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unique and diverse ecosystems.

Caenorhabditis species diversity has been surveyed in several places around the world and tends to

be higher in subtropical and tropical regions. Vietnam is a long country with complex topography and a
climate largely influenced by the northeast monsoon from the Siberian plateau. Here, we report the first
Caenorhabditis survey in Ta Kou Nature Reserve located in south-central Vietnam, where we have found
two isolates of a new species, Caenorhabditis sp. 71. Whole genome skimming of one isolate using a
combination of the Oxford Nanopore Technologies MinlON long read and lllumina short read sequencing
platforms allowed us to assemble a complete mitochondrial genome that is 13,654 bp in length. Annotation
of the mitochondrial genome revealed 12 protein coding genes, 22 transfer RNA genes, 2 ribosomal

RNA genes, and 1 control region. Phylogenetic analysis, based on the concatenated sequences of the

12 mitochondrial protein coding genes, suggests that Caenorhabditis sp. 71 is the sister species to C.
imperialis. Our findings not only contribute to the understanding of Caenorhabditis diversity in Vietnam

but also highlight the ecological significance of isolated habitats, such as Ta Kou Mountain. These fragile
environments are essential for biodiversity conservation and require dedicated protection to preserve their
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BACKGROUND

The nematode Caenorhabditis elegans is a major
model organism in biological research. For the first
~100 years after its discovery in 1899 (Sudhaus 2011),
only a limited number of species were recognized within
the genus. An initial difficulty in finding new C. elegans
isolates and other species was partly due to the common
misconception that Caenorhabditis species were soil
nematodes. However, the search for new Caenorhabditis
species gained momentum upon the realization that they
are more frequently found on decomposing vegetation—
such as rotting fruits and stems—rather than in soil (Félix

and Braendle 2010). Following this insight, global
sampling has increased (Kiontke et al. 2011; Felix and
Duveau 2012; Felix et al. 2013, 2014) and intensive
sampling efforts have been carried out in certain regions
such as Hawaii and French Guiana, resulting in the
discovery and description of many new Caenorhabditis
species and significantly expanding our understanding
of their diversity and the ecological niches they occupy
(Felix et al. 2013; Crombie et al. 2019, 2022; Sun et
al. 2022). In less than 10 years, the number of recorded
Caenorhabditis species has increased from just over 50
in 2019 to more than 80 today (Marie-Annie Félix and
others, pers. comm.) (Stevens et al. 2019). These surveys
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have shown that Caenorhabditis diversity seems to be
higher in the subtropics and tropics (Ferrari et al. 2017;
Stevens et al. 2019; Sloat et al. 2022). Nevertheless,
there have been relatively few reports of Caenorhabditis
species in Southeast Asia due to low sampling intensity.

Vietnam is a medium-sized country with a
subtropical and tropical climate, featuring a considerable
elevation range from sea level to 3,143 m. As of 2021,
there are 181 biodiversity protected areas (including
national parks, nature reserves, and biosphere reserves)
in the country. Due to its geographical location, diverse
topography, and climatic variation, Vietnam continues
to be recognized as a global biodiversity hotspot with
numerous new species, including insects, plants, and
fishes, discovered in recent years (Bresseel and Constant
2018; Cumming et al. 2021; Luu et al. 2023; Bresseel
and Constant 2024; Chen et al. 2024; Constant and
Pham 2024). Despite this biodiversity richness, only six
described Caenorhabditis species have been reported
from three provinces in Vietnam (Dong Nai, Lam Dong,
and Ninh Binh), and therefore Caenorhabditis diversity
remains largely unexplored (Le et al. 2023a, b; Lé et al.
2023, 2024).

To address this gap, we initiated a survey at Ta
Kou Nature Reserve (10°41'-10°53'N latitude and
107°52'-108°01'E longitude), located in the south-
central coastal region of Vietnam. Characterized by a
dry coastal monsoon climate, the nature reserve has a
protected core zone of 118 km® including the 697-meter-
high Ta Kou Mountain and 10.8 km* of coastal sandy
flatlands. Surrounding this core zone is a 60 km” buffer
zone comprising anthropogenic ecosystems (mainly
dragon fruit plantations and rice paddies) and coastal
sandy land.

