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Abstract: Bacterial endosymbionts, in genera Wolbachia and Cardinium, infect various arthropods and
some nematode groups. Manipulating these microbial symbionts presents a promising biocontrol
strategy for managing disease-causing parasites. However, the diversity of Wolbachia and Cardinium
in nematodes remains unclear. This study employed a genome skimming strategy to uncover their
occurrence in plant-parasitic nematodes, analyzing 52 populations of 12 species. A metagenome
analysis revealed varying endosymbiont genome content, leading to the categorization of strong,
weak, and no evidence for endosymbiont genomes. Strong evidence for Wolbachia was found in
five populations, and for Cardinium in one population, suggesting a limited occurrence. Strong
Wolbachia evidence was noted in Pratylenchus penetrans and Radopholus similis from North/South
America and Africa. Heterodera glycines from North America showed strong Cardinium evidence. Weak
genomic evidence for Wolbachia was observed in Globodera pallida, Meloidogyne incognita, Rotylenchus
reniformis, Pratylechus coffeae, Pratylenchus neglectus, and Pratylenchus thornei; for Cardinium was
found in G. pallida, R. reniformis and P. neglectus; 27/52 populations exhibited no endosymbiont
evidence. Wolbachia and Cardinium presence varied within nematode species, suggesting non-obligate
mutualism. Wolbachia and Cardinium genomes differed among nematode species, indicating potential
species-specific functionality. This study advances knowledge of plant-parasitic nematode–bacteria
symbiosis, providing insights for downstream eco-friendly biocontrol strategies.
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1. Introduction

Advancements in sequencing technologies have revolutionized the field of applied
microbiology, enabling researchers to explore complex microbial communities with unprece-
dented depth and precision. Among these cutting-edge approaches, genome skimming
has emerged as a rapid and efficient tool for analyzing genomes of organisms and their
associated microorganisms [1,2]. One of the key applications of genome skimming in
applied microbiology lies in the investigation of microbial symbioses. Symbiotic relation-
ships between microbes and their host organisms play a pivotal role in shaping various
ecological processes and can have profound implications for human health, agriculture,
and the environment. With the ability to efficiently and cost-effectively analyze the genetic
material from diverse samples, genome skimming has enabled researchers to uncover
previously unknown associations between microbes and their hosts [1]. Managing disease-
causing parasites through the manipulation of their microbial partners offers a promising
avenue for biological control (‘biocontrol’), potentially reducing the use of chemical con-
trols. Plant-parasitic nematodes are ubiquitous in agricultural soils, and losses caused by
plant-parasitic nematodes are estimated to be over USD 100 billion globally [3,4]. Over
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4100 plant-parasitic nematode species have been described, and they are considered one of
the most important agricultural pests [5]. The ‘top ten’ damaging plant-parasitic nematodes
include the root knot nematode (Meloidogyne), cyst nematodes (Globodera and Heterodera),
root-lesion nematode (Pratylenchus), burrowing nematode (Radopholus), bulb and stem
nematode (Ditylenchus), pine-wilt nematode (Bursaphelenchus), reniform nematode (Roty-
lenchulus), dagger nematode (Xiphinema), potato rosary nematode (Nacobbus), and foliar
nematode (Aphelenchoides) [6]. The most common plant-parasitic nematode control strategy
is the use of fumigant and non-fumigant nematicides. Although nematicides offer effective
strategies that are widely implemented around the world, these compounds can also be
toxic and cause damage to human health and the environment [7,8]. These limitations
of nematicide-based management have motivated a search for alternative methods for
nematode management such as cultural and biological control.

Managing plant-parasitic nematodes through the manipulation of their microbial
symbionts is an appealing biocontrol strategy to combat plant-parasitic nematodes. The
development of symbiont-dependent biocontrol strategies depends on the knowledge of
functional relationships between specific symbionts and their hosts. Simply put, if the
microbial symbionts have parasitic effects that reduce the fitness of target host, then the
biocontrol strategy centers on symbiont spread. If the symbionts are beneficial to hosts,
then symbiont demise is the biocontrol goal.

Bacterial endosymbiosis in plant-parasitic nematodes has received limited research
attention, with the exception of the bacterial genus Pasteuria [9]. Pasteuria is an obligate
bacterial parasite of plant-parasitic nematodes that has shown promise as a biocontrol
agent [10,11]. Pasteuria endospores persist in the soil until a suitable host nematode comes
into physical contact with the bacterium. Once the Pasteuria spores adhere to the nematode
cuticle, they germinate and invade the body of the infected nematode; when an infected
host dies, new spores are released to the environment. Therefore, Pasteuria are transmitted
horizontally between hosts. Pasteuria bacteria act in a species-specific manner, and most
economically important plant-parasitic nematode species are affected by some member of
this group of bacteria [12]. For example, Pas. penetrans infects Meloidogyne sp., Pas. thornei
infects Pratylenchus sp., and Pas. nishizawae infects Heterodera and Globodera [13,14].

Other important bacterial endosymbionts reported in plant-parasitic nematodes so far
include Wolbachia, Cardinium, and Xiphinematobacter [15]. Unlike Pasteuria, these bacteria
are vertically transmitted through the maternal germline of host nematodes. These three
endosymbionts infect some of the most agriculturally important plant-parasitic nematodes.
Xiphinematobacter is a species-specific endosymbiont that occurs in at least 27 species
of Xiphinema spp. globally [15,16]. Xiphinematobacter is hypothesized to be an obligate
mutualist with a possible role associated with plant-parasitic nematode nutrition [17].
Cardinium has been reported in three species of Heterodera (H. glycines, H. avenae, and H.
goettingiana), G. rostochiensis, and Pratylenchus penetrans [18–20]. In P. penetrans, Cardinium
is reported to co-occur with Wolbachia [1,20,21]. The role of Cardinium in plant-parasitic
nematodes remains unclear, though it is speculated that Cardinium endosymbionts are mild
parasites or commensal symbionts [18,19]. To date, Wolbachia has been reported in two
species of Radopholus (R. similis and R. arabocoffeae) and in P. penetrans [21,22]. A previous
study suggests the potential association of Wolbachia infection with host reproductive
manipulation in P. penetrans [21].

