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Summary — We present here the complete mtDNA genome (mitogenome) of Heterorhabditis bacteriophora, an important biological
control agent of soil-dwelling insect pests in agriculture and horticulture. This is the first description of a mitogenome for a member of
the family Heterorhabditidae. The genome contains the typical chromadorean complement of 12 protein-coding genes, 22 tRNA genes
and two rRNA genes. All genes are transcribed in the same direction and have a nucleotide composition high in A and T. For the entire
genome, the nucleotide contents are 47.02% (T), 28.81% (A), 16.10% (G), 8.08% (C) and 75.83% (AT). Heterorhabditis bacteriophora
has a unique, idiosyncratic gene arrangement. It differs from that of Caenorhabditis elegans in having a block of seven genes: trnQ-
trnF-cytb-trnL1-cox3-trnT-nad4 translocated to a position between nad3 and nad5, as well as having a change in the position of the
four tRNA block gene cluster, trnC-trnM-trnD-trnG, where trnC and trnM have switched places and #rnD and trnG have translocated
between nad4 and nad5 genes. The H. bacteriophora mitogenome is 18 128 bp long, and thus is ca 4 kb larger than the mitogenomes
of most chromadoreans. This relatively large genome is due to the presence of five non-coding regions (NCR): NCR1 (114 bp), NCR2
(159 bp), NCR3 (498 bp), NCR4 (1917 bp) and NCRS (2154 bp), which make up 26.7% of the genome. The NCRS5 had the highest
A + T content of 83.47% indicating that this region is the likely AT-rich control region. The complete 498 bp NCR3 sequence is
duplicated in NCR4 and in NCRS5 (the putative AT-rich control region). Such an organisation has not been reported previously in
nematode mtDNA.
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Soil-dwelling entomopathogenic nematodes (EPN) of
the families Heterorhabditidae and Steinernematidae are

a semi-liquid food source for the nematodes. Nematode
growth and reproduction is prolific, giving rise to succes-

widely studied because of their importance as biologi-
cal control agents for insect pests (Poinar, 1979; Burnell
& Stock, 2000; Lacy & Georgis, 2012; Labaude & Grif-
fin, 2018). The free-living infective juveniles (1J) of these
nematodes actively seek out insect hosts, penetrate into
the insect haemocoel and release cells of a symbiotic
bacterium. Susceptible hosts are killed rapidly by septi-
caemia and the 1J mature to adulthood. Enzymes secreted
by the symbiotic bacteria digest the host cadaver into
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sive generations until the food resources of the cadaver are
exhausted. Then new 1J are formed that disperse from the
cadaver into the soil seeking new hosts. Within approx-
imately 2 weeks of infection, up to half a million IJ (g
insect)™! are produced (Akhurst & Bedding, 1986).

The genus Heterorhabditis and family Heterorhabditi-
dae were erected by Poinar (1976), with Heterorhabditis
bacteriophora as the type species. The Heterorhabdtiti-
dae have a worldwide distribution, and currently there
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are 16 confirmed Heterorhabditis species (Bhat et al.,
2020). Heterorhabditis bacteriophora is closely related
to the model nematode Caenorhabditis elegans (Blax-
ter et al., 1998). It can be cryopreserved (Nugent et
al., 1996) and cultured in vitro on agar plates (Dun-
phy & Webster, 1989), as well as in large scale liquid
culture for commercial application (Ehlers, 2001). The
genome of Photorhabdus luminescens, the bacterial sym-
biont H. bacteriophora, has been sequenced (Duchaud
et al., 2003), as has the complete nuclear genome of H.
bacteriophora (Bai et al., 2013) and an improved anno-
tation of the H. bacteriophora genome was published by
McLean et al. (2018). However, information on the mito-
chondrial genomes within the genus Heterorhabditis is
lacking (Blouin, 1998, 2002; Liu et al., 1999). To date,
no description of the complete mitochondrial genome of
any species of Heterorhabditis has been published.

