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Abstract

The release of the first draft of the human pangenome has revolutionized
genomic research by enabling access to complex regions like centromeres,
composed of extra-long tandem repeats (ETRs). However, a significant gap
remains as current methodologies are inadequate for producing sequence
alignments that effectively capture genetic events within ETRs, highlighting a
pressing need for improved alignment tools. Inspired by UniAligner, we
developed Rare Match Aligner (RaMA), using rare matches as anchors and
2-piece affine gap cost to generate complete pairwise alignment that better
capture genetic evolution. RaMA also employs parallel computing and the
wavefront algorithm to accelerate anchor discovery and sequence alignment,
achieving up to 13.66 times faster processing and using only 11% of UniAligner’s
memory. Downstream analysis of simulated data and the CHM13 and CHM1
Higher Order Repeat (HOR) arrays demonstrates that RaMA achieves more
accurate alignment, effectively capturing true HOR structures. RaMA also
introduces two methods for defining reliable alignment regions, further refining

and enhancing the accuracy of centromeric alignment statistics.

Introduction

Advances in long-read sequencing technologies and assembly algorithms,
highlighted by the Telomere-to-Telomere (T2T) Consortium's recent assembly of
the first complete human genome (Liao et al., 2023), have enabled the complete
assembly of complex repetitive regions such as centromeres. In the T2T-CHM13

genome assembly (Nurk et al., 2022), satellite repeats account for 6.2%, with
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alpha satellite being the predominant component, constituting 2.8% of the
genome (Altemose et al, 2022). Studies on tandem repeats have further
highlighted their critical role in various cellular processes and indicated that
mutations within these repeats can lead to genetic disorders (Black & Giunta,
2018; Giunta & Funabiki, 2017; Song et al., 2018). Human centromeres consist of
large arrays of alpha satellite DNA, often spanning millions of base pairs on each
chromosome, and are characterized by extra-long tandem repeats (ETRs) known
as monomers, primarily composed of approximately 171 bp alpha satellite DNA
(Manuelidis & Wu, 1978). Monomers are organized into Higher Order Repeat
(HOR) units, varying significantly across different species (Henikoff et al., 2001).
Within these HOR units, monomers share sequence identities ranging from 50%
to 90%, while the sequence identity between different HOR units within the
same centromere can be as high as 95% to 100% (Bzikadze & Pevzner, 2020; Gao
et al,, 2023). Centromeres are critical for genome stability, fertility, and healthy
development as they ensure the proper distribution of genetic material during
cell division; thus, given their detailed assembly, deep analysis is essential to
understand their roles in genomic integrity and their associations with cancer
and infertility (Altemose et al.,, 2022; Black & Giunta, 2018; Giunta & Funabiki,
2017; McKinley & Cheeseman, 2016; Miga & Alexandrov, 2021; Schueler et al,,

2001; Shepelev et al., 2009; Tian et al.,, 2024).

Human centromeres, among the most diverse and rapidly evolving regions of
the genome, exhibit significant variation in tandem repeat copy numbers across
the human population (Cechova et al, 2019). These variations, driven by

mechanisms like unequal crossing over, concerted evolution, and saltatory
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amplification (Logsdon & Eichler, 2022; Miga & Alexandrov, 2021; Smith, 1976),
highlight the limitations of classical alignment models that focus solely on single
nucleotide insertions and deletions. Consequently, aligning ETRs across different
human genomes poses a significant algorithmic challenge. Due to these
complexities, centromeres and other ETRs have been excluded from the recently
constructed human pangenome graph by the Human Pangenome Reference
Consortium (HPRC), as constructing the pan-centromere creates a significant
bottleneck in the development of the human pangenome (Liao et al., 2023).
Nevertheless, aligning centromeres is crucial for studies aimed at exploring their
variation and evolution. In this pursuit, researchers sequenced, assembled, and
compared all centromeres from a second human genome (Logsdon et al., 2024)
to the finished reference genome (Altemose et al., 2022; Liao et al., 2023; Nurk et

al, 2022).

To align centromeres, researchers used three methods. Initially, they directly
aligned sequences using minimap2 (Li, 2018) with the parameters ‘minimap2 -I
15G -K 8G -t threads -ax asm20 --secondary=no --eqx -s 2500 ref.fasta
query.fasta’), which were found optimal for centromeric regions. The second
approach involved segmenting sequences into 10 kb fragments for alignment
with minimap2. Lastly, they employed UniAligner (Bzikadze & Pevzner, 2023), a
new tool providing fast, efficient alignment of ETRs by focusing on rare
substrings. Although UniAligner excels in aligning tandem repeat arrays and
highlighting key genomic events, it performs only partial alignments and is not
optimized for complete sequence alignment across other genomic regions.