Although knowledge on Wolbachia and Cardinium distribution, diversity, and func-
tional impacts in plant-parasitic nematodes is limited, more is known about these endosym-
bionts in arthropods. Cardinium occurs in the arthropod orders Hymenoptera, Hemiptera,
Diptera, and Arachnida, where it occurs in 6–7% of species [15]. Cardinium is not known
to occur in other nematode groups outside those plant-parasitic nematode genera where
it has been characterized [15]. Wolbachia is widespread and well-studied in arthropods,
and is known to occur in some filarial animal-parasitic nematodes [23]. It is estimated that
more than 65% of the arthropod species carry Wolbachia (e.g., Hymenoptera, Lepidoptera,
Heteroptera, Crustacea, Collembola, Coleoptera, and Arachnida) [24].
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Both Cardinium and Wolbachia are associated with various modes of reproductive
manipulation in their hosts. Cytoplasmic incompatibility (CI) is the most common repro-
ductive abnormality caused by Wolbachia and Cardinium endosymbionts. CI is a form of
conditional sterility in which no viable offspring are produced when infected males mate
with uninfected females. These phenotypes can be exploited for environment-friendly
biocontrol methods for agricultural pests. In fact, Wolbachia has been the target for many bi-
ological control measures in arthropods and filarial nematodes. For example, Wolbachia has
been used in male-release programs to control mosquitoes where it acts as a reproductive
manipulator [25]. In contrast, Wolbachia is an essential mutualist in filarial nematode species,
and simple antibiotic treatments targeting the endosymbiont are used in filarial nematode
control schemes [26]. Development of endosymbiont-based biocontrol in plant-parasitic
nematodes, however, will require an improved understanding of symbiont occurrence and
their functional effects, as well as their genomic diversity. Accordingly, this study focused
on uncovering the range of plant-parasitic nematode species infected by Wolbachia and
Cardinium endosymbionts, followed by a comparative analysis of the symbiont genomes.

Historically, the main endosymbiont discovery methods involved transmission elec-
tron microscopy (TEM), Fluorescent In Situ Hybridization (FISH), and Polymerase Chain
Reaction (PCR) [16,17,21,22,27]. These methods are often effective, but can be time and
labor-intensive (particularly with TEM and FISH methods) and can also be biased and
potentially lead to false negatives (especially for PCR-based approaches). To determine the
presence of bacteria in eukaryotic tissues via TEM requires fixed and stained preparations of
host cells [28,29]. FISH requires surface sterilization and the fixing of the samples, followed
by probe hybridization and confocal microscopy; all utilize sophisticated techniques [16,17].
Both TEM and FISH approaches require significant effort when scaling to many samples.
One constraint associated with PCR-based approaches is the trade-off between primer
sensitivity and specificity; more sensitive primers lack specificity [30]. The PCR bias could
be due to primer sensitivity, where some primers occasionally fail to amplify endosymbiont
DNA by a standard PCR, leading to false negatives. Thus, an improved understanding
of endosymbiont occurrence and distribution across many nematode species requires
alternative strategies that are easier to scale and less prone to bias.

Genome skimming has been demonstrated as an effective and affordable approach
to endosymbiont discovery that relies on high-throughput DNA sequencing technologies
(next-generation sequencing) [1,2]. In this method, all samples undergo low-coverage
whole genome sequencing (~10× coverage of the host genome), followed by an assembly
of DNA sequence reads into contigs (contiguous sequences). The resulting contigs are
then analyzed using tools such as blob-plots which display key DNA sequence parameters
(e.g., GC content and n-fold coverage) and BLAST-based similarity metrics as tools for
characterizing different DNA sequences present in the original sample. Thus, blob plots
offer effective bioinformatics tools for a range of applications including the “cleanup” of
contaminated DNA samples, DNA sources in difficult-to-disentangle host–parasite systems,
and the isolation of intracellular bacterial symbiont genomes from within a whole-organism
dataset [2]. In fact, Wolbachia and Cardinium endosymbionts in P. penetrans were discov-
ered utilizing the genome skimming approach with blob tools [1]. However, the extent
and diversity of Wolbachia and Cardinium endosymbionts in plant-parasitic nematodes
remains unclear. Knowledge on the range of plant-parasitic nematode species infected
by bacterial endosymbionts and their genomic diversity will advance our understanding
of plant-parasitic nematode–bacterial endo-symbioses and its potential for application in
biocontrol strategies.

In this study, a genome skimming strategy was applied to 52 samples representing
12 different plant-parasitic nematode species, including samples from North American,
South American, and African continents. The objectives of this study were: (1) to provide
insights into the range of plant-parasitic nematode species infected by Wolbachia and
Cardinium endosymbionts and (2) better understand the genomic diversity of bacterial
endosymbionts in plant-parasitic nematodes.
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2. Materials and Methods
2.1. Nematode Populations and Sampling

A total of 52 plant-parasitic nematode populations that consisted of 12 species in eight
genera were collected (Figure 1; Table 1). To obtain nematodes, multiple root and soil
samples were collected from different areas in a field randomly and then combined into
a single composite sample. Some soil and root samples were collected from greenhouse
pot cultures. Pratylenchus species were extracted from roots by intermittent mist [31]; root
samples were washed free of soil, cut into small pieces (<5 cm), placed on screens over
funnels draining into test tubes, and misted for 15 s at 2 min intervals for 5 days. To extract
nematodes from soil, Baermann funnels were used; 50 g of soil was placed on a Baermann
funnel and kept for 5 days. To extract eggs of some nematode species from roots, roots
were shaken in 0.05% NaOCl for 3 min. The solution was then poured over nested 170- and
500-mesh sieves, with eggs being retained on the latter. For Globodera pallida and Heterodera
glycines, eggs were liberated from cysts by cutting the cysts open under a microscope. For
all extractions, nematodes were collected in water and stored at 4 ◦C until DNA extraction.
The sampling locations include USA, Uganda, Nigeria, Costa Rica, Colombia, and Chile.
Samples from locations outside the USA were sent in DESS solution (dimethyl sulfoxide,
disodium EDTA, and saturated NaCl) and washed three times with deionized water before
extracting DNA [32,33].

Table 1. Plant-parasitic nematode samples collected for DNA extraction. Each sample consisted of
100–250 adults and/or juveniles or 1000 eggs, all obtained from different sites.

