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New whole-genome alignment tools are
needed for tapping into plant diversity

Baoxing Song @, "2* Edward S. Buckler,®**° and Michelle C. Stitzer3°*

Genome alignment is one of the most foundational methods for genome se-
quence studies. With rapid advances in sequencing and assembly technologies,
these newly assembled genomes present challenges for alignment tools to meet
the increased complexity and scale. Plant genome alignment is technologically
challenging because of frequent whole-genome duplications (WGDs) as well as
chromosome rearrangements and fractionation, high nucleotide diversity, wide-
spread structural variation, and high transposable element (TE) activity causing
large proportions of repeat elements. We summarize classical pairwise and mul-
tiple genome alignment (MGA) methods, and highlight techniques that are widely
used or are being developed by the plant research community. We also outline
the remaining challenges for precise genome alignment and the interpretation
of alignment results in plants.

Plant genome alignment is fundamental and essential

Whole-genome alignment (WGA) is the process of identifying homologous regions within a collec-
tion of assembled genomes and then performing base-pair resolution sequence alignments.
WGA generates a positional relationship between sequences within genomes, enabling investi-
gation of genomic function and how evolutionarily related sequences have diverged from their
common ancestor (Box 1). WGA — both intraspecific and interspecific — is rapidly being incorpo-
rated into studies as the cost and technology barriers to genome assembly are lowered. Intraspe-
cific WGA can be used in population and quantitative genetic studies to more accurately identify
causal variants, and future advances in graph genome (see Glossary) methods can further facil-
itate these surveys. WGA for interspecific comparisons is established for a wide range of research
aims, including genome evolution, understanding phylogenetic relationships, and functional se-
quence identification. These questions can be asked in an ever-growing range of model and
nonmodel systems as genome assembly becomes routine.

The majority of WGA algorithms and tools were initially developed by the human genome re-
search community to align the genomes of human, mouse, rat, and chimpanzee [1], for example
BLASTZ [2], MUMmer [3], and LAST [4]. Benchmarking of WGA performance has largely been
conducted using simulated data that mimic the landscape of sequence divergence that is com-
mon in mammal species [5]. However, the structure and chromosome evolution of plant and
mammal genomes differ from each other [6] (Figure 1). Plant genomes vary in size more than
any other taxa [6], and the largest known plant genome is 2400-fold larger than the smallest
[7,8]. Polyploidy is a major contributor to genome size differences in plants, where at least 35%
of species are polyploid [9]. Another major contributor to genome size differences is transpos-
able element (TE) content, and genome size is a linear function of TE content [10]. The activity
of TEs often results in the duplication of identical sequences and represents an important sub-
strate for the emergence and expansion of repetitive sequences in the host genome. The activity
(TE presence or absence variation, PAV) and decay of TEs also cause long indel variants
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Box 1. The impact of sequencing technology development on estimated sequence diversity Department of Molecular Biology and
Genetics, Cornell University, Ithaca, NY

The ability to compare the genomic sequences of different individuals and species has grown at breakneck speed over the 14853, USA

past few decades and can now provide extremely valuable insights into the association between genomic diversity and
phenotypic variance as well as into the evolution of population genomic sequences. From early biochemical studies using
isozymes, we are now able to directly investigate genome sequence diversity among different lines/accessions of the same *Correspondence:

species or between closely related species. The whole-genome sequencing (WGS) approach is performed using mas- baoxing.song@pku-iaas.edu.cn
sively parallel sequencing technologies (e.g., lllumina), and sequencing reads are mapped to the reference genome via (B. Song) and

short-read alignment methods [108]. Mutations of each sequenced individual are identified, usually single-nucleotide mcs368@cornell.edu (M.C. Stitzer).
polymorphisms (SNPs) and indels.

A major limitation of the short-read method is that it has limited ability to genotype long indels and highly polymorphic re-
gions. An artificial distinction exists between short indels (<50 bp), termed indels, and indels >50 bp which have been clas-
sified as structural variation (SV) [109-114]. There is no biological mechanistic reason for a specific threshold (e.g., 50 bp),
except for the technical ability of the insert size or read length to cover both edges of a variant. Read-mapping approaches
show a limited ability to investigate nested variants (Figure 3). In addition, to call a variant, short reads must map to the ref-
erence genome. For highly discordant regions or species distant from the reference genome, this reduces even SNP calls.

