6: Model for miRNA cytoplasmic re-capping. In this non-canonical miRNA pathway,
pri-miRNAs are exported to cytoplasm by XPO1 and processed there. During the pre-miRNA
generating process, m’G-caps are added to the 5’ ends of newly generated pre-miRNA and pri-
miRNA left over by cytoplasmic capping enzyme.

The cytoplasmic recapping of cluster miRNAs could produce capped Sp-miRNAs which may
not be efficiently loaded on Ago. Indeed, from the annotations in miRBase, most of the clusters
with capped TICs inside favorably generate 3p mature miRNAs. However, the clusters mir-41-
44 and mir-86-8211 do prefer to generate Sp mature miRNAs. Here similar to the 5’-capped
independent pre-miRNAs, the recapping may be a controlled process which only occur at certain
cell types, developmental stages, or disease states. For example, with the capped short RNAs
data from C. elegans young adult stage [49], we did not observe capped reads peaks inside of the
miRNA clusters. The recapping could serve to regulate the strand selection on these miRNAs,

suppressing the Sp-miRNAs and promoting the expression of their targets.

5.3.5.2 Multiple TSSs can be generated from the same promoter

Previous studies have shown that most core promoters do not have a single TSS, but multiple start
sites that are closely located [135, 46]. The broad TSS promoters in C. elegans are often enriched

for CpG island, while sharp TSS promoters often have TATA-box. For some promoters, although
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TSSs are distributed over a large region, most transcription initiates at one specific nucleotide
position [135]. Therefore, multiple capped peaks in individual pre-miRNAs or miRNA clusters
may be generated from the broad promoter as multiple TSSs. To find evidence supporting this, we
scanned the proximal promoters of these miRNA genes for motifs of TATA-box, Inr, DPE and BRE
with position weight matrices derived from database JASPAR [134]. GC content and CpG number
are also searched in the promoter regions (Table 5.1). We observe that the promoters of these
miRNA clusters and individual 5’-capped miRNAs are usually GC rich: the GC content on each
chromosome in C. elegans is almost the same, with a value of 36% =+ 1%. But the GC content is
usually above 40% for promoters of individual pre-miRNAs, and above 50% for miRNA clusters
(Table 5.1). In addition, there tends to be a positive correlation between the GC content/CpG
number and the number of capped peaks: higher GC content/more CpG result in more strong

capped peaks.

Table 5.1: GC content, OE ratio and CpG number for miRNA promoters with multiple TSSs. (A)
miRNA clusters. (B) individual miRNAs.

Promoters | Location GC content | OE ratio | CPG number
< I:11537326-11537576 0.55 1.18 18
é I1:11889425-11889675 0.56 1.09 13
E 11:11937020-11937270 0.52 0.93 9
% 11:2172175-2172425 0.55 1.0 15
2 X:2368553-2368803 0.51 0.76 9
< X:13145204-13145454 0.6 1.34 24
< cel-mir-244 1:4684364-4684614 0.4 0.82
_czé cel-mir-235 1:6162337-6162587 0.41 0.76
E cel-mir-238 I11:8867375-8867625 0.4 0.66
é cel-mir-228 IV:5561825-5562075 0.43 1.18 12
'-E cel-mir-51 IV:11026062-11026312 0.51 1.09 17
T‘i cel-mir-53 IV:11027641-11027891 0.45 1.38 16
= cel-mir-49 X:9989082-9989332 0.51 0.75 12
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These capped reads peaks are correlated to the mature miRNA sequences (Figure 5.3, 5.5).
There is a low probability that multiple peaks within miRNA cluster are simply generated ran-
domly. It has been suggested that transcription start usage of each nucleotide can be predicted
from local DNA sequence [46]. Therefore, it is likely that the positions of these TSSs are mainly

determined by nucleotide sequence.

