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Abstract

Myxococcus xanthus DZ2, a model myxobacterium, has three reported genome assemblies, including two recent complete assemblies
(MxDZ2_Tam and MxDZ2_Nan) from the same culture stock. These assemblies misreported their circular nature and differed by 6.4 kb, raising
questions about their accuracy. After removing duplicate ends, aligning genomes to the origin of replication, and circularization, this computa-
tional analysis revealed a minimal 32 bp difference, with MxDZ2_Tam being slightly larger. Forty sequence variations including 38 indels and two
substitutions, were impacting 18 coding genes via frameshift mutations. Although PacBio-HiFi technology boasts a low error rate, it remains
higher than the 454-platform used for the earlier MxDZ2_Kirby draft assembly. Therefore, using MxDZ2_Kirby as a reference, we constructed
a "truly circular” genome for M. xanthus DZ2. Additionally, analysis of Mx-alpha regions, involved in antagonism via the toxin gene sitA, across
61 myxobacterial genomes identified their presence in five taxonomically polyphyletic species, potentially influencing their physiology, develop-
ment, and ecological interactions beyond predation. Only M. xanthus DZ2 and DZF1 contained all three Mx-alpha regions, whereas M. xanthus
DK1622 has only one. Overall, this study underscores the need for meticulous validation of sequencing-based genome assemblies and their
variations and provides novel insights into Mx-alpha regions as potential adaptive elements in myxobacteria.
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Organisms keep evolving incessantly in response to ever-
changing environmental conditions through a compendium of
genomic mutations. For each such mutation to persist in the
genotype across generations, an equilibrium is required be-
tween the robustness and evolvability of that mutation [1].
Mutations, whether synonymous or non-synonymous, can

(LTEE) with Escherichia coli has already revealed several
genome rearrangements and variations/SNPs over time across
generations, with the study now surpassing 80,000 genera-
tions [2]. In a similar line, sequencing two or more strains
having the same origin but separated by different generations
at different places may reveal how significantly each of those
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Figure 1. (A) Pictorial description of the ancestry of various strains of M. xanthus adapted from Dey A et al. [7], showcasing the putative evolution of lab
cultures belonging to M. xanthus species. (B) Genome statistics of all three M. xanthus DZ2 assemblies before and after circularization.

strains has evolved and what type of variations each strain
type has gained to stay fit or naturally selected [3]. How-
ever, in this current sequencing and high-throughput era, re-
searchers must be aware of several such differences majorly
derived from technological limitations, instead of the real
mutations.

Most of the next-generation (including Illumina and
454) and third-generation (PacBio High-Fidelity (HiFi) and
Nanopore) sequencing platforms offer a high-read accuracy
or fidelity while sequencing any genome. Even after using
stringent high-quality sequencing reads and similar assembly
processes, the final genome assembly of any organism might
have a few or more discrepancies. Such discrepancies or vari-
ations within even a complete genome of an organism se-
quenced by one research team cannot be identified unless an-
other team decides to sequence the same organism procured
from the same source as the first research team.

Myxobacteria are a group of ubiquitously present gram-
negative predatory bacteria that were previously classified un-
der the class of Deltaproteobacteria based on 16s rRNA and
morphology. However, with the recent advancements in tax-
onomy and classification, these bacteria form a new separate
phylum under the name of Myxococcota with a class named
Myxococcia and a subclass called Polyangia [4, 5]. Myxococ-
cus xanthus is the model organism of this group of bacteria
which belongs to the class of Myxococcia, order Myxococ-
cales, suborder Cystobacterineae, and family Myxococcaceae.
This organism (Beebe isolate) was first classified and reported
in the year 1941 by J. M. Beebe [6] and was relocated to UC
Berkeley to be further maintained in Roger Stanier’s strain
collection as strain FB (Fig. 1) [7]. FB strain was further de-
rived into the well-known model organism of the group, DK
1622 after going through several in-between mutants such
as DK101 (further derived into another well-known strain,
DZF1), DK320, DK1217, and then DK 1622 [7]. Along with
the FB strain, another strain, DZ2 was stored independently

by David Zusman (abbreviated as DZ) in his lab, away from
the Stanier collection. It is not yet clear which strain is the di-
rect ancestor of DZ2 and FB. One major similarity between
DZ2 and DK 1622 is their A*S* nature suggesting that they
display both A and S motility, whereas other in-between mu-
tants have a range of A*/~S*/~ activities. Overall, for a long
time, M. xanthus DZ2 has been used by several myxobacterial
biologists as a model organism to study diverse myxobacterial
physiology.

