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Background With the growing availability of reference-grade genome assemblies across diverse taxa, there
is an increasing need for efficient and scalable tools for multi-species comparative genomics, including synteny detec-
tion. Here, we introduce ntSynt, a scalable utility for computing large-scale multi-genome synteny using an align-

ment-free, minimizer graph-based approach.

Results Through benchmarking on vertebrate genomes (~3 Gbp) and 11 bee genomes, we demonstrate that ntSynt
produces accurate synteny maps with high genome coverage (79-100%) while using modest computational

resources (~2 h, 34 GB memory).

Conclusions ntSynt’s efficiency and scalability enable large-scale comparative analyses across the tree of life, provid-
ing a robust foundation for downstream comparative and functional genomic studies.
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Background

Rapid advances in both genome sequencing technolo-
gies and assembly algorithms have led to an explosion of
genome sequences assembled at chromosome scale [1].
From pangenomics initiatives, such as the Human Pange-
nome Project [2], to programs assembling a wide variety
of non-model organisms, like the Earth BioGenome Pro-
ject [3, 4], researchers now have unprecedented access to
high-quality reference genomes. Robust bioinformatics
tools are crucial to leverage this influx of data for com-
parative genomics studies, which can enable important
insights into genomic influences on phenotypes, genomic
diversity, and genome synteny [5-8].
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Genome synteny studies center on analyzing the con-
servation of genome structure within or between species
[9-12]. The analysis can focus on large-scale macrosyn-
teny, which tolerates smaller rearrangements within syn-
teny blocks, or more fine-grained microsynteny [13—15].
Macrosynteny is characterized by a high level of chromo-
some-level conservation among the compared genomes,
while microsynteny analyzes conservation of more local-
ized segments [13, 16]. Importantly, analyzing macrosyn-
teny can enable the inference of ancestral linkage groups
[17, 18]. Assessing synteny between genomes enables
deeper insights into the evolution of genome struc-
ture, and supports a deeper functional understanding of
genomes [19]. Synteny blocks can be broken at various
types of genomic rearrangements, including inversions,
translocations, insertions, and deletions [9, 20].

Studies of genomic synteny, such as research by
Nadeau and Taylor [21] into the conservation between
human and mouse genomes in the 1980s, predates the
sequence assembly of large genomes. Many early syn-
teny studies relied on the labor-intensive and low-res-
olution laboratory technique of chromosome painting
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[22], which involves hybridizing chromosome-specific
fluorescent probes to cytogenetic slides. Starting in the
2000s, the increased availability of genomic resources
lead to the development of multiple anchor-based bioin-
formatic synteny detection tools, including DAGchainer
[19], SynChro [10], MCScanX [23], and DRIMM-Syn-
teny [24]. Each of these tools detect the conserved order
of anchors or markers [9, 25], generally homologous
genes, to detect synteny, although DRIMM-Synteny
can use anchors based on other definitions of similarity.
SynChro uses reciprocal best hits from the input genes
to construct synteny backbones, and MCScanX chains
collinear blocks based on BLASTP [26] outputs using
a dynamic programming approach. DAGChainer and
DRIMM-Synteny both use graph-based approaches,
with DAGChainer traversing a directed acyclic graph,
and DRIMM-Synteny using an A-Bruijn graph-based
representation.

More recently, improvements in sequence mapping and
alignment algorithms have enabled tools to detect con-
served stretches of DNA without requiring gene annota-
tions. By using a whole genome approach, as opposed to
sparse anchors, they compute synteny between the entire
input genome sequences. Satsuma [27], SyMap [15],
SyRI [8], and halSynteny [14] compute synteny blocks
on pairs of input genomes. Satsuma aligns the input
genomes using a fast Fourier transform approach, while
the others require sequence alignments as inputs. SyMap
uses MUMmer [28] alignments, which are clustered
into anchors and chained using dynamic programming.
SyRI is designed to compare chromosome-level genome
assemblies, and utilizes minimap2 [29] or MUMmer
alignments. While Progressive Cactus [30], the aligner
recommended for halSynteny, can compute multi-
genome sequence alignments, halSynteny itself compares
pairs of genomes.

As genome assemblies proliferate across species, gen-
era, and higher taxonomic groups, a tool that enables
simultaneous comparison of multiple genomes, rather
than pairwise alone, offers significant benefits in analyti-
cal scope and computational efficiency. When computing
multi-genome synteny blocks, SibeliaZ [31] and Synte-
nyPortal [11] are two state-of-the-art utilities. SibeliaZ
computes multi-genome synteny blocks using compacted
de Bruijn graphs, with graph traversal using carrying
paths. With this approach, SibeliaZ is suited to comput-
ing locally collinear synteny blocks between multiple sim-
ilar genomes, such as those belonging to different strains
of a species, which can lead to lower synteny coverage
when comparing more genomes with higher sequence
divergence. Finally, SyntenyPortal is a web applica-
tion that computes synteny blocks between genome
assembly builds from the UCSC Genome Browser [32].
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SyntenyPortal utilizes pre-computed pairwise alignments
from this database with inferCars [33] to determine syn-
teny block coordinates at four pre-specified resolutions.
Therefore, none of these tools offer flexible and custom-
izable computation of large-scale synteny blocks on mul-
tiple genomes.

Today, an increasing number of bioinformatics tools
are utilizing minimizer sketches [34], which represent
underlying sequences using a particular subset of k-mers
(substrings of length k) for various applications, includ-
ing mapping [29], estimating sequence divergence [35],
and assembly scaffolding [36, 37]. Sketching greatly
reduces the computational cost of comparing and analyz-
ing sequences, making it an attractive approach for scal-
able tool development in support of large-scale genomics
research. In this work, we adapt the minimizer graph
introduced in ntjoin [36] for analyzing genome synteny.
ntJoin [36] utilizes undirected minimizer graph sketches
to map genome sequences to one another for reference-
guided scaffolding.

