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● multi-MUMs serve as guideposts for collinearity in a pangenome, and they can be computed while building a 
full-text indexes with PFP.


● Integrating MUM information into compressed pangenome indexes (such as r-index) can provide 
pangenome collinearity information during read mapping.


● col-BWT (collinear BWT)7 implements multi-MUM-aware read mapping with the r-index and MONI algorithm, 
improving mapping over SPUMONI.

mumemto
● Intra-species collections of genome assemblies are growing, shifting 

genomics from single reference to pangenome-based analyses. These 
analyses rely inherently on a common coordinate system (such as a 
multiple sequence alignment, MSA).


● Recent breakthroughs1 in compressed text indexing enable the 
computation of Burrows-Wheeler Transforms (BWT), suffix arrays, and 
other auxiliary arrays which were previously intractable for pangenome-
sized sequence collections.


● Multiple Maximal Unique/Exact Matches (multi-MUM and multi-MEMs) 
can form a basis for an underlying MSA, while providing insights into 
genome structural diversity and conservation. Previously proposed 
enhanced suffix array-based methods2 for computing multi-MUM/
MEMs are now practical for pangenome-sized collections.


● We introduce mumemto: an efficient, multi-purpose tool to compute 
multi-MUMs and MEMs that scales to many genome assemblies and 
enables core genome alignment and visualization of pangenomes.

Introduction & Motivation
- Given a collection of input sequences, Mumemto leverages prefix-free parsing, 

a compressed full-text indexing technique, to efficiently stream out the BWT, 
suffix array (SA), and longest common prefix (LCP) array


- multi-MEMs are maximal exact matches that appear in each sequence and are 
non-extendable2. multi-MUMs are maximal exact matches that appear in each 
sequence in the collection exactly once2 

- Mumemto can visualize multi-MUM synteny, revealing genomic structural 
diversity and sequence conservation within a pangenome collection


- Mumemto integrates with alignnment tools (Parsnp23) to scale core genome 
alignment from bacterial to human genome-length pangenomes, and can 
accelerate pangenome graph construction

mumemto is multi-purpose and 
versatile, computing multi-MUMs 
and MEMs across any subsets of 
sequences within a collection

Partial multi-MUMs can reveal evolutionary 
relationships between sequences, rare 
MEMs can highlight duplication events, and 
partial multi-MEMs can represent copy-
number polymorphisms within a population
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Computing multi-MUMs in the human 
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Figure 1. Comparison of Mumemto and existing tools capable of 
computing multi-MUMs. (top row) runtime scaling for increasing chr19 
haplotype collection size. (bottom row) runtime and memory 
comparison to find multi-MUMs across 89 assemblies in the Human 
Pangenome Reference Consortium (HPRC) freeze 1 collection. 
*Parsnp2 could not compute multi-MUMs for chr1 and chr2.
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Dataset # partitions # seqs
Serial Parallel

Time (hrs) Memory (GB) Time (hrs) Memory (GB)

chr19 HPRC

(N = 474)

1 474 4.77 44.05 - -
5 96 5.00 13.96 1.11 66.78

10 48 5.91 9.56 0.63 88.63
20 24 7.21 7.16 0.39 125.29
40 12 8.32 5.35 0.26 190.39

A. thaliana

(N = 69)

1 69 2.58 70.34 - -
5 15 3.75 27.14 0.80 128.08

10 7 4.92 18.79 0.57 172.00
20 4 6.48 13.58 0.40 242.36

Table 1. Mumemto can be run over multiple partitions, enabling a time-
memory tradeoff with parallelization. Runtime and memory for HPRC chr19 
and A. thaliana assemblies in different partition schemes.
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Pangenome synteny reveals assembly errors
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Figure 2. chr8 synteny 
across HPRC assemblies 
(computed in ~2 hrs). 
Centromeres are visible as 
gaps in multi-MUMs, but 
multi-MEMs reveal 
satellite repeats that are 
integral to centromeric 
function (shown in red 
heatmap). (Side panels) 
Potential contig 
orientation errors caused 
by single-reference-based 
scaffolding revealed by 
multi-MUM synteny.
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Partial multi-MUMs reveal evolutionary insights

North America

Japan

Madeira

	42.8%	

	Db-1

	43.4%	

	55.5%	

	Est-0

	Blh-1

	59.4%	

	61.3%	

	63.5%	

	72.0%	

	Kas-1

	Ms-0

	Kz9

	Shigu-2

	Rubezhnoe-1

	N13

	67.3%	

	95.3%	

	Hiroshima

	Ishikawa

	75.7%	

	Kyr-1

	Zal-1

	Altai-5

	Kar-1

	Sus-1

	Shahdara

	Nov-02

	Geg-14

	81.5%	

	Dog-4

	Nemrut-1

	77.7%	

	Stw-0

	Ct-1

	ws-4

	67.0%	

	79.5%	

	Est-1

	Rld-2

	Oy-0

	72.4%	

	No-0

	Valsi-1

	Bay-0

	Tsu-0

	Ice-1

	48.0%	

	49.1%	

	50.4%	

	52.3%	

	54.0%	

	67.6%	

	Mr-0

	Etna-2

	Had-6b

	Qar-8a

	58.8%	

	66.0%	

	72.5%	

	Sah-0

	Zin9

	Cant-1

	80.8%	

	Rab-R1

	Are-1

	Are-10

	Are-2

	Are-6

	Tanz-1

	Taz-0

	Ita-0

	75.2%	

	Elh-2

	Toufl-1

	Cvi-0

	Co-4

	Can-0

	Pyl-1

	Bur-0

	71.3%	

	Sf-2

	Bla-1

	Jea

	Anz-0

	68.4%	

	74.0%	

	Abd-0

	Edi-0

	Ge-0

	Ri-0

	79.0%	

	RRS10

	Tul-0

	Yo-0

	Nok-1

	St-0

	Mh-0

	Col-0

0.025

Figure 3. (left) 
Phylogeny of 69 
geographically 
diverse A. thaliana 
accessions5, with 
regions colored. 
Internal nodes 
labeled with MUM 
coverage over 
subcluster of 
genomes. (right) 
multi-MUM 
synteny across full 
dataset (blue, 
inversions in 
green), and 
subgroup specific 
multi-MUMs 
(purple, inversions 
in pink) for three 
high coverage 
subgroups.chr16 chr17 chr18 chr19

Figure 4. 
Evidence of 
misassembly 
from broken 
multi-MUM 
collinearity 
reveals a 
previously 
reported6 
misassembly 
(highlighted in 
gold) in HPRC 
assembly 
HG02080 
(paternal 
haplotype).
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