Nematode Species Location(s) Source(s) Number of Samples

Bursaphelenchus
cocophilus Costa Rica Juveniles from field 1

Globodera. pallida Idaho Eggs from field 7

Heterodera glycines Alabama, Missouri Eggs from culture 4

Meloidogyne incognita Alabama, California,
New York, Missouri Eggs from culture 4

Nacobbus aberrans Chile Juveniles from field 1

Rotylenchulus
reniformis

Alabama, Florida,
Mississippi, Hawaii

Eggs from culture,
Juveniles from field 5

Radopholus similis
Florida, Colombia,

Costa Rica, Uganda,
Nigeria

Adults and juveniles
from field 7

Pratylenchus penetrans Costa Rica, Oregon,
Chile

Adults and juveniles
from field 7

Pratylenchus coffeae Costa Rica Adults and juveniles
from field 3

Pratylenchus neglectus Montana, Oregon,
Chile

Adults and juveniles
from greenhouse
culture, and field

9

Pratylenchus thornei Oregon, Chile Adults and juveniles
from field 2

Pratylenchus vulnus California, Georgia Adults and juveniles
from field 2
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2.2. DNA Extraction, Library Preparation, and Genome Sequencing

Samples consisting of >100 nematodes of the same species were used for DNA ex-
traction. DNA isolation was performed using QIAampDNA Micro kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. The total genomic DNA was sheared
for 50 s using a Diagenode Bioruptor Pico (Diagenode, Inc., Denville, NJ, USA) to obtain
peak library fragment sizes of ~500 bp, and genomic libraries were prepared using the
NEBNext_Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich,
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MA, USA) following the manufacturer’s instructions. Whole genome sequencing was
performed using Illumina HiSeq 3000 for 2 × 150 bp reads (paired-end) at the Center for
Quantitative Life Sciences at Oregon State University. Raw reads are available from NCBI’s
Sequence Read Archive (SRA) under BioProject numbers PRJNA1026095, PRJNA679610,
and PRJNA541590.

2.3. Metagenomic Assembly and Blob Plot Generation

Following the genome sequencing, raw reads were trimmed to remove adaptors
and filtered for quality using bbduk—BBtools, (base calls with Phred quality score < 20
were excluded from read ends) (http://jgi.doe.gov/data-and-tools/bbtools, accessed on
29 January 2022). Quality-filtered reads were assembled de novo using metaSPAdes
version 3.12.0 [34] to obtain an assembly FASTA file. Contigs in the assembly that were
less than 300 bp were removed. Putative taxonomic assignments of the resulting filtered
contigs were investigated by comparing to NCBI non-redundant nucleotide database (nt)
using a mega-blast [2]. Here, individual contigs were assigned a phylum/genus based
on BLAST similarity (E-value < 1 × 10−25) to obtain a Contig-taxon ID file. Next, quality-
controlled reads were mapped back to the preliminary de novo assembly using BWA
mem (Burrows-Wheeler Aligner, version 0.7.12-r1039, Reference guided assembly) [35]
to produce an alignment BAM file. These three types of input files (assembly FASTA
files, alignment BAM files, and Contig-taxon ID files) were collated using a custom Perl
script and gc_cov_annotate.pl, and generated the blob plots using a ggplot2 package in R-
studio [2] (Figure 1). A total of 52 blob plots were analyzed for sub sets of DNA-sequenced
data that corresponded to single species’ genomes based on BLAST results.

2.4. Screening Metagenomic Assemblies for Bacterial Endosymbionts

Blob plots and blob plot tables were used to identify and visualize endosymbiont DNA
in each de novo assembly resulted from each nematode sample. The de novo assemblies
that had contigs identified as belonging to Wolbachia or Cardinium genera were sorted
for further analysis. One nematode sample (greenhouse P. penetrans) that was previously
demonstrated to carry Wolbachia and Cardinium was used as a positive control and a point of
reference to validate the endosymbiont occurrence in other samples [20,21]. For the green-
house P. penetrans sample, the organisms to be separated were the nematode, its bacterial
endosymbionts Wolbachia/Cardinium, and any other extra-cellular microorganisms.

2.5. Targeted Blasting and Endosymbiont Genome Isolation

Once the bacterial endosymbionts were identified in a nematode sample, the cor-
responding de novo assemblies were subjected to BLAST search against custom BLAST
databases. The custom BLAST databases were built utilizing the publicly available NCBI
reference genomes of Wolbachia and Cardinium (one custom database per genus). Contigs
in each assembly that matched the expected bacterial endosymbiont genera and had the
expected GC% (~35%) were isolated. Next, QUAST was used to calculate genome assembly
statistics [36]. The endosymbiont genome assembly statistics (size, GC content, N50, and
number of contigs) were then compared with the publicly available reference genomes
(NCBI accession numbers: ASM175266v1-Wolbachia, ASM317691v1-Cardinium) to assess
the assembly quality and completeness. Further, to assess assembly completeness in terms
of gene content, BUSCO (Benchmarking Universal Single Copy Orthologs, version 5.4.3)
analyses were conducted per assembly using 124 universal single-copy bacterial orthologs
(shared by 4085 bacterial species) [37]. This analysis was extended to the class level. In the
case of Wolbachia, 432 single-copy orthologous genes highly conserved among alphapro-
teobacteria were employed. For Cardinium, 768 single-copy orthologous genes highly
conserved among cytophagia were utilized. Finally, a conservative method was used to
distinguish “strong evidence” from “weak evidence” for the existence of an endosymbiont
in a given sample. This was conducted by setting threshold values based on the positive
control and publicly available endosymbiont reference genomes as follows:

http://jgi.doe.gov/data-and-tools/bbtools
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- “No evidence” = no contigs in the assembly matched the target endosymbiont.
- “Weak evidence” = some contigs in the assembly matched the target endosymbiont,

the total assembly size was >10%, but <65% of expected genome size and the missing
BUSCO percentage was >25%.

- “Strong evidence” = contigs in the assembly matched the target endosymbiont, with a total
assembly size > 65% of expected genome size; the missing BUSCO percentage was <25%.

Only the assemblies that met both thresholds (genome size and BUSCO score) were
used for further analysis.

2.6. Genomic Analyses of Bacterial Endosymbionts

Once bacterial endosymbiont(s) were detected in a certain plant-parasitic nematode
sample based on strong evidence, the assembled endosymbiont genome(s) were isolated for
comparative analyses. To investigate the population level variability among the endosym-
bionts, multiple genome alignment and pairwise genome comparisons were performed using
Mauve software version 2.4.0 [38]. For Wolbachia comparisons, genome assemblies of Wolbachia
from different P. penetrans and R. similis populations were used. For Cardinium comparisons,
genome assemblies of Cardinium from different H. glycines populations were used.

The contigs from the endosymbiont assemblies were first ordered against a reference
genome obtained from NCBI. This included a reference Wolbachia genome from P. penetrans,
hereafter known as Pp_Wol_Ref (NCBI accession number ASM175266v1), and a reference
Cardinium genome from H. glycines, hereafter known as Hg_Car_Ref (NCBI accession number
ASM317691v1). A second Cardinium reference genome, with one obtained from P. penetrans,
hereafter known as Pp_Car_Ref (NCBI accession number ASM378869v1), was included to
investigate the Cardinium diversity between different plant-parasitic nematode species.