Here, we introduce ntSynt, a scalable utility for com-
puting large-scale and multi-genome synteny blocks.
ntSynt uses lightweight, Bloom filter [38] guided mini-
mizer sketches to create an undirected minimizer graph,
which is then leveraged for synteny block computation
(Fig. 1, Additional file 1: Fig. S1). After graph simplifica-
tion and breaking synteny blocks at putative large indels,
the graph is extended with increasingly dense minimizer
sketches to enhance the resolution of the synteny block
coordinates. Finally, collinear blocks are merged to out-
put the final synteny blocks. Each step of the ntSynt
pipeline is flexible to user input genome sequences
(assemblies) and parameters, making ntSynt a broadly
useful utility. We show how ntSynt produces contiguous
and accurate synteny blocks for genomes of increasing
divergences, relatively quickly and with a low memory
footprint, enabling an array of comparative genomics
study designs.

Implementation

ntSynt takes two or more genomes (reference-grade or
draft assembly sequences) in FASTA format as input,
maps the input sequences to one another using minimiz-
ers, and outputs the synteny blocks in a BED-like format
(Additional file 1: Fig. S1, Table S1).

Common Bloom filter construction

First, ntSynt constructs a common, succinct Bloom fil-
ter data structure to efficiently capture k-mers shared
across all genomes, forming the basis for downstream
minimizer sketches. In the first step of the pipeline,
ntSynt generates a common Bloom filter, which con-
tains the k-mers found in all input genomes to be
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Fig. 1 Schematic of the ntSynt workflow. a Multiple genome assemblies are provided as input to ntSynt, represented with purple, blue, and green
lines. b First, minimizer sketches are computed from each input genome assembly using the indexIr functionality of btllib [39] with a Bloom filter
comprised of the k-mers common to all assemblies. The minimizers are shown as circles, with the same fill color indicating identical minimizers. ¢
Next, the minimizers that are found in all assemblies and are unique in each individual assembly are used to create an undirected minimizer graph,
where the nodes are minimizers and edges are created between adjacent minimizers. The edge weights correspond to the number of genome
assemblies that support the edge (represented as black for full assembly support and grey for partial assembly support, respectively). d The graph
is simplified and edges are filtered to produce a series of linear graphs, or paths, that correspond to the initial synteny blocks. e The paths are broken
at putative indels, and the graph can be extended to increase the block resolution using higher density minimizer sketches (arrow to (c)). f Finally,
collinear blocks are merged, and the final synteny blocks are output. The colored arrows indicate the relative orientation of the synteny blocks

for each genome assembly. Synteny blocks between genomes are shown using the grey ribbons, with direct synteny represented by rectangles
and inverted synteny between the blue and green sequences represented by the crossing ribbon

compared, using a multi-level cascading Bloom filter
approach (Additional file 1: Figs. S1 and S2). Bloom
filters are data structures which implement set mem-
bership using a bit array (array of 1s and 0s), allowing
probabilistic detection of element presence and deter-
ministic confirmation of absence [38]. For » input
assemblies, there will be # Bloom filters (BF) in the cas-
cade, with at most two initialized and stored in memory
at a given time. The size of each BF (bfsize, in bits) is
determined using the input genome sizes and the speci-
fied false positive rate (--fpr, default 0.025) as shown in
Eq. 1, where genome_size is the largest input genome
size in base pairs, and fpr is the false positive rate.

genome_size
loge (1 _ﬁ9r)

To initialize the cascade, the sequences in assembly 1
are k-merized (substrings of length k) using ntHash2
[40] and inserted into BF level 1. Then, for each subse-
quent assembly i (2 < i < n), a new BF level i is initial-
ized. If i > 2, the level i — 2 BF is deallocated prior to
the level i BF initialization. The sequences in genome
i are k-merized, and queried against BF level i — 1. The
k-mers that are present in BF level i — 1 are inserted into
BF level i. Once all input sequences have been k-merized
and inserted into the corresponding BF level, the final BF
level n, termed the common Bloom filter, is then used for
computing minimizer sketches in subsequent steps.

bfsize=[— 1 1)
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Constructing the initial undirected minimizer graph
ntSynt generates a compact representation of all input
genomes using shared minimizers and connects them
into an initial undirected graph capturing adjacency rela-
tionships across genomes. Minimizer sketches are gen-
erated for each input sequence using the indexlr utility
in btllib [39], which generates minimizers based on the
approach described in Roberts et al. 2004 [34]. Briefly,
for a given sequence, the canonical (reverse-complement
invariant) hash values for w (window size, -w, default
1000) adjacent k-mers (substrings of length &, -k, default
24) are computed using ntHash2 [40]. Only k-mers that
are present in the common Bloom filter are considered
when selecting the window’s minimizer. The k-mer with
the smallest hash value is chosen as the minimizer for
the given window, and the output minimizer hash value
is computed using a second hash function. Minimizer
sketches for all input genome sequences are generated
by sliding the window across all sequences, and repeating
the operation for each window, only adding to the sketch
when there is a new minimizer. In addition to the mini-
mizer hash value, indexlr also reports the position, strand
and corresponding k-mer sequence for each minimizer.
The initial undirected minimizer graph is constructed
as described in ntJoin [36], where the nodes are minimiz-
ers, and edges are created between minimizers that are
adjacent in at least one genome sequence input. The edge
weights correspond to the number of input genomes in
which the minimizers are adjacent (1 < edge_weight < n,
where 7 is the number of input genomes). Only minimiz-
ers that are found in all input genomes and are unique in
each individual genome will be retained and added to the
minimizer graph.