Enhancements in speed and memory efficiency could further extend its utility.
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Inspired by UniAligner, we developed the Rare Match Aligner (RaMA) for
pairwise centromere alignment, which leverages suffix and LCP arrays (Louza et
al., 2020) to recursively identify rare matches as anchors based on their rarity.
Following segmentation by these rare matches, the sequences are aligned using
2-piece affine gap cost (Gotoh, 1990) implemented via wavefront algorithm
(Marco-Sola et al., 2021). This scoring system favors the insertion of longer gaps,
thereby mirroring the genetic evolutionary events in centromeres, ultimately
producing refined alignment results. Additionally, RaMA significantly enhances
operational efficiency by employing parallel computing and implementing
various algorithmic optimizations during anchor point detection, surpassing the
performance of UniAligner. Analyses of simulated data and the CHM13 and CHM1
HOR arrays demonstrate that RaMA achieves greater alignment accuracy,
effectively capturing authentic HOR structures. Furthermore, RaMA introduces
two methodologies for defining reliable alignment regions, which further refine

and enhance the accuracy of centromeric alignment statistics.
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Results

Overview of RaMA
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Fig 1 Workflow of RaMA: (A) Recursive Logic of RaMA: Light gray boxes indicate segments awaiting

rare match detection. After the search (red arrow), two scenarios arise: if no rare match is found, the

segment turns light blue, undergoes wavefront alignment (blue arrow), and becomes a dark blue
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aligned segment. If a rare match is identified, it acts as an anchor, splitting the segment while leaving
the rest in search mode. The final alignment is formed by combining all detected rare matches and
aligned segments. (B) Alignment case: Sequences 'AG AG AT TG AG CG AG' and 'AG CG AG AT AG CG AG',
each containing 'AG' as a tandem repeat unit, are aligned using AT’ as a rare match anchor. The
sequence is divided; the left part, without further anchors, proceeds to alignment. The right
continues to search, finding 'AG CG AG' as another anchor. Final results are achieved by merging these
segments. (C) Rare Match Detection: Sequences are combined with '$' as a delimiter, then processed
to build suffix and LCP arrays. LCP intervals of length 1 are identified, with the longest rare match
selected from conflicting results as the final anchor.

RaMA is a rapid pairwise alignment tool designed for extremely long tandem
repeat sequences like centromeres. RaMA accepts two assembled centromeric
sequences as input. This implies that when aligning a chromosome-level
reference to a contig-based assembly, users must first assign contigs to
chromosome with another aligner (e.g., minimap2). RaMA then identifies rare
matches as anchors and uses wavefront alignment to generate global pairwise
alignment. Rare matches, infrequent within the input sequences, are prioritized
by RaMA, which focuses on those with fewer occurrences. As depicted in Fig 1(A),
RaMA first identifies rare matches to serve as anchors, segments the sequences
by these anchors, and repeats the process until no further anchors can be found.
The resulting segments are then aligned using a wavefront alignment algorithm
with a 2-piece affine gap cost, and the final alignment results are synthesized.

In Fig 1(B), an alignment case shows 'AT' rare matches appearing twice and
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AGCGAG' appearing three times. Despite its length, RaMA initially prioritizes 'AT'
as the anchor and considers 'AGCGAG' later. RaMA uses dynamic programming to
select optimal, colinear rare matches as anchors, detailed in Fig 1(C) and further
elaborated in the Methods sections 'Finding Rare Match via LCP Interval' and
'Filtering Anchors using Dynamic Programming." RaMA's efficiency is enhanced
by parallel computing, which accelerates both the recursive anchor search and

sequence alignment, resulting in rapid and accurate alignments.

Comparison of RaMA and Other Methods on Repetitive Sequences

Due to the arrangement of consecutive alpha satellite repeats into HOR units,
which are repeated hundreds or thousands of times in each centromere, and the
sequence identity between different HOR units within the same centromere
being as high as 95% to 100%, existing sequence alignment methods can
produce alignment results but struggle to reflect the variation and evolutionary

information of centromeres. To demonstrate RaMA's superiority in centromere
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Fig 2 Comparison of alignment paths between RaMA and other methods on real and simulated
centromere sequences. Series A uses a template with regionl removed as the reference and a
template with region2 removed as the query. Series B shows the X Chromosome centromere of
CHM13 as the reference and HG002 as the query. Labels 1, 2, and 3 correspond to RaMA compared
with minimap2, wfmash, and UniAligner, respectively.

alignment, we conduct comparisons with three other methods: minimap2 (Li,

2018), wfmash (Guarracino et al,, 2021), and UniAligner (Bzikadze & Pevzner,
9
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2023). minimap?2 is executed using the same parameters as the previous study
(Logsdon et al., 2024). UniAligner, wfmash and RaMA operate with its default
settings (see Supplemental Method).