5.3.5.3 Pre-miRNAs in a cluster can be transcribed independently

Pre-miRNAs from the same genomic cluster can be transcribed and regulated independently [157].
For example, although the primary transcripts of mouse mir-433 and mir-127 were detected as
overlapping in a 5’-3’ unidirectional way, experiments have verified that they were transcribed
independently from each other [143]. According to this model, the pre-miRNAs in the same cluster
may transcribe independently, producing multiple 5> m’G capped RNA peaks located inside of the
cluster. The capped RNA peaks at the Sp arms indicate that the 5 end of the pre-miRNA may be
determined by transcription initiation [161], while the capped peaks at the 3p arms may correspond
to the TSSs for the subsequent pre-miRNAs. We noticed that many pre-miRNAs in the cluster have
both the capped RNA peaks on its own 5’ end and the 3p arm of upstream pre-miRNA. We have
speculated that pre-miRNAs might be able to be generated in the canonical way with Drosha or
in the non-canonical way by transcription initiation and termination, so here again, the same pre-

miRNA may be generated by different mechanisms: one with Drosha and the other without.
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5.3.6 Chromatin and Pol II profiles of primary miRNA promoters
5.3.6.1 Identification of divergent and multiple TSSs promoters

To characterize these identified pri-miRNA TSSs, we analysed the distribution of chromatin and
Pol II features surrounding them. We observed that promoters in C. elegans often generate diver-
gent or multiple transcripts with the Cap-seq datasets used. To identify these promoters, we defined
the divergent/bidirectional and broad promoters (promoters with multiple TSSs) from those tran-
scription initiation clusters (TICs). If the distance between two adjacent plus strand and minus
strand TICs is less than or equal to 300 bp, they are combined as from the same divergent pro-
moter. TICs on the same strand are clustered together if the distance between two adjacent TICs
is within 500 bp. These clustered TICs on the same strand will define the broad promoters (see
details in Materials and Methods). In the whole genome of C. elegans, we detected 11,272 pro-
moters, of which 6,149 are divergent promoters and 2,359 are broad promoters (Figure 5.7(A)).
The most upstream 5’ ends of both plus and minus strand TICs were used to represent the TSSs of

the promoter.

A All B

promoters

multiple TSSs Bidirectional Multiple TSS

bidirectional promoters

promoters

Figure 5.7: (A) Promoters distribution in C. elegans. (B) Detecting bidirectional and multiple
transcription promoters in C. elegans.

With all the identified promoters, we focused on those with either multiple transcripts (at least

3 TSSs) or bidirectionality. That is, the broad promoters are non-bidirectional and bidirectional
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promoters do not contain multiple TSSs. We aligned the TSSs of these promoters, and plotted
H3K4me3 and Pol II signal profiles surrounding them (Figure 5.8 (A,B)). The result shows that
H3K4me3 signal is much stronger in the downstream of broad promoters than bidirectional pro-
moters, indicating that H3K4me3 is strongly correlated with transcription initiations. Interestingly,
we observe that Pol II signal in the downstream of broad promoters is also slightly stronger than
in the upstream, which would not be observed if we use all promoters with multiple TSSs (in-
cluding bidirectional promoters (Figure S2 (D)). The higher level of downstream Pol II signal may
be caused by the Pol II pausing at the transcription initiation sites. It has been shown that Pol II
promoter-proximal pausing is rare in C. elegans [67], which may explain why the Pol II signal

difference between upstream and downstream is not big.

5.3.6.2 Chromatin and Pol II profiles surrounding miRNA promoters

We then assigned these identified promoters to the intergenic miRNAs in C. elegans. For each
of them, the flanking region between its 5° end and the most close upstream gene’s 3’ end is
searched for promoters, and the most close promoter is assigned to the miRNA as its primary
promoter. Again, we aligned these miRNAs with their primary TSSs acquired from the assigned
promoters and plotted the H3K4me3 and Pol II signal surrouding the TSSs. The results are shown
in Figure 5.8 (C,D). H3K4me3 signal surrounding miRNA broad promoters peaks at the identified
TSSs while the signal surrounding bidirectional promoters peaks at the upstream 600 bp position,
indicating that there may be much stronger minus transcripts for these bidirectional promoters.
For Pol II signal, the intensities are similar in the upstream of both miRNA broad promoters and
bidirectional promoters. However, again the downstream of broad promoters has a stronger Pol II

signal, suggesting Pol II is also paused in the proximal promoters of miRNA genes.
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Figure 5.8: (A,B): H3K4me3 and Pol II signal profiles surrounding bidirectional and broad pro-
moters. (C,D): H3K4me3 and Pol II signal profiles surrounding miRNA bidirectional and broad

promoters.