Ta Kou Nature Reserve is rich in both animal
and plant biodiversity. The nature reserve is home to
endangered primates listed by the [UCN (International
Union for Conservation of Nature), such as the long-
tailed macaque (Macaca fascicularis) and the pygmy
slow loris (Nycticebus pygmaeus) (Hoang et al. 2010;
Blair et al. 2021; Hansen et al. 2022). Evaluations of
its native forests have identified four main ecosystems:
subtropical evergreen forest, tropical semi-deciduous
forest, deciduous forest, and dipterocarp lowland forest
(Ly and Luu 2007). These ecosystems have positioned
Ta Kou Nature Reserve as a critical priority landscape
within the Southern Annamites due to its significant
biodiversity (Baltzer et al. 2001).

Here we report a small pilot survey in Ta Kou
Nature Reserve where we have isolated two independent
strains of a new Caenorhabditis species. Additionally,
based on low coverage genome sequencing we
assembled and annotated its complete mitochondrial
genome.
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MATERIALS AND METHODS
Sampling nematodes

Field work was conducted in Dec 2022 in Ta
Kou Nature Reserve, Vietnam. Sampling was focused
on substrates with a greater chance of containing
Caenorhabditis nematodes (Kiontke et al. 2011), such as
decaying plant litter, fruit, leaves, and flowers, although
other types (i.e., dirt, animal related sample) were also
collected (Table 1). To minimize cross-contamination,
each sample was carefully picked up by placing a
hand inside an inside-out zip-lock bag, which was then
turned back to enclose the sample. For each sample, the
location, collection date, GPS coordinates, and altitude
were recorded. Samples were kept sealed until returned
to the lab about a month later.

To isolate the nematodes from the substrate,
samples were placed on an agar plate seeded with a
patch of E. coli (strain OP50). After one to two days,
any nematodes that had crawled out were transferred
together to a new plate. At this point or on subsequent
days, one to three gravid (i.e., eggs in uterus) or mated
(i.e., mating plug observed) females or hermaphrodites
were isolated to new plates to establish isofemale
lines, or strains. After, each strain was observed under
a dissecting microscope and screened for a pharynx
with two round bulbs, typically indicative of free-living
nematodes of the Caenorhabditis and closely-related
genera.

ITS2 genetic barcode sequencing and genetic
crosses to test reproductive compatibility

For candidate Caenorhabditis samples, the ITS2
barcode genetic marker was then amplified using
primer pair 5.8S-1 and KK-28S-22 (Kiontke et al. 2011)
and sequenced. Sequences were then used to identify
the closest species using BLAST homology searches
against the NCBI core nucleotide database (Altschul et
al. 1990; Sayers et al. 2025).

To test if the newly isolated strains (BRC20593
and BRC20594; both Caenorhabditis sp. 71, see
RESULTS) were likely the same species with each other
or isolates of known species, crosses for reproductive
compatibility were set up. For each pair of strains
(species), at least three L4 males from one strain were
crossed to at least three L4 females of another strain
(species) and vice versa. Pairs of strains (species) that
produced no viable adult F1 progeny were scored as
different species. Pairs that produced many F1 adult
progeny that were also able to produce viable F2
progeny were considered the same species. In this study,
the other species tested were C. brenneri (JU1329), C.
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imperialis (EG5716), Caenorhabditis sp. 61 (JU4045),
Caenorhabditis sp. 62 (JU4050), Caenorhabditis sp. 63
(JU4113), and Caenorhabditis sp. 66 (JU4121) (Table 2).
All strains used in this study were provided by Marie-
Anne Félix and the Caenorhabditis Genetics Center.

Low coverage genome sequencing

Low coverage genome sequencing, or genome
skimming, was used to obtain the mitochondrial
genome for Caenorhabditis sp. 71. Since the data
generated here would be included for future whole
genome assembly, we decided to reduce heterozygosity
by first inbreeding the reference strain BRC20593. To
do this, one gravid female progeny was picked and
propagated for each of five generations, to yield the 5x
inbred strain BRC20616. To obtain DNA, BRC20616
worms were grown on 15 E. coli seeded petri dishes
(@ 9-cm), collected by washing with M9 buffer, and
allowed to digest residual E. coli by letting worms sit
in M9 at room temperature for 2 hrs. After, M9 buffer
was removed as much as possible, and then Qiagen
buffer G2 (Qiagen Genomic-Tip 20/G kit) was added
to the worms and incubated at 56°C overnight. Finally,
high molecular weight genomic DNA was extracted
using the Qiagen Genomic-Tip 20/G kit following the
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manufacturer’s instructions.