We employed both simulated and real datasets to compare different
methods' capabilities in capturing centromeric genetic evolution. Inspired by
UniAligner, we generated simulated data (see Supplemental Method). For the
simulated data, alignment results have ground truth. As shown in Fig 2(A), RaMA
and UniAligner were able to accurately capture the regions that were removed
from the simulated data, particularly in subfigures A1, A2, and A3. The alignment
paths of both RaMA and UniAligner clearly reflect the existence of the two
removed regions, demonstrating their ability to handle these genomic alterations
effectively. In contrast, minimap2 (A1) and wfmash (A2) failed to identify these
removed regions. Specifically, wfmash showed a nearly straight alignment path,
indicating that it was unable to capture the deleted segments. Similarly,
minimap2 missed part of the removed regions, with its alignment path showing
gaps or soft clipping instead of reflecting the structural changes. Thus, RaMA and
UniAligner outperform wfmash and minimap2 in accurately capturing
centromeric evolutionary events.

The performance of the four methods on the real dataset mirrors their
performance on the simulated dataset. As shown in Fig 2(B), RaMA and
UniAligner share similar alignment paths but differ in detail. UniAligner
performs rare alignment, only aligning within anchors and using match runs,

10
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insertions, and deletions. In contrast, RaMA employs WFA for comprehensive
alignment, providing complete outcomes. While minimap2's alignment path is
broadly similar to RaMA's, there are notable differences between the two. In
contrast, wfmash only shares a small portion of the alignment path with RaMA,
with the majority of its alignment results deviating substantially from RaMA's.
We also applied the WFA with a dual-affine gap penalty using different parameter
settings to align both the simulated and real datasets (see Supplemental Fig S1).
We tested various parameters of WFA to explore whether more optimized
settings could improve centromere alignment. However, even with short
insertion extension penalties and long insertion extension penalties set as high
as 50, WFA's alignment results still produced straight lines, rendering the
alignments biologically meaningless. Overall, RaMA demonstrates superior
performance in capturing centromeric genetic evolutionary events compared to
WFA, minimap2, and UniAligner.

We also compared RaMA and UniAligner on nonrepetitive sequences. Our
results show that RaMA performs comparably to or better than WFA at moderate
to high similarity levels, while UniAligner consistently underperforms across all
similarity ranges (Supplemental Fig S10-S14). The average anchor coverage of
RaMA is 32% in centromeres, reaching a peak of 76% on Chromosome 19 (see
Supplemental Table S7). In contrast, nonrepetitive sequences with 70%
similarity demonstrate a minimum coverage of 88%. Notably, even the
centromere of Chromosome 19, which has the highest coverage, is still lower

11
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than that of nonrepetitive sequences at 70% similarity. This underscores a
greater prevalence of rare matches in nonrepetitive regions (see Supplemental
Method). RaMA’'s superior performance in nonrepetitive regions arises from
identifying rare matches, analogous to MUMmer’s Maximal Unique Matches
(MUMs). This observation aligns with Bzikadze and Pevzner’s assertion that
'UniAligner performs comparably to other alignment tools on nonrepetitive
sequences'. RaMA further outperforms UniAligner by integrating the WFA
algorithm to resolve alignments in regions that are difficult for parameter-free
methods to handle. RaMA also demonstrates slightly higher alignment quality
than UniAligner on sequences combining tandem and non-tandem repeat regions,
showing strong potential for accurate alignment in these hybrid regions (see

Supplemental Method; Supplemental Fig S15; Supplemental Table S6, S8).

12
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204  Indel Analysis of X Chromosome Alignment Between CHM13 and CHM1
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206 Fig 3 Figures A-D show the statistical results of centromere alignment on the X Chromosome for
207 CHM13 and CHM1: (A) Comparison of the number of short and long indels, as well as insertions and
208 deletions, in the alignment results of the two methods. (B) Comparison of the distribution of short
209 indels (<5 bp) by length in the alignment results of the two methods. (C) Comparison of the number
210 of long indels and HOR-indels in RaMA alignment results, reliable regions of RaMA based on the rare
211 match and the UniAligner alignment results. (D) Distribution of the multiplicity of HOR indels in

212 RaMA alignment results, reliable regions of RaMA based on the rare match and the UniAligner

213 alignment results.

214 We conducted an in-depth analysis of indel events using the HOR array of the

215 X Chromosome from CHM13 as the reference and CHM1 as the query. This

13
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analysis was aimed at better understanding the dynamics of structural variation
between these two genomes, with a particular focus on indel events. Detailed
statistics for the indels detected by both RaMA and UniAligner are presented in
Supplementary Tables S1 and S2, providing a comprehensive comparison of the
capabilities of these alignment tools.

We defined two categories of reliable regions: based on sequence identity
and rare matches. For identity assessment based on previous work (Logsdon et
al, 2024), the reference sequence was divided into 10 kb non-overlapping
windows, and sequence identity was calculated for each window. The mean value
represented the overall sequence identity. The formula used was (number of
matches) / (number of matches + number of mismatches + number of insertion
events + number of deletion events). A window with identity above 90% was
classified as a reliable alignment region. The identity-based reliable alignment
regions consist primarily of continuous, stable match areas, making them
well-suited for mutation estimation. For the identification of rare match-based
reliable regions, the approach for confirming rare match-based reliable regions is:
assuming rare matches are correctly aligned, if an interval segmented by them
requires further alignment, it is considered unreliable; otherwise, it is reliable.
Thus, all rare matches were directly classified as reliable regions. Moreover,
alignment intervals between rare matches were also deemed reliable if they
contained only simple insertions, simple deletions, or perfect matches. The rare
match-based reliable alignment regions are mostly indels, making them suitable

14
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for indel-related estimation. Although UniAligner also uses rare matches and
should theoretically yield similar reliable regions to RaM4, its output doesn’t
allow verification.