5.4 Discussion

In this study, we used Cap-seq datasets to annotate the primary TSSs for intergenic miRNA genes to
1 base resolution in C. elegans and mouse. In total, we annotated the primary TSSs for 70 miRNAs
and 8 miRNA clusters in C. elegans, and 37 miRNAs on mouse chromosome 7. Comparing with
previous work using capped RNA-seq methods [49, 67], we have annotated the TSSs for many
more miRNAs in both species. We noticed that the Cap-seq datasets we used are either generated
from mixed-stage embryos (C. elegans) or mixed tissues (new born mouse), while the works we
compared with only utilized few staged datasets in C. elegans [49, 67] or single tissue dataset

in mouse [49]. Therefore, the limited tissue context may explain why fewer miRNA genes were
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expressed and detected in their studies.

Similar to the previous study [161], which detected a special class of pre-miRNAs that are 5’
m’G capped in mice, here we also identified this type of pre-miRNAs in C. elegans. 5’-capped
pre-miRNAs in mice prefer to be exported to the cytoplasm by XPOI instead of XPOS5 [161] .
Comparing to mammals, XPO5 or its homologue is not encoded in C. elegans but XPO1 is [104].
Therefore, many more 5 -capped pre-miRNAs were expected to be identified in C. elegans. But
using the Cap-seq datasets of mixed-stage embros of C. elegans, we have only detected 9 candi-
date 5’-capped pre-miRNAs. The XPO1 and cap-binding complex (CBC) have been reported to act
jointly to export pri-miRNAs in C. elegans and Drosophila, but how the subsequent pre-miRNAs
are processed from these pri-miRNAs in the cytoplasm remains unclear [19]. Accordingly, both
5’-capped pre-miRNAs and normal pri-miRNAs can be exported to the cytoplasm and their sub-
sequent processing may be different from that in the canonical miRNA biogenesis pathway. Since
XPO1 does not specifically export 5’-capped pre-miRNAs in C. elegans, its existence does not
necessarily result in more 5 -capped pre-miRNAs. Thus, it is not odd that only a small number of
these unusual pre-miRNAs are observed in C. elegans.

It has been suggested that XPO1-dependent m’G capped pre-miRNAs may represent a group of
ancient miRNAs that appeared before the emergence of XPO5 [161]. Therefore, these m’G capped
pre-miRNAs may be well conserved in different lineages. We checked the conservation of those
identified 5’-capped pre-miRNAs in C. elegans and mouse from miRviewer [62]. Surprisingly,
almost all of these identified m’G capped pre-miRNAs are lineage specific: they are detected
either only in caenorhhabditis or muroidea.

In both mouse and C. elegans, we have identified a class of pre-miRNAs that are 5° m’G
capped but also posses upstream candidate primary TSSs. It has been suggested that most genes

in mammals are not transcribed from a single TSS, but multiple TSSs that are closely located
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over 50 to 100 nucleotides [21, 135, 46, 36]. Indeed, we observed that some upstream TICs are
very close to the pre-miRNAs, suggesting that the proximal core promoter of these miRNA genes
may generate multiple transcription initiations that are closely located to each other. However, the
other further upstream TICs (over 500 nt) are unlikely to be generated from the same promoter as
the pre-cap TICs. Many genes have alternative promoters and can generate multiple isoforms in
different cell types, tissues or developmental stages [69, 7]. Since we used the Cap-seq datasets
of mixed staged embryos of C. elegans, these miRNA genes may utilize alternative promoters at
different stages to generate diverse transcripts which are subject to distinct processing procedures.
That is, these 5’-capped pre-miRNAs may be only generated in specific cell types, developmental
stages or disease states. Considering that these XPOI-dependent 5° m’G capped pre-miRNAs
may belong to a group of ancient miRNAs, it is reasonable that at least some of them should be
conserved along different lineages during evolution. However, we have shown that almost all of
these identified 5" m’G capped pre-miRNAs are lineage specific. There is a possibility that these
miRNA genes are newly generated and acquire their ability of producing 5’-capped pre-miRNAs
later in the evolution. In extreme cases, most of these 5’-capped pre-miRNAs may have upstream
distal promoters that can produce the normal primary transcripts at the other time. The situation
where m’G capped pre-miRNAs are expressed may due to the lack of Drosha or other related
microprocessor. The ability of generating the same miRNAs with or without Drosha may help the
organism to better adapt to the complex and changeable environment.