Filtering the minimizer graph

After generating the initial minimizer graph, ntSynt
removes noisy or inconsistently supported minimizers
from the graph to simplify paths and retain robust adja-
cency relationships. The minimizer graph is simplified
by removing noisy minimizers that disrupt linear graph
paths (Additional file 1: Fig. S3). First, we define fully
anchored, partially anchored, and unanchored nodes.
Fully anchored nodes have a degree of two and the sum
of their incident edge weights is the maximum value
(21, where n is the number of input genomes). Partially
anchored nodes have a degree of three, and one inci-
dent edge weight is n. All other nodes are considered
unanchored. For each edge (4, v), where both u and v
are partially anchored nodes, if there is an alternate path
of length two (u, 2z, v) between the nodes, the middle
node z is marked as noisy and removed from the graph.
The weight of edge (i, v) is set as n after this removal.
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Following graph simplification, all remaining edges with
a weight less than # are removed from the graph.

Finding initial synteny blocks

Linear paths through the filtered minimizer graph are
converted into preliminary synteny blocks, with orien-
tations and coordinates assigned for each genome. The
initial synteny blocks are identified from linear paths
through the filtered minimizer graph. A given linear
graph path can be converted to synteny block coordi-
nates using the positions of the minimizers for each input
sequence in that graph (Additional file 1: Fig. S4). Each
linear path is first broken at edges which connect mini-
mizers from different sub-sequences (or contigs) in any
of the input genome sequences. Then, the start and end
coordinates of the synteny block in each input sequence
are computed from the terminal minimizers in the path.
The orientation of the block in a given sequence input is
determined by assessing if the minimizer positions in the
graph are largely (>90%) increasing or decreasing, which
then assigns the orientation as “+” (forward) or “-”
(reverse), respectively. If a block cannot be oriented, it is
not included in the ntSynt output.

Breaking synteny blocks at indels

Edges in the minimizer graph are evaluated for large
insertions or deletions, and blocks are broken where
variation exceeds a defined threshold. To break synteny
blocks at indels, the interarrival distance, defined as the
distance between adjacent minimizers, is computed for
each edge in the minimizer graph paths (Eq. 2, Additional
file 1: Fig. S5). For » input genomes, for each edge (&, v),
where s, is the position of minimizer & in genome x,
the indel score is computed as:

interarrival_max,, = max(|u,,asl — Vpos; [for iinl.n)
interarrival_min,,, = min(|upusl — Vpos; [for iinl.n) (2)

indelscore,,, = interarrival_max,, — interarrival_min,,,

If the indel score for a given edge is greater than the
specified indel score threshold (--indel), the edge is
removed from the path, breaking the synteny block at the
large indel.

Dynamic minimizer graph extension with decreasing
window size

Synteny blocks are refined by adding additional mini-
mizers computed with smaller window sizes to increase
block resolution in uncovered regions. The existing mini-
mizer graph, or paths, can be extended using minimiz-
ers computed with decreasing window sizes (Additional
file 1: Fig. S6). For a given window size w_round less than
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the original w, minimizers are computed (using the same
k-mer size and common Bloom filter) on regions of each
input genome sequence that are not covered by a synteny
block. These sketches are used to dynamically extend
the graph in both directions. Then, ntSynt repeats the
graph simplification, filtering and indel detection steps to
update the synteny blocks. This process of graph exten-
sion to increase block resolution using lower window
sizes can be performed for any number of rounds (speci-
fied using a list of decreasing window sizes, --w_rounds).

Merging collinear synteny blocks

Adjacent synteny blocks with consistent orientation
and contig assignments are merged to form longer, col-
linear blocks. The resulting synteny blocks are sorted, fil-
tered based on size (blocks greater than --block_size are
retained) and collinear synteny blocks separated by up to
a threshold number of bases (--merge) are merged. Syn-
teny blocks are considered collinear if they have consist-
ent contig IDs, strands and positions (Additional file 1:
Fig. S7), and are not separated by an indel.

Final output synteny blocks

The final synteny blocks are output in a BED-like format,
where each synteny block is assigned a unique block ID
(Additional file 1: Table S1). Between each pair of synteny
blocks, the final column specifies the reason for the dis-
continuity, which includes inconsistent contig IDs, ori-
entations or positions, or exceeding the indel or merge
thresholds.

Software implementation

This section describes the software design, dependencies,
and configurable parameters of the ntSynt pipeline. The
ntSynt pipeline is driven by a Snakemake [41] file, which
is launched using a Python wrapper script. The common
Bloom filter construction is implemented in C++, and all
other algorithms are implemented in Python. ntSynt is
available on GitHub (https://github.com/bcgsc/ntSynt),
and can be installed using conda. ntSynt requires the
user to supply an estimated maximum sequence diver-
gence (--divergence %) between the input genomes,
which in turn selects presets with default settings for the
--block_size, --indel, --merge, and --w_rounds parameters
(Additional file 1: Table S2). However, all parameters can
be configured and independently fine-tuned by the user,
and, when specified, override the presets selected by
ntSynt in response to the input % divergence estimate.
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Evaluation