As illustrated in Fig 3(A), RaMA detected 124 short indels with a cumulative
length of 195 bp, whereas UniAligner identified 315 short indels with a total
length of 578 bp. Fig 3(B) further demonstrates that RaMA consistently reduces
the number of short indels across all length categories, particularly for indels of
length 1 bp, which occur at a frequency of approximately 0.4 per 10,000 bp,
compared to UniAligner's frequency of 1 per 10,000 bp. This observation
suggests that short indels are infrequent in the evolutionary changes of the
centromeric region. In this subsection, we primarily focus on analyzing indels, so
we only use reliable regions based on rare matches.

For long indels, Given that the canonical HOR on the X chromosome is 2,057
bp (Miga et al,, 2020), We define a long indel as an HOR-indel if its length is a
multiple of 2,057, which lends greater reliability to it in the centromeric
alignment analysis. We performed a statistical analysis of long indels and
HOR-indels in the RaMA alignment results, the reliable regions of RaMA based on
the rare match, and the UniAligner alignment results. As shown in Fig 3(C), RaMA
identified 406 long indels (180 of which are HOR-indels) in the full alignment,
with 288 long indels (125 HOR-indels) in the reliable regions. In comparison,
UniAligner identified 564 long indels, including 182 HOR-indels. The distribution
of HOR-indel multiplicities is detailed in Fig 3(D). RaMA's alignment results

15


http://genome.cshlp.org/
http://www.cshlpress.com

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

Downloaded from genome.cship.org on July 13, 2026 . Published by Cold Spring Harbor Laboratory Press

include 112 HOR-indels with multiplicity 1, 34 with multiplicity 2, and 34 with
multiplicity above 2. In the reliable regions, there are 81 HOR-indels with
multiplicity 1, 26 with multiplicity 2, and 18 with multiplicity above 2. Similarly,
UniAligner's results show 117 HOR-indels with multiplicity 1, 39 with
multiplicity 2, and 26 with multiplicity above 2. Both methods show similar
multiplicity distributions, but RaMA identifies more larger multiplicities, for
example, RaMA identified an 18-multiplicity long indel in a reliable region, which
UniAligner missed.

RaMA identified 28% fewer long indels than UniAligner, yet the number of
HOR-indels remained nearly the same. However, the total multiplicity of
HOR-indels identified by RaMA, at 372, was significantly higher than UniAligner's
total multiplicity of 312, suggesting that RaMA's alignment results are more
accurate than UniAligner in capturing true HOR structures. RaMA identified 71%
of long indels and 70% of HOR-indels within the reliable region, indicating that
most of these indels in the alignment are reliable. The concentration of
HOR-indels in reliable regions further provides a solid basis for further structural
analysis and validation.

In UniAligner, the estimated rate of HOR-indels (over 2 kb in length) is one
per 10 kb in centromeric regions. By comparison, the average Structural
Variation (SV) rate in the human genome for variants exceeding 50 bp is one per
150 kb, with SVs over 2 kb accounting for only 10% of total SVs. Based on these
estimates, UniAligner concludes: “Thus, the rate of large SVs in human

16
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centromeres exceeds the rate of large SVs in the rest of the human genome by
two orders of magnitude.” However, our findings challenge this conclusion. We
identified 125 reliable HOR-indels and 277 reliable long indels over 50 bp in
centromeric regions, with HOR-indels comprising over 49% of all long indels,
which is notably higher than the 10% typically observed genome-wide. These
findings suggest a rate of one long indel per 11 kb in centromeric regions,
approximately 13 times the genome-wide average SV rate—substantially lower

than the two orders of magnitude proposed by UniAligner.
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Statistical Analysis of Centromere Alignments Between CHM13 and CHM1
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Fig 4 Statistical analysis of centromere alignment results between CHM13 and CHM1 using RaMA. (A)
Proportion of two types of reliable regions, based on identity and rare matches, across different
chromosomes relative to the reference sequence length. (B) Comparison of the single nucleotide
variant (SNV) rates between the entire reference sequence region and identity-based reliable
regions. (C) The proportion of total long indel length and the total length of reliable long indels

based on rare matches in the full alignment length.