DNA was sequenced using both the Oxford
Nanopore Technology (ONT) and Illumina platforms.
For ONT sequencing, the DNA sequencing library
was prepared using the SQK-LSK114 kit (ONT),
and the library was sequenced on a single MinION
flowcell (FLOW-MIN114, ONT) for two hours. Raw
sequence output (fast5 format) was converted into
pod5 format (pod5 python package, ONT) and then
duplex basecalling was done in super high accuracy
mode (Dorado ver. 0.5.3). For Illumina sequencing,
a sequencing library was constructed from the same
DNA and sequenced using a paired-end configuration
with 151 bp read lengths (Illumina NovaSeq X Plus;
Genomics, Taipei, Taiwan).

Mitochondrial genome assembly and
assessment

The quality of the raw ONT sequence reads was
assessed using Nanoplot (De Coster and Rademakers
2023). Given that > 70% of reads had read quality > Q7
(Fig. S1) and Illumina short reads were available to
polish the ONT sequencing errors, we decided to use all
the raw reads for mitochondrial genome assembly. First,
all ONT reads were mapped against each other using

Table 1. List of collected samples for Caenorhabditis species survey in Ta Kou Nature Reserve

Sample ID Species Strain_name  Landscape Locality Substrate Substrate_ Substrate_  Species ID_ Sampling  Lat; Lon  Altitude
type note method date
takou01 rain forest ~ Ta Kou mountain, fruit fruit rotten 2022/12/1  10.813618,; 449
lying Buddha 107.894315
takou02 rain forest ~ Ta Kou mountain, fruit fruit rotten 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou03 rain forest ~ Ta Kou mountain, egg fruit fruit rotten 2022/12/1  10.812454; 419
lower temple 107.894501
takou04 rain forest ~ Ta Kou mountain, fruit fruit rotten 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou05 non-Caenorhabditis rain forest ~ Ta Kou mountain, ficus fruit rotten morphology 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou06 rain forest ~ Ta Kou mountain, fruit fruit rotten 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou07 non-Caenorhabditis rain forest ~ Ta Kou mountain, ficus fruit rotten morphology 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou08 rain forest ~ Ta Kou mountain, fruit fruit rotten 2022/12/1  10.813618; 449
lying Buddha 107.894315
takou09 Caenorhabditis sp. 71 BRC20593 rain forest ~ Ta Kou mountain, ficus fruit rotten 1TS2 2022/12/3  10.813618; 449
lying Buddha 107.894315
takoul0 non-Caenorhabditis drought forest Ta Kou NR ranger Dipterocarpus fruit rotten morphology 2022/12/3  10.832177; 52
office fruit 107.936732
takoull Caenorhabditis sp. 71 BRC20594  rain forest ~ Ta Kou mountain, ficus fruit rotten 1TS2 2022/12/3  10.813618; 449
lying Buddha 107.894315
takoul2 drought forest Bung Thi swamp flower of Shorea  flower on sand 2022/12/2  10.772901; 43
roxburghii 107.931391
takoul3 drought forest Bung Thi swamp fruit fruit on sand 2022/12/2  10.772901; 43
107.931391
takoul4 drought forest Bung Thi swamp old ant nest animal on tree 2022/12/2  10.772901; 43
107.931391
takoul5 drought forest Bung Thi swamp Shorea tree part on sand 2022/12/2 10.772901; 43
roxburghii resin 107.931391
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minimap2 and then the mapping results were input into
miniasm for assembly (Li 2016). The mitochondrial
contig was identified based on blastn similarity searches
against all Caenorhabditis mitochondrial genomes
available at NCBI (Table S1; downloaded in April
2024).