We first benchmarked ntSynt against simulated genome
rearrangements to assess accuracy and contiguity of syn-
teny block detection under varying mutation rates. Four
separate rearrangements of the human reference genome
(T2T build) were simulated using SURVIVOR [42] v1.0.7,
with single-nucleotide variant (SNVs) and indels intro-
duced at various rates using pIRS [43] v2.0.2. SURVIVOR
was configured to simulate two translocations between
10 and 50 kbp, 20 inversions between 10 and 50 kbp, and
20 indels between 50 and 100 kbp. For each rearranged
genome sequence, SNVs were simulated at 0.1%, 1-5%
(step size 1), with indels simulated at 0.01%, 0.1-0.5%
(step size 0.1), respectively. For pairwise synteny block
detection, one rearranged human genome was compared
to the human reference genome using ntSynt (v1.0.0),
SibeliaZ [31] (v1.2.5), halSynteny [14] (v2.6.8), and SyRI
[8] (v1.6.3). As suggested in their documentation, Sibe-
liaZ ran using the -n option to skip the alignment step,
then the output was passed to maf2synteny [44] (v1.2)
to generate the final synteny blocks. The input pairwise
alignments for halSynteny and SyRI were generated
using Progressive Cactus [30] (v2.6.8) and minimap2 [29]
(v2.17-r941), respectively. The parameters used for each
of these runs can be found in Additional file 1: Table S3.
For multiple genome synteny block detection, the four
rearranged human genomes with various SNV and indel
rates and the human reference genome were compared
using ntSynt and SibeliaZ (Additional file 1: Table S3).
When calculating synteny coverage, we used the average
lengths of synteny blocks from each compared genome
divided by the length of the smallest genome. The accu-
racy of each generated synteny block was assessed by
comparing each synteny block to the ground truth syn-
teny blocks (Additional file 1: Fig. S8). All runs involving
simulated genome sequences were run in triplicate for
benchmarking assessments.

Synteny detection was applied to multiple reference and
de novo genome assemblies across primates, rodents, and
bees to demonstrate scalability and accuracy in real-world
datasets. We first compared the human (GRCh38), bonobo
(Mhudiblu_PPA_v0), chimpanzee (Clint_PTRv2) and gorilla
(Kamilah_GGO_v0) reference genomes using ntSynt and
SibeliaZ (Additional File 1: Table S4). Mash [35] (v2.3, -p
12 -s 10,000) was used to estimate the maximum sequence
divergence between these input genomes, and the --diver-
gence parameter for ntSynt was subsequently set at 1.7. All
other ntSynt parameters were kept at default settings, and
SibeliaZ was run using the parameters listed in Additional
file 1: Table S3. Synteny blocks between the same reference
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genome builds were also obtained using the SyntenyPortal
[11] web application (resolution=150 kbp). We compared
the four-genome synteny blocks that were larger than 150
kbp using the gggenomes [45] R package (v0.9.12.9000). To
assess a large observed deletion in chromosome 11 of the
gorilla genome, we aligned Pacific BioSciences (PacBio)
HiFi reads (~17-fold coverage) from the same gorilla indi-
vidual (Kamilah) to the human genome reference (GRCh38)
using minimap2 (Additional file 1: Table S5). We then
assessed the read coverage over the region putatively
deleted in gorilla using samtools [46] (v1.16.1, samtools view
chr11:4,249,395-14,277,464) and bedtools [47] genom-
ecov (v2.30.0). To further assess how these extracted reads
aligned to the gorilla genome used herein as well as a newer
gorilla genome assembly, we aligned the extracted reads
(from samtools view) to each gorilla genome with mini-
map2, filtering for primary alignments with mapping qual-
ity>50 using samtools. The statistics of these alignments
were assessed using bamtools [48] (v2.5.1).

Using the same parameters as the previous primate ref-
erence genome runs, we also computed synteny blocks
between de novo genome assemblies of the same pri-
mate species (human, bonobo, chimpanzee, gorilla) using
ntSynt and SibeliaZ. The human genome assembly was
generated using GoldRush [49] with Oxford Nanopore
long reads as input, while the other primate genome
assemblies were generated using hifiasm [50] with PacBio
HiFi long reads as input (Additional file 1: Table S6).

To assess ntSynt using genomes with higher sequence
divergence, synteny blocks were computed between human
(GRCh38), mouse (GRCm39) and rat (Rnor_6.0) reference
genome builds with ntSynt (Additional file 1: Table S4).
The approximate sequence divergence rates between these
genome assemblies were assessed using Mash, as described
for the primate tests. Consequently, ntSynt was run with
--divergence 18.8 --indel 500,000, with all other parameters
kept at the default values. Synteny blocks between these
three genomes were also obtained from the SyntenyPortal
web application (resolution= 150 kbp).

Finally, we detected synteny blocks between 11 bee
genomes from the genus Andrena (Additional file 1:
Table S7) using ntSynt. We ran ntSynt with --indel
100,000 --divergence 7.1, based on pairwise sequence
divergence estimates from Mash.

All tests were run on a server with 144 Intel(R) Xeon(R)
Gold 6254 CPU @ 3.1 GHz with 2.9 TB RAM using 12
threads. The python scripts used to assess the summary
statistics of the output synteny blocks are available at
https://github.com/bcgsc/ntSynt/tree/main/analysis_
scripts, and example R scripts for generating the ggge-
nomes [45] ribbon plots and chromosome sequence
painting plots are available at https://github.com/bcgsc/
ntSynt/tree/main/visualization_scripts.
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Results