The complete assembly of each CHM1 centromere allows for a

comprehensive comparison of centromeric allelic sequences and structures
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between two human genomes. We used RaMA to align CHM13 and CHM1
centromeres, with a focus on analyzing the reliability of alignment regions. Fig 4
presents the RaMA alignment results, using the CHM13 centromere as the
reference and the CHM1 centromere as the query. Fig 4(A) shows the proportion
of two reliable region types across chromosome centromeres. Chromosome 7 has
0% identity-based reliable regions, and chromosome 13 has only 7.88% rare
match-based reliable regions, indicating wunreliable alignments. Thus,
chromosomes 7 and 13 are excluded from corresponding average calculations. In
the RaMA alignment with CHM13 as the reference, the average proportion of
identity-based reliable regions is 66.38% and rare match-based is 63.64%. In
comparison, UniAligner's identity-based reliable regions average 65.94%,
indicating RaMA aligns slightly more reliably than UniAligner (see Supplemental
Table S9).

As shown in Fig 4(B), We calculated the single nucleotide variant (SNV) rate
for RaMA across the full reference sequence and within identity-based reliable
regions, then compared it with UniAligner results. The calculation is mismatches
divided by the length of the corresponding reference region. RaMA's average SNV
rate is 0.21% across the full sequence and 0.25% in reliable regions, compared to
UniAligner's 0.09% and 0.15%, respectively (see Supplemental Table S9,
Supplemental Fig S2). The estimated SNV rate in reliable regions is higher than in
the full sequence, with RaMA’s estimate being higher than UniAligner’s. This
suggests that existing centromere alignment methods may underestimate true
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SNV rates, missing key variations in centromere diversity and function. RaMA’s
higher SNV estimates help correct this, offering a clearer view of centromeric
variability and supporting studies on centromere evolution and function. RaMA
alignment results with CHM1 as the reference and UniAligner results both reach
the same above conclusion (see Supplemental Table S9, Supplemental Fig S3,
Supplemental Fig S4).

As shown in Fig 4(C), we calculated the proportion of long indels (over 5
bases) in the full alignment length and their proportion within rare match-based
reliable regions relative to the full length, comparing these results with
UniAligner. UniAligner does not account for the alignment of insertion-deletion
runs, resulting in its estimated proportion of long indels being a theoretical
upper limit, averaging 77.2% (see Supplemental Table S10). In contrast, RaMA
offers an estimated average proportion of long indels within reliable regions,
which serves as a theoretical lower limit at 29.52%. The overall proportion of
long indels reported by RaMA is an exploratory estimate that falls between these
two bounds, averaging 60.78%. The higher proportion reported by UniAligner
indicates an overestimation that may mislead interpretations of genomic
variability in evolutionary studies and population genetics. This analysis narrows
the range of long indels and offers a more accurate estimate, potentially
enhancing our understanding of the evolutionary processes driving genetic

diversity.
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Comprehensive Performance Analysis of RaMA
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Fig 5 Comprehensive Performance Evaluation of RaMA: Time and Memory Efficiency Metrics. (A)
Comparison of the average alignment time for HOR arrays across different chromosomes of CHM13
and CHM1 using RaMA and UniAligner. (B) Comparison of the average maximum memory usage for
HOR arrays across different chromosomes of CHM13 and CHM1 using RaMA and UniAligner. (C)
Comparison of the time and memory required for different algorithm stages of RaMA. (D)
Comparison of HOR array lengths across different chromosomes between CHM13 and CHM1. (E)
Variation in RaMA's anchor finding time, alignment time, and total time with the number of threads.

(F) Variation in RaMA's alignment memory and total memory usage with the number of threads.

RaMA achieves significant optimizations in both time and memory compared
to UniAligner through enhancements in data structures, algorithms, and parallel

computing techniques. While UniAligner is a rare-alignment method where the
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rare-alignment time equals the total alignment time, RaMA operates in two
phases: rare match finding and WFA alignment. We conducted 10 alignments of
the HOR arrays for the 23 chromosomes using CHM13 as the reference and
CHM1 as the query. The length distribution of the HOR arrays for each
chromosome is shown in Fig 5(D). The experiments were run with Ubuntu
20.04.4 LTS, an Intel(R) Xeon(R) Gold 6230 CPU @2.10 GHz, 80 CPUs, and
approximately 1 TB of memory. RaMA was run using a single thread, with
alignment times and memory usage shown in Fig 5(A) and Fig 5(B). RaMA's
rare-alignment phase achieved a speedup of 94.99 times compared to
UniAligner's total alignment time, and its total alignment time showed a speedup
of 13.66 times. For memory usage, RaMA's rare match finding phase used 11.02%
of UniAligner's memory peak, while the complete process used 11.15%. The
significant speedup and reduced memory usage are due to RaMA's approach of
constructing only the initial suffix array and LCP array. We also aligned the
complete chromosomes of CHM13 and CHM1 to compare the performance of
RaMA, minimap2, and wfmash with 32 threads. The time comparison in the
Supplemental Fig S5 shows that RaMA is faster than minimapZ on most
chromosomes and is comparable to wfmash, except for the very long
chromosomes. In terms of memory usage, as shown in Supplemental Fig S6,
RaMA typically consumes more memory due to its reliance on the suffix array
compared to minimap2 and wfmash, which use minimizers; however, this
consumption remains within an acceptable range.
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379 In Fig 5(C), the time and memory usage proportions for different stages of
380 RaMA are presented. The initial phase accounts for 13% of the total time and 53%
381  of the memory usage, the rare match finding phase takes up 36% of the time and
382 37% of the memory, and the wavefront alignment phase consumes 51% of the
383  total time but only 10% of the memory. These findings highlight RaMA's memory
384 intensity in its initial stages, with a shift towards time consumption during
385 alignment. We also evaluated RaMA's performance with multithreading. Using
386 the HOR array of chromosome 11, we conducted 10 experiments and averaged
387 the results. Fig 5(E) shows the variation in RaMA's processing time across
388  different stages as the number of threads increases. The curves for total time and
389 anchor finding time level off at six threads, achieving a 2.3-fold speedup
390 compared to the single-threaded version. The wavefront alignment phase levels
391  off at three threads. Fig 5(F) depicts the changes in memory peak values across
392  different stages as the number of threads increases, showing a steady increase in
393  both alignment memory peak and total memory peak with more threads. The
394 runtime and memory usage of RaMA and UniAligner with varying sequence

