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Abstract 

A ccessory chromosomes, f ound in some but not all individuals of a species, play an important role in pathogenicity and host specificity in fun- 
gal plant pathogens. Ho w e v er, their v ariability complicates reference-based analy sis, especially when these chromosomes are missing in the 
reference genome. Pangenome variation graphs offer a reference-free alternative for studying these chromosomes. Here, we constructed a 
pangenome variation graph for 73 diverse Fusarium oxysporum genomes, a major fungal plant pathogen with a compartmentalized genome 
that includes conserved core as well as variable accessory chromosomes. To obtain insights into accessory chromosome dynamics, we first 
constructed a chromosome similarity network using all-vs-all similarity mapping. We identified ele v en core chromosomes conserved across all 
strains and a substantial number of highly variable accessory chromosomes. Some of these accessory chromosomes are host-specific and likely 
play a role in determining host range. Using a k-mer based approach, we further identified the presence of these accessory chromosomes in all 
a v ailable (581) F. o xy sporum assemblies and corroborated the occurrence of host-specific accessory chromosomes. To further analyze the e v o- 
lution of chromosomes in F. o xy sporum , w e constructed a pangenome variation graph per group of homologous chromosomes. T his re v eals that 
accessory chromosomes are composed of different stretches of accessory regions, and possibly rearrangements between accessory regions 
ga v e rise to these mosaic accessory chromosomes. Furthermore, we show that accessory chromosomes are likely horizontally transferred in 
natural populations. Our findings demonstrate that a pangenome variation graph is a po w erful approach to elucidate the e v olutionary dynamics 
of accessory chromosomes in F. o xy sporum , which is not only a useful resource for Fusarium but also provides a frame w ork f or similar analy ses 
in other species containing accessory chromosomes. 
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ntroduction 

he number of chromosomes of individuals in a single species
s generally conserved. However, in various plants, animals,
omycetes, and fungi, a variable number of chromosomes is

dentified within a species [ 1 ]. These accessory chromosomes
ften encode very few genes, with low transcriptional activity,
nd little effect on the phenotype [ 1 , 2 ]. In contrast, acces-
ory chromosomes in various fungal plant pathogens encode
enes with important roles in host infection [ 3–7 ]. These ac-
essory chromosomes are often highly variable across individ-
als and show extensive presence / absence variation [ 6 , 8 , 9 ].
he presence of pathogenicity genes on these variable acces-
ory chromosomes separates pathogenicity genes from house-
eeping genes and has been thought to facilitate rapid adap-
ation to changing environments as well as the host immune
ystem [ 5 , 10 ]. 

The increasing availability of continuous, chromosome-
evel genome assemblies enabled the identification of acces-
ory chromosomes in numerous fungi [ 4 , 6 , 11–18 ] and al-
ows for comparative genomic approaches that help to elu-
idate the evolution of accessory chromosomes [ 6 , 17–19 ].
owever, the analysis of accessory chromosomes is limited

y reference-based analyses, where the variation of accessory
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chromosomes can only be determined by comparisons to a
single reference genome. Because of the variability of acces-
sory regions, the reference genome often lacks specific acces-
sory regions that will not be analyzed. To capture the com-
plete variation in a collection of genome sequences, including
the accessory chromosomes, reference-free analysis strategies
are needed. Recent advances in pangenome analysis methods
can now be used to capture all genetic variation in a species
[ 20 , 21 ]. One approach is the pangenome variation graph [ 22 ,
23 ], where nodes represent sequences and edges connect ad-
jacent nodes; each path through the graph represents a sin-
gle genome. This graph can be used as a framework to call
variants in a population, annotate genes, and analyze chro-
mosome structure [ 24–26 ]. 

Thus far, pangenome variation graphs have been mainly
constructed to analyze the human genome as well as some
plant genomes [ 24 , 27 , 28 ]. Only recently a pangenome vari-
ation graph for the oomycete plant pathogen Peronospora
effusa has been constructed to study processes driving
genome evolution [ 26 ]. In this study the construction of the
pangenome graph was guided by a reference genome [ 23 ,
25 ], which can offer important insights in organisms where
the chromosome structure is largely conserved. However,
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pangenome variation graphs are more challenging to con-
struct for fungal genomes that typically contain more chro-
mosomal variations, especially in accessory chromosomes [ 8 ,
10 , 29 ], and fungal pangenome variation graphs have not
been published. Due to the lack of co-linearity, the analysis
of accessory chromosomes using pangenome variation graphs
is not straightforward. Grouping the chromosomes into ho-
mologous groups [ 30 ] prior to construction of a variation
graph is a promising strategy to analyze chromosomes in dy-
namic fungal species. However, its unknown how homologous
groups should be constructed for species carrying accessory
chromosomes. 

The fungal plant pathogen Fusarium oxysporum can in-
fect various important crops [ 31–33 ] and is known to have
a compartmentalized genome where accessory regions can
span entire chromosomes or can be attached to conserved
core chromosomes [ 4 , 6 , 18 , 29 , 34–36 ]. The core chro-
mosomes are largely co-linear with limited large-scale vari-
ation, such as deletions, insertions, inversions, or transloca-
tions [ 4 , 6 , 37 ]. In contrast, accessory chromosomes are di-
verse even between strains infecting the same host [ 6 , 18 ]. Im-
portantly, horizontal transfer of accessory chromosomes be-
tween strains can transfer pathogenicity between strains in
the lab [ 4 , 35 , 36 ]. Thus far, the genome structure and diver-
sity of accessory chromosomes in F. oxysporum have mainly
been analyzed for strains infecting a specific host in com-
parison to the widely studied reference genome F. oxyspo-
rum f.sp . lycopersici strain 4287 (Fol4287) infecting tomato,
which is known to have five accessory chromosomes [ 4 ]. Little
is known about occurrence, the frequency, and the variation
of accessory chromosomes across the F. oxysporum species
complex. 