The initial mitochondrial genome assembly was
polished with Illumina short reads using Polypolish
(Wick and Holt 2022) and also separately with Pilon
(Walker et al. 2014). The Illumina reads were first
mapped to the mitochondrial genome with bwa mem
(option: “-a”) (Li 2013) and then the output sam (for
Polypolish) or bam (for Pilon) files were used for
polishing. To determine which version of the polished
mitochondrial genomes was better, after each polishing
iteration, both were annotated using MITOS2 (Bernt et
al. 2013) on the Galaxy webserver (Galaxy Community
2024). After two rounds of polishing, the Polypolish
version had three duplicated genes (rrnL, atp6, and
nadl) and 4 genes with translational exceptions
(nadl and atp6 genes, each with two exons with non-
canonical start or stop codons), while the Pilon version
had only one duplicated gene (r#nL) and no translational
exceptions. A third round of polishing with both tools
was run, but no new polishing changes were made.
Thus, we continued processing completeness of the
mitochondrial genome with the Pilon version.

To circularize the mitochondrial genome, we
mapped all raw ONT reads onto the polished genome
using MUMmer 3.0 (Kurtz et al. 2004). We visualized
the mapping results using the ggplot2 package in
R v4.2.3 (Wickham 2016; R Core Team 2021) and
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identified reads that bridged the ends of the genome,
then manually checked if these reads linked both ends.

Mitochondrial genome annotation

To generate the final annotation of the
mitochondrial genome, the polished genome was
automatic annotated using MITOS2 (Bernt et al. 2013)
and MitoZ (Meng et al. 2019). This was followed by
manual curation where every automatically generated
gene sequence was aligned with the published
Caenorhabditis mitochondrial gene sequences to verify
the consensus start and stop sites. In addition, some
start sites were adjusted to a more 5-prime start codon
using ORFfinder (NCBI) (Sayers et al. 2025), based
on recommended practices (Table S2) (Ghiselli et al.
2021).

The map of the mitochondrial genome was rotated
so that the first gene after the putative D-loop, trnP, was
placed at 12 o'clock on the a-strand (clockwise strand).
This sequence was the final mitochondrial genome
assembly used for all subsequent analyses.

Read Depth Analysis

To estimate the read depth of the ONT and
[llumina data, raw reads were first mapped onto the
twice-polished mitochondrial genome using minimap2
(options: -x map-ont and sr) (Li 2016). For Illumina
reads, probable PCR duplicates were removed using
samtools v1.18 (Danecek et al. 2021). Read depth was
then calculated using bedtools v2.30.0 (Quinlan and

Table 2. Reproductive compatibility crossing experiments with Caenorhabditis sp. 71

Species Caenorhabditis C.sp 61 C.sp 62 C.sp 63 C. sp 66 C. imperialis  C. brenneri
sp. 71

Strain BRC20594 JU4045 JUu4050 Ju4113 Ju4121 EG5716 JU1329
Male x Female (N x N) 5%x5 5x%x5 5%x5 5%x5 5%x5 3x3 5x5
Replicate crosses 3 1 1 1 2 1

Q Mating behavior' Yes Inferred from Not seen Inferred from Not seen Inferred from Inferred from

g8 plug plug plug plug

% Mating plugs Yes Yes No Yes No Yes Yes

E‘,; Eggs > 100 <10 0 0 > 100 <10

& Larvae or adults Yes 0 NA NA NA 0 0

i

= Male x Female (N x N) 5%x5 5x%x5 4 x5 5%x5 5%x5 3x3 5x%x5

;"; Replicate crosses 3 1 1 1 2 1

Q Mating behavior' Yes Inferred from Inferred from Mating Inferred from Inferred from Inferred from

§ -3 plug plug aggregation plug plug plug

» Mating plugs Yes Yes Yes No Yes Yes Yes
Eggs > 100 0 0 0 > 100 0
Larvae or adults Yes NA NA NA NA 0 NA

'Based on 1-2 min observations twice daily over at least 7 days. NA, not applicable.
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Hall 2010).
Phylogenetic analysis

The phylogenetic analysis focused only on the
12 protein-coding genes (PCGs) present in nematode
mitochondrial genomes. At the time of the analysis, the
mitochondrial genomes of 24 Caenorhabditis species
were available on NCBI (Table S1). These mitochondrial
genomes and that of Pristionchus pacificus, which was
used as the outgroup, were retrieved (Table S1). Among
these, 18 mitochondrial genomes had already been
annotated. For the remaining 7 mitochondrial genomes,
annotations were produced using MitoZ and MITOS2
software. All PCGs in all annotated mitochondrial
genomes were manually curated with ORFfinder (NCBI)
as above for Caenorhabditis sp. 71.