395  similarity can be found in Supplemental Fig S7 and S8.

396 Discussion

397 High-precision, long-read sequencing technologies have transformed human
398 genome assembly, exemplified by T2T-CHM13, the first complete genome. Both

399 T2T-CHM13 and CHM1 provide invaluable insights into complex centromeric
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regions, though aligning these regions remains challenging and has limited their
inclusion in pangenome studies. Recently, UniAligner introduced a
centromere-focused alignment framework, but its rare-alignment approach
restricts its application to tandem repeats, leaving room for optimization in
speed and memory efficiency. Inspired by UniAligner, we developed RaMA,
incorporating a two-piece affine gap penalty wavefront alignment algorithm.
RaMA significantly outperforms UniAligner, achieving 94.99 times faster
rare-alignment and a 13.66-fold overall speedup with just 11% of UniAligner’s
memory usage. Multithreading further accelerates RaMA, peaking at six threads
with a 2.3-fold increase in speed. RaMA thus offers substantial gains in alignment
efficiency and resource usage over UniAligner.

Assessing centromeric alignment quality remains a significant challenge in
centromere sequence analysis. Currently, no quantitative metrics directly
measure alignment accuracy, so quality is often inferred from simulated datasets
and downstream analyses. Our tests with simulated data showed that only RaMA
and UniAligner produced results consistent with the ground truth, while other
methods failed to accurately identify removed regions. When applying RaMA and
UniAligner to align the X chromosome in real datasets CHM13 and CHM1, we
found that both methods identified a similar number of HOR-indels. However,
RaMA detected a significantly higher total HOR-indel multiplicity of 372
compared to UniAligner's 312 and identified an 18-multiplicity long indel that
UniAligner missed, suggesting that RaMA's alignment more accurately captures
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true HOR structures.

We used RaMA and UniAligner to align the HOR arrays of CHM13 and CHM1.
Determining reliable alignment regions is crucial for centromeric analysis. We
propose an identity-based method for reliable mutation calculation and a rare
match-based method for reliable long indel assessment. RaMA’s average SNV rate
is 0.21% across the full sequence and 0.25% in identity-based reliable regions,
compared to UniAligner’s 0.09% and 0.15%. The SNV rate in identity-based
reliable regions exceeds that of the full sequence, with RaMA’s estimate higher
than UniAligner’s. In the X chromosome HOR array alignment, RaMA identified
124 short indels, significantly fewer than UniAligner’s 315, suggesting existing
methods may underestimate SNV rates and overestimate indel counts. RaMA
corrects these biases, providing more accurate estimates. We also calculated the
proportion of long indels (over 5 bases) across the full alignment and within rare
match-based reliable regions, comparing RaMA and UniAligner. UniAligner,
without accounting for insertion-deletion runs, gives an upper limit at 77.2%,
while RaMA provides a lower limit at 29.52% and an overall average of 60.78%.
UniAligner’s higher estimate suggests potential overestimation, while RaMA’s
narrower range offers a more accurate perspective on long indels, aiding insights
into evolutionary processes and genetic diversity. Our findings challenge
UniAligner’s conclusion by showing a rate of one long indel per 11 kb in
centromeric regions—13 times the genome-wide average, yet far below the two
orders of magnitude difference previously estimated.
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Our research advances centromere alignment algorithms with two methods
for reliable region identification, providing more precise alignment estimates.
Despite RaMA's advancements in centromere sequence alignment, it cannot fully
capture the genetic evolutionary events of centromeres due to limitations in
recognizing specific monomer arrangements in HORs. To address this, we plan to
optimize the algorithm to better capture monomer order. Additionally, we will
develop a multiple sequence alignment method to support the simultaneous
alignment of multiple centromeres. Experiments on nonrepetitive sequences
show that RaMA's rare match achieves high alignment quality on over 90% of

non-low-similarity sequences, demonstrating its potential for further extension.