Pairwise synteny block detection using a simulated human
genome

We first evaluated ntSynt and three comparators (Sibe-
liaZ, halSynteny, SyRI) by generating pairwise synteny
blocks between the human reference genome [51] and
a simulated rearranged human genome, with uniformly
distributed single-nucleotide variants (SNVs) and indels
(small insertions/deletions) introduced at various rates
[42, 43] (Fig. 2a—d, Additional file 1: Tables S8-10, Fig.
S§8-12). We simulated 20, 50-100 kbp indels (inser-
tions and deletions), 2, 10-50 kbp translocations, and
20, 10-50 kbp inversions using SURVIVOR [42] (Addi-
tional file 1: Fig. S9). As this is a controlled experiment,
the theoretical maximum synteny coverage possible for
each tool is 100%. Compared to SibeliaZ, ntSynt gener-
ates substantially more contiguous synteny blocks, with
block NG50 lengths (at least half of the genome covered
by blocks > this length) 1,525 to 9,514 times higher across
the tested SNV and indel (variant) rates. In addition, the
ntSynt synteny blocks have higher coverage, from 10.2 to
19.9% higher coverages for the lowest (0.1%) and highest
(5.5%) variant rates, respectively (Fig. 2a—d). Compared
to the pairwise synteny detection tools tested, ntSynt
synteny blocks generally have lower block NG50 lengths,
though these contiguities do not exceed the expected
NG50 length of 61.7 Mbp given the ground truth (35.9-
61.7 Mbp). SyRI and halSynteny behave differently, with
74.3-86.3 Mbp and 92.6-97.7 Mbp block NG50 lengths,
respectively (Fig. 2a—d, Additional file 1: Fig. S10). ntSynt
yields more correct synteny blocks than the pairwise
comparator tools, as evidenced by accuracies over 97%
across all divergences, compared to accuracies of 95-99%
and 83-93% for halSynteny and SyRI, respectively (Addi-
tional file 1: Fig. S8, S10-11, Table S9). The lower accura-
cies for halSynteny and SyRI are also evident by higher
than expected block NG50 lengths, as seen by the points
falling above dotted line representing the ground truth
in Fig. 2a and Fig. S10. In comparison, while the synteny
blocks generated by SibeliaZ do have higher accuracies
than ntSynt for the higher divergences (3.3-5.5%), the
synteny blocks are highly fragmented, with block NG50
lengths than 20 kbp. While the other tools miss multiple
structural rearrangement types, in these simulated tests,
ntSynt only missed a small number of inversions (4 inver-
sion errors across all 5 divergence runs) (Additional file 1:
Fig. S12, Table S10). The synteny coverages for SyRI and
halSynteny are over 98% for all tests, while the ntSynt
coverages are over 99% for lower variant rates (0.1-1.1%),
but 94-97% for the more divergent tests. Genomic
regions that are not covered by ntSynt synteny blocks in
these runs are mainly (>95%) centromeric (Additional
file 1: Table S11).
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Fig. 2 Contiguity, coverage and benchmarking results from synteny block analysis between simulated human genome sequences.
Rearrangements in the human genome were simulated using SURVIVOR [42], and SNVs and indels were introduced at increasing rates

(ranging from 0.1 to 5.5%) using pIRS [43]. The top row plots (a—d) show the results of the pairwise comparisons between the human reference
genome (T2T) and 1 rearranged human genome, while the bottom row (e—h) shows the results of a multi-genome synteny comparison
between the human reference genome and 4 rearranged human genomes. halSynteny (green) and SyRI (purple) are only shown in (a-d), as they
are pairwise synteny utilities, while the multi-genome synteny tools ntSynt (orange) and SibeliaZ (blue) are shown in all plots. The synteny block
NG50 length and synteny coverage statistics (a, b, e, f) were averaged over all input genomes. The horizontal dashed lines represent the expected
value for the corresponding statistic based on the ground truth. Plots a, ¢, e, g are shown in log-linear scale, while b, d, f, h are in linear scale.
Benchmarks were averaged over triplicate runs, and the average wall-clock time and peak memory values plotted

In these pairwise tests, ntSynt ran 2.9 to 4.7-fold and
118.2 to 318.1-fold faster than SibeliaZ and halSynteny,
respectively. SyRI was marginally (1.1-1.4 times) faster
than ntSynt, with both tools running in less than 1.5 h
across all variant rates tested. ntSynt and SyRI had fairly
steady RAM usage (33.6-34.1 GB and 21.7-29.4 GB,
respectively), but the RAM usage of SibeliaZ and hal-
Synteny increased with higher variant rates, peaking at
59.6 GB and 60.9 GB, respectively.

Synteny blocks between multiple simulated human
genome sequences

Next, we computed synteny blocks between multi-
ple simulated input genomes with ntSynt and Sibe-
liaZ (Fig. 2e—h, Additional file 1: Tables S12, 13). Five
genomes were compared: the human reference genome,
and four genomes with simulated nucleotide varia-
tions and rearrangements. In all runs, ntSynt generated
synteny coverages between 91.1 and 99.9%, and block

NG50 lengths between 16.8 and 24.6 Mbp, approaching
the ground truth block NG50 length (24.6 Mbp). Simi-
lar to the pairwise comparisons aforementioned, ntSynt
generates synteny blocks with block NG50 lengths 457
to 3,584-fold longer than SibeliaZ, and its synteny cov-
erage was 9.1-90.8% higher. For variant rates above 3%,
the SibeliaZ synteny blocks have less than 50% genome
coverage, thus the associated block NG50 lengths could
not be computed. Furthermore, in these tests ntSynt runs
faster and has a lower memory footprint than SibeliaZ,
with runtimes and peak memory usages ranging from
50 m to 2 h and 33.9 to 34.1 GB of RAM for ntSynt, in
contrast to 1.7 h to 72.2 h and 64.4 to 195.6 GB of RAM
for SibeliaZ.

Computing synteny blocks between four primate reference
genomes

We computed synteny blocks between four primate refer-
ence genomes belonging to human, chimpanzee, bonobo,
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and gorilla with ntSynt and SibeliaZ (Fig. 3a, Additional
file 1: Tables S4, S14). Consistent with our simulated
genome tests, ntSynt generated larger synteny blocks
than SibeliaZ, with ntSynt blocks having an NG50 length
of 7.6 Mbp, compared to 52.5 kbp for SibeliaZ. ntSynt
also achieved higher synteny block coverage (92.2% vs.
88.6% for ntSynt and SibeliaZ, respectively), which can be
readily visualized by zooming into chromosome 11, for
example (Fig. 3b).