The development of long-read sequencing technology (e.g., PacBio and Oxford Nanopore) has made read length less of a
limitation. Reads from these technologies can be mapped back to a reference genome and indels called via read align-
ments [115,116]. These generate even more power when aligning de novo genome assemblies generated from these
reads. Several telomere-to-telomere genome assemblies without gaps have been established for humans [117,118] as
well as for a wide range of plant or crop species such as rice [119,120], maize [121], watermelon [122], arabidopsis
[123], tomato, and potato. With large-scale and high-quality genomes, researchers can comprehensively investigate
any type of genomic variants using both inter- and intra-species genome alignments. For example, the genome assembly
and comparison approach accurately identified the 140 bp MITE insertion at the VGT7 locus on Mo17 compared to B73
[30], whereas this variant is absent from Panzea project short-read variant calling. The 16 bp indel at FRIGIDA (FRI) was not
identified by the 1001 Genomes Project but could be identified via genome alignment (Figure |).
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Figure I. Genome alignment can more comprehensively identify variants than short-read mapping. The 16 bp
insertion at the FRI locus (AT4G00650) on Ler-0 compared to Col-0 could not be identified via short reads by the 1001
Genomes Project. The genome assembly and comparison approach accurately identified this insertion. The region
upstream of FRI in Ler-O contains hyper-diverse sequences, and the boundaries of this deletion have been reported
differently because of differences in alignment parameters [124].

between genomes that can alter gene function and generate phenotypic impacts [11,12]. By con-
trast, most mammalian genomes have very few active TEs, resulting in slower accumulation of
these large-scale indel variants mediated by TE movement. Finally, plants have higher sequence
diversity even the level of individual nucleotides [13], likely reflecting larger effective population
sizes. Higher sequence diversity means more uncertainty in alignment. These chromosome-
scale sequence features raise profound technological challenges for plant WGA.

Recent improvements in genome sequencing and assembly technologies have allowed the as-
sembly of large plant genomes with high continuity, a low error rate, and few gaps [14]. Accurate
alignment of plant genomes can help to answer fundamental questions about plant evolution and
environmental adaptation. Alignments can identify chromosome rearrangements and WGD
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Figure 1. Alignment across different genomic scales. (A) Collinear chromosomal regions are maintained between two
species until a rearrangement occurs. In mammals (top) this often takes the form of inversions and chromosome fissions/
fusions. In plants (bottom) these processes occur, but additional whole-genome duplications mean that taxa maintain
duplicated blocks of chromosomes that can be found on more than one chromosome. This difference means that an aligner
that only allows one-to-one alignment will miss biologically relevant sequences. (B) Genes and transposable element (TE)
positions are more constant in mammalian genomes than in plant genomes. (C) Nucleotide divergence is higher in plants.

events which can result in barriers to crossing, leading to speciation. Because polyploidization is
often followed by rediploidization, alignment can identify how duplicated genes have diverged ge-
netically and functionally, and whether one or both duplicate copies have been lost from a
genome. At the base-pair scale, genome alignment can examine single-nucleotide polymor-
phisms (SNPs) and short or long indel variation which can be used to identify functional variants
that cause adaptive phenotypes of interest. Alignment can identify shared distal regulatory se-
quences even when they have been pushed far away from their target gene by TE insertions.
Thus, the study of gene expression evolution benefits from accurate and specific identification
of long indels and SNPs in regulatory sequences. Because evolution occurs within the context
of a genome, genome alignment is an essential first step to identifying the underlying molecular
differences between any two sequence assemblies.

In this review we first introduce nucleotide alignment algorithms, and then highlight why plant ge-
nome alignment requires optimization strategies that differ from those developed for mammalian
genomes. The goal is not to provide an exhaustive list of all genome alignment tools but instead to
cover the biases and limitations of current strategies. We provide an outlook on what is necessary
to further optimize plant genome alignment technology.
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Glossary

Fractionation: following a whole-
genome duplication (WGD) event,
fractionation is a process that returns the
genome to a diploid state. In this pro-
cess most duplicated genomic features
are lost from one or the other homolog.
Global alignment: end-to-end
alignment of two sequences. The classical
method is the Needleman-Wunsch
algorithm proposed by Saul B.
Needleman and Christian D. Wunsch in
1970.

Graph genome: a data structure to
represent or store variants between
genomes. It displays species variation
information by representing sequence
and structural variation information in the
form of nodes and paths.

Indel: a DNA sequence that differs by
insertion or deletion between two
sequences.

k-mer: a subsequence of length k,
where k is a parameter with an integral
value. In practice, all subsequences of
length k of a sequence are usually
generated.

Local alignment: assumes that two
seguences are not similar over the entire
length, and finds the regions with the
highest level of similarity between the
two sequences. The classical method is
the Smith-Waterman algorithm
proposed by Temple F. Smith and
Michael S. Waterman in 1981.
Presence or absence variation
(PAV): describes sequences that are
present in one genome but are entirely
missing in another genome.
Progressive alignment: a method
that decomposes the multiple sequence
alignment (MSA) problem into a group of
alignments for two sequences or two
groups of aligned sequences. This
approach works by successively
constructing pairwise alignments. At
each iteration, two multiple alignments
are aligned by a procedure that treats it
as a sequence, resulting in a combined
multiple alignment that can be passed to
the next iteration. This procedure
terminates with the complete MSA.
Short-read alignment: also known a
short-read mapping, the process of
aligning reads to a reference genome in
the presence of errors and genetic
variations.