Method

Dataset

We extracted the assembled satellite centromeres from all chromosomes of
the effectively haploid genomes CHM13v2.0 (Nurk et al., 2022) (available from
https://s3-us-west-2.amazonaws.com/human-pangenomics/index.html?prefix=
T2T/CHM13/assemblies/analysis_set/chm13v2.0.fa.gz) and CHM1v1.0 (Logsdon
et al., 2024) (available from
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/037/575/895/GCA_037575895.
1_UW_CHM1_v1.0/GCA_037575895.1_UW_CHM1_v1.0_genomic.fna.gz), as well
as the diploid male genome HG002v1.0 (Jarvis et al, 2022; Rhie et al., 2023)

(available from
26
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https://s3-us-west-2.amazonaws.com/human-pangenomics/index.html?prefix=

T2T/HGO002/assemblies/hg002v1.0.fasta.gz). After downloading the data, we
extracted the centromere sequences based on their specific starting and ending
coordinates (Supplemental Table S3, S4 and S5). All test dataset used can be
found at Zenodo (https://zenodo.org/records/14061939).

To evaluate the performance of different methods on repetitive sequences,
we created a simulated dataset using the X chromosome HOR array of CHM13 as
a template, removing regions 1 (182368-547935) and 2 (2417322-2773488) to
produce two new sequences (see Supplemental Method). To evaluate RaMA's
performance on tandem and non-tandem repeat sequences, we used INDELible
to simulate two 1,000,000-length nonrepetitive sequences with 95% similarity,
inserting CHM13 and CHM1 centromeres from chromosomes 16 and 20 at

positions 300,000 and 800,000 (see Supplemental Method).

Constructing Suffix and LCP Array

Identifying rare matches is fundamental to RaMA, as these matches are
closely linked to genetic evolutionary events within ETRs. When analyzing two
sequences, S; and S,, they are combined into a single sequence S = §;$S,, with
'$' serving as a delimiter. A 'rare match' is defined as a subsequence that appears
k times (where 2 < k < max_count) within § and at least once in both
sequences S; and S, independently. The parameter max_count is fixed, set to a

default of 20. RaMA prioritizes rare matches with fewer occurrences for use as
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anchors. For instance, if a rare match that appears only twice is found in a pair of
sequences, RaMA will not continue searching for a rare match that appears three
times.

The detection of these rare matches relies on the use of suffix arrays and
Longest Common Prefix (LCP) arrays. A suffix array (SA) is composed of the
indices of the lexicographically sorted suffix strings of sequence S. Conversely,
the LCP array provides the lengths of the shared prefixes between consecutive
suffixes in the SA, offering a precise and efficient means to identify potential rare
matches. RaMA uses the gSACA-K (Louza et al.,, 2020) method to construct suffix

array and LCP array of the concatenated string S with O(N) time complexity.

Finding Rare Match via LCP Interval

An LCP interval is an interval [i..j] in the LCP array, where l,;, is the
minimum value in the subarray LCP[i],...,LCP[j]. The interval is defined by the
condition that the LCP values immediately before and after this subarray,
LCP[i — 1] and LCP[j + 1], are both less than l,;,. After identifying the LCP
interval, left extension is required to eliminate duplicates (Zhang et al., 2024).
This process involves iteratively comparing nucleotides to the left of the common
substrings across all sequences until a mismatch occurs or a sequence boundary
is reached, expanding lmin to [. For instance, the three intervals identified in
Fig 1(C) are essentially the same, and by performing left extension, they produce

identical results, effectively removing duplicates. If an LCP interval has a length of
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n, it indicates that a match of length [ appears only n + 1 times within the
entire sequence S. Thus, identifying rare matches can be modeled as finding LCP
intervals, where the rarity of a rare match is determined by the length of the LCP
interval. After constructing the LCP array, RaMA first searches for LCP intervals of
length 1. If found, the search stops; otherwise, it continues searching for LCP
intervals of length 2, and so forth, until an interval is found or the interval length

exceeds max_count.

Filtering Anchors using Dynamic Programming

The next step after identifying all rare matches is to convert them into
anchors. A rare match is a match that occurs multiple times, whereas an anchor is
a pair of matches appearing in both sequences. Therefore, for a given set of rare
matches, all possible pairs can be combined to yield multiple anchors. For
instance, if a rare match appears twice in the first sequence and three times in
the second sequence, it can be converted into 2 X 3 = 6 anchors. Once we
have the set of anchors, we need to determine the optimal chaining of these
anchors to achieve the best alignment between the sequences. This involves
calculating the chaining scores using dynamic programming, where each
anchor's score is influenced by its matching bases and the gap cost between
anchors.

