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Viral sequence variation can expand the host repertoire, enhance the infection ability, and/or prevent the build-up of a
long-term specific immunity by the host. The study of viral diversity is, thus, critical to understand sequence change and
its implications for intervention strategies.
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| 1. Introduction

Infectious diseases caused by viruses are a primary contributor to the global burden of death and disability (12, The world
is struggling against viral diseases, with billions of people afflicted annually, even impacting developed and developing
countries with improved living conditions. The still ongoing coronavirus disease 2019 (COVID-19) pandemic, for instance,
has threatened the global health systems, with a mortality of more than 3.5 million (https://coronavirus.jhu.edu; accessed

on 30 May 2021) and no clear indication of when the disease will be brought under control.

Viral sequence variation, even of a single amino acid, can expand the host repertoire, as in the case of zoonotic viruses,
or enhance the infection ability of a virus BI4IE, Sequence change can result in the evasion of host-established immunity
and prevent the build-up of a long-term specific immunity . This thus poses a challenge in the design of drugs and
vaccines against viruses and can require a constant need to keep up with the evolving diversity [EIEIL0 The effect of
viral antigenic diversity on vaccine efficacy and the need to keep up is well-demonstrated for influenza A virus (IAV), where
annual re-formulation has been a recommendation by the World Health Organization (WHO) for decades . Highly
effective vaccines or drugs are still not publicly available for many notable viral diseases. The study of viral diversity is,
thus, imperative in understanding sequence change and its implications for intervention strategies [I12113],

The rapid expansion in public sequence data provides an unprecedented opportunity to study viral adaptation and
evolution. The National Center for Biotechnology Information (NCBI) public sequence databases consist of ~4.1 M
nucleotide and ~10.9 M protein sequences (as of May 2021). Given the importance of viral diversity analyses, various
sequence studies have been performed using alignment-dependent approaches H4IISII6ILY that focus on identifying and
positioning corresponding regions of individual bases or amino acids. The utility of such an approach, however, is
inversely proportional to the increase in sequence diversity, due to the corresponding decrease in conserved regions to
anchor the alignment, particularly for highly diverse viruses 18l This is further limiting when applied to the search for
universal vaccine targets that capture the diversity of multiple subtypes or subgroups of a viral species, such as influenza
A subtypes or human immunodeficiency virus 1 (HIV-1) clades. Moreover, when expanded to the genus rank, such
conserved regions are typically non-existent 19, Towards this, alignment-free or -independent approaches can offer an
alternative to the study of sequence diversity. Such an approach can be defined as a method of quantifying sequence
similarity or dissimilarity without the need to use dynamic programming or produce an alignment. Over the past decades,
this has been implemented through a variety of methods, which can be mainly grouped into word frequency methods and
those that do not resolve the sequence with fixed word-length segments [£8],

Previously, Khan et al. (2005) described an alignment-independent method that performs an exhaustive search to
determine the minimal set of sequences for a given dataset 2221 The minimal set herein refers to the smallest possible
number of unique sequences required to represent the diversity inherent in the entire repertoire of overlapping k-mers
encoded by all the unique sequences in the given dataset. Such dataset compression is possible through the removal of
unigue sequences, whose entire repertoire of overlapping k-mer(s) can be represented by other sequences, thus
rendering them redundant to the collective pool of sequence diversity. Applied to a protein dataset for the study of amino
acid substitutions, the complete set of peptides of a given k-mer length, encoded in the dataset, can be referred to as part
of the viral peptidome 22, The concept of a minimal sequence set is illustrated in Figure 1. Briefly, a given non-redundant
(nr) dataset of unique sequences can possess a repertoire of k-mers that represents the inherent viral peptidome diversity
(for the said k-mer length), which can be collectively covered by a smaller fraction of the unique sequences in the initial



input dataset; this smaller fraction is termed as the minimal set. The study of a minimal set has thus far been reported for
only two viruses, specifically at the species rank, namely Dengue virus (DENV) 2021 and influenza A virus (IAV) [23],
which provided important insights into effective sequence diversity and evolution of the two viruses. Thus, this merits
further exploration for other viruses, not just at the species rank, but at any rank of the viral taxonomy lineage, such as
genus, family or even at the highest, superkingdom rank (all reported “Viruses”).

A) Three unigue protein sequences retrieved from the NCBI Entrez Protein Database.
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B) All the overlapping k-mers (9-mers in the example below) are generated from each unique
sequence. The 9-mers represent all the possible repertoire of viral peptidome diversity, relevant
to the k-mer, present in the three sequences.
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C) Minimal set, requiring only two of the three unigue protein sequences to capture the inherent k-
mer repertoire of the initial dataset.
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Figure 1. Definition of a minimal set. (A) Three unique dengue virus envelope protein sequences (QBE89964.1,
QBE89970.1, and QBES89971.1) retrieved from the NCBI Entrez Protein Database are shown aligned (only a 25 amino
acids fragment is shown for demonstration purposes). The consensus of the alignment is shown, with positions of
variability indicated by the small case residues (variable amino acids A and L colored in red). (B) All the overlapping k-
mers (9-mers in this example) are generated from each unique sequence. The 9-mers represent all the possible repertoire
of viral peptidome diversity, relevant to the k-mer, present in the three sequences. Although these three sequences are
each unique, they share identical 9-mers. The 9-mers shown in green color are those that are identical in all the three
sequences, while those in cyan are identical between two of the sequences. The unique 9-mers are shown in black color
with variable residues indicated in red. All the 9-mers in sequence QBE89964.1 have a match in at least one of the other
two sequences; thus, the k-mer repertoire of this sequence can be collectively covered by the other two sequences,
rendering the sequence QBE89964.1 as redundant. (C) Minimal set, requiring only two of the three unique protein
sequences (QBE89970.1 and QBE89971.1) to capture the inherent k-mer repertoire of all the unique sequences in the
initial dataset.