The outputs of ntSynt and SibeliaZ were also compared
with synteny blocks from the SyntenyPortal web applica-
tion (Fig. 3a). The synteny blocks computed using each
approach are largely congruent, as evidenced by the con-
sistent ribbon colors and transitions between the genome
sequences for each chromosome (Fig. 3b). Although Syn-
tenyPortal generates more contiguous synteny blocks
than ntSynt (48.1 Mbp vs. 7.6 Mbp block NG50 lengths,
respectively), this resource misses large variations
between the genomes, as highlighted in Fig. 3b. Here,
the ntSynt and SibeliaZ plots reveal a large (~10 Mbp)
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deletion around the 4 Mbp position of chromosome 11
in the gorilla genome. However, a single SyntenyPortal
synteny block spans this large deletion. This deletion was
recapitulated using pairwise minimap2 [29] alignments
(Additional file 1: Fig. S13a). However, when gorilla
long reads were aligned to the human reference genome
(GRCh38), there were high-quality alignments found
along the entire region identified as a putative deletion
in gorilla by the synteny analysis, suggesting an error in
the gorilla reference genome (Additional file 1: Table S5,
Fig. S14). In this chromosome, there are additional exam-
ples of large indels missed by SyntenyPortal but detected
using ntSynt (Additional file 1: Fig. S13a). The chromo-
some 11 SyntenyPortal blocks are only broken at a~2
Mbp insertion in the gorilla genome, a rearrangement
that ntSynt also detected (Additional file 1: Fig. S13b).
Thus, unlike SyntenyPortal, ntSynt resolves large struc-
tural discrepancies in chromosome 11, providing insights
into potential reference genome errors that some existing
methods fail to reveal.
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Fig. 3 Ribbon plots showing largely consistent synteny blocks computed between human, bonobo, chimpanzee, and gorilla genome sequences.
Synteny blocks detected using ntSynt, SibeliaZ, and SyntenyPortal are shown. The chromosomes are indicated using grey bars, with gaps

and centromeres in the reference chromosomes marked using black bars. Each ribbon is based on a synteny block> 150 kbp that includes all 4
genomes. The ribbon colors represent the chromosome of the human genome in the synteny block, and each ribbon has a light grey border. The
numbers below each plot indicate the chromosome in the other primate genomes, and the scales are indicated by the bar under each combined
plot. Panel a shows the synteny blocks for the full genomes, and panel b zooms into chromosome 11. Twisted ribbons depict inverted sequence

synteny while direct synteny blocks are represented by parallelograms
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Computing synteny blocks between four primate genome
assemblies

In a separate experiment, synteny blocks were computed
between GoldRush [49] and hifiasm [50] human, bon-
obo, chimpanzee, and gorilla genome sequence assem-
bly drafts using ntSynt and SibeliaZ (Additional file 1:
Tables S6, 15), the only two utilities that can handle the
simultaneous comparison of more than two genomes.
The ntSynt four-genome synteny blocks had a coverage
of 82.8% with 1.3 Mbp block NG50, while SibeliaZ gen-
erated synteny blocks with 79.1% coverage and 54.7 kbp
block NG50 length.

Assessing synteny between human, mouse, and rat
reference genomes

To assess the performance of ntSynt using empirical
reference-grade genomes with higher sequence diver-
gence, synteny blocks were computed between human,
mouse, and rat reference genomes using ntSynt and

Page 9 of 14

SyntenyPortal (Fig. 4, Additional file 1: Tables S4 and
$16). As SibeliaZ, which is only recommended for
comparing closely-related genomes [31], yielded syn-
teny blocks with less than 3% coverage for this experi-
ment, it was omitted from the analysis. These genomes
have high sequence divergence, with Mash [35] esti-
mating pairwise sequence divergences up to 18.8%.
The ntSynt synteny blocks between the three genomes
had 79.2% coverage and 3.9 Mbp block NG50 length,
while SyntenyPortal generated blocks with 89.8% cov-
erage and 7.1 Mbp block NG50. As evidenced from the
consistent colors and vertical nudges up and down in
the chromosome sequence painting plots (Fig. 4), the
synteny blocks computed by ntSynt and SyntenyPortal
are largely consistent in terms of chromosome identi-
ties and block orientations. Notably, the majority of
the large gaps seen in the ntSynt synteny blocks are
seen in regions of centromere and gap sequences, as
evidenced in human chromosomes 1, 4, 5, 11, and 12.
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Fig. 4 Chromosome sequence painting plots comparing synteny blocks between human, mouse, and rat reference genomes. Synteny blocks
were computed using ntSynt and SyntenyPortal (SP). Each facet is labeled with the corresponding human chromosome. The segments are
colored by the chromosome in mouse or rat, respectively. Each segment represents a 3-genome synteny block in ntSynt or SyntenyPortal. The
segments being nudged vertically up or down represent the forward or reverse orientation, respectively. The smaller black segments indicate gaps
and centromere sequence in the human reference genome build
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ntSynt generated synteny blocks between these three
divergent genomes in 1.1 h using 34.2 GB of RAM
(Additional file 1: Tables S16, 17).

Computing synteny between 11 bee genomes

Finally, synteny blocks were detected between 11 chro-
mosome-level bee genomes from the genus Andrena
using ntSynt (Fig. 5, Additional file 1: Table S18, Fig. S15)
[52-62]. These assemblies, made available through the
Darwin Tree of Life project [4], have a range of chromo-
some numbers (3-7), genome sizes (247-443 Mbp), and
pairwise sequence divergences (1.9-7.1%). This 11-way
comparison yielded synteny blocks with an N50 length of
481 kbp, covering 85% of the smallest genome with the
ntSynt synteny blocks (Additional file 1: Table S18). The
ribbon plot generated from the multi-genome synteny
blocks computed by ntSynt reveal many rearrangements
between the compared bee genomes. Interestingly, chro-
mosome 0Z010728.1 in Andrena praecox (colored in
red) shows a high degree of synteny with Andrena fulva,
but the chromosome is highly rearranged in the other
genomes. These two species also form a clade in the phy-
logenetic tree generated using Mashtree [63] (Additional
file 1: Fig. S15). In addition, as is evident by the purple
coloring, chromosome OZ010733.1 in A. praecox has
similar genomic content to a chromosome in Andrena
minutula (placed second from the right), but the chro-
mosome appears to have genomic expansions in A. prae-
cox. ntSynt computed the synteny blocks in 14.7 m using
at most 4 GB of RAM (Additional file 1: Table S18).