The presence of a compartmentalized genome together
with the availability of various continuous genome assem-
blies make F. oxysporum a suitable model to analyze the dy-
namics of accessory chromosomes using a pangenome vari-
ation graph. Here, we constructed a pangenome variation
graph to analyze the evolution of accessory chromosomes in F.
oxysporum. Some of these accessory chromosomes were spe-
cific to strains infecting the same host, suggesting that these
play a role in determining host specificity. Furthermore, acces-
sory chromosomes were composed of different combinations
of accessory material and likely, evolved through recombina-
tion of accessory chromosomes. These findings offer insights
into the evolution of accessory chromosomes and show how
pangenome variation graphs can be applied to analyze chro-
mosome dynamics. 

Materials and methods 

DNA isolation and whole-genome sequencing and 

assembly 

For strains Fol005, Fol007, Fom011, Fom014, Fom021,
Fom024, and Fom025, strains were taken from glycerol stock,
grown on PDA for 3 days at 25 

◦C, after which 100 ml of
NO 3 was inoculated with an overgrown agar plug. Sam-
ples were grown in this liquid culture for 5–7 days at 25 

◦C
and 150 rpm. Mycelium was harvested by filtering through
miracloth, stored in liquid N 2 , and freeze-dried overnight.
Per sample, DNA was isolated from ∼250 mg of ground
mycelium using multiple rounds of phenol-chloroform extrac-
tions, two rounds of chloroform extractions, and was pre-
cipitated twice. Quality and quantity of DNA were checked 

with Nanodrop, Qubit, and agarose gels. DNA samples were 
sequenced at KeyGene on three PromethION FLO_PRO002 

cells where basecalling was performed with the high-accuracy 
model in MinKNOW 4.2.6, and reads with quality q ≥ 7 

were selected. Adapters were trimmed with poreChop, and 

reads were filtered based on their quality and length with Filt- 
long (version 0.2.0, –min_length 1000, –min_mean_q 80 en 

–min_window_q 70). Per strain, the 80% longest reads were 
selected and assembled with Flye (v2.8). Strains Fol029 and 

FolMN25 were sequenced and assembled according to van 

Dam et al. 

Genome selection 

Fusarium oxysporum genome assemblies were downloaded 

from NCBI (July 2024), retaining genome assemblies with 

< 100 contigs and an N50 > 2 Mb. In addition to the 
genomes from NCBI, we included 12 previously assembled 

whole-genome assemblies ( Supplementary Table S1 ). Not all 
genomes were assembled and processed in the same way.
To account for this heterogeneity, we applied a homoge- 
nous filtering strategy and excludes fragmented chromosomes.
We filtered contigs < 50 kb, removing between 0 and 80 

contigs per genome assembly ( Supplementary Table S1 ). We 
then accessed the genome assembly quality using Quast ver- 
sion 5.0.2 [ 38 ] and determined the presence of telomeric re- 
peats using tidk version 0.2.41 [ 39 ]. Furthermore, we de- 
termined the pairwise average nucleotide identity for all the 
whole genome assemblies using Pyani ( https://github.com/ 
widdowquinn/pyani ) and constructed a phylogenetic tree of 
the strains using conserved single-copy BUSCO genes with 

the BUSCO phylogenomic pipeline, available at https://github. 
com/ jamiemcg/ BUSCO _ phylogenomics . 

Network construction 

To detect groups of homologous chromosomes, we first 
mapped all contigs to each other using wfmash version 0.10.3 

[ 40 ]. To determine the optimal settings for F. oxysporum , we 
tried different parameters for the length of mapped segments 
(-s, 2.5, 5, and 10 kb) and the block length of the chained 

segments (-l, from 5, 10, 25, 50, and 100 kb); increasing seg- 
ment and block length also increases the length of co-linear 
blocks between chromosomes. The resulting all-vs-all homol- 
ogy mappings between chromosomes were used to construct 
a chromosome network. In addition to this network, we also 

created a network with splitting of chromosomes disabled 

(wfmash flag -N), removing partial chromosome mappings.
These two all-vs-all homology mappings were treated similar 
for downstream comparisons. 