Considering its importance in understanding myxobacte-
rial physiology, it was first sequenced in 2013 by John Kirby’s
group at the University of Iowa, USA, as a draft assem-
bly (GCF_000278585.1) consisting of 87 contigs [8] using
454 sequencing platform followed by assembly using New-
bler v. 11/12/2012. Eight years later in 2021, the first com-
plete genome (GCF_018517205.1) was reported [9] by Tam
Mignot’s lab at CNRS, France, and in the subsequent year an-
other assembly (GCF_020827275.1) of its complete genome
was published [10] by Beiyan Nan’s lab at Texas A&M. Their
strain description reveals that both Tam’s and Nan’s lab iso-
lated the DNA for genome sequencing from DZ2 cells, de-
rived from the frozen stock from the Roger Stanier collec-
tion at UC Berkeley, suggesting both must be similar. Overall,
all these three strains have the same origin from David Zus-
man’s lab at UC Berkeley, but they have been sub-cultured,
sequenced, and assembled at three different places (lowa,
USA; Marseille, France; Texas, USA) at three different times
(2013; 2021; 2022). Two out of these three assemblies, i.e.
GCF_018517205.1 and GCF_020827275.1, represent com-
plete genome assemblies of the same strain, but their genome
sizes are reported to differ by 6.4 kb and several other genome
statistics also do not resemble each other (Fig. 1).

Moreover, it has been reported earlier that DZ2 and DK
1622 are different from each other in the context of Mx-alpha
region, which is a ~100 kb prophage-like element. DZ2 has
three Mx-alpha regions in tandem within its genome, how-
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Figure 2. A pictorial methodology showing the comparison of MxDZ2_Tam and MxDZ2_Nan assemblies to reveal their raw and refined alignments along
with the variations detected, which have been further listed in Supplementary Table S1. The color gradient in MxDZ2_Tam and MxDZ2_Nan indicates
the location of similar genomic content between the two assemblies. This whole process was employed to create a consensus sequence of MxDZ2.

ever, there is a ~200-kb deletion in the Mx-alpha region of DK
1622, leading it to possess only Mx-alpha 3 region [7]. Some
of the genes in Mx-alpha unit could be found in all the re-
peats, whereas some are unique to each unit. One such unique
gene operon is SitBAI which is involved in antagonism where
the toxin protein SitA is transferred through outer membrane
exchange and the species or strains lacking this Sitl protein,
which provides immunity, is killed [7, 11, 12]. In this case,
DZ2 can readily kill DK 1622 because the latter lacks sitI1
and sit]2 genes and hence has no immunity against sitA1 and
sitA2 toxins. However, DZ2 can survive the attack of SitA3
from DK 1622 as it contains its immunity gene sit3.

Therefore, this study aims to find out how and why these
two complete genome assemblies GCF_018517205.1 and
GCF_020827275.1 are different from each other, what kind
of variations are present in each of them, how those discrepan-
cies can be of concern for experimental and computational re-
searchers and can we provide a consensus genome assembly of
this well-known myxobacterial model organism, Myxococcus
xanthus DZ2. We further investigated the Mx-alpha region
distribution and classification across myxobacteria (phylum
Myxococcota), to investigate how prevalent this prophage re-
gion is within this phylum.

Methodology
Data source

Three assemblies of the same Myxococcus xanthus DZ2 strain
are currently available in open access, of which the first one
is a draft, GCF_000278585.1 (MxDZ2_Kirby) published in
2013 using 454 sequencing technology [8] and the other two
are complete: GCF_018517205.1 (MxDZ2_Tam) published
in 2021 using PacBio high-fidelity (HiFi) technology [9] and

GCF_020827275.1 (MxDZ2_Nan), published in 2022 us-
ing DNBSEQ and PacBio HiFi sequencing technologies [10].
The genomic and proteomic content of these assemblies were
downloaded from the NCBI RefSeq Database (https://www.
ncbi.nlm.nih.gov/refseq/) for analysis. In this manuscript,
the tags MxDZ2_Kirby, MxDZ2_Tam, and MxDZ2_Nan
will be used to refer the assemblies GCF_000278585.1,
GCF_018517205.1 and GCF_020827275.1, respectively.

For gene/CDS names, we have used locus_tag information
in a bit modified manner to make it convenient for readers.
In the standard manner, locus tags start with an organism tag
prefix followed by RS numbers. In this research, it is MXDZ,
JTMS82, and K1515 for MxDZ2_Kirby, MxDZ2_Tam, and
MxDZ2_Nan, respectively, followed by RS numbers; how-
ever, we have used Kirby, Tam, and Nan as respective locus
tag prefix followed by their RS numbers.

Alignment

Various alignment tools like Mauve v2.4.0 [13], Pygenomeviz
0.4.4 (https://pypi.org/project/pygenomeviz/), ~ MUMer
4.0.0rc1 [14] and MAFFT v7.526 [15] with their default
parameters were used to align the assembled genomes
against each other (Fig. 2). Mauve progressively aligns
multiple genomes to detect evolutionary events such as re-
arrangement and inversion whereas MUMer with the help
of Maximal Unique Matches (MUMs) provides variations
information along with the alignment. Pygenomeviz was
used along Mauve for visualization of the genomic content
of the three assemblies with respect to each other (Fig. 3,
Supplementary Fig. S1) and multiple sequence alignment of
the nucleotide and protein sequences was done via MAFFT
using the auto parameter.
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Figure 3. Synteny comparison of M. xanthus strains, where the grey colored links indicate the same orientation and peach colored links indicate reverse
orientation: (A) The DZ2 assemblies (two complete and one draft) were compared to DK 1622, highlighting the Mx-alpha regions. (B) MxDZ2_consensus
is compared to DK 1622, indicating the location of Mx-alpha regions in both the strains and the deletion location in DK 1622.