The mitochondrial genome (mitogenome) of animals
is a circular, double-stranded DNA molecule, typically
16-20 kb in length, comprising 36 or 37 genes encoding
22 tRNAs, two ribosomal RNAs (small and large sub-
units tTRNAs (rrnS and rrnl)), 12 or 13 proteins, and a
non-coding control region that initiates replication and
transcription (Wolstenholme, 1992; Boore, 1999). The
encoded proteins are involved in the synthesis of ATP
through oxidative phosphorylation, and thus they play a
critical role in the metabolic activity of eukaryotic cells.
There are no introns (except in Cnidaria), and inter-
genic spacers are absent or very small (Boore, 1999). The
mitogenome has been the most widely studied region of
animal genomes, addressing questions of animal genetic
diversity (Blouin, 1998), population structure, dynamics
and phylogeography (Moritz et al., 1987; Harrison, 1989;
Derycke et al., 2013), evolution and phylogenetics (Avise,
1986; Liu et al., 2013; Sultana et al., 2013; Sun et al.,
2014; DeSalle et al., 2017). In addition, genome size, gene
arrangement, gene number and structure can be easily
investigated for comparative mitochondrial genomic and
evolutionary studies (Boore & Browne, 1998; Gissi et al.,
2008; Liu et al., 2013; Sultana et al., 2013).

We present here the first description of the sequence
and structure of the mitochondrial genome of H. bac-
teriophora. This genome is atypically large, due to the
presence of multiple non-coding regions that make up
26.7% of the genome, and it has an idiosyncratic gene
order. The sequence information presented here will be
an important resource in designing primers to study the
population genetic structure and for the molecular identi-
fication of Heterorhabditis species. The unusual features
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of the H. bacteriophora genome also provide an important
contribution to studies of the molecular and evolutionary
biology of nematode mitochondrial genomes.

Materials and methods

DNA EXTRACTION

Heterorhabditis bacteriophora strain HP88 (Poinar &
Georgis, 1990) was used to infect the last instar larvae
of the wax moth, Galleria mellonella, and the emerging
IJ were harvested using White (1927) traps. Pools of 1J
were concentrated by centrifugation and approximately
I ml of IJ pellet was ground in liquid nitrogen and
total genomic DNA was prepared by the conventional
phenol/chloroform extraction and ethanol precipitation
method (Sambrook et al., 1989). This DNA was used as a
substrate in a long polymerase chain reaction (Long-PCR)
to amplify mtDNA fragments.

PCR AMPLIFICATION, CLONING AND SEQUENCING

The entire mitochondrial genome of H. bacteriophora
was amplified in six overlapping fragments (Supplemen-
tary Fig. S1) by long-PCR (Expand 20 Kb Kit, Roche)
from total genomic DNA using the oligonucleotide primer
sets presented in Supplementary Table S1. These primers
were designed using the following sequence informa-
tion: EST data (Dolan, 2001), partial sequences for
the rrnL, cox2 (Joyce et al., 1994) and nad4 (Liu et
al., 1999) genes, and mtDNA sequences obtained from
PCR fragments amplified as part of this study. Long
PCR was performed according to the manufacturer’s
instructions. The elongation times and annealing tem-
peratures were adjusted in accordance with the pre-
dicted lengths of the target sequences (Supplementary
Table S1). Amplicons were visualised using 0.8% agarose
gels. Selected amplicons were purified using DNA Min-
ispin Columns (Millipore, DNA Gel Extraction Kit)
and cloned into TOPO pCR2.1 (fragments < 3 kb) or
TOPO XL (fragments > 3 kb) vectors (Invitrogen), which
were then transformed into TOPO 10 competent Esche-
richia coli cells (Invitrogen) according to the manufac-
turer’s instructions. The cloned fragments were sequenced
at Agowa (https://www.nucleics.com/DNA_sequencing_
support/sequencing-service/agowa.html) using the primer
walking strategy. Both strands were completely sequenced
from two independent clones for each mitochondrial frag-
ment to generate an accurate consensus sequence (contig).
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The final consensus sequence was assembled manually
and with the aid of the CAP3 sequence assembly program
(http://doua.prabi.fr/software/cap3).