Single-copy full length (complete) BUSCO genes were used as reliable markers for the
phylogenomic inference of the bacterial endosymbionts identified in this study. First, the
number of shared bacterial orthologous genes in endosymbiont genomes was computed.
Then, each individual gene corresponding to each genome was aligned and trimmed using
the ClustalW function of MEGA6 software; the IUB DNA weight matrix was used and
the gap-opening and extension penalties were set to 20 and 6.66 (default settings) [39].
Next, a concatenated matrix of all single-copy full length BUSCO genes was created and
aligned using the ClustalW function of MEGA6. To evaluate the diversity of endosymbiont
lineages in different nematode populations, phylogenomic trees were reconstructed by the
maximum likelihood method with 1000 bootstrap replicates in MEGA6.

3. Results
3.1. Metagenomic Assembly Statistics

First, we examined unrefined meta-genomic assemblies for 52 plant-parasitic nematode
populations, representing 12 different species from USA, Uganda, Nigeria, Costa Rica, Colom-
bia, and Chile (Table 1). Meta-assemblies yielded between ~5000 and ~320,000 contigs per
sample, with N50 values ranging from ~1000 bp to 26,000 bp (Table S1). The GC content of the
meta-assemblies ranged from ~30% to ~60% with an average GC content of ~45%. As bacterial
DNA was a predominant component of the metagenome assemblies, the observed GC content
was higher than that typically observed for nematodes (typical nematode genomes consist
of ~35% of GC) [40]. The samples yielded genome assembly sizes between ~15 to 400 Mb
(nematode and other DNA, together) with an average coarse genome size estimate of 154 Mb
(Table S1). The overall plant-parasitic nematode genome assembly patterns were consistent
with known nematode genome size ranges of 20 to 500 Mb [40].

3.2. Detection of Bacterial Endosymbionts

Once meta-assemblies were analyzed using blob plot approaches, nematode DNA was
distinguished from bacterial DNA. For the greenhouse P. penetrans, evidence for its known
bacterial endosymbionts Wolbachia and Cardinium [20,21,41] was observed as expected
(Figure 2a). Based on blob plots from our initial nt BLAST, we found evidence for Wolbachia
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in 18/52, and Cardinium in 12/52 nematode populations obtained from USA, Costa Rica,
Colombia, Uganda, and Nigeria (Table S2). Wolbachia was detected in 8/12 nematode
species, while Cardinium was detected in 5/12 nematode species investigated (Figure 3).
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Figure 2. Taxon-annotated blob plots for meta-genomic assemblies from six nematode samples:
(a) Pratylenchus penetrans, Oregon; (b) Pratylenchus penetrans, Costa Rica; (c) Radopholus similis, Uganda;
(d) R. similis, Colombia; (e) R. similis, Nigeria; (f) Heterodera glycines, Alabama. Sequences are
represented by circles in the plot with diameters proportional to sequence length and colored by
taxonomic affiliation. Gray: nematode and other; Blue: Wolbachia; Red: Cardinium. There is GC
proportion on the x-axis with coverage on the y-axis.
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Figure 3. Evidence for bacterial endosymbiont occurrence (Wolbachia and Cardinium) in 12 plant-
parasitic nematode species. “S” indicates strong evidence for the endosymbiont, “W” indicates weak
evidence for the endosymbiont, “N” indicates no evidence for the endosymbiont, and “L” indicates
evidence for the endosymbiont from scientific literature. The phylogeny is based on 18S rRNA;
Bayesian small subunit (SSU) rDNA tree of the Tylenchida [42].

3.3. Endosymbiont Assembly Isolation and Assessment—Wolbachia

Once the metagenomic assemblies underwent BLAST searches against custom Wol-
bachia BLAST database, 18 Wolbachia genome assemblies were isolated. Five of the Wolbachia
assemblies had the expected genome size (~0.9 Mb) based on the publicly available Wol-
bachia reference genome, Pp_Wol_Ref (Table 2), and were found in P. penetrans and R.
similis populations. These five Wolbachia assemblies yielded between 62 and 606 contigs per
sample, with N50 values ranging from ~2500 bp to 147,000 bp, and a GC content of ~32%
(Table 2). The remaining 13 isolated Wolbachia genome assemblies were between ~10% to
65% of the expected genome size.

To assess the completeness of endosymbiont genome assemblies in terms of gene con-
tent, BUSCO analysis was performed. Based on 124 single-copy orthologous genes that are
highly conserved among bacterial species, the BUSCO analysis resulted in fractions (%) of
single-copy (complete) genes, duplicated (complete) genes, fragmented genes, and missing
genes per endosymbiont genome (Table 3). For the five Wolbachia genome assemblies, the
percentage of complete genes, fragmented genes and missing genes ranged from 50.8 to
83.1%, 4 to 29%, and 12 to 20%, respectively (Table 3).
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Table 2. Genomic assembly statistics of Wolbachia and Cardinium bacterial endosymbionts obtained
from plant-parasitic nematode populations.

Endosymbiont Nematode
Species

Population and
Location

Assembly Size (Total
Length) (Mb) Contigs N50 (bp) GC %

Wolbachia Radopholus similis

Rs_5
Uganda

0.93
(927,058 bp) 62 29,283 32.98

Rs_14
Colombia

0.96
(956,972 bp) 99 22,841 32.76

Rs_N1
Nigeria

0.96
(957,370 bp) 68 34,063 33.27

Pratylenchus
penetrans

Pp_Cr
Costa Rica

0.97
(971,259 bp) 606 2460 32.30

* Pp_GH2
Oregon

1.03
(1,030,112 bp) 90 147,283 32.51

Cardinium

Heterodera glycines

Hg_Al
Alabama

1.11
(1,106,435 bp) 81 40,823 38.15

Hg_Aud
Missouri

1.48
(1,476,097 bp) 56 1,182,516 39.66

Pratylenchus
penetrans

Pp_Cr
Costa Rica

0.78
(775,416 bp) 739 1152 35.98

* Pp_GH2
Oregon

0.88
(880,451 bp) 621 1542 34.59

Included here are the genome assemblies with total assembly size that was >65% of expected genome size; i.e., >0.5 Mb
for Wolbachia, 0.7 Mb for Cardinium. All statistics are based on contigs of size ≥ 500 bp. “*” indicates positive control.

Table 3. BUSCO analysis results of Wolbachia and Cardinium genome assemblies based on 124 single-
copy orthologous genes that are highly conserved among bacterial species.