Homology detection

To detect the homologous and repeated proteins within the
three assemblies, the amino acid and nucleotide sequence of
the genes were subjected to blast v2.13.0 [16] via blastp and
blastn, respectively, with an e-value of 1073,

Circularization

On detection of repeated proteins at the beginning and end of
the genomes, the redundant proteins were removed keeping
only the protein with a longer length for further analysis (Fig.
2) and subsequently genome statistics were calculated for all
three assemblies (Fig. 1). Based on the dnaA-dnaN-gyrB con-
served region along with GC skew and comparative genomics,
the origin of replication of both genomes was found using Ori-
Finder 2022 [17].

Realignment

Neither MxDZ2_Tam nor MxDZ2_Nan genomic sequence
starts from the oriC, so both were rearranged in a manner
that the segment of the genome preceding the o7iC was trun-
cated and attached to the end of the sequence for both the
genomes. Further genomic alignment between MxDZ2_Tam
and MxDZ2_Nan reveals that these two genomes are reverse
complement of each other (Figs 2 and 3).

Mutational analysis

Nucleotide discrepancies were identified between the two
genomes (MxDZ2_Tam and MxDZ2_Nan) using NUCmer
(NUCleotide MUMmer) 4.0.0rc1 [14] with the default pa-
rameters and subsequently the genes in which these mutations
are observed were aligned to each other along with their re-
spective homologous genes in MxDZ2_Kirby using MAFFT
(Supplementary Table S1).

Consensus sequence

MxDZ2 _Kirby genome has been assembled using 454 reads
which have more coverage and therefore, high accuracy. On
occasions, where we identified nucleotide discrepancies, we
used MxDZ2_Kirby assembly as a reference to find the cor-
rect nucleotide. Such correct nucleotides at all identified dis-
crepancy sites were used to build a consensus sequence for
M. xanthus DZ2, which shall from now on be referred to as
MxDZ2_Consensus (Fig. 2).

Comparison of MxDZ2_Consensus with other
strains of M. xanthus

MxDZ2_Consensus was compared to M. xanthus DK 1622,
which is a complete genome published in the year 2006 [18]
and with M. xanthus DZF1, which is a draft genome reported
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in 2013 [19]. In M. xanthus DK 1622 a genomic region of
~200kb deletion was detected which corresponds to the two
missing Mx-alpha units as previously reported [7].

Detection of Mx-alpha units across myxobacteria
Mx-alpha units orthologs were searched across M. xanthus
strains DZ2, DK 1622, and DZF1 along with a selected
dataset of 63 myxobacteria encompassing at least one mem-
ber from all known families using Proteinortho6 [20] with the
default parameters. A total of 235 single copy orthologs were
detected in this dataset along with Bdellovibrio bacteriovorus
as an outgroup, which was subjected to multiple sequence
alignment using MUSCLES [21] and subsequently concate-
nated phylogeny was built using IQ-TREE version 1.6.12
[22] with LG + F + I + G4 model. Another four core Mx-
alpha gene (single gene and concatenated) phylogenies con-
sisting of orthologs of MXAN_RS08880, MXAN_RS08910,
MXAN_RS09000,and MXAN_RS09080 were built using the
same method described previously with LG + F + G4 model
for the concatenated tree. The visualization of these phyloge-
nies was done using iTOL v6 [23].

Presence of polymorphic toxin families within the
dataset

Each Mx-alpha region is associated with a toxin protein SitA,
or swarm inhibition toxin A which is responsible for kin dis-
crimination. SitA1, SitA2, and SitA3 proteins are flanked by
an accessory protein SitB, and have a downstream Sitl immu-
nity gene [12]. SitA contains a signal peptide with N-terminal
lipoprotein and has a C-terminal nuclease domain which was
detected using SignalP6 [24] and HHpred 3.3.0 [25] search
against PDB [26], Pfam [27], and NCBI CDD [28] databases
respectively using default parameters. Also as reported by Vas-
sallo C et al. [11], the myxobacterial genome encodes for six
such polymorphic toxin families, with SitA1 and SitA2 be-
longing to one family because of high sequence identity and
the remaining SitA3 to SitA7 belonging to individual toxin
families. The presence of these six families of toxin proteins
in our dataset was detected by a homology search against the
database consisting of these SitA proteins as reported previ-
ously [11].

Genomic island and prophage region detection

All M. xanthus strains considered in this study along with
those complete assembly myxobacterial genomes with consid-
erable counts of Mx-alpha homologs were subjected to ge-
nomic island detection using IslandViewer 4 [29] and sub-
sequent prophage region were detected using PhiSpy version
4.2.21 [30].