SEQUENCE ANALYSIS, ASSEMBLY AND ANNOTATION

Sequences were aligned using ClustalX (Thompson
et al., 1997). Protein encoding genes were identified
by sequence similarity of the translated open reading
frames to C. elegans mtDNA sequences available in
WormBase (https://wormbase.org/tools/blast_blat) using
BLASTx searches. The online program Transeq (http://
www.ebi.ac.uk/emboss/transeq/) was used to translate
protein coding genes using the invertebrate mitochondrial
genetic code. The codon usage data for protein coding
genes were obtained using the Countcodon program ver-
sion 4 (http://www.kazusa.or.jb/codon/countcodon.html).
The two rRNA genes were identified based on their sim-
ilarity to C. elegans and other nematode mitochondrial
rRNA genes at GenBank NCBI (http://www.ncbi.nlm.nih.
gov/entrez) and the European Ribosomal RNA database
(http://bioinformatics.psb.ugent.be/webtools/rRNA/). The
tRNAs were identified using the tRNAscan-SE v.1.21
(Lowe & Eddy, 1997) available at (http://lowelab.ucsc.
edu/tRNAscan-SE/). Codons encoding arginine tRNA and
the two serine tRNAs, not detected by tRNAscan, were
identified using the Dual Organeller GenoMe Annota-
tor (DOGMA) program (Wyman et al., 2004) at https://
dogma.ccbb.utexas.edu.

The sequences of the AT-rich region and non-coding
regions were scanned for the presence of: motifs using
the online program ‘Yet Another Digging for DNA Motifs
Gibbs Sampler’ (SeSiMCMC) (Favorov et al., 2005)
available at http://favorov.bioinfolab.net/SeSiMCMC/ and
the MEME-motif discovery tool, version 3.50 (Bailey
& Elkan, 1994), available at http://meme-suite.org/doc/
meme.html?man_type=web. The ‘Tandem Repeats
Finder’ software (Benson, 1999) available at https:/
tandem.bu.edu/trf/trf. html and the ‘Approximate Tandem
Repeat Hunter’ program (Wexler et al., 2005) available at
http://www.cs.technion.ac.il/labs/cbl/atrhunter/
ATRinformation.htm were used to detect tandem repeat
sequences. Prediction of potential secondary structures
was performed using the online Mfold web server at
http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-
Form (Zuker, 2003). Mitochondrial genomes were visu-
alised using OGDRAW (v1.3.1) (Greiner et al., 2019).
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Results and discussion

GENOME ORGANISATION AND NUCLEOTIDE
COMPOSITION

The complete H. bacteriophora mitogenome (acces-
sion number NC_008534) contains 18 128 bp, which is
4334 bp larger than that of C. elegans and it is larger than
most other chromadorean mitogenomes, which generally
range in size from 13 to 15 kb (Supplementary Table S2).
Five non-coding regions (NCR) account for 26.7% of the
genome and contribute to its relatively large size.

The genome contains 36 of the 37 genes typical of
metazoans (Fig. 1) and these genes are all transcribed
in the same direction, as is characteristic of nema-
todes. There are 12 genes encoding the following pro-
teins: the NADH dehydrogenase subunits nadl-6 and
nad4L, cytochrome oxidase subunits cox/-3, cytochrome
b apoenzyme (cytb), and ATP synthase subunit 6 (atp6).
The remaining genes comprise two rRNA genes (rrnL and
rrnS), together with 22 tRNA genes. These genes are sim-
ilar in length to their counterparts in other nematodes and
are separated by few (2-18 bp) or no bases (Table 1). The
atp8 gene is absent, as is typical of nematodes generally,
with the exception of enoplids such as Trichinella spi-
ralis (Lavrov & Brown, 2001), Trichuris discolor (Liu
et al., 2012) and Trichinella nelsoni (Mohandas et al.,
2014). The H. bacteriophora mitogenome is highly AT-
rich, a pattern that is characteristic of nematode and other
invertebrate mtDNA genomes (Albu et al., 2008). Of the
non-coding regions, NCR5 had the highest AT content
(83.47%), indicating that this region is the likely AT-rich
control region.

CODON USAGE AND AMINO ACID COMPOSITION

Codon usage in the 12 protein-encoding genes is shown
in Table 2. The most common codons are TTT (Phe
13.7%), TTA (Leu 10.07%), ATT (Ile 6.57%), GTT (Val
4.79%), and TAT (Tyr 4.76%). The least common codons
are CGG (Arg 0.03%), CAC (His 0.06%), ACC (Thr
0.09%), GCC (Ala 0.12%), and CCC (Pro 0.15%). The
greatly reduced frequencies of G and C at the third codon
position appear to reflect the A 4+ T mutational bias in
nematode mtDNA (Blouin et al.,1998) and the reduced
selection pressure on third codon positions (Sharp &
Matassi, 1994). Two codons were not observed in this
mtDNA genome: TGC (Cys) and CGC (Arg).