Subgenome: following a WGD, the set
of chromosomes from each parent is
called a subgenome. Over evolutionary
time, many duplicate genes (but not all)
are lost from one homologous region or
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Base-pair resolution pairwise genome alignment algorithms

The alignment of two homologous sequences often assumes that two aligned bases are derived
from a shared position in a common ancestor. We often have few ways to test the biological va-
lidity of this assumption, but computational developments in alignment have begun to incorporate
models of how sequences evolve. Sequence alignment is complicated by indel variation because
there is no longer a one-to-one relationship between each base pair. When an indel has occurred,
aligners must choose when to introduce and extend a gap. To produce the optimized alignment
quickly, dynamic programming algorithms are usually used. The dynamic programming se-
quence alignment algorithms were initially developed by Needleman and Wunsch for global
alignment [15] and by Smith and Waterman for local alignment [16]. The central processing
unit (CPU) time and memory cost of these classical algorithms is proportional to the product of
the lengths of the two sequences being aligned, which limits their application because costs
grow exponentially. For example, a 100 kb comparison requires ~40 GB of memory, more
than the capacity of many personal computers (Table S1 in the supplemental information online).
A banded sequence alignment approach [17] can reduce both time and memory cost — over 100-fold
for a 100 kb sequence — by not computing all cells in the scoring matrix, leading to a limitation that it
may not generate the optimal alignment. To reduce memory usage, Hirschberg's algorithm reduces
linear space, and this idea has been extended to perform both local and global alignment with affine
gap penalty (Table S2) [18,19]. Advances in modern computational hardware designs now allow dy-
namic programming algorithms in many of the commonly used sequence alignment tools to be im-
plemented using single instruction multiple data (SIMD) technology, and this can accelerate
computation by >tenfold by processing multiple data concurrently with a single instruction [20-22].
The computational cost of the recently developed wavefront global alignment (WFA) approach [23]
is not directly related to the input sequence length and is instead related to the dissimilarity between
the two input sequences (Table S1), resulting in an ability to align over longer distances.

A simple WGA approach would be to perform global alignment for each pair of homologous chro-
mosomes from end to end. However, this is not possible in practice owing to the high computa-
tional cost of dynamic programming approaches. Even if computationally possible, dynamic
programming algorithms produce alignments that have a fixed order and orientation which can-
not capture genomic rearrangements such as inversions or translocations. Moreover, when a
WGD has occurred, the correspondence between chromosomes is not one-to-one. Alternative
methods are therefore necessary.

The seed-and-extend approach performs large-scale sequence alignments efficiently. This strat-
egy produces an approximately optimal alignment using shared k-mers as seeds to trigger align-
ment and then extends the alignment from these shared sequences (Figure 2A). This idea has
been widely adopted for various sequence alignment problems, including WGA. Modern WGA
tools generally process matched seeds further by non-gap extension, chaining, anchoring, and
so forth to speed up or reduce undesired alignments (R.S. Harris, PhD thesis, Pennsylvania
State University, 2007). For example, the MUMmer software groups exact matches into clusters
and performs alignment for regions between consecutive exact matches as well as flanking re-
gions using the Smith—\Waterman algorithm [3]. However, these approaches can fail to generate
an alignment when genomic regions have sufficiently high sequence diversity that a seed does
not exist, and can also generate high rates of false positive alignments when genomes have abun-
dant repeat elements. However, sensitivity and specificity can be traded off against each other
[24-27]. To increase sensitivity, LASTZ and LAST use flexible seeds that allow mismatches to
the target sequence [4] (Table 1). To increase specificity, repeat elements are generally annotated
and soft-masked [28]. Because these masked sequences are not used as seeds, they do not ini-
tiate an alignment.
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its partner region asymmetrically. These
subgenomes may differ in both gene
density and the level of gene expression.
One subgenome is prone to retain more
genes and is referred to as the 'dominant
subgenome', whereas the other loses
more genes and is referred to as the
‘recessive subgenome'.

Transposable element (TE): a DNA
sequence that can change its position
within a genome via a 'copy-and-paste'
mechanism (retrotransposons) or a 'cut-
and-paste' mechanism (transposons).
They typically range in length from 50 to
10 000 bp but are sometimes far larger.
The activity of TE generates long indel
variants between genomes, and
retrotransposons introduce repeat
sequences within genomes.
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Figure 2. Comparison of sequence alignment approaches and gap cost penalties. (A) The basic principle of the
seed-and-extend/seed-chain-extend approach. This approach can identify locally similar blocks in two sequences. (B) The
global alignment approach produces alignment for every base pair of the input sequence, even for highly diverse regions
and long indels. The affine gap cost penalty generates fewer gap variants than the linear gap cost. (C) The two-piece affine
gap cost penalty allows fewer but longer gap variants than the (single-piece) affine gap cost approach.