Results

Both complete assemblies are significantly
different in their genomic and proteomic content
The first draft genome assembly of Myxococcus xanthus DZ2,
MxDZ2_Kirby, had 87 contigs with a total of 9,271,183
base pairs of which 8,344,617 (90.01%) encoded for 7,512
proteins and 68 RNAs. Eight years later the first complete
genome assembly MxDZ2_Tam was published, which pos-
sesses 7,520 genes along with 82 RNAs encoded by 8,439,783
(90.17%) nucleotides out of a total of 9,359,382 base pairs.

Another complete genome assembly MxDZ2_Nan was pub-
lished in the subsequent year and had 8,431,926 (90.03%)
out of 9,365,783 base pairs encoding for 7,517 proteins
and 82 RNAs (Fig. 1). MxDZ2_Kirby is ~90kb smaller in
genome size as compared to both complete assemblies. Even
both the complete assemblies differ by 6,401 base pairs with
MxDZ2_Nan being the larger one. Mauve alignment revealed
that both complete assemblies have large-scale genomic rear-
rangements as compared to each other showcasing inversions
(Fig. 2). Moreover, both genomes also show rearrangements
as compared to M. xanthus DK 1622, the genome of their
nearest relative (Fig. 3, Supplementary Fig. S1). Alignment of
both MxDZ2 assemblies with MxDK1622 revealed that the
MxDZ2_Tam is more syntenic and ordered as compared to
MxDZ2_Nan assembly (Fig. 3).

Duplicated genes at 5" and 3’ ends suggest that
both assemblies are not circular as reported earlier

Most myxobacteria have been reported to have a single cir-
cular chromosome, especially the close relative of MxDZ2,
i.e. M. xanthus DK 1622 [18]. Our analysis disclosed that
although MxDZ2_Tam and MxDZ2_Nan are complete as-
semblies, they do not represent a circular genome. Homology
analysis detected several duplicated proteins present in an or-
der at the beginning and end of the genomic sequences within
each complete assembly. From MxDZ2_Tam blastp analysis,
it was found that proteins 1-10 (RS37890 - RS00050) were
homologous to proteins 7510-7519 (RS37835 - RS37880),
respectively. However, protein sequence similarity could not
be detected between protein 11 (RS00050) and protein
7520 (RS37885) but their nucleotide sequence similarity
was revealed by blastn analysis. Similarly, in the case of
MxDZ2_Nan assembly, blastp analysis detected proteins 1-
14 (RS00005 - RS00070) had sequence similarity with pro-
teins 7502-7515 (RS37900 - RS37965) respectively and pro-
tein 15 (RS00075) exhibiting sequence similarity with pro-
teins 7516 and 7517 (RS37970 and RS37975). These redun-
dant proteins were removed while keeping the longer pro-
tein sequences followed by truncation for both MxDZ2_Tam
and MxDZ2_Nan assemblies resulting in 7509 and 7501 en-
coded proteins and their genome sizes decreased by 13,097
(0.13%) and 19,530 (0.21%) base pairs, respectively (Fig.
1). In the raw assemblies, MxDZ2_Nan was 6.4kb larger
than MxDZ2_Tam; however, after circularization, this study
revealed that MxDZ2 Tam is only 32 bp larger than
MxDZ2_Nan, showcasing the extent of more duplicated ends
in MxDZ2_Nan, that has been truncated now.

Whole genome alignment revealed the
requirement of reverse complementation of one of
the complete assemblies

Origin of replication (oriC) sites were detected at 1,023,040
- 1,023,346 bp and 141,035 - 141,341 bp for MxDZ2_Tam
and MxDZ2_Nan, respectively. In order to start the genome
sequence from oriC, 1 - 1,023,039 nt and 1 - 141,034 nt
were truncated from the beginning of the genome sequence
of MxDZ2_Tam and MxDZ2_Nan respectively and added to
the end of the sequence. The rearranged genomic sequences of
MxDZ2_Tam and MxDZ2_Nan were aligned to each other
revealing that they were reverse complement to each other
(Figs 2 and 3).
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Forty variations make rearranged circularized
complete assemblies different by 32 bps

Based on the realignment of both circularized complete as-
semblies, 40 variations were detected of which 38 were in-
dels and two were substitutions. Within 35 out of 38 indels,
MxDZ2_Nan assembly had a missing base whereas in the re-
maining three indels, MxDZ2_Nan had an additional cytosine
base as compared to MxDZ2_Tam. The only two identified
substitutions were transversions (C-A/T-G) (Supplementary
Table S1).