The inferred amino acid sequences for 12 mtDNA pro-
tein coding genes and the nucleotide sequences of the
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Table 1. Summary of the Heterorhabditis bacteriophora mt genome showing the position of mitochondrial genes, their nucleotide (nt)
lengths, their amino acid (aa) lengths, translation initiation and termination codons as well as non-coding regions (NCR).

Gene Mt position Sequence length Codon
From To nt aa Start Stop
trnP 1 54 54
NCRI 55 168 114
trnV 169 222 54
nad6 223 657 435 144 TTG TAA
intergenic 658 659 2
nad4L 660 896 237 78 TTG TAG
trnW 897 953 57
intergenic 954 957 4
trnE 958 1013 56
rrnS 1014 1714 701
trnS UCN 1715 1771 57
trnN 1772 1825 54
intergenic 1826 1827 2
trnY 1828 1883 56
nadl 1884 2755 872 289 TTG TA
atp6 2756 3352 597 198 ATT TAA
intergenic 3353 3370 18
trnK 3371 3433 63
intergenic 3434 3439 6
trnL UUR 3440 3494 55
trnS AGN 3495 3548 54
nad?2 3549 4396 848 282 TTG TA
trnl 4397 4456 60
trnR 4457 4512 56
NCR2 4513 4671 159
coxl 4672 6258 1587 528 ATT TAG
intergenic 6259 6263 5
trnM 6264 6324 61
intergenic 6325 6337 13
trnC 6338 6392 55
intergenic 6392 6393 1
cox2 6394 7089 696 231 ATG TAG
intergenic 7090 7095 6
trnH 7096 7149 54
rraL 7150 8114 965
nad3 8115 8453 339 112 TTG TAG
NCR3a 8454 8951 498
trnQ 8952 9006 55
intergenic 9007 9010 4
trnF 9011 9066 56
cytb 9067 10179 1113 370 TTG TAG
intergenic 10180 10183 4
trnL CUN 10184 10240 57
cox3 10241 11008 768 255 ATT TAA
intergenic 11008 11009 1
trnT 11010 11065 56
nad4 11066 12294 1229 409 ATA TA
trnD 12295 12349 55
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Table 1. (Continued.)

Gene Mt position Sequence length Codon
From To nt aa Start Stop
trnG 12350 12404 56
NCR4 12405 14321 1917*
NCR3b 13 848 14345 498
nad>5 14322 15905 1584 527 ATT TAA
intergenic 15906 15918 13
trnA 15919 15974 56
NCRS5 (AT-rich region) 15975 18128 2154
NCR3c 16072 16569 498

* Approx. 24 bp overlap with nad5.

Table 2. Codon usage in the 12 protein encoding genes of the Heterorhabditis bacteriophora mitochondrial genome.

Amino acid Codon No. % Amino acid Codon No. %
Phe (F) TTT 451 13.17 Asn (N) AAT 136 3.97
TTC 24 0.70 AAC 7 0.2
Leu (L2)(UUR) TTA 345 10.07 Lys (K) AAA 57 1.66
TTG 153 4.47 AAG 44 1.29
Leu (L1) (CUN) CTT 29 0.85 Tyr (Y) TAT 163 4.76
CTC 1 0.03 TAC 8 0.23
CTA 12 0.35 TAA*
CTG 2 0.06 TAG*
Ile (I) ATT 225 6.57 Asp (D) GAT 70 2.04
ATC 9 0.26 GAC 4 0.12
Met (M) ATA 129 3.77 Glu (E) GAA 41 1.20
ATG 60 1.75 GAG 35 1.02
Val (V) GTT 164 4.79 Arg R CGT 26 0.76
GTC 7 0.2 CGC 0 0
GTA 80 2.34 CGA 4 0.12
GTG 32 0.93 CGG 1 0.03
Ser (S1) (AGN) TCT 136 3.97 Ser (S2) (UCN) AGT 142 4.15
TCC 4 0.12 AGC 3 0.09
TCA 19 0.55 AGA 61 1.78
TCG 3 0.09 AGG 23 0.67
Pro (P) CTT 56 1.64 Thr (T) ACT 89 0.26
CCC 5 0.15 ACC 3 0.09
CCA 16 0.47 ACA 21 0.61
CCG 6 0.18 ACG 8 0.23
Ala (A) GCT 83 2.42 Gly (G) GGT 126 3.68
GCC 4 0.12 GGC 6 0.18
GCA 8 0.23 GGA 35 1.02
GCG 4 0.12 GGG 22 0.64
His (H) CAT 55 1.61 Gln (Q) CAA 22 0.64
CAC 2 0.06 CAG 20 0.58
Cyc C TGT 51 1.49 Trp (W) TGA 49 1.43
TGC 0 0 TGG 23 0.67