Chromosomes communities were detected in the all-vs-all 
homology mappings using the Leiden algorithm [ 41 ] as de- 
scribed by [ 24 , 42 ]. The chromosome homology networks 
were visualized using Gephi version 0.10 [ 43 ], and the net- 
work layout was calculated using the YiFan Hu algorithm.
Community statistics were determined using iGraph Python 

module version 0.10.8 [ 44 ]. To understand the chromosome 
network in relation to the F. oxysporum reference genome 
assembly Fol 4287, we plotted the communities assigned to 

chromosomes in the Fol 4287 using pafR version 0.0.2 ( https: 
// dwinter.github.io/ pafr/ ). 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://github.com/widdowquinn/pyani
https://github.com/jamiemcg/BUSCO_phylogenomics
https://dwinter.github.io/pafr/
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plitting of chromosomes 

efore we could construct the pangenome graphs per com-
unity, we needed to ensure that each community represent
omologous chromosomes. However, in some cases one chro-
osome maps to two different communities, for example due

o chromosome fusion or errors during genome assembly. To
nclude the chromosomes that map to two different commu-
ities, we split these chromosomes at the breakpoint and as-
igned chromosomal regions to the corresponding communi-
ies. Chromosomes were split into two different communi-
ies when a consecutive stretch of 1 Mb mapped to a differ-
nt community and when this part occurred at the flank of
he chromosome, and thus we only split large co-linear frac-
ions of the chromosome, preventing us to artificially splitting
hromosomes into too small sections. Some windows in the
hromosome did not map to any community. To maintain the
hromosome structure, these unmapped regions were ignored
hen we determine the flanks of a chromosome and, these un-
apped regions were assigned to the new community when

hey flank the split region. 

angenome variation graph construction 

e constructed a pangenome variation graph per com-
unity detected in the all-vs-all chromosome net-
ork. The pangenome graph was constructed with the
anGenomeGraphBuilder version 0.3.0 (PGGB, [ 30 ]) with
he following parameters: a segment length of 2500 bp (-s),
 block length of 50 000 bp (-l), a percent identity thresh-
ld of 95% (-p), and 72 haplotypes (n-1). The generated
angenome variation graph was then sorted and visualized
sing the optimized dynamic genome / graph implementation
ersion 0.8.6.0 (odgi, [ 24 ]). The general graph statistics were
alculated with odgi stats (-S), the pairwise genome similarity
as assessed with odgi similarity, and the percentages of core

nd accessory nodes were determined using odgi stats (-a). To
ssess structural variation, the mean inversion rate was calcu-
ated using odgi bin -w 50 000 bp, and node presence / absence
atterns were visualized with odgi viz. Subgraphs for different
ommunities were combined using odgi squeeze to form the
nal F. oxysporum pangenome variation graph. Finally, this
oined F. oxyporum variation graph was used to evaluate the
angenome growth curve with Panancus (version 0.2.3, [ 48 ]).

hort read genome assemblies and matching to the
angenome graph 

o include a larger variety of F. oxysporum strains, we com-
ared the k-mer profile of 588 fragmented F. oxysporum as-
emblies ( Supplementary Table S3 ) to the k-mer profile of the
o-linear accessory communities, based on our unsplit map-
ing approach. The strains were assembled from short read
equencing data downloaded from NCBI using spades version
.13.0 [ 45 ]. To compare the k-mer profiles, we used sourmash
ather (–bp-threshold 0), version 4.8.9 [ 46 ], and determined
he presence of a chromosome community in the F. oxysporum
trains based on the percentage of k-mer from the chromo-
ome community that matched to the genome assemblies. The
-mer profile of a community is based on all chromosomes in
he community, including similar chromosomes, and thus the
hort read k-mers will always match only a small percentage
f the community. We considered that the maximal percentage
f k-mers from a genome assembly to match a community to
epresent the optimal mapping. This maximum mapping per-
centage is used to normalize the matching percentage across
all genome assemblies, and a community is considered present
in a genome assembly when at least 20% of the maximum per-
centage is successfully mapped. 

Analysis of accessory communities 

To visualize similarity between accessory chromosomes, we
used PyGenomeViz version 1.0 ( https://moshi4.github.io/
pyGenomeViz/), in addition to the pangenome based visual-
izations from odgi viz [ 47 ]. To visualize similarities to the
Fom0021 reference genome, we used nucmer –maxmatch to
align all assemblies to the Fom021 assembly. We filtered the
alignments to only retrieve alignments with length > 5 kb and
a percent identity > 90% using custom Python scripts ( https:
// github.com/ LikeFokkens/ FOSC _ multi- speed- genome ). 

Results 

The F. oxysporum species contain eleven core 

chromosomes and various accessory 

chromosomes 

To study the diversity of core and accessory chromosomes
in a large collection of diverse F. oxysporum strains, we ob-
tained 73 highly continuous whole-genome assemblies (contig
N50 > 2 Mb, < 100 contigs) ( Supplementary Table S1 ). To-
gether, these strains contain 1261 contigs. Most (1131 out
of 1261) contigs encode telomeric repeats on at least one
end, and 446 represent complete chromosomes containing
telomeric repeats on both ends; we therefore refer to all con-
tigs as chromosomes in this manuscript. The dataset contains
F. oxysporum strains assigned to 19 different formae speciales
based on their capacity to infect specific host plants, three en-
dophytes, and eight strains that cause plant disease but have
not been assigned to a forma specialis (Fig. 1 A and B). The
strains have an average nucleotide similarity of 97.7%, and
span all three known phylogenetic clades within the F. oxys-
porum species complex (Fig. 1A; [ 65 , 66 ]). 