Endo-
Symbiont Host Population Complete

BUSCOs

Complete and
Single-Copy

BUSCOs

Complete and
Duplicated

BUSCOs

Fragmented
BUSCOs

Missing
BUSCOs

Wolbachia

Radopholus
similis

Rs_5
Uganda

100
(80.6%)

100
(80.6%) 0 8

(6.5%)
16

(12.9%)

Rs_14
Colombia

101
(81.5%)

101
(81.5%) 0 7

(5.6%)
16

(12.9%)

Rs_N1
Nigeria

101
(81.5%)

101
(81.5%) 0 7

(5.6%)
16

(12.9%)

Pratylenchus
penetrans

Pp_Cr
Costa Rica

63
(50.8%)

63
(50.8%) 0 36

(29%)
25

(20.2%)

* Pp_GH2
Oregon

103
(83.1%)

102
(82.3%)

1
(0.8%)

5
(4%)

16
(12.9%)

Pp_Wol_Ref 104
(83.9%)

104
(83.9%) 0 5

(4%)
15

(12.1%)

Cardinium

Heterodera
glycines

Hg_Al
Alabama

89
(71.8%)

89
(71.8%) 0 5

(4%)
30

(24.2%)

Hg_Aud
Missouri

72
(58.1%)

71
(57.3%)

1
(0.8%)

11
(8.9%)

41
(33.0%)

Hg_Car_Ref 88
(71.0%)

88
(71.0%) 0 5

(4.0%)
31

(25.0%)

Pratylenchus
penetrans

Pp_Cr
Costa Rica

45
(36.3%)

45
(36.3%) 0 31

(25%)
48

(38.7%)

* Pp_GH2
Oregon

43
(34.7%)

43
(34.7%)

0 28
(22.6%)

53
(42.7%)

Pp_Car_Ref 88
(70.9%)

83
(66.9%)

5
(4%)

4
(3.2%)

32
(25.9%)

“_Ref” indicates publicly available reference genomes. “*” indicates positive control.
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The genome assemblies were further assessed utilizing the BUSCO reference sets
curated to be specific to the classes. Based on 432 single-copy orthologous genes that
are highly conserved among alphaproteobacteria, the percentage of complete genes, frag-
mented genes and missing genes ranged from 53.7 to 73.1%, 2.3 to 15.7%, and 24.5 to 30.6%,
respectively (Table 4).

Table 4. BUSCO analysis results of Wolbachia and Cardinium genome assemblies based on 432
and 768 single-copy orthologous genes that are highly conserved among alphaproteobacteria and
Cytophagia, respectively.

Endo-
Symbiont Host Population Complete

BUSCOs

Complete and
Single-Copy

BUSCOs

Complete and
Duplicated

BUSCOs

Fragmented
BUSCOs

Missing
BUSCOs

Wolbachia

Radopholus
similis

Rs_5
Uganda

314
(72.7%)

314
(72.7%) 0 10

(2.3%)
108

(25%)

Rs_14
Colombia

314
(72.7%)

312
(72.2%)

2
(0.5%)

12
(2.8%)

106
(24.5%)

Rs_N1
Nigeria

316
(73.1%)

316
(73.1%) 0 10

(2.3%)
106

(24.5%)

Pratylenchus
penetrans

Pp_Cr
Costa Rica

232
(53.7%)

232
(53.7%) 0 68

(15.7%)

132
(30.6%)

* Pp_GH2
Oregon

315
(72.9%)

314
(72.7%)

1
(0.2%)

11
(2.5%)

106
(24.6%)

Pp_Wol_Ref 335
(77.5%)

334
(77.3%)

1
(0.2%)

8
(1.9%)

89
(20.6%)

Cardinium

Heterodera
glycines

Hg_Al
Alabama

298
(38.8%)

297
(38.7%)

1
(0.1%)

8
(1%)

462
(60.2%)

Hg_Aud
Missouri

291
(37.9%)

289
(37.6%)

2
(0.3%)

12
(1.6%)

465
(60.5%)

Hg_Car_Ref 297
(38.6%)

296
(38.5%)

1
(0.1%)

8
(1%)

463
(60.4%)

Pratylenchus
penetrans

Pp_Cr
Costa Rica

109
(14.2%)

109
(14.2%) 0 49

(6.4%)
610

(79.4%)

* Pp_GH2
Oregon

57
(7.4%)

56
(7.3%)

1
(0.1%)

36
(4.7%)

675
(87.9%)

Pp_Car_Ref 291
(37.9%)

268
(34.9%)

23
(3%)

12
(1.6%)

465
(60.5%)

“_Ref” indicates publicly available reference genomes. “*” indicates positive control.

Based on the assembly quality, we categorized endosymbiont detection into “strong
evidence” and “weak evidence” (see Section 2). Of the 18 nematode populations in which
Wolbachia DNA was detected, five had strong evidence while thirteen had weak evidence
(Table S2). Excluding the positive control, strong evidence for the Wolbachia occurrence was
observed in one newly analyzed P. penetrans population from Costa Rica and three newly
analyzed R. similis populations from Uganda, Colombia, and Nigeria (Figure 2b–e). Four
other P. penetrans populations and one other R.similis population showed weak evidence
for carrying Wolbachia (Table S2). Although P. penetrans and R. similis were expected to
carry Wolbachia [21,22,41], one P. penetrans population and three R. similis populations
included in this study did not show any evidence of the endosymbiont DNA in the meta-
assemblies (Table S2). Wolbachia was also detected in G. pallida, M. incognita, R. reniformis, P.
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coffeae, P. neglectus, and P. thornei; however, these populations had weak evidence for the
endosymbiont presence (Figure 3, Table S2).

3.4. Endosymbiont Assembly Isolation and Assessment—Cardinium

Once the metagenomic assemblies underwent BLAST searches against custom Car-
dinium BLAST databases, 12 Cardinium genome assemblies were isolated. Two of the
Cardinium assemblies obtained from H. glycines had the expected genome size (~1.2 Mb)
based on the publicly available Cardinium reference genome, Hg_Car_Ref (Table 2). An-
other two Cardinium assemblies obtained from P. penetrans had a genome size between
0.78–1.2 Mb which accounted for more than 65% of the expected genome size. The four
Cardinium assemblies mentioned above yielded between 56 and 739 contigs per sample,
with N50 values ranging from ~1200 bp to 1,200,000 bp, and a GC content of ~35% (Table 2).
The remaining eight isolated Cardinium assemblies had genome sizes that were between
~10% to 65% of the expected genome size.

