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Abstract
Since the arrival of second-generation sequencing, we have needed to build indexes over reference
sequences – e.g. genomes and transcriptomes – in order to solve read alignment and classification
problems efficiently [11, 12, 13]. The rule has been: what we can index determines what we can do.
When indexing strings, we can use methods like suffix arrays [15], the Burrows-Wheeler Transform
(BWT) [4] / FM Index [7], or k-mer indexes [16]. What if we want to index objects more complex
than strings? A pangenome, for example, is a large collection of similar strings, e.g. the hundreds of
assemblies that make up the Human Pangenome Reference [14] or all the bacteria in the Refseq
database [10]. We may wish to combine these strings into a multiple sequence alignment (MSA)
or a graph first. Can we index those efficiently? In many useful cases the answer is “yes,” but in
others the answer is “no.” The story of how we learned exactly when the answer is “yes” versus
“no” unfolded through a sequence of insights. Here we review this story, eventually arriving at the
definition of Wheeler graphs as discovered and formalized by Gagie, Manzini and Sirén [8].

We will focus on indexes based on the BWT, since these (a) are lossless full-text indexes, (b)
are widely used in practice [11, 12], and (c) form the theoretical throughline for all the indexing
strategies on the path to Wheeler graphs. We will trace the BWT-based indexing story from the
early days of the FM Index, though its step-by-step gobbling up of trees (XBW-transform [6]) and
de Bruijn Graphs (BOSS representation [3]), and to the eventual formalization of Wheeler graphs [8].
Along the way, we will define and update our notions of what it means to track a consecutive
range of elements in the structure, and what it means for an index to be efficient. We will also
connect these notions to automata [17], noting how the indexability of Wheeler graphs (also called
Wheeler automata) is connected to the mechanics of how to efficiently represent and simulate a
finite automaton [1].

With this context, we can imagine improved indexes for the future of genomics and pangenomics.
De Bruijn are extremely practical and are the most widely used among the non-string data structures
that are also Wheeler graphs. But we might prefer other options. For example, de Bruijn graphs
have the undesirable property that they usually encode not only the true longer-than-k substrings of
the original text, but also “false” substrings that span repeats. Related to this, paths through the de
Bruijn graph can “glue” substrings together that are horizontally distant in the MSA. Could other
Wheeler graphs be practical alternatives to de Bruijn graphs? For instance, the original GCSA study
by Sirén, Välimäki and Mäkinen proposed a way to convert a multiple alignment into an automaton
that either is a Wheeler graph or can be made into one [18]. This warrants further exploration,
possibly with the help of improved tools for solving the NP-complete problem of recognizing whether
a graph is a Wheeler graph [5]. The notion of BWT tunnels [2] gives another route: we can begin
with a concatenated pangenome strings and compress it by identifying and collapsing BWT tunnels.
This yields a Wheeler graph that is compressed like the de Bruijn graph, but without departing
from the exact contents or coordinate systems of the original genomes. The future might need us to
explore all these Wheeler-graph indexes, along with the also highly practical and always-improving
world of indexes buiover collections of strings [9].
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