Another WGA strategy utilizes the large-scale collinearity of phylogenetically closely related ge-
nomes. This approach comprises two steps. First, a collinear map between the genomes is con-
structed using a variety of approaches that use k-mer matches, conserved segments identified
via local alignment approaches, or annotated genes as anchors. Collinear block identifications
are usually modeled as graph optimization problems which can be solved using sparse dynamic
programming algorithms [29-32]. Second, a base-pair resolution alignment is obtained for each
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Table 1. Comparison of different classical genome alignment strategies used by the plant genome community

Classical software Seed strategy Indel Does it align long WGD Description
scoring indels (at least 2 kb)?  aware

Pairwise

Seed-chain-extend MUMmer Maximal unique Affine gap No No MUMmer is fast, with default settings, its

alignment matches (MUM) sensitivity is lower than LASTZ or LAST.
LASTZ, LAST Spaced seed Affine gap No No LASTZ and LAST provide flexible

options for seeds and scoring
parameters. LAST is an update for
LASTZ that is faster but is not an exact
replacement. For example, LASTZ
provides options to infer scores from
sequences.

Seed-chain global Minimap2 Minimizer Two-piece Yes No Minimap2 identifies primary chaining

alignment affine gap using minimizers as anchors, and

performs global alignment between
adjacent anchors in a chain.

AnchorWave Coding gene Two-piece Yes Yes AnchorWave uses coding genes as

affine gap anchors to identify collinear blocks, and

performs global sequence alignment for
each anchor and inter-anchor regions.
AnchorWave conducts WGAs between
closely related individual chromosomes
and handles each translocation as a
long deletion and an long insertion.
When aligning genomes of the same
species, the genoAli function of
AnchorWave expects that the
homologous chromosomes in the two
genomes would have exactly same
chromosome name.

Multiple
Pairwise alignment Description
approach

Cactus LASTZ A graph-based progressive multiple genome aligner that reconstructs ancestral genomes by combining
sub-alignments. It can perform MGAs for 1000 genomes. However, it has not been well benchmarked for plant
genomes and natural variation genomes from the same species.

ROAST BLASTZ/LAST/LASTZ  After aligning multiple query genomes to the reference genome, ROAST progressively combines them into
multiple genome alignments and generates the output in multiple alignment format (MAF). The MSA_pipeline
workflow has automated this process.

Others

Description

Chain-and-net Combines fragmented alignments into larger alignment regions. Combined with LAST, for example, it has been used to generate
genome-wide reciprocal best hits.

Quota-alignment Uses coding genes as anchors, it conducts WGD-aware genome-wide syntenic block identification and also reports syntenic
homologous genes, but does not produce base-pair resolution sequence alignments. Several subsequent programs perform similar
analysis but use different algorithms. This approach has also been used to compare multiple genomes, for example in MCScan and
GENESPACE.

SyRl or They take the pairwise genome alignment result from minimap2 or MUMmer as the input to identify consecutive alignments along a

Assemblytics sample contig, and call indels up to a maximum of 10 kb in size indirectly. SyRI expects that homologous chromosomes in two genomes

have the same chromosome name.

collinear region by a global alignment algorithm using scoring parameters optimized for long
indels (Figure 2B). Such approaches show good performance for long indel alignment and can
achieve high sensitivity. Thanks to improvements in the computational efficiency of global

6  Trends in Plant Science, Month 2023, Vol. xx, No. xx


CellPress logo

Trends in Plant Science

sequence alignment algorithms, tools such as minimap2 [31] and AnchorWave [23,30] now im-
plement this collinear strategy.

To speed up alignment and increase specificity, pairwise WGAs between individuals that share a
karyotype are performed separately for each homologous chromosome, using chromosomes
with identical names [33]. This strategy requires collinearity between chromosomes, and will
not produce an alignment of sequences that have translocated to a different chromosome.
AnchorWave [30] implements a function to conduct an end-to-end alignment for each pair of ho-
mologous chromosomes and achieves great sensitivity. This approach treats an intra- or inter-
chromosome translocation as a deletion at the donor and an insertion at the recipient, and
copy-number variations or tandem repeats are treated as indels.