According to the BUSCO analysis which was performed to assess the completeness of
Cardinium genome assemblies in terms of gene content, the following results were obtained.
Based on 124 single-copy orthologous genes that are highly conserved among bacterial species,
the percentage of complete genes, fragmented genes, and missing genes in the Cardinium
assemblies ranged from 34.7% to 71.8%, 4 to 25%, and 24.2 to 42.7%, respectively (Table 3).
The genome assemblies were further assessed utilizing the BUSCO reference sets curated to be
specific to the classes. Based on 768 single-copy orthologous genes that are highly conserved
among cytophagia, the percentage of complete genes, fragmented genes, and missing genes
ranged from 7.3 to 38.8%, 1 to 6.4%, and 60.2 to 87.9%, respectively (Table 4).

According to our “strong evidence” and “weak evidence” criteria to assess overall
assembly quality, the majority of the Cardinium assemblies were categorized as weak
evidence. From the 12 populations in which Cardinium DNA was detected, only one had
strong evidence, while 11 had weak evidence (Table S2). Cardinium was detected with strong
evidence in H. glycines population, from Alabama, (Figure 2f). Two other H. glycines sample
showed weak evidence for carrying the Cardinium endosymbiont (Table S2). Although H.
glycines, P. penetrans, and G. pallida were expected to carry Cardinium [18–20], one H. glycines
population, five P. penetrans populations, and six G. pallida populations investigated in this
study did not show any evidence of Cardinium DNA in the meta-assemblies (Table S2).
Weak evidence for Cardinium was observed in P. penetrans, G. pallida, P. neglectus, and R.
reniformis (Figure 3, Table S2). Neither endosymbiont was detected in B. cocophilus, N.
aberrans, and P. vulnus populations investigated in this study (Figure 3).

3.5. Genomic Analyses of Bacterial Endosymbionts

Based on strong evidence, we further analyzed five Wolbachia and one Cardinium
genome assemblies isolated from three plant-parasitic nematode species, i.e., two Wolbachia
assemblies from P. penetrans, three Wolbachia assemblies from R. similis, and one Cardinium
assembly from H. glycines. Compared to the publicly available genomes, these newly
sequenced and assembled genomes had comparable degrees of completeness (reference
data; genome size: Wolbachia = ~0.97 Mb and Cardinium = ~1.12 Mb; complete BUSCOs:
Wolbachia = ~80% and Cardinium = ~70%) (Table 3).

Of the 124 universal single-copy bacterial orthologs used for BUSCO analysis, the
Wolbachia reference genome, Pp_Wol_Ref, lacked 15 orthologs. The remaining 109 orthologs
were used for a comparative analysis of Wolbachia. Accordingly, 95/109 housekeeping
genes (complete and fragmented BUSCOs) were shared between the six Wolbachia genomes
obtained from plant-parasitic nematodes (including the reference genome). Wolbachia
obtained from three different R. similis populations shared 108/109 housekeeping genes,
of which 100 were complete BUSCOs. Wolbachia obtained from three different P. pene-
trans populations (including the reference genome) shared 96/109 housekeeping genes, of
which 60 were complete (Figure 4). These 60 complete genes were common to all six Wol-
bachia genomes analyzed. Maximum-likelihood phylogeny based on concatenation of the
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60 complete genes placed Wolbachia obtained from plant-parasitic nematodes in a separate
clade from Wolbachia obtained from filarial nematodes (Figure 5). Wolbachia obtained from
P. penetrans formed a sister clade at the root of the tree, while Wolbachia obtained from R.
similis formed a separate clade with high bootstrap support (Figure 5).

Appl. Microbiol. 2023, 3, FOR PEER REVIEW  14 
 

 

3.5. Genomic Analyses of Bacterial Endosymbionts 

Based on strong evidence, we further analyzed five Wolbachia and one Cardinium ge-

nome assemblies isolated from three plant-parasitic nematode species, i.e., two Wolbachia 

assemblies from P. penetrans, three Wolbachia assemblies from R. similis, and one Cardinium 

assembly from H. glycines. Compared to the publicly available genomes, these newly se-

quenced and assembled genomes had comparable degrees of completeness (reference 

data; genome size: Wolbachia = ~0.97 Mb and Cardinium = ~1.12 Mb; complete BUSCOs: 

Wolbachia = ~80% and Cardinium = ~70%) (Table 3). 

Of the 124 universal single-copy bacterial orthologs used for BUSCO analysis, the 

Wolbachia reference genome, Pp_Wol_Ref, lacked 15 orthologs. The remaining 109 

orthologs were used for a comparative analysis of Wolbachia. Accordingly, 95/109 house-

keeping genes (complete and fragmented BUSCOs) were shared between the six Wolbachia 

genomes obtained from plant-parasitic nematodes (including the reference genome). 

Wolbachia obtained from three different R. similis populations shared 108/109 housekeep-

ing genes, of which 100 were complete BUSCOs. Wolbachia obtained from three different 

P. penetrans populations (including the reference genome) shared 96/109 housekeeping 

genes, of which 60 were complete (Figure 4). These 60 complete genes were common to 

all six Wolbachia genomes analyzed. Maximum-likelihood phylogeny based on concatena-

tion of the 60 complete genes placed Wolbachia obtained from plant-parasitic nematodes 

in a separate clade from Wolbachia obtained from filarial nematodes (Figure 5). Wolbachia 

obtained from P. penetrans formed a sister clade at the root of the tree, while Wolbachia 

obtained from R. similis formed a separate clade with high bootstrap support (Figure 5). 

 

Figure 4. Single copy orthologous genes (BUSCOs) present in Wolbachia and obtained from three 

different Pratylenchus penetrans populations (based on “Bacteria_odb10”). 

Figure 4. Single copy orthologous genes (BUSCOs) present in Wolbachia and obtained from three
different Pratylenchus penetrans populations (based on “Bacteria_odb10”).

Appl. Microbiol. 2023, 3, FOR PEER REVIEW  15 
 

 

 

Figure 5. Maximum likelihood phylogeny of Wolbachia in nematode hosts based on 60 concatenated 

single copy orthologous genes. Color indicates Wolbachia hosts: green—plant-parasitic nematodes; 

red—filarial nematodes. Corresponding host species are indicated within brackets. 

To investigate the overall genome structure and content among the six Wolbachia ge-

nomes, a multiple genome alignment was performed. Wolbachia obtained from R. similis 

(Rs_Wol_N1, Rs_Wol_UG, Rs_Wol_CO) shared a high similarity in synteny profile (gene 

order) and gene content. In contrast, synteny was not conserved between Wolbachia ge-

nomes from R. similis and P. penetrans (Pp_Wol_Ref) (Figure 6). Based on genome struc-

ture, Wolbachia in the same host species seems to be more similar to each other compared 

to Wolbachia from different host species (Pratylenchus and Radopholus). 