A total of 3424 codons were analysed, excluding the initiation and termination codons.
* Termination codons.
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Fig. 1. Circular map of the mitochondrial genome of Heterorhabditis bacteriophora. The inner ring shows percentage GC content.
Arrows indicate relative transcriptional orientation. NCRs 1-5 are labelled. Note: genes NDI to ND6 on the map are written as nadl to

nad6 in the text and Table 1.

rRNA genes of H. bacteriophora were compared with
those of a representative set of nematodes: C. elegans,
Ascaris suum, Ancylostoma duodenale, Necator ameri-
canus, Cooperia oncophora, Steinernema carpocapsae,
Strongyloides stercoralis, Onchocerca volvulus, Dirofi-
laria immitis, Brugia malayi, T. spiralis and Xiphinema
americanum. Pairwise comparisons revealed sequence
identities of 21-86% among the compared nematode

species. The most conserved proteins were cox/and cox2,
while nad6 and nad2 were the least conserved. For all
compared proteins, the amino acid sequence identity was
higher among nematodes of order Rhabditida (e.g., C. ele-
gans and Cooperia oncophora) than among members of
the orders Spirurida (e.g., O. volvulus) and Trichinellida
(T. spiralis).
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H. bacteriophora

A P v W[ E SN[ Y K[L[S R M[ C H Q[T L T D[ G
2 2|1 1
~
be) e | @» ! | N g~ ~ o~ X
< = s = | = = |2 ) = N E ) pe] =
= || = = &5 = =
= < 2| = g 2| S = Z| S g z S g =
-~
C. elegans
EY P[V W E SN[ Y K[L[S 1 F L T C[ Mj|D H
2 2|1 1
~
el el N
1 BRHERREENE EnRE s| |2 |38 3| |2
= - 2| = g 2|3 2 & g 2|z S $

Fig. 2. Comparison of linearised representation of mitochondrial gene arrangement of Heterorhabditis bacteriophora and the free-living
nematode Caenorhabditis elegans. The circular mitochondrial genomes were linearised at the 5’ end of nad5. Gene, NCR and genome
size are not drawn to scale. The red rectangular box indicates a translocation of a block of seven genes, trnQ-trnF-cytb-trnL1-cox3-
trnT-nad4, between nad3 and nad5, as well as a change in the position of a block of four tRNAs, trnC-trnM-trnD-trnG, where trnC
and trnM have switched places (green circle), and trnD and trnG (brown hexagon) have translocated between the nad4 and nad5 genes,

relative to their position in C. elegans.

TRANSFER RNA AND RIBOSOMAL RNA GENES

The anticodon triplet sequences of the 22 encoded
tRNA genes (Fig. 1) are identical to their counterparts in
C. elegans, A. suum (OKimoto et al., 1992), A. duodenale
and N. americanus (Hu et al., 2002). Twenty of these
tRNAs lack the Ty C loop and arm, a feature that is also
found in other secernentian nematodes (Wolstenholme et
al., 1987; Okimoto et al., 1992; Hu & Gasser, 20006).
These tRNA genes are between 54 and 63 nucleotides
in size, and their secondary structure is very similar to
A. duodenale and N. americanus (Hu et al., 2002). Each
tRNA predicted from these genes has an aminoacyl stem
of 6-7 bp, a DHU stem of 4 bp (3 bp in tRNA A), a
DHU loop of between 4-7 nucleotides, an anticodon stem
of 4-5 bp, an anticodon loop of 7 nucleotides, and a TV
replacement loop of 7-13 nucleotides.