Of the forty identified variations, twenty-four were present
in the coding region in both assemblies, with two being sub-
stitutions and twenty-two being indels (Supplementary Table
S1). Out of these twenty-two indels, in seven cases, one indel
per ORF led to a frameshift mutation resulting in different
amino acids across the protein length, however, the reported
proteins are of equal lengths with protein in one of the assem-
blies having multiple stop codons, which is because of wrong
translation. Moreover, in one case, we found seven indels in
one single ORF, causing several frameshift mutations across
the protein length, but the gene calling, and annotation have
predicted almost the same length for both assemblies with
one having multiple stop codons in between. In one example,
Nan_RS36290 and Tam_RS06590 are 926 and 927 base pairs
with eight and seven guanine base repeats, respectively. The
predicted protein length (308 amino acids) is similar but mul-
tiple stop codons are present in MxDZ2_Nan protein due to a
change in its reading frame. MxDZ2_Kirby and MxDZ2_Tam
genes are completely identical.

Besides these frameshift mutations, seven cases were iden-
tified in which a mutation has led to frameshift muta-
tion in either of the complete assemblies resulting in the
reading frame reaching a stop codon early and splitting
up of a single protein into two proteins, thus predict-
ing short proteins in one of the assemblies. In one of the
cases, Nan_RS29755 and Tam_RS13120 share a point mu-
tation in which Tam_RS13120 has four cytosine (comple-
ment) base repeats, which is three in Nan_RS29755 lead-
ing to a frameshift mutation resulting in early reading of
stop codon in Nan_RS29755. Tam_RS13120 is a protein of
length 219, which has shared homology with two proteins
in MxDZ2_Nan assembly: Nan_RS29755 of length 151 and
Nan_RS29760 of length 68. MSA with MxDZ2 Kirby re-
vealed that Kirby_RS0202735 also has four guanine repeats,
similar to MxDZ2_Tam assembly.

In the above-mentioned fifteen cases, it was vividly ob-
served that 14 of them have occurred where a particular base
especially cytosine or guanine was present multiple times at
that position of the genome. Also, alignment with homologs
in MxDZ2_Kirby displayed that in 14 out of the 15 cases,
MxDZ2_Kirby was exactly like MxDZ2_Tam.

Also, there are three instances in which a mutation has led
to frameshift mutations causing the reading frame to reach
a stop codon early resulting in a shorter protein. For exam-
ple, in first case, Nan_RS32920 and Tam_RS09970 share a
point mutation in which Tam_RS09970 has a thymine base
which is absent in Nan_RS32920 leading to a frameshift mu-
tation and early stop codon reading in Tam_RS09970 mak-
ing it shorter by 314 amino acids. Nan_RS32920 is of 2255
bases encoding 751 amino acids and Tam_RS09970 is 1314
bases in length translating into 437 amino acids where the re-
maining 942 bases become a part of the non-coding region.

Kirby_RS0217305 does not have adenine (complement), like
MxDZ2_Nan assembly. Unlike other cases in which ~93%
(14 out of 15) of MxDZ2_Kirby was like MxDZ2_Tam,
here in the above two out of three cases MxDZ2_Kirby was
similar to MxDZ2_Nan. Moreover, we also encountered a
special case in which MxDZ2_Kirby was similar to neither
MxDZ2_Tam nor MxDZ2_Nan.

Additionally, there were 16 variations detected in the
non-coding region of the genome(s), of which six were in
MxDZ2_Nan non-coding region, four in MxDZ2_Tam non-
coding region and six in the non-coding region of both
genomes. In one such example, Tam_RS12675 shared an in-
del with the non-coding region preceding Nan_RS30200 in
which Tam_RS12675 had 10 guanine (complement) base re-
peats which was nine in the case of Nan_RS30200. Com-
pared with MxDZ2_Kirby, it was found that MxDZ2_Kirby
also had nine repeats in the non-coding region, similar to
MxDZ2_Nan assembly.

MxDZ2_Kirby was used as a reference to build a
consensus sequence for M. xanthus DZ2

MxDZ2 _Kirby can be considered as a better assembly amidst
these three because of utilizing short 454 reads which have
more coverage and fewer associated errors (like Illumina) [31]
as compared to Nanopore or PacBio. Therefore, to determine
which of the above indels or substitutions must be correct in
the M. xanthus consensus DZ2 genome, we took help from
the genomic sequence of MxDZ2_Kirby and assigned that re-
spective base present in MxDZ2_Kirby to the consensus se-
quence (Fig. 2). It must be noted that 26 out of 40 varia-
tions are shared between MxDZ2_Tam and MxDZ2_Kirby,
while the remaining 14 out of 40 align with MxDZ2_Nan
and MxDZ2_Kirby. This distribution clearly suggests that mi-
nor errors likely accumulated randomly in both assemblies es-
pecially in the low-complexity regions, which is an expected
phenomenon given the use of two different PacBio sequencing
runs. Based on this we report a curated consensus sequence
of M. xanthus DZ2 with 9,346,278 base pairs accounting
for 68% GC content (1,458,168 adenine, 1,452,555 thymine,
3,216,865 guanine, and 3,218,690 cytosine).