To study the variation of chromosome content in these dif-
ferent F. oxysporum strains and to facilitate pangenome analy-
sis, we first sought to detect groups of co-linear chromosomes
based on all-vs-all homology mapping between all 1261 chro-
mosomes (Fig. 1 C). We tried various thresholds for mapping,
i.e. the percent identity (90%, 95%, or 97%) and the length
of the matches (mapped segments length 2.5, 5, or 10 kb and
the chained segments length of 5, 10, 25, 50, or 100 kb), to
determine the optimal mapping strategy; the mappings need
to be specific enough to map homologous chromosomes and
to prevent spurious matches, yet sensitive enough to capture
similarity between more distantly related chromosomes. These
mappings between chromosomes were then translated into a
chromosome network, and we used network properties to de-
tect communities within the network that represent groups of
homologous chromosomes (Fig. 1 D). Since core chromosomes
are expected to be conserved and co-linear, we expected to
find communities of core chromosomes present in all strains,
as well as several accessory chromosomes with a variable pres-
ence and absence pattern. 

To analyze the distribution of the chromosomes over the
communities, we determined the presence of chromosomes of
the F. oxysporum f. sp. lycopersici reference genome Fol 4287
in the communities (Fig. 1 E and F). The core chromosomes of
Fol 4287 are grouped into 11 separate communities, whereas

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://moshi4.github.io/pyGenomeViz/
https://github.com/LikeFokkens/FOSC_multi-speed-genome
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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Figure 1. Ele v en core chromosomes as w ell as a high number of accessory chromosomes are present in F. o xy sporum . ( A ) Ph ylogenetic tree of 73 F. 
o xy sporum strains, based on 4443 single-copy BUSCO genes. Different boxes highlight strains belonging to the three taxonomic lineages in the F. 
o xy sporum species complex. The outer ring shows the different hosts that can be infected by a strain, colored according to (B). ( B ) Distribution of plant 
host that can be infected by the 73 F. oxysporum strains. Endophytic strains as well as plant pathogens not assigned to a forma specialis (other) are 
separated. ( C ) The cartoon visualizes how sequence mappings between chromosomes are translated to a chromosome network. ( D ) Chromosome 
netw ork displa y s all pairwise mappings betw een the chromosomes of the 73 F. o xy sporum strains. Nodes represent chromosomes, and edges 
represent mappings between chromosomes. Colors indicate the different communities that are detected. Chromosome names correspond to the 
chromosomes found in the Fol 4287 reference genome, and these chromosomes are depicted by a large node in the graph. Accessory chromosomes of 
Fol4287 are indicated by a bold font and an orange circle. All accessory chromosomes found in reference genome Fol 4287 occur in cluster 11. ( E ) 
Mapping of communities to homologous chromosome in reference Fol 4287, colored according to (D). ( F ) Communities can be associated to specific 
chromosomes in Fol4 287. The squares display the fraction of mappings of the Fol 4287 chromosome (y-axis) with the corresponding community (x-axis). 
Core chromosomes map largely to a single community, while all accessory chromosomes are assigned to community 11. ( G ) Network statistics of the 
different communities in the chromosome network. Colors correspond to the communities in the network, see d. 
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the five accessory chromosomes (chromosomes 3, 6, 14, su-
percontig 2.30, and supercontig 2.34) all group together into
a single large community, which contained 342 chromosomes
in total. Interestingly, two out of 73 strains do not contain any
accessory chromosome (36 102; infecting banana and Fo5; en-
dophytic, Supplementary Table S2 ). The core chromosomes
on the other hand are all present in all 73 strains. Of the
11 core-chromosome communities, six communities contain
a chromosome of all 73 strains and five communities miss one
or two strains ( Supplementary Table S2 ). These missing chro- 
mosomes are not absent in these strain, but are the result of 
chromosomal rearrangements, either due to a mis-assembly or 
due to interchromosomal translocation. These fused chromo- 
somes have similarity to multiple communities but are only as- 
signed to the community with most matches. This also means 
that none of the strains lacks one of the core chromosomes 
( Supplementary Table S2 ). Irrespective of the mapping thresh- 
old that determines the minimal length of mappings between 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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hromosomes, we identified eleven core chromosomes, with
ne copy in all strains, as well as one community that con-
ained all accessory chromosomes (Fig. 1 D). 

angenome graph captures variation of 
. oxysporum and highlights differences between 

ore and accessory chromosomes 

ll accessory chromosomes cluster in a single community
community 11; Fig. 1 D), suggesting that many accessory
hromosomes in F. oxysporum share genetic material. How-
ver, community 11 has a lower average node degree (89) and
 larger diameter [ 5 ] compared with the core communities (av-
rage node degree 136; average diameter 2.2). Moreover, the
odes in this cluster are generally less well connected (transi-
ivity 0.74 versus average transitivity of 0.97, Fig. 1 G), collec-
ively suggesting that some of the chromosomes in the com-
unity have limited similarity to each other but are connected

hrough similarity with other chromosomes. 
To further analyze the chromosome structure and the sim-

larities between chromosomes, we constructed a pangenome
ariation graph using the PanGenome Graph Builder (PGGB).
his graph consists of 11 subgraphs, one graph per com-
unity, and contains 500 Mb of genetic material split over
3 651 077 nodes connected through 48 127 154 edges.
 559 224 nodes (18.6 Mb) are core (present in all 73
enomes), 13 404 553 nodes (41.1 Mb) are accessory, and
7 687 283 nodes (440.6 Mb) are unique to a single genome
Fig. 2 A). The pangenome graph constructed for these 73 F.
xysporum genomes is open (Heaps Alpha = 0.327, Fig. 2 B),
eaning that every addition of a newly sequenced genome is