Many of the identified 5> m’G capped pre-miRNAs in C. elegans preferentially generate Sp-
miRNAs, which is different from that in mice as previously reported. These pre-miRNAs usually
also have upstream candidate primary TSSs. We surmised that these 5’-capped pre-miRNAs may
produce the 5p-miRNAs using the alternative upstream primary TSSs. However, this still needs

further efforts to clarify.
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Multiple capped peaks have been observed within pre-miRNAs in a cluster, and the well co-
ordinated relationship between the capped peaks and the mature miRNAs suggest that the 5° m’G
cap may be added during the pre-miRNA generating process. We proposed a new model of miRNA
biogenesis in which the pri-miRNAs are cleaved and capped in the cytoplasm simultaneously (Fig-
ure 5.6). We noticed that the cytoplasmic capping is prominent in miRNA clusters, likely because
the exposed 5’ end of miRNA cluster transcripts during cleavage need to be protected. Therefore,
the m’G cap is added and protects the cleaved transcripts from being degraded during the cleavage
process. Then, the subsequent pre-miRNAs can be generated successfully.

The pre-miRNAs in clusters may be transcribed independently. To gain more evidence for this
model, we also looked at the the sequence motif surrounding the modes of pre-cap TICs within
clustered pre-miRNAs. The YR motif, which was shown at the putative primary miRNA TSSs and
pre-cap TSSs of independent pre-miRNAs, is not observed (Figure S8). Instead, a weak consensus
sequence of “TNGG" is detected, in which “N" locates at the +1 position representing the modes
of the TICs. Therefore, at least for some miRNA clusters, the independent transcription model is

not supported by the YR motif.
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Chapter 6

Conclusion and Future work

6.1 Conlusions

Characterizing the composition and functions of microbial communities from host-related or envi-
ronmental samples using metagenomic sequencing has become a favorable method. In this study,
we focused on characterizing the virus quasispecies from viral metagenomic data. Towards this
goal, we developed a pipeline consisting of three tools for assembling viral strains in a quasispecies
and estimating haplotype number and corresponding abundances. The three tools are TAR-VIR,
PEHaplo, and VirBin.

TAR-VIR is the tool for enriching reads of targeted viruses with remote homolog or partial
references from metagenomic data. Compared to the standard method that relies on read mapping
to classify reads of different viruses, TAR-VIR has higher sensitivity to identify divergent strains
of known virus families, which is a key function for fast-mutating viruses such as HIV, HCV etc. It
applied an external overlap extension step to iteratively recruit reads from initially aligned "seed"
reads. The overlap detection between large-scale metagenomic sequencing reads was implemented
in the efficient Burrows-Wheeler Transform (BWT) and FM-index algorithms. TAR-VIR can be
used as a preliminary step to isolate and enrich reads from metagenomic data before assembly even
without high-quality references.

PEHaplo is the de novo assembly tools for reconstructing viral haplotypes from virus qua-

sispecies sequencing data. It takes advantage of the long insert size of paired-end sequencing to
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differentiate haplotypes sharing long common regions. The methods of PEHaplo are based on
overlap graph, which reconstruct haplotypes by finding the paths well-supported by paired-end
reads. While paired-end information has been used by many other assembly tools, PEHaplo did a
thorough analysis of the relationship between LCS and the insert size, and dived deeply into the
utilization of paired-end reads for removing false edges and finding correct paths. The benchmark
results with several recently published viral quasispecies assembly tools demonstrate that PEHaplo
is able to produce accurate and much longer contigs.