M. xanthus DZ2 encodes for three Mx-alpha units
in tandem within its genome

Mx-alpha is a polyploid prophage region involved in kin dis-
crimination via the presence of a toxin-antitoxin cassette. The
toxin is delivered through outer membrane exchange and the
organisms lacking the antitoxin gene are killed [7]. Two of
three M. xanthus strains (DZ2 and DZF1) considered in this
study have three Mx-alpha units, whereas M. xanthus DK
1622 has a deletion of ~200 kb at 2,127,393 base pairs, re-
sulting in the presence of only one of these units (Fig. 3). As
reported by Dey A et al. [7], Mx-alpha unit in M. xanthus
DK 1622 spans from MXAN_1800 to MXAN_1901 whose
corresponding updated locus tags are from MXAN_RS08710
to MXAN_RS36675. M. xanthus DZF1 encompasses three
Mx-alpha units arranged within 16 contigs. M. xanthus DZ2
has three Mx-alpha units encoded within the following lo-
cus tags: for MxDZ2_Tam - RS13240 to RS13765, RS13845
to RS§14290, and RS14310 to RS14820; for MxDZ2_Nan -
RS29640 to RS29115, RS29035 to RS28590, and RS28570
to RS28055.
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Figure 4. Distribution of SitA and other Mx-alpha region-encoded proteins across myxobacterial phylogeny. The concatenated alignments of 235
single-copy orthologous genes were used to build a maximum likelihood phylogeny of selected members of the phylum Myxococcota along with
Bdellovibrio bacteriovorus as an outgroup. The terminal taxa labels in black and red color represent complete and draft assemblies respectively, whereas
the colored strip indicates the “order” lineage to which each species belongs. The second panel of boxes represents the six families of SitA proteins
where a purple color box indicates the presence of proteins belonging to that family whereas a white box indicates its absence. Two bar plots provide
the number of homologs within all detected Mx-alpha regions; the first bar plot is the exact number of orthologous genes detected with the
abovementioned parameters in the analysis, and the second one is an extended count of the same where the number of genes was calculated based on
the first and the last homolog that was detected. It must be noted that the majority of the genes in these Mx-alpha regions are present in synteny but
with lesser sequence identity, because of which, there is a difference in the two bar plot numbers. On average, each Mx-alpha region has 80-100 genes.

Homologs of Mx-alpha were detected in our
selected dataset of myxobacteria

Utilizing orthology analysis, we detected Mx-alpha genes en-
coded within other myxobacteria ranging from 1 to 136 ho-
mologs per copy within our dataset, which increases to a max-
imum of 191 proteins in case of extrapolated counts (Fig. 4).
On average, the class Myxococcia has higher counts of these
homologs compared to Polyangia. Surprisingly, a few order
Haliangiales members, especially from family Kofleriaceae in-
cluding Haliangium ochraceum depict the presence of a large
number of Mx-alpha genes in their genomes. Within Myxo-
coccia, the families Anaeromyxobacteraceae and Vulgatibac-
teraceae have the least Mx-alpha genes with Anaeromyxobac-
teraceae having just 2 or 3 genes and Vulgatibacteraceae hav-
ing just 1 gene. Similarly, the presence of several families of
SitA proteins was found to be more prominent in Myxococ-
cia than in Polyangia (Fig. 4).

Prophage region lies within Mx-alpha unit which in
turn lies within genomic island(s)

Genomic islands are non-native clusters of genes in the bacte-
rial genome which are acquired through horizontal gene trans-
fer events whereas prophage regions are a subset of genomic
islands harboring phage-like genes. Analysis of the complete
genomes in our dataset revealed a significant number of Mx-
alpha homologs (Figs 5 and 6), identified in five organisms:
Myxococcus macrosporus DSM 14697, Myxococcus fulvus
124B02, Stigmatella aurantiaca DW4/3-1, Archangium vi-
olaceum SDU34, and Haliangium ochracewrm DSM 14365,
along with M. xanthus spp. Notably, Mx-alpha regions were

consistently located within one genomic island or spanned
two genomic islands, further encompassing prophage regions
(Fig. 6). The number of Mx-alpha units varied from zero to
three across our myxobacterial dataset with only M. xanthus
DZ2 and M. xanthus DZF1 exhibiting the maximum count
of three Mx-alpha units (Fig. 6).

Phylogenetic analysis of conserved Mx-alpha genes
classified Mx-alpha regions

Subsequently, we utilized the phylogenetic analysis consider-
ing the core orthologs of Mx-alpha genes (Fig. 5) to clas-
sify the Mx-alpha regions but most of them could not com-
pletely resolve the Mx-alpha regions even within M. xan-
thus. Only orthologs of MXAN_RS08880, MXAN_RS08910,
MXAN_RS09000, and MXAN_RS09080 were able to re-
solve Mx-alpha units of M. xanthus but the single gene, as
well as concatenated gene phylogenies, could not resolve the
Mx-alpha classification for the rest of the organisms (Fig. 5,
Supplementary Fig. S2).