Discussion

ntSynt introduces a novel approach for detecting multi-
genome synteny blocks by employing minimizer graphs
to simultaneously map multiple genome sequences to one
another. Unlike anchor-based synteny detection tools,
ntSynt does not require annotations or precomputed
markers, and utilizes full input genome sequences. With
the introduction of various graph simplification and tra-
versal algorithms, ntSynt builds upon the undirected min-
imizer graph approach introduced by ntJoin [36], adapting
the principles for genome synteny detection. ntSynt also
introduces a minimizer selection approach guided by a
common Bloom filter [38], a probabilistic data structure
used to store the k-mers found in all input genome assem-
blies. By only selecting minimizers that are shared across
all input genomes, the resulting density of the minimizer
sketch and graph is resilient to increased divergence
between the genomes. These algorithms enable ntSynt’s
robustness when comparing multiple, divergent genomes.
The effectiveness of this approach is demonstrated by the
resulting megabase-range synteny block NG50 lengths
with coverages over 92% when comparing four primate
reference genomes, and the high synteny block coverage
(85%) achieved when simultaneously comparing 11 bee
genomes from the genus Andrena that exhibit extensive
rearrangements. Moreover, ntSynt reliably recapitulates
multiple well-characterized large-scale rearrangements
between primate genomes, including the human chro-
mosome 2 fusion [64] and a~47 Mbp inversion in chro-
mosome 12 [65], thereby demonstrating its accuracy and
sensitivity in detecting evolutionary rearrangements.
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Utilizing undirected minimizer graphs for multi-
genome mapping, combined with the graph traversal
and post-processing algorithms, allows for minor rear-
rangements and base-level differences between the input
genome sequences to be tolerated within a synteny block,
and substantial flexibility in the granularity of the ntSynt
macrosynteny blocks. When using default parameters,
ntSynt detected inversions, deletions, translocations,
and inversions as small as 12 kbp in our controlled tests
between genomes with simulated sequence divergence
from 0.1 to 5.5%. The construction and traversal of these
graphs are controlled by multiple parameters, including
the merge, indel, and block size thresholds. These param-
eters have default values empirically determined based on
a specified genome sequence divergence, but can be fine-
tuned to refine the synteny blocks for particular research
questions. For example, we observed that the largest
synteny coverage gaps in the human-mouse-rat experi-
ment were over centromere sequences and gaps; if a user
desired collinear synteny blocks over these more distant
regions to be merged, the merge threshold parameter
could be increased. Generally, setting these thresholds
higher allows for more contiguous synteny blocks and a
broader view of the genome synteny. Conversely, lower-
ing the thresholds will give a more granular picture of
the genome synteny, making these parameters a balance
between synteny block resolution and output block con-
tiguity. These variable criteria for defining synteny blocks
highlight why the block contiguity alone is not a perfect
assessment statistic.

The other synteny block detection utilities tested have
more limited parameters, constraining their flexibility
in achieving these different resolutions. The minimum
block size can be specified for SibeliaZ, halSynteny, and
SyntenyPortal, but only the pairwise comparators halSyn-
teny and SyRI have parameters for controlling the toler-
ated distance between anchoring alignments in a synteny
block. None of the comparator tools have clear param-
eters controlling indel detection.

In addition to tunable parameters, ntSynt is also flex-
ible to the number, divergence, and contiguity of the
input genomes. ntSynt computes synteny blocks with
megabase-scale contiguity and high coverage for closely-
related genomes, such as those of primates, and more
divergent genomes, like human and rodents, which
diverged approximately 87 million years ago [66] and
have a Mash-estimated divergence of ~18%. This robust-
ness to variable divergences was also demonstrated
by achieving synteny coverages above 91% when com-
paring five simulated human genomes, each with up
to 5.5% simulated nucleotide sequence variant rates
between them. This also demonstrates that using a
mapping-based approach for synteny analysis, versus an
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annotation-guided anchor-based approach, can be effec-
tive for more divergent genomes, despite the contrary
speculation reported in previous studies [9]. The robust-
ness of the paradigm is further supported by the high
multi-genome synteny block coverage (85% for the small-
est genome) reached by ntSynt when detecting synteny
between 11 bee genome assemblies from the Andrena
genus, which vary in both chromosome number (3-7)
and genome size (247-443 Mbp).

While halSynteny and SyRI produced synteny blocks
with high coverage (>98%) in the simulated genome tests,
they are limited to pairwise genome comparisons. By
design, SyRI utilizes the pairwise sequence aligner mini-
map2 [29] to generate alignments for computing synteny
blocks. Progressive Cactus [30], the alignment engine
behind halSynteny, did not scale well for the pairwise
human comparisons, with each test requiring around
6 days to complete. While ntSynt was able to compare
all 11 bee genomes in a single run, SyRI and halSynteny
would need to be run 55 times to obtain pairwise com-
parisons between each of those genomes. This burden
scales quadratically with the number of genomes, quickly
becoming prohibitive for larger datasets, whereas ntSynt
can always compare all input genomes simultaneously in
a single, computationally efficient job. Additionally, SyRI
requires compared genomes to have identical chromo-
some numbers, thus restricting syntenic analysis to less
divergent genomes; for example, the karyotype of the bee
genomes examined herein ranges from 3 to 7 chromo-
somes. Finally, both tools generate synteny blocks with
higher than expected contiguities (as measured using the
NG50 length metric), indicating that they fail to break
the synteny blocks at all ground truth rearrangements.