Multiple genome alignment

WGA typically only compares two taxa, but many evolutionary inferences are improved by sam-
pling multiple taxa. Multiple sequence alignment (MSA) is a necessary starting point for MGA. The
outputs of MSA are routinely applied to numerous phylogenetic and evolutionary analyses by aligning
a group of preselected homologous sequences, often genes. Such MSA approaches generally pro-
duce an alignment along the whole length of each input sequence, analogous to global alignment
[34-38]. MSA requires additional steps beyond simply combining a set of pairwise sequence align-
ments. This allows MSA to unify multi-isoform indels [39], especially when applied to the investigation
of sequence conservation or variant calling across multiple individuals.

For almost all MSA problems it is not practical to utilize classical dynamic programming ap-
proaches because of the exorbitantly high CPU time and memory costs — 1 petabyte (PB) of
memory storage is necessary to align a 100 kb region in only three samples (Table S1). To
make MSA possible, a progressive alignment algorithm [38] is widely implemented to generate
an approximate global optimal alignment, for example by MAFFT [34], MUSCLE [35], CLUSTAL
[37], and T-coffee [36]. These progressive MSA approaches have been extended to the genomic
scale with additional functions to resolve genomic rearrangements. For example, the ROAST [40]
pipeline progressively creates multi-species alignments from the output of pairwise alignments.
The Cactus [41] software also follows a progressive strategy to reconstruct ancestral genomes
by combining subalignments, although the performance of Cactus on plant species [42] may re-
quire new developments to deal with polyploidy and high sequence diversity. The ideal output of
MGA is chromosome or subgenome alignments that can capture the relatedness between indi-
viduals. However, the features of many plant genomes mean that careful consideration of the de-
sired output is essential before adopting these state-of-the-art genome alignment technologies.

Plant genomes organize chromatin differently from mammal genomes

Plant genomes vary extensively in size. The impact of differences in genome size is minimized by
the folding and packaging of chromosomes into different regions of the nucleus. In plants with
smaller genomes, actively transcribed genes are often found on euchromatic chromosome
arms whereas transcriptionally repressed sequences are found in pericentric heterochromatin.
This straightforward delimitation of chromosomes breaks down with larger genomes because
genic euchromatin becomes structured into local territories within the nucleus.

This genome organization means that cis-regulatory elements do not necessarily regulate the
nearest gene [43] and multiple neighboring genes can be coregulated [44]. Coexpressed
genes are highly likely to be functionally related [44], and the conservation of collinear blocks
across species is therefore an important signal that an aligner should recover. A plant genome
aligner should thus identify collinear blocks of genes, thus allowing comparison of sequence
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evolution for both genic sequences and intergenic sequences. This strategy has been imple-
mented in AnchorWave [30] and is also proposed in NGSEP 4 [45]. Aligning collinear regions
can also help to identify distal regulatory elements.

WGDs followed by fractionation are common in plants

When similar sequences are present at different dispersed locations in the genome, an aligner
must decide at which of many potential positions to report an alignment. For many applications
it is most parsimonious to assume one-to-one orthology between sequences — that each homol-
ogous sequence has only one matching position in the other genome. This assumption is not al-
ways a sufficient model for plant species with polyploidy in their history and requires WGD-aware
genome alignment techniques.

In newly formed polyploids, each subgenome is present on a separate chromosome, and we can
readily separate the parental contributions to each subgenome. Over deeper evolutionary time,
polyploids begin to rediploidize as their parental chromosomes are reshuffled and rearranged
through recombination and structural rearrangements. Duplicate genes can be redundant in a
newly formed polyploid, but over time these genes can accrue inactivating mutations and be
lost. Alternatively, these duplicates can be retained or gain differential or new functions through
subfunctionalization or neofunctionalization.

Polyploidy events complicate WGA, and it is important to understand past WGD events when
selecting an alignment approach. One simple way to detect unshared WGDs between assem-
bled genomes is to align genes between two genomes and draw syntenic dot-plots [46]. If one
lineage has undergone a WGD, from diploid to tetraploid, genes will align at two positions in
the haploid genome. This syntenic dot-plot approach can break down when there are extensive
chromosome fusions or rearrangements after the WGD. In these cases with little syntenic conser-
vation, examining the distribution of synonymous substitutions per site (Ks) at pairs of genes
within a genome is often used to detect very ancient WGDs [47].

Once an unshared WGD has been identified, we need to align multiple paralogous regions to the
same orthologous segment. When aligning a recent polyploid to diploid relatives, we can conduct
alignment for each subgenome separately by independently aligning each chromosome. For
older polyploid species the subgenomes may not be easily separated before WGA, as is the
case for WGA between maize and sorghum [48] or between soybean (Glycine max) and common
bean (Phaseolus vulgaris) [49]. To identify and separate these subgenomes, genome synteny
technologies such as quota-alignment [50], MCScanX [51], and CoGe [52] use coding genes
as anchors and identify blocks of genes in the same order in both genomes and subgenomes
[51]. These approaches make it possible to identify chromosomal rearrangements and gene
PAVs. The AnchorWave [30] program refines this idea to generate base-pair resolution WGAs
within these subgenomes.