SitA1, SitA2, and SitA3 were identified using their
distinct domain architecture

As reported for M. xanthus, each Mx-alpha region con-
tains a toxin gene sitA, which is responsible for killing non-
kin species/strains not encoding its antitoxin counterpart
sitl, which is always present downstream of sitA. The three
SitA proteins associated with the three Mx-alpha units in
MxDZ2_Tam are: RS38135, RS14285 and RS14805 and
in MxDZ2_Nan are: RS29120, RS28595, and RS28070.
For all the M. xanthus strains considered in this study, the
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proposed classification by Dey A et al. [7] and our observations.

SitA1 protein showed high probability hits with PF14414.9
(Pfam domain), which is a nuclease belonging to the su-
perfamily of HNH/ENDO VII with conserved WHH. Sim-
ilarly, SitA2 protein showed hits with 3ZBI_I, which is a
bacterial type IV secretion system and SitA3 showed hits
with 4G6V_G, which is a CdiA-CT/Cdil toxin and im-
munity complex (Supplementary Table S2). However, N-
terminal signal peptide was not detected in SitA1 homologs,
i.e. Tam_RS38135 and Nan_RS29120, but lipoprotein sig-
nal peptide was detected in the proteins preceding them. In
the case of SitA3, Tam_RS14805 did not show the pres-
ence of signal peptide, but it was present in Nan_RS28070
(Supplementary Table S2). We believe that these two cases
have arisen because of gene annotation problems and signal
peptide should be a part of SitA proteins.

In MxDZ2_Tam and MxDZ2_Nan, three SitA proteins are
associated with each of the three Mx-alpha subunits. Conse-
quently, homologs of SitA1, SitA2, and SitA3 were utilized as

molecular markers to differentiate between Mx-alpha 1, Mx-
alpha 2, and Mx-alpha 3 within the dataset of myxobacte-
ria. For Stigmatella aurantiaca DW4/3-1, two SitA proteins
associated with the two Mx-alpha regions exhibited homol-
ogy with SitA2 proteins of MxDZ2_Tam and MxDZ2_Nan.
These proteins also showed significant alignment with 703],
a type IV secretion system in bacteria. These observations sug-
gest a possible duplication of Mx-alpha 2 unit in this organism
(Fig. 6, Supplementary Fig. S2). However, SitA homologs were
not detected within the Mx-alpha regions of Archangium vio-
laceum SDU34, Haliangium ochraceurn DSM 14365, and one
of the Mx-alpha regions in Myxococcus macrosporus DSM
14697. As a result, Mx-alpha classification based on SitA pro-
teins could not be conducted for these three cases.

SitA also has a downstream immunity protein Sitl, which
renders protection to species from the toxicity of SitA. We
looked into the domains associated with Sitl proteins and
found that SitI1 showed hits with 3DSP, which belongs to
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the well-known SUKH-1 superfamily of primary bacterial
immunity proteins, Sitl2 showed hits with PF19794.2 and
PF12713.10, which are mostly domains of unknown function
and SitI3 showed hits with PF09816.12, which is known to
activate transcription elongation by facilitating the binding of
RNA polymerase II (Supplementary Table S2). Based on these
directions, we were able to identify all SitA and Sitl homologs
and used them in the classification of Mx-alpha regions.

MglA and MgIB were detected near the end of the
genomic island containing Mx-alpha 3

In M. xanthus, A (Adventurous) and S (Social) motility is
known to be regulated by several genes including a gl operon
consisting of two core genes, mglA and mgIB, which are
present widely in myxobacterial genomes. Our analysis de-
tected the presence of these two genes in a syntenic manner
towards the end of the genomic island containing Mx-alpha
3 in M. xanthus DK 1622, MxDZ2_Tam, and MxDZ2_Nan.
Further, we detected the presence of these two genes in con-
tig 21 of M. xanthus DZF1, which is the last contig contain-
ing Mx-alpha 3. Hence, the presence of these genes in the ge-
nomic islands that harbor Mx-alpha regions can be consid-
ered in the classification of those units within the five organ-
isms. MglA and MglB were also encountered at the end of
the genomic island of Archangium violaceum SDU34 and in
the second genomic island of Myxococcus macrosporus DSM
14697, allowing us to classify those Mx-alpha regions in re-
spective organisms. However, we were not able to classify the
Mx-alpha regions within Haliangium ochraceum DSM 14365
using abovementioned strategies (Fig. 6).

Discussion

Independent sequencing efforts for a singular bacterial strain
are uncommon, leading to the assumption that existing com-
plete genome assembly represents the most accurate version
available. However, discrepancies in genomic architecture and
sequence among apparently identical strains pose significant
challenges for experimental and computational analyses. In
such instances, elucidating genuine genetic disparities and
consolidating them into a consensus assembly is imperative
for facilitating research on this model organism.
Myxococcus xanthus, the model organism of the group of
bacteria known as myxobacteria, has a genome size of around
9MDb encoding for approximately seven thousand genes. Mul-
tiple strains of M. xanthus with varying assembly quality
have been reported in the NCBI database (https://www.ncbi.
nlm.nih.gov/genome/browse#!/prokaryotes/) in the last two
decades. This study focuses on three assemblies of the M. xan-
thus DZ2 strain submitted by independent research groups.
The first, reported in 2013, is a contig-level assembly gener-
ated by John Kirby’s group using 454 GS-FLX Titanium tech-
nology. In contrast, two subsequent assemblies, submitted in
2022 and 2023, are complete genome assemblies produced
by Tam Mignot’s group using PacBio long high-fidelity (HiFi)
reads and Beiyan Nan’s lab employing a combination of DNB-
SEQ and PacBio HiFi sequencing technologies, respectively.
We systematically examined the genomic variations be-
tween these assemblies to provide a comprehensive under-
standing of the factors contributing to such disparities and to
establish a foundation for a consensus assembly. The present
study identified 11 and 16 repetitive proteins at both ter-