The output of PEHaplo are contigs, which are partial sequences for viral genomes. To better
characterize a viral quasispecies, we need to know the number of viral haplotypes and their corre-
sponding abundances. VirBin is the binning tool that takes assembled contigs as input, estimates
the number of haplotypes, clusters contigs into groups, and calculates the abundances for each hap-
lotype. The binning problem for viral quasispecies is very different to the canonical species-level
binning problems because commonly adopted features such as k-mer frequency are not able to dis-
tinguish different strains. VirBin takes advantage of the high sequence similarities between viral
strains in a quasispecies, estimates the number of haplotypes by aligning contigs to each other. The
relative abundances for each contig can also be more accurately calculated from the contig align-
ment results. Based on the contig abundances, VirBin applies an EM algorithm to cluster contigs
into different groups. The benchmark results with tool MaxBin [160] have shown its superiority
on both simulated or real viral quasispecies data.

At the beginning of my Ph.D. study, I also worked on a project for studying the transcriptional
regulation of miRNA genes in C. elegans and mice. In this project, we utilized Cap-seq data to
identify the primary transcriptional start sites for miRNA genes, characterized a special group of

miRNAs whose precursors are 5’-capped and may be directly generated by transcription.
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6.2 Future work

6.2.1 Reference-free viral sequences classification

While TAR-VIR is able to recruit viral reads with partial or remotely related homologous refer-
ences, the method is not applicable to new viruses without any available references. Therefore,
directly classifying viral reads from metagenomic data without references may still be needed. For
directly classifying viral reads, a fundamental question to ask is whether viral sequences can be
differentiated from other bacterial or eukaryotic sequences. However, the canonical sequence anal-
ysis (such as k-mer frequencies) results on NGS reads showed that viral reads are highly diverse
and are difficult to be differentiated from other sequences.

The deep learning methods, with multiple layers of artificial neural networks and numerous
trainable parameters, are powerful for classification. They do not require elaborately designed
sequence features as input and can take simply encoded raw sequences as input for classification.
Whether we can take advantage of deep learning models for directly classifying viral reads from

metagenomic data sets is worth exploring.

6.2.2 Virus quasispecies assembly future work

There are still some computational challenges remaining in virus quasispecies assembly.
Assembly of low abundance haplotypes One of the challenges is that rare haplotypes are
difficult to assemble from the data. When the sequencing coverage is low for a viral strain, there
may not be enough overlaps between reads, resulting in a disjoined overlap graph with multiple
small connected subgraphs. In addition, even if sequencing depths for rare haplotypes are deep
enough, the edges between shared nodes and rare haplotype nodes may be suppressed by the edges

between shared nodes and abundant haplotype nodes, resulting in fragmented contigs.
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LCS is longer than paired-end insert size Another challenge is the situation when LCS be-
tween two haplotypes is much longer than the average paired-end insert size. In this case, few
read pairs can go across the common nodes, thus finding correct paths from the graph is difficult.
The only available feature is the reads coverage. When the coverages for these two haplotypes
are significantly difficult, the algorithm is able to choose the successor with similar coverage to
the current path for appending. However, if the sequencing coverages of the two haplotypes are
similar, the path extending is hard. With short reads from NGS, one of the possible solutions is
to increase the insert size. Alternatively, we may take advantage of the long reads from third-

generation sequencing.

6.2.3 Binning low-quality contigs

To correctly estimate the number of haplotypes and calculate the relative abundances for con-
tigs, the contigs need to be aligned, and windows identification heavily depends on the alignment.
However, when there are chimeric contigs or contigs with errors, either indels/mismatches, the
alignment may not be accurate and eventually result in an inaccurate estimation of haplotype num-
ber or clustering. How to develop/improve the binning algorithms to robustly handle low-quality

contigs is another problem to be further investigated.
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