Progressive MGA uses phylogenetic trees to guide alignment [41], but the relationship between
subgenomes can vary along the genome because of recombination, gene conversion, and frac-
tionation. This means that, along a chromosome, ancestry may differ by region between allo-
polyploid progenitor subgenomes [53]. Methods have been developed to separate polyploid
subgenomes, for example, GENESPACE, CoGe, POInT, SubPhaser [48,54-57]. Once these
subgenomes have been identified, they can be used as separate individuals in an MGA. Despite
a clear conceptual framework, there are no commonly used methods to perform those complex
analyses automatically. Performing base-pair resolution MGA while incorporating the
subgenomes of polyploids has rarely been performed and requires manual insights and curation.
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Many size classes of indels cause polymorphisms between plant genomes

Indel variation has a greater impact than SNPs on base-pair differences between the genomes of
different individuals of the same or different species [58], and can have a significant influence on
traits. The distributions of indel lengths are not uniform in mammal and plant species, and multiple
peaks can be seen in the density distributions of indel length [59,60]. Several mutational mecha-
nisms can generate short indels, such as DNA polymerase errors or imperfect repair following
DNA damage [61]. Long indels are thought mainly caused by TE activity [62] or non-allelic homol-
ogous recombination [63]. TE activity in most mammal species is low, and there is not too much
TE variation between for example two human genomes or even between the human genome and
the chimpanzee genome [6]. Lineage-specific amplification and potential deletion of TEs are com-
mon in plants, even among closely related species or different accessions of the same species
[30,64,65]. Because TEs evolve faster than their host genome, it can be difficult to predict
which TEs are present, or even to determine the length distribution of TEs in an individual ge-
nome. Further, common repeat mask approaches identify TEs, meaning that TE annotations
often represent short fragments of TEs, and not the entire length of an indel.

One way to identify long indels is to identify positions where sequence alignment does not occur.
For example, SyRlI [33], Assemblytics [66], and other custom pipelines [67-69] consider each pair of
consecutive alignments along a sequence and identify indels by considering the spacing and orienta-
tion between these alignments. These approaches often limit indel length to a maximum of 10 kb. To
generate alignments for long indels and perform variant calling directly from sequence alignment,
minimap2 [31] and AnchorWave [30] combine a global sequence alignment algorithm with a two-
piece affine gap cost penalty. The computational time cost of affine gap cost is 1.67-fold higher
than alinear gap cost, and the time cost of a two-piece affine gap cost is threefold higher than a linear
gap cost (Table S2 and Figure 2C). Further improvements in long indel alignment could integrate the
knowledge of length distributions of TE superfamilies [65] and optimize gap penalty parameters for the
type of TE that is present in the underlying sequence. Because each additional gap cost increases the
computational cost underlying the currently available dynamic programming algorithms, a more
efficient algorithm is necessary to further optimize indel alignment.

Plant genomes have high nucleotide diversity

WGA is difficult when sequences diverge because there are fewer invariant base pairs that sup-
port the shared orthology of sequences. In general, plant genomes are considered to be more
dynamic than the relatively stable animal genomes [6]. Previous studies suggest that the nucleo-
tide diversity between different maize lines is even greater than that between humans and chim-
panzees [70]. There is an additional 3.4% difference between humans and chimpanzees as a
result of indels [71], but this is significantly less than that between two maize lines [30].

Moreover, the regulatory architecture of plant genomes appears to tolerate more variation than
animal genomes. Studies of conserved noncoding sequences (CNSs) report that plant genomic
sequences are more diverse than those of mammals [72-75]. CNSs are functionally constrained
sequences that likely play roles in genome expression regulation [25,76]. One way to identify reg-
ulatory sequences is to focus on ultraconserved elements of at least 100 identical base pairs.
There are several tenfold fewer ultraconserved elements in plant genomes than in animal ge-
nomes [77]. In animals, many CNSs are large (>100 bp) [78], whereas experimentally identified
plant cis-elements are infrequently >30 bp, and have a median observed length of 8 bp [79].
The average size of a plant transcription factor binding site is only 6.8 bp [80,81]; this is smaller
than the k-mer size used by the widely adopted seed-and-extend sequence alignment approach.
In general, plant genome comparisons need a much higher sensitivity than comparisons of mam-
malian genomes.
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Alignment parameters, nucleotide substitution scoring, and gap penalties have a substantial
effect on the performance of sequence alignment applications. In contrast to simple match/
mismatch scores, scoring matrices such as HOXD [82], and BISR [83] provide informative
options to improve sensitivity and specificity. It is well known that different regions have different
sequence diversity over the genome. For example, there are generally fewer SNPs and indels in
genic regions than in intergenic regions. Whether this is a result of natural selection or is due to
differences in mutation rate between regions of the genome remains an open question [84,85].
Nonetheless, these observed differences mean that using a single parameter set will be subopti-
mal. A recent test of different parameters using Poaceae genomes suggested that the optimal
parameters differ between genomic regions [28]. How to automatically optimize scoring
parameters efficiently and precisely for different genomic regions remains to be explored.