The predicted amino acid sequences of each gene
were aligned using MUSCLE in MEGA 11 (Tamura
et al. 2021). External gaps were marked as missing in
SequenceMatrix (Vaidya et al. 2011) before phylogenic
analysis. Two phylogenetic trees were constructed
with IQ-TREE, employing ultra-fast bootstrap analysis
with 1,000 replicates (Minh et al. 2020). In the first,
individual gene trees were combined and collapsed into
a single tree using ASTRAL (Zhang et al. 2018). In
the alternate approach, all 12 PCGs were concatenated
by species using SequenceMatrix, and an alignment
of these concatenated sequences was used to build a
tree (Vaidya et al. 2011). For both approaches, the best
substitution model was determined with ModelFinder
(Kalyaanamoorthy et al. 2017). Phylogenetic trees were
visualized using FigTree v1.4.4 (Rambaut 2016) and
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further refined using Adobe Illustrator.

RESULTS
Nematode collection results

In December 2022 we conducted a pilot nematode
collection trip in Ta Kou Nature Reserve, which is in
the south-central part of Vietnam (Fig. 1). We sampled
fifteen diverse substrates from different places in the
nature reserve, ranging from decomposing fruit and
flowers to ant nests and tree parts (Fig. 2; Table 1).
After placing these samples onto E. coli seeded agar
plates, we recovered nematodes in five instances.
Based on pharynx morphology two samples resembled
Caenorhabditis nematodes. The other three samples had
non-Caenorhabditis pharynxes and were not examined
further. We established independent isofemale lines
from the two potential Caenorhabditis samples under
the strain IDs BRC20593 and BRC20594 (Biodiversity
Research Center, Academia Sinica, Taipei, Taiwan).

To determine if BRC20593 and BRC20594
were Caenorhabditis species, we sequenced the ITS2
region, a common barcode marker. The two sequences
were nearly identical (99%, 757/766 bp identical)
indicating that they were two independent isolates of
the same species, which we confirmed by successful
crosses (Table 2). BLASTn comparisons of the ITS2
sequence against the NCBI core-nucleotide database
revealed the closest match (81.59%) was C. brenneri
(Table S3). In Caenorhabditis, this level of divergence
at ITS2 is indicative of separate species (Kiontke et al.

N

H

Altitude (m)
1600

800

Q
0 10 km
S
107.90°E  107.95°E  108.00°E

Fig. 1. Map of Ta Kou Nature Reserve region, provides key sampling and reference sites where samples were collected for nematode isolation. 1: Ta
Kou mountain. 2: Ta Kou NR ranger office. 3: Bung Thi swamp. The inset map shows the location of Binh Thuan province, highlighted in color.
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2011). Indeed, crosses with C. brenneri produced no
progeny or only a few dead eggs (Table 2). Six other
uncharacterized Caenorhabditis species (Caenorhabditis
sp. 61-66; M.A. Félix pers. comm.) have been isolated
in Vietnam and four (Caenorhabditis sp. 61, 62, 63,
and 66) have ITS2 similarity to BRC20593 between
79-83% while having query coverage greater than 80%
(Caenorhabditis sp. 64 and 65 have query coverages
less than 50% and are thus very divergent; Table S4).
However, given their geographical proximity we still
crossed the four species with high query coverage to
BRC20593. In all cases, we obtained no viable adult
cross progeny and only in one case did we observe a few
dead eggs (Table 2). Together these results confirm the
identification of a new species. Accordingly, we have
designated BRC20593 as the type strain of this novel
species and given it the tentative name Caenorhabditis
sp. 71.

Sequencing results
To obtain more genetic information we sequenced

the mitochondrial genome of Caenorhabditis sp. 71
using a genome skimming approach (Denver et al.
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2016). We used a hybrid approach combining both long
and short reads from the Oxford Nanopore Technology
(ONT) and Illumina platforms, respectively. First,
we obtained about 114 Mb of long read sequencing
data which corresponded to about 1x coverage of the
presumptive nuclear genome (known Caenorhabditis
genomes are between 63 Mb in C. bovis (Stevens et al.
2020) to 123 Mb in C. inopinata (Kanzaki et al. 2018)).
ONT sequencing produced 12,732 reads with an N50
value of 29.37 kb.