xpected to add new genetic material to the graph. Core, ac-
essory, and unique material is found in different quantities
n the different communities. The eleven core-chromosome
ommunities contain genetic material present in all genomes.
owever, in five of these core-chromosome communities,
ore accessory material is present (Fig. 2 C), including com-
unities containing the core chromosomes 11, 12, and 13
f Fol 4287. Interestingly, these chromosomes have been de-
cribed as more variable than the other core chromosomes and
ave been previously referred to as “fast-core” chromosomes
 49 ]. However, a similar pattern is also observed in chromo-
omes 7 and 10, which are not considered part of the fast-core
hromosomes, suggesting that these chromosomes similarly
ontain high amount of genomic variation. The amount of
nique material is consistently low in the core chromosomes,
nd higher in the accessory community. As may be expected,
he accessory community consists solely of accessory mate-
ial (Fig. 2 C), and not a single node is present in all accessory
hromosomes. 

To further investigate the expected co-linearity and varia-
ion between chromosomes in the pangenome graph, we ana-
yzed the orientation and location of the nodes. We observed a
igher number of inversions and nodes occur in varying order
n the pangenome graph of the accessory community (Fig. 2 E
nd Supplementary Fig. S1 ). This shows that, while core chro-
osomes are largely co-linear and conserved, the sequence or-
er between homologous regions in accessory chromosomes
s not conserved. 

To determine the amount of similarity between different
trains, we determined the node-similarity in the pangenome
raph. We observed that based on the core communities,
ost genomes are highly similar (average sharedness 80%).
In the accessory community, the average sharedness between
genomes is lower (11%), in line with the observed variation
and lack of core nodes. The similarity of the accessory regions
between strains infecting the same host is higher for some
forma specialis, such as the tomato infecting strains (median
similarity of 46%, across 64 strains) ( Supplementary Fig. S2 ),
but not for all host specific strains. For example, we only
observed 14% similarity across 71 banana infecting strains
( Supplementary Fig. S1 ). The high similarity in tomato infect-
ing strains supports earlier reports showing that F. oxysporum
strains infecting tomato contain a host-specific accessory chro-
mosome that is associated with pathogenicity [ 4 ]. The lack
of similarity between accessory chromosomes in strains in-
fecting other hosts suggests these might not have host-specific
pathogenicity chromosomes, as we have recently proposed for
banana-infecting strains [ 6 , 29 ]. 

Accessory chromosomes can be grouped into 

separate co-linear communities 

To further delineate subgroups of accessory chromosomes
that share more extensive co-linearity, we performed an addi-
tional analysis where we only considered mappings between
chromosomes that cover most of the corresponding chro-
mosome, i.e. we exclude partial mappings between chromo-
somes. As a result, chromosomes are now grouped into 36
communities, composed of the same eleven core communi-
ties as well as 25 additional accessory communities, demon-
strating that accessory chromosomes can be further separated
into groups based on co-linearity between chromosomes (Fig.
3 A). The retrieval of the same 11 core chromosome commu-
nities, even when excluding splitting, further supports that
core chromosomes are colinear. Nevertheless, we observed 20
cases where a chromosome maps to two different communi-
ties. To construct the final pangenome graph, these chromo-
somes were manually split and added into the correspond-
ing homologous community. Not all chromosomes present
in the 73 F. oxysporum strains have a homologous chromo-
some in another isolate, we find 107 unique chromosomes,
with an average size of 1.1 Mb, without any mappings to
a homologous chromosome, suggesting that these are strains
specific. 

The separation of accessory chromosomes into smaller
co-linear communities enabled us to limit our analysis to
highly similar accessory chromosomes. Interestingly, we ob-
served that some of the co-linear accessory chromosomes are
unique to, or at least enriched for one of the formae spe-
ciales (Fig. 3 C). For example, chromosome 14 of Fol 4287 is
well known to play a role in pathogenicity towards tomato
[ 4 ] and has been found to be present in genetically diverse
tomato infecting F. oxysporum strains [ 49 ]. Similarly, we ob-
served that community 13, containing Fol4 287 chromosome
14, solely consists of tomato infecting F. oxysporum strains.
The other five accessory chromosomes of Fol 4287 (chromo-
somes 3, 6, 15, SC2.30, and SC2.34) are found in acces-
sory community 12. The grouping of these five accessory
chromosomes supports previous reports that suggested that
the accessory chromosomes in F. oxysporum strain Fol 4287
are highly similar, due to extensive segmental duplications
[ 4 , 6 ]. 

In total, we observed 15 clusters that are specific to a
formae speciales (Fig. 3 C), suggesting that these might also
represent pathogenicity chromosomes. However, most for-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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Figur e 2. P angenome graph of F. o xy sporum is open and contains e xtensiv e accessory material. ( A ) Histogram sho ws the amount of genetic material 
(in base pairs) that is present in an increasing number of samples (x-axis). Gray bar indicates the amount of material present in only one strain (unique 
material), the orange bars indicate the amount of material present in one to 65 strains, dark orange indicate the amount of material found in 65–72 
strains, and dark gray shows the amount of material present in all strains (core). ( B ) Pangenome growth graph of the complete F. oxysporum 