The small and large subunit rRNAs (rrnS and rrnL)
of H. bacteriophora are predicted to be 701 and 965 bp
in size (Table 1) and their AT content is 71.9% and
78.03%, respectively. These lengths, as well as their
locations, are similar to the length of the ribosomal
RNAs of C. elegans and of other nematodes including A.
suum, A. duodenale, N. americanus, C. oncophora and S.
carpocapse (Okimoto et al., 1992; Hu et al., 2002; Van
der Veer & de Vries, 2004; Montiel et al., 2006). However,
needle (X. americanum, X. rivesi, X. pachtaicum) and
dagger (Longidorus vineacola, Paralongidorus litoralis)
enoplean nematodes have smaller rRNA genes; the rrnS
range from 531 to 606 bp, while the rrnL range from 707
to 729 bp (Palomares-Rius et al., 2017).

Vol. 0(0), 2021

GENE ORDER

The gene order of the H. bacteriophora mitochon-
drial genome is distinct from that of all other nematodes
sequenced to date. Its gene order differs from that of
C. elegans in having a translocation of a block of seven
genes, trnQ-trnF-cytb-trnL1-cox3-trnT-nad4, located
between nad3 and nad5, as well as a change in the posi-
tion of a block of four tRNAs, trnC-trnM-trnD-trnG,
where trnC and trnM have switched places, and trnD and
trnG have translocated between the nad4 and nad5 genes,
relative to their position in C. elegans (Figs 1, 2; Table 1).
When translocations of tRNA genes are excluded, (which
are more frequent than those of rRNA and protein cod-
ing genes; Wolstenholme, 1992; Boore, 1999; Gissi ef al.,
2008), C. elegans shares its gene order with 27 out of 28
species of Rhabditomorpha and nine out of 11 species of
Ascaridomorpha (Kim et al., 2017). A survey of 65 nema-
tode mitochondrial genomes by Liu ef al. (2013) revealed
25 different nematode gene arrangement (GA) patterns.
Further genome sampling has shown that the GA patterns
of nematodes from the chromadorean infraorder Tylen-
chomorpha are also variable, adding a further six patterns
to the list of described GA in nematodes (Sultana et al.,
2013; Garcia & Sanchez-Puerta, 2015). The seven gene
block translocation, which is the major distinguishing fea-
ture of H. bacteriophora GA relative to that of C. elegans,
is flanked on each side by non-coding DNA NCR3 and
NCR4 (Fig. 2).

The most commonly invoked model of mitochondrial
gene rearrangement is the tandem duplication-random
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loss model (Moritz & Brown, 1987; Boore & Brown,
1998; Muller & Boore, 2005; Chong & Mueller, 2017),
as a result of slipped strand mispairing during mtDNA
replication, followed by multiple deletions of redundant
genes. Alternative mechanisms include the illegitimate
elongation model (Buroker et al., 1990) depicted by error
in termination of replication and transposition (Macey et
al., 1997), a mechanism involving terminal direct repeats
and intramolecular recombination that involves proximity
to an origin of replication (Lunt & Hyman, 1997) or a
stem-loop structure (Stanton et al., 1994). The proposed
mechanism of gene rearrangement in the mitochondrial
genome of H. bacteriophora is the tandem duplication-
random loss model, although other possible mechanisms
such as intramolecular recombination cannot be ruled out.

NON-CODING REGIONS

Non-coding regions (NCR) account for 26.7% of the
mitogenome and contribute to its relatively large size. The
genome contains a total of 13 short intergenic sequences,
ranging in size from 1 to 18 bp (Table 1). The posi-
tions and sizes of these short intergenic sequences are
similar to those of C. elegans (Okimoto et al., 1992).
The genome also has five non-coding regions, NCRI1-
NCRS5 (Fig. 1; Table 1), whose sequences are longer than
18 bp and have no BLASTN or BLASTX similarities in
GenBank. The majority of nematode mitogenomes con-
tain two non-coding regions, the long (major) non-coding
region (AT-rich region) and the short (minor) non-coding
region. The major non-coding region, also called the con-
trol region (CR), contains elements involved in the regula-
tion of replication and transcription (Wolstenholme, 1992;
Boore, 1999). These include tandem repeat sequences and
inverted repeats, which may form hairpin and loop struc-
tures that likely act as signals for polymerases (Brenton
et al., 2014). Extensive variation in the size and sequence
content of the control region occurs in many species of
invertebrates, including nematodes (Zang & Hewitt, 1997,
Sun et al., 2014; Li & Liang, 2018).