An anchor is defined as a 3-tuple (x,y,w), representing the interval [x,x +

w — 1] on the reference sequence S; and the corresponding interval [y,y +
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w — 1] on the query sequence S,. Given a list of anchors sorted by their starting
positions on the reference sequence x, let f(i) denote the maximum match
chaining score up to the i-th anchor in the list (Zhou et al., 2024). The value of

f (i) can be determined using dynamic programming:

f@) = irg]ag(f () + max(a(i) — B(j,),0.1)) (D

where a(i) is the length of rare math and S(j,i) is the gap cost between the

colinear anchorj and i. In implementation, the a(i) is defined as follows:

i

ai) = ——t—
m]n(sli, Szi)

(2)

where [; is the length of i-th rare match, and S;; denotes the occurrence counts
of i-th rare match in the reference and S,; denotes the query sequence,
respectively. As for S(j,1), if |(yl- — yj) — (xi — xj)| =0, B(j,i) = 0; otherwise,
its value is:
B D) = 21ogy| (v — y;) — (x; — x7)] (3)
As shown in Supplemental Fig S9, following the dynamic programming step,
RaMA identifies a set of n collinear optimal anchors between the two sequences.
These n anchors divide the sequences into n + 1 subsequences. The process of
finding and determining anchors is then recursively repeated for each of these

subsequences.
Splitting Sequences and Their Suffix and LCP Arrays Based on Anchors

In UniAligner, the suffix and LCP arrays for divided subsequences are

reconstructed during each recursive search for anchors, which is unnecessary. In

30


http://genome.cshlp.org/
http://www.cshlpress.com

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Downloaded from genome.cship.org on July 13, 2026 . Published by Cold Spring Harbor Laboratory Press

RaMA, we optimized the algorithm to construct the suffix and LCP arrays only
once for the entire process, eliminating redundant computations. Thus, the
challenge becomes how to construct the suffix array and LCP array for two new
concatenated subsequences based on the existing suffix array and LCP array of
the initial concatenated sequences. To facilitate this process, we constructed the
Inverse Suffix Array (ISA). The ISA is defined such that for each position i in the
sequence, ISA[SA[i]] = i, meaning that the ISA maps each suffix array index to
its original position in the sequence. For each position in the given subsequences,
RaMA first uses the ISA to map each position to its corresponding index in the
suffix array. These indices are then sorted in ascending order and mapped back
to the suffix array to obtain the new suffix array.

For constructing the new LCP array, we need to use a property of the LCP
array: LCP[i,j] = min(LCP[i + 1], ...,LCP[j]). This means that the value of the
longest common prefix between the i-th and j-th suffixes is the minimum value
in the range from LCP[i+ 1] to LCP[j]. To obtain the new LCP array, we
perform a minimum value query on the intervals between the indices of the new
SA in the original LCP array. Because we need to perform a large number of
minimum value queries, we employed a linear range minimum query strategy
using block sparse table to parallelly construct the enhanced suffix array of
subsequences (see Supplemental Fig S16), which achieved approximately a
twofold speedup compared to UniAligner's direct suffix array construction
method under a 16-thread setup (see Supplemental Method; Supplemental Fig
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S17-S21). This allows us to index data with O(N) time and space complexity,
enabling O(1) time complexity for minimum value queries. For details on linear

range minimum query see Supplemental Method.

Wavefront Alignment with 2-piece Affine Gap Cost

After identifying all the anchors, the remaining task is to align the split
subsequence segments. Given that these subsequences can still be very long and
that longer gaps are more permissible in centromere alignment, we ultimately
chose to use wavefront alignment with 2-piece affine gap cost for aligning the
subsequence segments. The wavefront alignment (Marco-Sola et al., 2021) is a
recently proposed tool for pairwise sequence alignment that leverages
homologous regions between sequences to accelerate the alignment process. It
operates in O(ns) time, where n is the read length and s is the alignment score.
This makes it significantly faster than traditional dynamic programming methods,
particularly for long and noisy reads. The 2-piece affine gap cost model is an
extension of the affine gap cost model, introducing a secondary penalty for
longer gaps to better capture the biological relevance of indel events. It is defined
as:

g(k) =min(q+k-e,g+k-é) (4)
where g and e are the penalties for short gaps, and § and é are the penalties
for long gaps. This scheme helps to recover longer insertions and deletions by

applying different costs based on the gap length.
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Parallel Acceleration of RaMA

RaMA employs parallel acceleration in two modules: rare match anchor
search and wavefront alignment. At the start of the anchor search module, we
create a thread pool. The two input centromeric sequences are treated as an
initial interval, and a thread is allocated from the pool to search for anchors. For
each interval, we construct the enhanced suffix array (accelerated through
parallel querying) and the block sparse table, using these data structures to
identify rare matches as anchors. From n anchor points, we generate n + 1
new intervals, which are assigned corresponding threads to recursively search
for additional rare matches until none are detected. Finally, all rare match
anchors are merged into the final anchor points using a pre-order traversal of a
multi-way tree structure. For wavefront alignment module, if there are n final
anchors, this results inn + 1 intervals that require wavefront alignment, which

is also performed using the thread pool.

Software availability

The code of RaMA is located in https://github.com/malabz/RaMA and
Supplemental Code. The version 1.0 of RaMA can be found at Zenodo

(https://zenodo.org/records/14061939).
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