pangenome, as determined by Panacus [ 48 ]. Heaps Alpha < 1 indicates an open pangenome. ( C ) Proportion (in base pairs) of core, accessory, and 
unique genetic material found in the different communities. Each dot represents a 500 bp window in the pangenome graph. As expected, community 
11, containing all accessory chromosomes, lacks core material. Stars indicate the communities with more accessory than core material. ( D ) Size of 
chromosomes in accessory community 11 (orange) compared to the size of chromosomes in the other core communities (gray). ( E ) Inversion rate per 
500 bp window in the pangenome graph in the core communities (gray) and accessory community 11 (orange). The inversion rate is determined by the 
number of in v ersions per genome and per node in the pangenome graphs. 
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mae speciales were only represented by a limited number of
genome assemblies (Fig. 1 B and C). To include a broader set
of strains, we sought to detect presence of accessory com-
munities in a set of genome assemblies based on short-read
sequencing data. We used a collection of 588 genome se-
quences that had been assembled from public data available
at the Sequence Read Archive ( Supplementary Table S3 ). To
rapidly determine the chromosomes, present in one of these
genome assemblies, we compared the k-mer profiles of these
genome assemblies against the k-mer profiles of the chro-
mosome communities. As to be expected, core communi-
ties are present in all strains and the accessory communities
show a variable presence / absence pattern (Fig. 3 D). Using
the formae speciales known for 276 strains, we could dis-
tinguish 14 host specific chromosomes (present in more than
four strains; Fig 3 D), including the tomato-specific commu-
nity 13 that contains Fol 4287 chromosome 14. These anal-
yses show that some accessory communities are indeed host
specific in a wide variety of F. oxysporum strains, yet many
other accessory communities are not restricted to a single
host. 
Accessory chromosomes are a mosaic of accessory 

regions 

To get a more detailed insight into the variation within ho- 
mologous chromosomes, we constructed a pangenome vari- 
ation graph per community. This resulted in a combined 

pangenome, consisting of 443 Mb of genetic material that 
is separated over 31 289 751 nodes and connected by 
44 436 449 edges. This pangenome graph consists of 18.8 

Mb core, 14 Mb soft-core ( > 90% of strains), 161 Mb ac- 
cessory, and 250 Mb of unique material, and is open (Heaps 
Alpha = 0.41 and Supplementary Fig. S3 ). As to be expected,
the fraction of core material is considerably larger than in the 
previous pangenome graph (Fig. 2 ), as accessory communities 
now consist of more similar material ( Supplementary Fig. S3 ).

We observed that the accessory chromosomes contain a 
high number of inversions (Fig 2 C) and are generally not co- 
linear (Fig. 3 A). We distinguished three different types of ac- 
cessory communities. Most accessory communities [ 22 ] are 
small with only five chromosomes. The chromosomes in these 
clusters are overall well connected (betweenness: 30.5, di- 
ameter: 1.15) and share a large amount of genetic material 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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Figure 3. Accessory chromosomes can be separated into several co-linear communities, revealing host-specific accessory chromosomes. ( A ) The 
chromosome network displays all pairwise mappings spanning the full length of chromosomes. Nodes represent chromosomes and edges represent 
mappings between chromosomes. Colors indicate the different communities that are detected in the network. Chromosome names correspond to the 
chromosomes found in the Fol 4287 reference genome assembly, and these chromosomes are depicted by larger nodes in the graph. Orange circles 
highlight accessory chromosomes. ( B ) Network statistics of the different communities in the chromosome network. Colors correspond to the 
communities in the network, see panel (A). ( C ) Distribution of the different strains and their host specificity o v er the different communities. All strains 
are found in the core communities (0-10, x-axis). The accessory communities (11-33, x-axis), on the other hand, contain a subset of strains, and 15 
accessory communities are host specific; the number on top indicate the total number of genomes in the community. ( D ) Distribution of different F. 
o xy sporum strains and their host specificity o v er the different communities. 
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Figure 4. Accessory chromosomes are a mosaic of accessory regions from different genomes. ( A ) Translation from a pairwise chromosome alignment 
to a pangenome graph presence / absence matrix. The visualization places the nodes in the pangenome graph on the x-axis and the genomes on the 
y-axis. Colored blocks indicate a node that is present in a genome, while white indicates a node that is absent in the respective genome. ( B ) 
Presence / absence of nodes in the pangenome graph based on the 69 members of community 12. Note, none of the nodes are present in all 
chromosomes. ( C ) Alignment of eight chromosomes found in community 12. All chromosomes are aligned to Fol 0029 chromosome 12 (pink) and share 
different but similar genomic regions with the other chromosomes. The connecting lines indicated regions of shared similarity, colored according to 
query chromosome. Gray lines indicate similarity between two neighboring chromosomes, chromosome 3 and chromosome 6 of Fol 4287 are 
homologous. ( D ) Community 8 shows a collection of core chromosomes surrounded by various accessory chromosomes (highlighted in orange). ( E ) 
Node presence / absence matrix of a subset of chromosomes in community 8. The node presence and absence clearly demonstrate that the core part of 
the chromosomes is similar across all 73 genomes (gray line). Importantly, some core chromosomes contain an accessory region, while in other cases 
the accessory regions are separate from the core chromosome. 
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(49 Mb core, 21 Mb accessory, and 27 Mb unique). In ad-
dition, we find two large accessory communities (commu-
nity 11 and community 12 with 69 and 31 members, respec-
tively). These accessory communities have a larger diameter
(10.0) and a higher betweenness (45.9) than the small ac-
cessory communities, indicating that the nodes in the com-
munities are loosely connected; not all chromosomes share
genetic material, analogous to accessory community 11 in
our previous analysis (Fig. 1 ). Moreover, the pangenome
graph of communities 11 and 12 does not contain any core
nodes ( Supplementary Fig. S4 ), further supporting the lack
of shared genetic material between the chromosomes in these