 

Figure 6. Multiple genome comparisons of Wolbachia from Radopholus and Pratylenchus. Each hori-

zontal panel represents a Wolbachia genome. Colored blocks represent homology among genomes. 

Vertical red lines indicate contig boundaries. Rs_Wol_UG: Wolbachia in R. similis from Uganda, 

Rs_Wol_N1: Wolbachia in R. similis from Nigeria, and Pp_Wol_Ref: Wolbachia reference from 

Pratylenchus (NCBI accession number ASM175266v1). 

Figure 5. Maximum likelihood phylogeny of Wolbachia in nematode hosts based on 60 concatenated
single copy orthologous genes. Color indicates Wolbachia hosts: green—plant-parasitic nematodes;
red—filarial nematodes. Corresponding host species are indicated within brackets.



Appl. Microbiol. 2023, 3 1242

To investigate the overall genome structure and content among the six Wolbachia
genomes, a multiple genome alignment was performed. Wolbachia obtained from R. similis
(Rs_Wol_N1, Rs_Wol_UG, Rs_Wol_CO) shared a high similarity in synteny profile (gene or-
der) and gene content. In contrast, synteny was not conserved between Wolbachia genomes
from R. similis and P. penetrans (Pp_Wol_Ref) (Figure 6). Based on genome structure, Wol-
bachia in the same host species seems to be more similar to each other compared to Wolbachia
from different host species (Pratylenchus and Radopholus).
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Of the 124 universal single-copy bacterial orthologs used for BUSCO analysis, the
Cardinium reference genome (NCBI accession number ASM317691v1) lacked 31 orthologs.
The remaining 93 orthologs were used for comparative analysis of Cardinium. When
the newly sequenced and assembled Cardinium genome obtained from H. glycines was
compared with the Cardinium reference genome, all the (93/93) housekeeping genes were
shared between them and 88 were complete BUSCO genes. These two genomes (Hg_Car_Al
and Hg_Car_Ref), shared high similarity in synteny profile (gene order) and gene content
(Figure 7). In contrast, synteny was not conserved between Cardinium genomes from H.
glycines (Hg_Car_Ref) and P. penetrans (Pp_Car_Ref) (Figure 7). Based on genome structure,
Cardinium in the same host species (Heterodera) seems to be more similar to each other
compared to Cardinium from different host species (Heterodera and Pratylenchus).
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4. Discussion

The intricate interplay between microorganisms and their hosts is of significant scien-
tific interest, having profound implications in agriculture, human health, and the environ-
ment. Deepening our understanding of these symbiotic relationships reveals new avenues
for addressing global challenges and fostering sustainable practices. This study was pri-
marily centered on elucidating microbial symbiosis in plant-parasitic nematodes, with
the methodology being universally applicable to a wide range of organisms. Knowledge
of bacterial endosymbiont occurrence in plant-parasitic nematodes is essential for craft-
ing effective microbe-based biocontrol strategies against them. Accordingly, we utilized
a rapid and simple genomic screen for well-known bacterial endosymbionts, Wolbachia
and Cardinium, in plant-parasitic nematodes. Our first goal was to uncover the range
of plant-parasitic nematode species infected by Wolbachia and Cardinium endosymbionts.
The approach for detecting endosymbionts categorized genomic verification into “strong”,
“weak”, and “no” evidence. This study revealed a limited distribution of Wolbachia and
Cardinium endosymbionts in plant-parasitic nematode species (n = 12); based on strong
evidence, only 16% of the species investigated carried Wolbachia while 8% carried Cardinium.
This value was observed to be low considering the number of nematode populations inves-
tigated (n = 52), and resulted in 10% and 2% of the populations being positive for Wolbachia
and Cardinium, respectively (based on strong evidence).

Wolbachia has been reported in just two plant-parasitic nematode genera, Pratylenchus
and Radopholus, encompassing three species: P. penetrans, R. similis, and R. arabocoffeae [15].
This study demonstrated a discontinuous distribution of Wolbachia across plant-parasitic
populations belonging to Pratylenchus and Radopholus, indicating a non-essential function
of the endosymbiont within these nematodes. So far, Wolbachia occurrence in plant-parasitic
nematodes has been noted in Asia, Africa, and North America [21,22]. This study confirmed
this observation and further demonstrated Wolbachia occurrence in South America as well.

Cardinium has been reported in three plant-parasitic nematode genera, Heterodera,
Globodera, and Pratylenchus, encompassing five species: H. glycines, H. avenae, H. goet-
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tingiana, Globodera rostochiensis, and Pratylenchus penetrans [15]. Cardinium occurrence in
plant-parasitic nematodes has been noted in Asia, Europe, North America, and South
America, supporting our observation of Cardinium in North and South America. This study
demonstrated a discontinuous distribution of Cardinium across plant-parasitic populations
belonging to Heterodera, Globodera, and Pratylenchus, indicating a non-essential function
of the endosymbiont within these nematodes. This observation is supported by previous
studies, where both Wolbachia and Cardinium endosymbionts in plant-parasitic nematodes
were reported to act as potential parasites rather than obligate mutualists [18,21]. The
complete absence of these endosymbionts in certain populations of the same plant-parasitic
nematode species and the potential for these endosymbionts to act as parasites may offer
a novel avenue for plant-parasitic nematode biocontrol through the introduction of these
endosymbionts into nematodes.

Wolbachia has been artificially transferred, both intraspecifically and interspecifically,
in many arthropod species utilizing embryo or adult microinjection techniques [43]. Once
transinfection is successful, the host was able to vertically transmit the endosymbionts to
their progeny. Other techniques such as the co-rearing of the recipient and donor species
have achieved the successful transfer of Wolbachia into new hosts, but these techniques
are only suitable for a limited number of arthropods [43]. There is recent evidence that
Wolbachia has the capacity to transmit horizontally through plants. In Bemisia whiteflies,
for example, after infected individuals fed on leaves, Wolbachia was detected in the plant’s
phloem. When Wolbachia-free whiteflies subsequently fed on the infected plant leaves, they
became infected and were able to vertically transmit endosymbionts to their progeny [44].