Although SibeliaZ and SyntenyPortal compute multi-
genome synteny blocks, they are less adaptable than
ntSynt in the variety of compatible input genomes.
SibeliaZ is designed for identifying locally collinear
genome segments in closely related genomes, or those
with an evolutionary distance of less than 0.09 substitu-
tions per site to the most recent common ancestor [31].
This restriction leads to lower synteny coverage as the
genomic sequence divergence increases, especially when
comparing multiple genomes, as demonstrated in the
simulated tests, and meant that SibeliaZ was not suitable
for our human-mouse-rat experiment due to the high
sequence divergence between those species’ genomes
(up to 18%). SibeliaZ’s microsynteny focus was also evi-
dent from the contiguity of the synteny blocks, as ntSynt
generated 1,400-times higher block NG50 lengths on
average. On the other hand, SyntenyPortal can compare
more divergent genomes, as seen by the>89% cover-
age when comparing human, mouse and rat genomes,
but can only use genome builds that are available on
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the UCSC genome browser [32]. Thus, we could not use
SyntenyPortal in our simulated tests, for comparing the
GoldRush and hifiasm genome assemblies, or when ana-
lyzing the 11 bee genomes. While both SyntenyPortal
and SibeliaZ are restricted in the synteny analyses that
they can be used for, ntSynt can compare genome assem-
blies with a range of divergences.

While synteny tools aim to achieve as high synteny
coverage as possible, the theoretical maximum value
will not always be 100% depending on how the com-
pared genomes have diverged. In our simulated human
comparisons, we introduced large-scale rearrangements
and uniformly distributed small nucleotide variants, so
the maximum possible synteny coverage is 100%. How-
ever, for the comparisons of real genomes, this target
number is not established, and can vary depending on
how the genomes diverged as well as the definition of
synteny blocks. Compared to SibeliaZ, ntSynt achieved
higher synteny coverage for the primate experiments,
and this coverage was more on par with that generated
by SyntenyPortal, which is limited to using pre-computed
sequence alignments for particular genome assembly
builds. ntSynt’s higher coverage in the simulated experi-
ments compared to SibeliaZ combined with this consist-
ency with SyntenyPortal supports that the higher synteny
coverage obtained by ntSynt is largely correct, and dem-
onstrates an important feature of the tool.

As well as its adaptability to synteny block granularity
and input multiple genome sequences, ntSynt is also rela-
tively fast and memory-efficient, largely due to its graph-
based design and use of sequence minimizers. In all tests,
comparing up to five~3 Gbp genomes, ntSynt required
at most 2 h and 34.2 GB of RAM. In comparison, Sibe-
liaZ, the only command-line multi-genome synteny
comparator, was more computationally expensive as the
number and divergence of compared genomes increased,
requiring at most 72.2 h and 195.6 GB RAM. Further-
more, the RAM usage of ntSynt remained between 33.6
and 34.2 GB in all large genome (~3 Gbp) tests and was
4.0 GB when comparing 11 bee genomes (247-443 Mbp),
demonstrating that the required memory does not corre-
late with the number of input genomes. The most mem-
ory-intensive step was the creation of the common k-mer
Bloom filter [38], the probabilistic data structure we used
to store the k-mers occurring in all input genome assem-
blies (Additional file 1: Table S17, Supplementary Discus-
sion). This memory efficiency is particularly important
for enabling ntSynt’s accessibility to a wide range of
research environments.

In addition to its inflexibility toward the input genome
assemblies, SyntenyPortal fails to break synteny blocks
at various large indels. Examples can be seen in Fig. 3b,
where multiple large indels were missed by SyntenyPortal,
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but detected by ntSynt, including a~10 Mbp deletion in
chromosome 11 of the gorilla genome. Further investiga-
tion into this large deletion using gorilla long sequencing
reads suggested that the deletion is likely due to a misas-
sembly in the older gorilla assembly release used herein.
ntSynt breaking the synteny block at this region, and thus
flagging it for further analysis, enabled the observation of
this genome assembly issue. This feature may prove use-
ful for evaluating the completeness and consistency of
future genome assembly projects. Together, our results
demonstrate that ntSynt can expose structural differences
and/or potential reference errors that remain undetected
by existing synteny tools.

Despite the contiguous and high coverage multi-
genome synteny blocks achieved using ntSynt, the cur-
rent implementation has a few limitations. Due to the
nature of the minimizer mapping used, ntSynt will not
detect duplications, which other tools, including SibeliaZ,
can identify. Further, when comparing many highly diver-
gent genomes, the mapping approach can lead to a lower
synteny coverage. We do see a slight decrease in synteny
coverage in our most divergent tests (e.g., human-mouse-
rat) compared to the primate tests, although we also
observe this decrease in the SyntenyPortal results. The
impact of this issue could be mitigated by decreasing the
k-mer size, which increases mapping sensitivity (Addi-
tional file 1: Fig. S16).

Conclusions

As we have demonstrated, ntSynt enables the align-
ment-free, scalable, and simultaneous computation of
multi-genome synteny blocks for input genomes of vari-
ous divergences. From deciphering pangenome struc-
ture within species to providing evolutionary insights
between species, we expect the synteny blocks gener-
ated by ntSynt to lay the groundwork for comparative
genomics analyses, and enable the genomics community
to more effectively leverage the continuously expanding
diversity of genome assembly resources across the tree of
life.
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