mini of the MxDZ2_Tam and MxDZ2_Nan assemblies, re-
spectively, with genomic segments that are reverse comple-
ments of their counterparts in the alternative assembly. Fol-
lowing circularization and rearrangement of their respective
assembly sections, a total of 40 variations were detected in
low-complexity regions having polynucleotide repeats, out of
which 62.5% (25 mutations) are localized within the coding
regions, impacting the final translated protein. Although both
assemblies have been sequenced using PacBio HiFi technol-
ogy which claims to be more than 99.5% accurate for long-
read sequencing [32], there is still a probability that these vari-
ations are sequencing errors in one of the assemblies since
PacBio encounters difficulties in accurately resolving low-
complexity regions. Conclusively, the first part of this study
generated the circular chromosome versions of MxDZ2_Tam
and MxDZ2_Nan assemblies using both end trimming, oriC
site identification, and circularization methods and further
used MxDZ2_Kirby as a reliable reference for resolving indels
and substitutions. Consequently, we present a curated consen-
sus sequence of M. xanthus DZ2 comprising 9,346,278 base
pairs with 68% GC content.

It has been reported earlier that a closely related strain to
Myxococcus xanthus DZ2, i.e. M. xanthus DK 1622, exhibits
differences in the number of Mx-alpha regions, with the lat-
ter harboring a deletion of two out of three Mx-alpha regions.
Therefore, this study further investigated the homologs of Mx-
alpha regions across sixty-one diverse myxobacterial species
out of which Myxococcus macrosporus DSM 14697, Myx-
ococcus fulvus 124B02, Stigmatella aurantiaca DW4/3-1,
Archangium violaceurn SDU34, and Haliangium ochraceum
DSM 14365 were identified having these regions along with
M. xanthus spp. However, none of these species exhibited
three Mx-alpha regions akin to M. xanthus DZ2 and DZF1.
We classified the Mx-alpha regions across these species using
the phylogeny of conserved ortholog proteins, SitA protein ho-
mologs, and subsequent domain analyses. Syntenic presence of
two widely present myxobacterial motility genes, mglA and
mgIB, also helped in the classification of Mx-alpha regions,
and hence, we were able to classify Mx-alpha regions in four
out of five organisms (Fig. 6). To address this classification am-
biguity, further experimental studies are recommended, specif-
ically, competitive assays involving H. ochraceum and species
harboring diverse combinations of Mx-alpha regions could
provide insights into the functional and evolutionary signif-
icance of its unclassified Mx-alpha units.

Variations in Mx-alpha regions, even within three closely
related strains of M. xanthus (DK 1622, DZ2, and DZF1) are
well known to influence kin selection, allowing adaptation in
diverse ecological settings [12]. The sporadic distribution and
evolutionary divergence of Mx-alpha regions across the phy-
lum Myxococcota, as studied in this work, suggest that these
genetic elements may be functionally significant beyond their
role in kin selection, potentially influencing broader aspects
of myxobacterial physiology, development, and ecological in-
teractions. As most of the studies on these regions have been
focused on M. xanthus only, further exploration across di-
verse myxobacterial species is critical to comprehensively un-
derstand the evolutionary dynamics and adaptive significance
of Mx-alpha regions within this phylum.

In conclusion, the authors would also like to argue that the
computational data must be cross-checked for such redun-
dancy before submitting it online. Notably, these two com-
plete assemblies were not quality-checked before submitting
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to the NCBI and published as an article as they have redun-
dant sequences in the end and do not qualify as a circular
genome. Both genomes have been submitted as a circular as-
sembly as depicted in their Nucleotide pages (MxDZ2_Tam
and MxDZ2_Nan) and publications [9, 10]. These assemblies
differ from each other by 6.4 kb despite originating from
the same strain obtained from a shared culture collection.
These discrepancies challenge the assumption of equivalence
and underscore the need to investigate the root cause of these
differences. The final circular versions of MxDZ2_Tam and
MxDZ2_Nan assemblies have 13,097 (0.13%) and 19,530
(0.21%) base pairs lesser as compared to their submitted ver-
sion. This further highlights the requirement for tools that
can easily detect such issues in genome assemblies and further
recommends that experimental and computational biologists
should be more aware of quality checks before submitting and
publishing data in open access.
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