Multiallelic variants are common among plant genomes

When more than two alleles are present at a locus, methods for understanding genetic variation
become complex. Population genetic models are built on assumptions of biallelic sites. Even clas-
sic cases of multiallelic variation such as human ABO blood groups do not simply comprise three
segregating alleles but are underlain by dozens of haplotypic variants segregating in populations
[86]. In plants, such allelic heterogeneity is common; for example, the loss-of-function alleles of
RDO5 [87] in Arabidopsis populations. Although it is most common to consider that SNPs deter-
mine genetic variation between different individuals, other types of variants can affect a much
larger fraction of the genome, at least in plant populations. For example, a 3.2 Mb indel has
been validated between two maize individuals (B73 and Mo17) [88], and ~30% of their genomes
differ by indels or translocations [30]. Inversions reported between maize genomes often span
multiple megabases [89,90]. A similar pattern has also been reported in rice [91]. Owing to the
high prevalence of indels and structural variation in plant genomes, a large proportion of SNPs
occur at positions that overlap these regions and are thus multiallelic (Figure 3A).

Multiallelic variants have always been simplified as biallelic when using short-read sequencing for
plant population genotyping [92]. For population resequencing studies, each genomic variant is
typically identified relative to the reference allele by using short-read alignment. \When an indi-
vidual sample lacks read coverage at a specific variant site, this may reflect a structural variation

(A) (B)

Inferred evolutionary history Inferred evolutionary history

Ancestral sequence [>335555]
Ancestral sequence EE5555555555555]

i -~ An Ato T SNP mutation

Derived [E5555555]ss555] Bl
Derived allele 1 [B52533] allele 2 S Aninsertioh,mutation .,

A deletion S

mutation Derived allele 2

An insertion mutation

)

Sequence alignment Sequence alignment
Ancestral sequence [ESS555SSASSSSSS] Ancestral sequence [BE5]-------------- ==
Derived allele 1 BESJ-------- >>51 Derived allele 1 BEEEI3551}------
Derived allele 2 [EEE55555T555555] Derived allele 2

Trends in Plant Science

Figure 3. Multiallelic variants are common among plant genomes, and multiple genome alignment is essential
to uncover their evolution. (A) A deletion can overlap with a single-nucleotide polymorphism (SNP). (B) An insertion can be
followed by another insertion.
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such that the region is absent. We often lose this information when imputation is applied to assign
a reference allele or alternative allele to the missing site based on linkage disequilibrium.

In natural plant populations, indels, inversions, and translocations of diverse lengths frequently
overlap. For example, TEs often insert into pre-existing TE sequences [65,93], generating nested
TEs [65] (Figure 3B). As the inserted sequences, translocated sequences, and inversion se-
quences continue to accumulate, all types of mutations can take place within those regions. It
is reasonable to assume that nested SNPs or short indels have different functional impacts compared
to unnested variants. Given that long indels and inversions affect a large proportion of the genomes in
a population, nested variants are very common in plants. One of the advantages of de novo genome
assembly and MGA over short-read variant calling is the ability to call nested variants.

Solutions to represent and utilize those multiallelic variants can come from well-designed refer-
ence-free MGA and graph genomes. An MGA used for plant genomes should be able to cope
with WGD followed by chromosome fusion, high sequence diversity, and high TE activity.
Using a single linear reference genotype makes it difficult to report nested multiallelic variants.
The graph genome representations of allelic variation will bring us closer to the goal of connecting
genotype to phenotype and identifying causal variants that genome editing can repair.

Graph genome methods encode genetic variants as nodes and edges, and preserve the contigu-
ity of the sequence and structural variation between individuals. The graph model has proved to
be a powerful tool for dealing with complexity of genome-scale sequence alignment, and this data
structure has been implemented in a wide range of MGA tools [41,94]. In addition, graphs provide
a straightforward way to represent similarities and changes between genomes, and thus can vi-
sualize alignments as well as compute them in parallel. Given the decreasing cost of genome as-
semblies, graph data structures are increasingly essential for performing population-scale MGA
assemblies efficiently and accurately, especially for plant genomes because of their high com-
plexity. A more comprehensive review of the graph data structure for WGA is given in [95]. In
the recent decade graph pangenomes have been constructed for key species to provide a refer-
ence for population-scale short-read mapping. With carefully selected accessions for genome
assembly and graph genome construction, this technology gives short reads the ability to call
complex or long variants approximate to alignment using de novo assembled genomes. The
graph reference genome technology is expected to be commonly used in the near future once
the cost of genome assembly falls sufficiently to replace the short-read technology.