communities. 
To determine what links the chromosomes in these large 
and loosely connected accessory communities, we visualized 

the presence and absence of nodes in the pangenome graph 

(Fig. 4 A). This shows that not all chromosomes share regions 
with each other but stretches of similar regions are found in 

different combinations (Fig. 4 B). For example, different parts 
of an accessory chromosome ( Fol 029, chromosome 12) are 
present in other accessory chromosomes (Fig. 4 C), indicating 
that accessory chromosomes share different accessory region.
Together, these findings supports the idea that accessory chro- 
mosomes evolve through chromosomal rearrangements, re- 
sulting in a mosaic of genetic material from different sources 
[ 49 ]. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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Figure 5. Similar accessory chromosomes can be found in different F. oxysporum clades. ( A ) Distribution of F. oxysporum clades over the different 
chromosome communities (x-axis). Ten accessory communities contain strains from different taxonomic clades, indicating that similar chromosomes 
can be shared by F. oxysporum strains from with large phylogenetic distances, even from different taxonomic clades. ( B ) Similarity of six accessory 
chromosomes found in the melon infecting F. oxysporum strain Fom 0021 (x-axis) across all 73 F. oxysporum strains (y-axis), ordered based on the 
phylogenic relationship of the F. oxysporum strains (left). Only alignments that span at least 5 kb are shown. The color indicates the percent identity. 
Accessory regions from Fom 0021 are found in different strains in clade 2 as well as in one strain ( Foc 013) in clade 1, highlighted by an arrow. 
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Next to these two types of accessory communities, we
lso identified accessory chromosomes present in two core
hromosome communities (community 8 and community 9
ith 63 accessory and 14 accessory chromosomes, respec-

ively; Fig. 4 D). This pattern can indicate that accessory
hromosomes originated from core chromosomes or that ac-
essory chromosomes fused to core chromosomes. We ob-
erved that similar core chromosomes are present in com-
unity 8, as well as additional separate accessory chromo-

omes that do not share homology to the core regions (Fig.
 D and E). However, this accessory region is attached to the
ore chromosome in some strains, whilst in others the ac-
essory region is separate (Fig. 4 E). This demonstrates that
he link between core and accessory chromosomes in this
ommunity is caused by the fusion of an accessory region
o a core chromosome, an arrangement that has been previ-
usly observed in various F. oxysporum genome assemblies
 4 , 6 , 29 ]. 
 

Accessory chromosomes can be transferred 

between genetically different F. oxysporum strains 

Accessory chromosomes can be transferred between F. oxys-
porum strains as has been experimentally shown for a few
chromosomes in some strains [ 4 , 35 , 36 ]. Horizontal transfer
can also occur in natural populations and has been identified
based on the presence of similar accessory chromosomes be-
tween distantly related strains [ 18 , 33 , 49 ]. To determine hor-
izontal transfer events in our dataset, we analyzed the similar-
ity of accessory chromosomes between strains from different
taxonomic clades. We observed that 10 communities contain
members from different taxonomic clades of the F. oxysporum
species complex (Fig. 5 A), suggesting that horizontal trans-
fer might have taken place. For instance, community 11 con-
tains strains from the taxonomic clades 1, 2, and 3. One strain
from clade 1 ( Foc 013) shares 58% similarity with clade 2
genome Fom 0021, but only 12% similarity with closest clade
1 neighbor ( Fo 4, Supplementary Fig. S5 ), indicating that hori-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf034#supplementary-data
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zontal transfer has occurred between strains from clade 1 and
clade 2. 

To get a more detailed insight into the traces of horizon-
tal chromosome transfer between Fom 0021 and Foc 013, we
performed whole-genome alignments between the accessory
chromosomes found in Fom 021 to all 73 genomes. Interest-
ingly, the accessory chromosomes are present in some but not
all of the most closely related species, and similar genomic
regions could even be found in a strain from different taxo-
nomic clades. For example, chromosome 12, 13, 14, and 16
from Fom 0021 (formae speciales melonis ) are also found in
Foc 013 (formae speciales cucumerinum ) from clade 1 and a
region of accessory chromosome 14 of Fom 0021 can be found
in four banana infecting genomes (formae speciales cubense )
in clade 1. This further corroborates that accessory chromo-
somes are shared across genomes and further highlights that
horizontal transfer occurs between clades of F. oxysporum . In-
terestingly, the shared genomic regions are present in strains
infecting different hosts, suggesting that the transfer is not al-
ways associated with the same host range. 