Building upon our findings of the presence of Wolbachia and Cardinium endosymbionts
within plant-parasitic nematodes, as well as their potential parasitic roles, our work paves
the way for similar studies to explore targeted biocontrol strategies. Of particular interest
is the introduction of Wolbachia into uninfected nematode populations by mixing a small
number of infected nematodes with uninfected populations. This could be conducted
through controlled greenhouse pot cultures, allowing for the monitoring of Wolbachia
establishment and spread, as well as its potential impact on nematode fitness and its ability
to reduce parasitic effects on host plants. The insights gained from these studies can inform
the development of sustainable biocontrol measures, aligning with the broader goals of
eco-friendly and responsible agriculture practices.

Based on sequence similarity search results, Wolbachia was reported in six plant-
parasitic nematode species that were previously unknown to carry the endosymbiont
with weak evidence. Similarly, Cardinium was reported in two plant-parasitic nematode
species that were previously unknown to carry the endosymbiont with weak evidence. The
observation of “weak” evidence could be due to many reasons: (1) the presence of endosym-
bionts in very low abundance, (2) environmental contamination, and (3) Palaeosymbiosis
(presence of ancient horizontally transferred endosymbiont DNA fragments in the nema-
tode genome) [45]. Given the assumption of low-titer infections in nematode populations,
it is important not to completely dismiss the possibility that a plant-parasitic nematode
species, previously not known to host these endosymbionts, might indeed carry them.
However, in order to gain more clarity, additional experiments utilizing FISH and/or
PCR techniques are required. Environmental contamination of the samples is less likely
because Wolbachia and Cardinium are obligate intracellular bacteria and they cannot survive
in the environment. The horizontal transfer of endosymbiont DNA to the host genome is
common when the host is infected by the endosymbiont [45]. However, the presence of
endosymbiont DNA in the host genome does not necessarily provide evidence that a host
carries a live infection; instead, the endosymbiont could have been infected in the past and
lost at some point of their evolution. The DNA fragments were unlikely derived from a live
endosymbiont infection if their genes were disabled. Future studies involving experiments
to test for the expression of endosymbiont-derived genes could determine the presence of
live infections.
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While we have rigorously categorized the strength of our endosymbiont evidence as
weak or strong based on the data obtained, it is crucial to recognize that genome skimming,
like any sequencing method, is subject to sequencing depth constraints. When sequencing
depth is insufficient, it can lead to false negatives, implying that certain low-abundance
endosymbionts may go undetected. Further, the variation in endosymbiont abundance
is relative to the host, particularly across different developmental stages and sexes. For
instance, in filarial nematodes and certain arthropod species, Wolbachia endosymbionts are
typically the most abundant in adult females but are expected to vary depending on the life
stages [46,47]. These dynamics highlight the need for caution when interpreting negative
results obtained through genome skimming, as the absence of endosymbiont sequences in
a given sample may reflect genuine absence or simply a limitation in sequencing depth at
that particular life stage.

Our next goal was to better understand the genomic diversity of bacterial endosym-
bionts in plant-parasitic nematodes. Accordingly, we compared the assembled genomes of
the endosymbionts obtained from different nematode populations/species. Our results
indicated >87% gene conservation in Wolbachia genome assemblies. Wolbachia obtained
from the three R. similis populations shared 99% of these homologous genes, while it
was 88% among Wolbachia obtained from the three P. penetrans populations (including
the reference). The homology values indicate overall genetic similarity among Wolbachia
occurring in different plant-parasitic nematode species. However, according to the genome
structure analysis, the synteny profile was not shared in Wolbachia occurring in different
host species. Future studies involving high coverage (>200×) genome sequencing, leading
to high quality endosymbiont genome assemblies, will provide more information on deeper
chromosomal dynamics and synteny/rearrangement rates between Wolbachia strains in
plant-parasitic nematodes.

The maximum-likelihood phylogeny based on concatenation of the 60 complete ho-
mologs placed Wolbachia in separate clades based on its host nematode species. Similar
topology was observed in a previous analysis based on 16S ribosomal RNA, ftsZ, and groEL
genes [41]. At a larger scale, Wolbachia in plant-parasitic nematodes forms a separate clade
from Wolbachia in filarial nematodes. This observation was expected based on the genetic
differences in Wolbachia strains in these two nematode groups. In fact, the two nematode
groups carry Wolbachia strains with functional differences, i.e., Wolbachia in plant-parasitic
nematodes seems to act as a parasite while Wolbachia in filarial nematodes acts as an obligate
mutualist [21,26].

The newly sequenced and assembled Cardinium genome obtained from H. glycines
shared 100% of homologous genes with the Cardinium reference genome, indicating a high
degree of genetic similarity of Cardinium endosymbionts occurring in different H. glycines
populations. We also identified Cardinium in P. penetrans, but did not have enough DNA
sequence data to produce a better genome assembly. Therefore, we compared the publicly
available Cardinium reference genome from P. penetrans with that of H. glycines and observed
changes in the structure of the genomes which lacked conserved synteny (gene order). Some
bacterial endosymbiont strains such as Pasteuria or Xiphinematobacter are species-specific,
where different host species are infected by different endosymbiont strains [13,14]. Species-
specific endosymbionts account for a high degree of genetic variability and do not elicit
similar phenotypes [42]. For example, phenotypes desirable for parasite/pest control might
not be shared by species-specific endosymbiont strains. This might be true for Cardinium
as well. Future studies that focus on the phenotypic effects of Cardinium on different
plant-parasitic nematode species will provide important insights into Cardinium-nematode
co-evolution and their potential to be used as biocontrol agents.

5. Conclusions

This study explored the utility of genome skimming in applied microbiology, with a
primary emphasis on revealing previously unknown microbial endosymbiosis and provid-
ing further insights into endosymbiont diversity in plant parasitic nematodes. Genome
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skimming offers a rapid and efficient avenue for discovering previously unknown microbial
associations across a broad spectrum of organisms, species, and populations, generating
data for prospective research studies. Our study presents evidence supporting the exis-
tence of a limited occurrence of Wolbachia and Cardinium bacterial endosymbionts among
plant-parasitic nematode species. The study revealed that both “Wolbachia—P. penetrans”
and “Wolbachia—R. similis” symbioses prevail in South America. The study also confirmed
the “Wolbachia—P. penetrans” and “Wolbachia—R. similis” symbioses in North America, and
Africa, respectively. Further, the presence of Cardinium in H. glycines was confirmed in
North America. Based on the occurrence patterns, both bacterial endosymbionts appear to
serve a non-obligatory function within plant-parasitic nematodes and display a potential to
act in a species-specific manner based on the differences in genomic structure and content.
These findings contribute to our understanding of the intricate microbial interactions in
nematodes and shed light on potential avenues for further research and the development
of targeted biocontrol strategies.
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