Genome assembly produced eight contigs
with sizes ranging from 2,341 bp to 26,915 bp. The
longest, contig 2, corresponded to the partial E. coli
genome. The small number and short sizes of the
remaining contigs is consistent with the low depth
of whole sequence coverage but is usually sufficient
to obtain a mitochondrial genome. Indeed, BLASTn
comparisons identified contig 4 as the Caenorhabditis
sp. 71 mitochondrial sequence. The length of contig
4 was 13,612 bp, which is near the average length of
Caenorhabditis mitochondrial genomes. Median ONT
coverage for contig 4 was 65-fold.

Despite 65-fold coverage, pure ONT assemblies
still contain errors. To improve accuracy, we obtained

Fig. 2. Different substrate types were collected for this Caenorhabditis species investigation. A, Rotten ficus on the ground (sample Takou09; fruit
type). B, Flowers of Shorea roxburghii on sand (sample Takoul2; flower type). C, An old ant nest on the tree (sample Takoul4; animal type). D,
Plant litter with Shorea roxburghii resin on the sand (sample Takoul5; tree part type).
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about 6 Gb of Illumina sequence data and used it to
polish the mitochondrial contig with Pilon (Walker et
al. 2014). Two rounds of polishing corrected a total
of 133 errors (first round 120 changes; second round
13 changes with 6 reverted to the original sequence)
resulting in a penultimate contig sequence. After
polishing, the mitochondrial contig length increased
from 13,612 bp to 13,654 bp. Finally, we confirmed the
circularization of the mitochondrial genome with two
independent ONT reads.

Mitochondrial genome annotation
Annotation with MITOS2 and MitoZ, followed

by manual refinement (see Materials and Methods),
identified 36 genes in the Caenorhabditis sp. 71
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mitochondrial genome, including 12 protein coding
genes (PCGs), 22 transfer RNA genes (tRNAs), and
two ribosomal RNAs (Table 3). All annotated genes
are on the a-strand (clockwise orientation) like other
Caenorhabditis mitochondrial genomes. The gene
pairs ND6 and ND4L as well as ND1 and ATP6
overlap slightly but in different reading frames, which
is typical of nematode mitochondrial genomes. The
base composition of the mitochondrial genome is 24%
G+C, like most known Caenorhabditis mitochondrial
genomes, which range from 22 to 26% G+C (Table S1).
The map of the mitochondrial genome was rotated so
that the first nucleotide corresponded to the first gene
(trnP) on the a-strand after the likely control region (Fig.
3A).

Table 3. List of annotated genes in the Caenorhabditis sp. 71 mitochondrial genome

Gene type Gene name Gene label Start Stop Start codon Decoding tRNA
CDS NADH dehydrogenase subunit 6 ND6 94 549 ATG