Concluding remarks and future perspectives

When WGA was initially described, obtaining the primary sequences constituted the bottleneck.
With rapid improvements in genome sequencing and assembly technologies, the bottleneck has
now shifted to WGA. More species and larger genomes have been generated with high continu-
ity, low error rates, and few gaps [14], including multiple to dozens of individuals of arabidopsis
(Arabidopsis thaliana) [94] and crop species [95-99]. Given these rapid advances, the final goal
of the Earth BioGenome Project — 'to sequence and annotate the genomes of all currently
known eukaryotic species in 10 years' [100-102] — is likely to be achieved for plants [103]. The
comprehensive sample of 300 000 plant species [104] are spread across the globe and have
adapted to numerous environments. The growing reality of phylogenetic saturation of sequenced
taxa is pushing evolutionary analysis to hundreds or thousands of phylogenetically close species.
WGA is crucial to interpret these genomes.

WGA elucidates the evolution of the sequences we are comparing, but until recently no alignment
tools were available that could recover the processes that have dominated plant evolution.

¢? CellPress

Outstanding questions

What is the tradeoff between close
taxonomic sampling and deeper
divergences? Does genome divergence
co-occur with speciation?

How best to perform multiple
alignments for related plant species?

What is the best way to represent
sequence variation and to use
multiallelic variants for population or
quantitative genetics research?

How should we use pangenomes, and
how best to map short reads to diverse
reference genomes? Do we pick the
most closely related individual or
species for which we have a reference
genome and proceed via WGA?

Polyploidy — when we have two copies
that align to a haploid reference, how do
we interpret variants and phase across
chromosomes in our alignment files, and
how do we interpret subgenomes?

Affine gap costs — can we do more?
Should we use the TE landscape to
decide what indel lengths are likely?
Alternatively, do we assign alignment
parameters based on TE annotation?

How to utilize multi-allelic variants for
quantitative genetics analysis to
narrow down the missing heritability?
How to adjust the population genetics
models to uncover the evolution and
natural selection acting on multi-allelic
variants?
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Aligners that take this underlying biological variation into account should improve the sensitivity
and accuracy of genome alignments. Features ranging from chromatin structure to indel abun-
dance to nucleotide diversity all raise profound technological challenges for plant WGA. In
many plant genomes TEs are heavily methylated [105], which leads to an extreme transition/
transversion bias likely arising from deamination of cytosines [106]. One strategy may be to use
a different substitution matrix or gap penalties so as to use the TE annotation of one or both ge-
nomes to guide alignment parameters. In the field of genome comparison, deep learning has
been implemented in the latest version of commonly used variant-calling pipelines based on
short reads. Although deep learning has considerable potential to improve the alignment of de
novo assembled genomes, it has not yet been well explored.

Some conceptual challenges remain, such as the representation of nested and highly complex
variation that accompanies WGD variation. Recent advances such as graph-based pangenome
analysis have the potential to represent complex variants. However, graph genomes and Cactus
have not been easily applicable plant genomes to date. This may be due to the higher diversity of
plant genomes and the complexity introduced by dispersed repeats and larger repeated blocks
arising from polyploidy. These limitations apply to implementation and software design, and not to
the concepts underlying these approaches. For example, graph-based genomes have memory
costs that grow with sequence diversity. Implementations can limit graph nodes to shorter hap-
lotype blocks such as sequences conserved across individuals or genic sequences [107]. Graphs
may need to ignore SNP variants in nodes that represent a particular TE that is found thousands of
times in the genome. Similarly, MGAs may need to arbitrarily pick an artificial subgenome assignment
to allow multiple allelic and subgenome alignments much like separate individual genome assemblies.
This is straightforward when genome assemblies are haplotype resolved, but becomes more com-
plex when the genomic contigs remain unphased. Switches in ancestry between subgenomes can
be difficult to encode in an MGA framework. Similar problems in population genetics have been
approached with ancestral recombination graphs (ARGs) that allow the reconstruction of local
trees of related haplotypes along the genome. Implementations that take advantage of this tree
sequence encoding should be extended to interspecific comparisons and may help to answer
interesting questions in polyploids, such as how often gene conversion occurs between subgenomic
copies, or how often crossovers occur between subgenomes in a recently formed polyploid.

The continued development of plant genome alignment tools will have a profound impact on the
accurate identification of all variants and can help to identify causal variants —and thus truly bridge
genotype and phenotype. The coming genome assemblies of all the plant species and large pop-
ulations should be coupled with further development of genome alignment technology to ad-
vance our understanding of plant genetics and evolution (see Outstanding questions).
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