Discussion 

Pangenome variation graphs offer a reference-free genome
representation of different individuals of the same species.
This can provide insights into the genome organization and
can improve downstream genome-based analysis such as vari-
ant calling and gene annotation [ 24 , 26 , 28 , 50 ]. Such refer-
ence free analysis would be especially useful for analyzing ac-
cessory chromosomes in filamentous plant pathogens, as these
are not necessarily present in the reference genome assembly.
Moreover, accessory chromosomes are often highly diverse,
hampering reference-based analyses [ 17 , 51 ]. By combining
a homologous chromosome mapping strategy with the con-
struction of a pangenome variation graph, we captured all
accessory chromosomes in a collection of 73 F. oxysporum
strains and obtained insights into their evolutionary dynamics.
We found 11 conserved core chromosomes and a large num-
ber of different accessory chromosomes, which evolve through
rearrangements that result in a mosaic of different accessory
genomic regions. Moreover, we found evidence for horizontal
transfer of accessory chromosomes between naturally occur-
ring F. oxysporum strains from different phylogenetic clades.
These results highlight that pangenome variation graphs can
be successfully reconstructed for species carrying accessory
chromosomes and can guide the exploration of genetic vari-
ation that underlies specific phenotypes and provides insights
into their genome organization to obtain insights into genome
evolution. 

F. oxysporum is a highly diverse species complex that in-
fects a wide variety of hosts [ 31 , 32 , 37 ]. We identified an
open pangenome, meaning that every new strain adds yet un-
seen additional genomic regions to the pangenome, which is
in line with previous gene-based pangenomes in F. oxysporum
[ 6 , 37 ] and is expected for a highly diverse species [ 20 ]. The
rapid diversification of accessory chromosomes can underly
the observed diversity [ 12 , 52 ]. Using the pangenome varia-
tion graph, we identified a large set of diverse accessory chro-
mosomes with a mosaic composition, encoding various com-
binations of accessory regions, similar to what has been ob-
served in the accessory genome of other fungi [ 17 , 49 , 53 ]. As
a result of these similar accessory regions, all accessory chro-
mosomes can be clustered together in one community, how-
ever, not a single accessory region present in all chromosomes 
can be identified. Thus, the similarity of accessory chromo- 
somes does not seem to result from a single shared origin.
Moreover, similar accessory chromosomes are found between 

strains from different clades, highlighting that accessory chro- 
mosomes can be horizontally transferred between distantly re- 
lated strains. This supports previous studies suggesting that 
clades are not genetically isolated in F. oxysporum [ 54 ] and 

that genetic material can be exchanged not only within but 
also between taxonomic clades. We speculate that the hori- 
zontal transfer of accessory chromosomes introduces genetic 
material to strains, through recombination this genetic mate- 
rial can be incorporated in other accessory chromosomes and 

new combinations of accessory material arise. This means that 
the horizontal transfer of accessory chromosomes, together 
with rearrangement of accessory material, can provide genetic 
diversification that is especially important in asexual fungal 
species [ 55 , 56 ]. 

In F. oxysporum , many accessory chromosomes carry im- 
portant pathogenicity genes and play a role in determining 
the host range [ 4 , 34 , 36 ]. Similar to previous studies, we 
found highly similar and host-specific accessory chromosomes 
within several formae speciales. However, host-specific acces- 
sory chromosomes are not identified for all formae speciales.
It remains unclear why some formae speciales have a clear 
pathogenicity related accessory chromosomes, like tomato 

[ 49 ], whereas others have variable accessory chromosomes 
[ 6 , 18 ]. This variability suggests that some host-specificities 
arose multiple times independently, or the genes required for 
this host specificity are reshuffled between accessory chromo- 
somes or between accessory chromosomes and the core. Ad- 
ditionally, limited phenotyping data makes it difficult to study 
host specificity. In general, formae speciales are assigned based 

on the isolation source, but a strain may infect multiple hosts 
or cause different symptoms in the same host [ 18 , 57 ]. The 
pangenome constructed in this study can serve as a valuable 
resource for exploring chromosome diversity within and be- 
tween formae speciales of F. oxysporum . This can enable the 
identification of conserved regions and essential pathogenicity 
genes, providing insights into the host range of strains. Addi- 
tionally, the pangenome can place newly sequenced and as- 
sembled F. oxysporum strains into a larger context, this can 

reveal the presence of accessory chromosomes, show what 
accessory regions are shared and thereby provide an impor- 
tant framework to clarify the role of accessory regions in 

pathogenicity. 
Different forms of pangenomes can be constructed, based 

on genes, whole genomes, or k-mer content [ 58 ]. The opti- 
mal approach depends on the biology of a species, as well 
as the exact biological question to be addressed. Research on 

pangenomes in fungi thus far mainly focused on gene-based 

pangenomes, representing all genes within a species [ 59 , 60 ].
This provides important insights into the evolution of gene 
content, especially of pathogenicity genes, but typically offers 
limited information on the genome organization and the pres- 
ence and shape of accessory chromosomes. Insights into ac- 
cessory chromosome dynamics have been previously obtained 

by pairwise or reference-based comparisons [ 6 , 17 , 61 ]. The 
here applied reference-free pangenome variation graph en- 
ables large-scale comparisons of accessory chromosomes and 

can be applied in different fungi to obtain insights into chro- 
mosome dynamics. Moreover, a pangenome variation graph 

is valuable data by improving variant calling [ 62 ] as well as 
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nnotation of genes and transposable elements [ 26 , 63 , 64 ],
hereby enhancing our capabilities to study a species’ biology.
uture analyses of pangenome variation graph can thus not
nly help to reveal insights into the evolution of the genome
rganization but also can help to reveal new insights into the
opulation structure, pathogenicity genes, and other drivers
f phenotypic variations. 
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