CDS NADH dehydrogenase subunit 4L NDA4L 546 785 ATA

CDS NADH dehydrogenase subunit 1 ND1 1765 2643 TTG

CDS ATP synthase FO subunit ATP6 2621 3238 ATG

CDS NADH dehydrogenase subunit 2 ND2 3421 4269 TTG

CDS cytochrome b CYTB 4475 5620 ATG

CDS cytochrome ¢ oxidase subunit 3 COX3 5681 6448 ATA

CDS NADH dehydrogenase subunit 4 ND4 6488 7738 ATT

CDS cytochrome ¢ oxidase subunit 1 COX1 7801 9423 ATA

CDS cytochrome c oxidase subunit 2 COXx2 9634 10350 ATC

CDS NADH dehydrogenase subunit 3 ND3 11359 11700 ATC

CDS NADH dehydrogenase subunit 5 ND5 11702 13285 ATT

rRNA ribosomal RNA small subunit S 902 1596

rRNA ribosomal RNA large subunit rrnL 10411 11364

tRNA tRNA-Pro trnP 1 55 UGG
tRNA tRNA-Val trnV 59 114 UAC
tRNA tRNA-Trp trnW 790 846 UCA
tRNA tRNA-Glu trnE 847 901 uucC
tRNA tRNA-Ser trnS 1597 1649 UGA
tRNA tRNA-Asn trnN 1650 1706 GUU
tRNA tRNA-Tyr trnY 1710 1767 GUA
tRNA tRNA-Lys trnK 3247 3309 Uuu
tRNA tRNA-Leu trnL 3310 3364 UAA
tRNA tRNA-Ser trnS 3365 3420 ucu
tRNA tRNA-Ile trnl 4273 4334 GAU
tRNA tRNA-Arg trnR 4335 4390 ACG
tRNA tRNA-Gln trnQ 4391 4445 uuG
tRNA tRNA-Phe trnF 4451 4507 GAA
tRNA tRNA-Leu trnL 5624 5680 UAG
tRNA tRNA-Thr trnT 6453 6508 UGU
tRNA tRNA-Cys trnC 9424 9479 GCA
tRNA tRNA-Met trnM 9484 9543 CAU
tRNA tRNA-Asp trnD 9544 9598 GUC
tRNA tRNA-Gly trnG 9599 9654 ucc
tRNA tRNA-His trnH 10355 10410 GUG
tRNA tRNA-Ala trnA 13297 13353 uGC

© 2025 Academia Sinica, Taiwan
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Phylogenic analysis

We estimated the evolutionary relationship of
Caenorhabditis sp. 71 within Caenorhabditis through
phylogenetic analyses using the 12 mitochondrial PCG
sequences. We included 25 mitochondrial genomes:
24 Caenorhabditis species and Pristionchus pacificus
as the outgroup (Table S1). Among these, 7 genomes
lacked annotations, therefore, we annotated them (see
MATERIALS AND METHODS, Table S1, Fig. S4). All
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annotated PCGs were re-annotated with ORFfinder to
the more upstream available start codon (Figs. S5-S6).
To investigate the evolutionary relationships
between Caenorhabditis sp. 71 and other Caenorhabditis
species, we conducted two independent analyses. The
first analysis, using a concatenated sequence of 12
mitochondrial PCG sequences under the TVM+F+R4
model, placed Caenorhabditis sp. 71 sister to C.
imperialis with 74% bootstrap support (Fig. 3B). In the
second, a consensus tree of the 12 individual PCG trees
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Fig. 3. Complete annotated mitochondrial genome of Caenorhabditis sp. 71 and its phylogenetic relationship with other Caenorhabditis species. A,
Circular map of the mitochondrial genome of C. sp. 71, showing 12 protein-coding genes, 22 transfer RNA genes, and 2 ribosomal RNA genes. PCGs
were refined using ORFfinder and extended to the longest possible open reading frames. B, Maximum likelihood phylogeny of 25 Caenorhabditis
species and Pristionchus pacificus based on the concatenated amino acid sequences of 12 mitochondrial PCGs. The tree was constructed using the
TVM-+F+R4 model. C. sp. 71 is highlighted in bold. Bootstrap support values are indicated at the nodes. Scale bar represents substitutions per site.
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grouped Caenorhabditis sp. 71 with C. macrosperma
and C. nouraguensis, with C. imperialis as a sister
to this clade. However, the bootstrap support for the
relationship between Caenorhabditis sp. 71 and the
group of C. macrosperma and C. nouraguensis was low
(47%) (Fig. S3B).

To test reproductive isolation between
Caenorhabditis sp. 71 and its likely sister C. imperialis,
based on the first analysis, we conducted crossing
experiments to assess reproductive compatibility. The
crosses produced only dead eggs, further confirming the
new species status of Caenorhabditis sp. 71 (Table 2).

DISCUSSION

This study reports the isolation and characterization
of a novel Caenorhabditis species, Caenorhabditis
sp. 71, and provides the first complete mitochondrial
genome for a Caenorhabditis species collected in
Vietnam.

A nematode diversity study in French Guiana
suggested that tropical environments have high levels of
Caenorhabditis diversity (Felix et al. 2013). The study
conducted deep sampling of a broad range of substrates
(a total of 184 samples) and revealed six different
Caenorhabditis species, four of which were newly
described and three of which have, so far, only been
reported from that region. In our study, the discovery
of Caenorhabditis sp. 71 from a small nature reserve,
following a limited sampling effort (total of 15 samples)
underscores the high potential for uncovering further
Caenorhabditis diversity in the country.