The reported algorithm by Khan et al. 2221 js not scalable for large datasets at higher taxonomic lineages and thus
requires optimization with regards to (i) the demand on the computational resource, (ii) optimality of the minimal set
generated, and (iii) redundancies in the algorithm. To address these issues, we derived a novel algorithm that is
significantly improved and scalable for massive datasets, such as all reported viral sequences in nature. The alignment-
independent algorithm has also been implemented as a tool, UNIQmin, to allow for a user-specific search of the minimal
set. The tool is open source and publicly available at https://github.com/ChongLC/MinimalSetofViralPeptidome-UNIQmin
(accessed on 25 August 2021). We describe herein, the algorithm, the tool, its performance evaluation, and application to
the study of viral diversity.

2. UNIQmin, An Alighment-Free Tool for the Study of Viral Sequence
Diversity at Any Given Rank of Taxonomy Lineage

The idea of a minimal set, herein, is essentially a compression problem [24[251(26] apnplied to the study of viral protein
sequence diversity, without incurring any loss of information in terms of the total peptidome repertoire (relevant to the k-
mer of choice). Hence, the minimal set is the smallest fraction of the non-redundant protein sequences required to



represent the complete peptidome repertoire present in the dataset (relevant to the k-mer). Thus, the minimal set can be
considered to provide insight into the effective sequence diversity and evolution of the virus. The tool, UNIQmin, provides
an alternative approach to analyze sequence diversity, commonly done using alignment-dependent approaches, which
would be ineffective for the study of a diverse protein sequence dataset. A diverse dataset can be of a highly diverse virus
species, such as Human immunodeficiency virus 1 (HIV-1), or spanning multiple species at higher taxonomic lineage
ranks, such as genus or family. Thus, the approach herein may represent a major paradigm shift, as a direct enabler of
novel applications in the study of sequence diversity and indirectly contributing to alignment-independent research. For
example, the minimal set can be generated spatio-temporally to allow for comparative analyses of sequence diversity. Any
decrease in compression relative to a referenced dataset of unique sequences would be indicative of an increase in the
repertoire of novel k-mers in the collective pool of sequence diversity, while an increase would imply higher k-mer
redundancy relative to the referenced dataset. Moreover, the minimal set can be subjected to further downstream
analyses, coupled with alignment-dependent approaches, where applicable. It is expected that over time, the minimal set
would show limited growth with increases in sequence data for a given taxonomy rank, assuming a balanced and
sufficient sampling. This is because as the number of non-redundant sequences grows, viral variants exhibiting k-mers
with novel sequence change, relative to the existing pool of sequence diversity, become less likely, and even if observed,
such viral variants would be limited in number; unless the pool is perturbed by sequencing of previously unknown
members of the taxonomy rank.

The UNIQmin algorithm (Figure 2) is a significant improvement from that of the Khan algorithm (KA) and one that offers
the best combination of speed and optimality of the minimal set generated. It was observed to be 263-fold faster than
ITERmiIN, a re-implementation of KA. UNIQmin achieved the speed-up performance by recognizing and taking advantage
of the fact that singleton k-mers only occur once in the dataset. Thus, the sequences from which they originated are
already candidates for the minimal set. This avoids not only the need to process those sequences but also eliminates the
need to evaluate multi-occurring k-mers that are also present within the singleton-k-mer-harboring sequences. This pre-
filtering, utilizing single-occurring k-mers, ended up capturing ~91.5% (5048 sequences) of the eventual 5519 dengue
virus minimal set sequences (derived from a starting input dataset of 9800 nr DENV sequences), prior to the execution of
the canonical core steps of the algorithm for the remaining sequences. More importantly, UNIQmin was scalable for
application to big data. It was successfully applied to ~2.2 M nr protein sequences of all reported viruses, deduplicated
from ~4.9 M downloaded sequences (retrieved as of November 2018), the number of which has now grown to ~9.9 M (as
of May 2021), with ~3.3 M nr sequences. UNIQmin is expected to still manage well this increase in data, with a better
speed-up performance utilizing machines with a larger number (>14) of CPU cores. We also demonstrated the utility of
UNIQmin in compressing diverse datasets spanning lineage ranks, such as Flavivirus (genus) and Flaviviridae (family).
The resulting minimal sets covered the proteomic diversity within (intra) and between (inter) the viral species members of
the genus or family. Additionally, UNIQmin demonstrated a reasonable compression in bit-rate relative to other well-known
tools (Gzip and AC), with compression directly proportional to sequence conservation within the dataset, without impacting
the inherent diversity.
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Figure 2. The UNIQmin algorithm. Abbreviation: nr, non-redundant.

| 3. Conclusions

UNIQmin enables the generation of a minimal set for a given sequence dataset of interest, without the need for sequence
alignment. This alignment-independent approach allows one to select data that spans various ranks of the taxonomic
lineage and provides the opportunity to ask relevant research questions with respect to effective sequence diversity, which
would not be possible by the use of alignment-dependent approaches. Notably, it is also able to reduce big data size
approximately by half, which is welcome, even though computing power is becoming cheap and more pervasive. This
enables the exploration of big data compression prior to diversity or related analyses. This would allow for more efficient
use of computer resources and would be a boon to those who have limited access to a big data computer infrastructure.
The concept of a minimal set is generic and thus possibly applicable to both genomic and proteomic data of other
pathogenic microorganisms of non-viral origin, which generally exhibit much larger data size, such as archaea (~7.0 M
protein sequences as of May 2021), bacteria (~798 M), and Eukaryota (~108 M).
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