Our findings suggest that Vietnam, a tropical
country with complex topography and diverse
microhabitats, may harbor a rich and largely
undocumented assemblage of Caenorhabditis species,
both known and undescribed. Indeed, to date, research
on Caenorhabditis diversity in Vietnam has been
limited, with only six named species reported: C.
briggsae (L& et al. 2023), C. brenneri (L€ et al. 2024),
C. sinica (Le et al. 2023a), C. tropicalis, C. zanzibari,
and C. yunquensis (Le et al. 2023b). Additionally, six
undescribed species (Caenorhabditis sp. 61 to 66)
have been identified by M.A. Félix (pers. comm.).
Further systematic and geographically broad surveys,
incorporating both morphological and molecular
tools, are likely to reveal more species and contribute
significantly to global efforts to map nematode diversity.

The complete annotated mitochondrial genome of
Caenorhabditis sp. 71 is 13,654 bp in length, consistent
with the sizes observed across other Caenorhabditis
species. Its gene content and organization—including
12 PCGs, 22 tRNA genes, and two rRNA genes—are
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typical of the genus, reaffirming the highly conserved
nature of Caenorhabditis mitochondrial genomes.

However, refinement of the PCG annotations
using ORFfinder across all mitochondrial genomes
included in this study revealed that a notable proportion
of the protein-coding genes were likely misannotated
in the initial automated pipeline, particularly in terms
of start codon position. In all analyzed Caenorhabditis
mitochondrial genomes, we found that ORFfinder
often identified a start codon upstream of the annotated
start codons, suggesting that previous annotations may
underestimate the true length of several mitochondrial
proteins. These discrepancies highlight the importance
of manual curation or additional validation tools when
annotating mitochondrial genomes, particularly for
non-model species where gene structure may deviate
slightly from annotated references (Ghiselli et al. 2021).
This observation also raises broader concerns about
the consistency and accuracy of mitochondrial genome
annotations in public databases, especially in cases
where gene prediction relies solely on automated tools.
For comparative genomic and phylogenetic studies,
such inconsistencies can lead to errors in alignment and
inference. Therefore, careful reannotation, such as that
applied here, can improve the accuracy of downstream
analyses and increase confidence in evolutionary
interpretations.

Our phylogenetic analysis using a concatenated
alignment of 12 mitochondrial PCGs is largely
consistent with previous nuclear and whole-genome
studies (Kiontke et al. 2011; Stevens et al. 2019, 2020),
notably placing C. plicata as the basal lineage to both
the Drosophilae and Elegans supergroups (Fig. 3B). In
this tree, Caenorhabditis sp. 71 is positioned as sister to
C. imperialis with moderate bootstrap support (74%), a
result that contrasts with ITS2 BLASTn comparisons.
Conversely, individual gene trees suggest a closer
relationship to the C. macrosperma - C. nouraguensis
clade, albeit with weak support (47%), likely due
to the limited phylogenetic signal from short gene
sequences and potential asynchronous evolution among
mitochondrial genes (Fig. S3). While mitochondrial
phylogenies have previously aligned well with whole-
genome analyses (Stevens et al. 2019, 2020), some
branches in our phylogeny show weaker support,
with bootstrap values below 90%, compared to the
relationships inferred from whole-genome data. The
conflicting signals in Caenorhabditis sp. 71 suggest
that its mitochondrial and nuclear genomes may have
followed different evolutionary trajectories. Thus,
nuclear markers or full-genome sequencing will be
essential to resolve its precise phylogenetic position
(Kern et al. 2020).
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CONCLUSIONS

In this study, we report a new Caenorhabditis
species, Caenorhabditis sp. 71, isolated from Ta Kou
Nature Reserve in Binh Thuan province, Vietnam. The
complete mitochondrial genome of the species was
sequenced and assembled using ONT long-reads and
polished with Illumina short-reads. The Caenorhabditis
sp. 71 mitochondrial genome is 13,654 bp long, with
12 protein coding genes, 22 tRNAs, two rRNAs, and
one control region. A phylogenic tree based on the
concatenation of the 12 protein coding genes revealed
that Caenorhabditis sp. 71 is a likely sister of C.
imperialis.
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wallacei NC_035249. (download)

Fig. S6. Published annotated Pristionchus pacificus
mitochondrial genome (NC_015245) that was refined
with ORFfinder in this study. (download)
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