NCRS is the largest non-coding region (2154 bp) and
has the highest AT content (83.4%). Based on its AT
content and location in the mtDNA molecule, NCR5
is considered to be the putative AT-rich control region.
Its location between trnA and trnP corresponds to the
location of the AT-rich regions of C. elegans (Okimoto
et al., 1992), A. duodenale and N. americanus (Hu et al.,
2002), C. oncophora (Van der Veer & de Vries, 2004) and
Haemonchus contortus (Jex et al., 2008). However, NCR5
has no significant sequence similarity to any of the above-
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mentioned AT-rich regions. The repeated sequence motifs
(CR1-CR6) present in the C. elegans AT-rich region were
not found in NCRS, which also lacked any of the inverted
repeat sequence tracts found in A. suum, O. volvulus and
A. duodenale, or N. americanus (Okimto et al., 1992,
Keddie et al., 1998; Hu et al., 2002). Instead, two (AT)
dinucleotide repeat regions ((AT),s and (AT)ss) were
found, which are similar to a run of 18 AT dinucleotide
in C. elegans and A. suum (Okimoto et al., 1992). In
addition, NCR5 also contained two (TA) dinucleotide
repeat regions ((TA);3 and (TA)yg).

NCRS5 is relatively large, comprising 2154 bp; however,
the size of the control region in nematodes is very
variable (Supplementary Table S2). The shortest AT-
rich regions occur in plant-parasitic nematodes of the
order Dorylaimida: Xiphinema spp. (95-140 bp) and L.
vineacola (92 bp) (Palomares-Rius ez al., 2017), while
the tylenchid plant parasites Pratylenchus vulnus and
Meloidogyne graminicola possess large AT-rich regions
of 6847 bp and 5063 bp, respectively (Sultana et al., 2013;
Besnard et al., 2014). The insect-parasitic nematode,
S. litorale, also has a large AT-rich region comprising
6260 bp (Kikuchi et al., 2016), but, interestingly, the
AT-rich regions of the congeneric S. carpocapsae and
S. kushidai are 554 and 643 bp, respectively (Montiel
et al., 2006; Kikuchi et al., 2016), an indication of the
extent of length variation that can be found in the AT-
rich region within a single genus of nematodes. NCR2
most likely corresponds to the second (minor) non-coding
region found in C. elegans and A. suum (Okimoto et al.,
1992), A. duodenale and N. americanus (Hu et al., 2002),
C. oncophora (Van der Veer & de Vries, 2004), D. immitis
(Hu et al., 2003) and S. carpocapsae (Montiel et al.,
2006). It contains a poly-A (7 nt) region, which is also
found in the minor non-coding regions of C. elegans, A.
suum, A. duodenale, N. americanus and D. immitis. Hu et
al. (2002) suggested that probably this non-coding region
is the site for the initiation of the second strand synthesis,
although there is no experimental evidence for this.

NCRI1 (114 bp) is located between trnP and trnV
(Table 1). Its nucleotide sequence had little homology to
the other four NCR regions (Fig. 3). Its AT content is
34.7%; a stem loop structure could be predicted for this
region. NCR3 (498 bp) is located between nad3 and trnQ.
The complete 498 bp NCR3 sequence is duplicated in
NCR4 and in NCRS (the putative AT-rich control region)
and it also has sequence similarity to 79 nucleotides at
the 3’ end of NCR2, the putative minor control region.
NCR4 (1941 bp) is located between trnG and nad5. At
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Fig. 3. NCRs of Heterohabditis bacteriophora. Homologous regions of repeated DNA together with their relative positions are colour
coded and shown. NCRs 2-5 share segments of sequence with homology resulting from duplication. NCR1 shares no homology with

NCR 2-4.

the 3’ end of NCR4, the NCR3 repeat sequence overlaps
with the first 24 nucleotides of the nad5 gene. The three
full-length copies of the NCR3 sequence that share 100%
nucleotide sequence identity have been designated as
NCR3a, NCR3b and NCR3c (Fig. 1; Table 1). Such an
organisation has not been reported previously in nematode
mtDNA.

A single common motif of 30 bp: AGAAAGGAG-
GAGGCAGGAGCTCCCCTTTCT, was found in all five
NCR sequences using both the SeSIMCMC program
(Favorov et al., 2005) and the MEME-motif discovery
tool (Baily & Elkan, 1994). This motif has no counter-
part in other nematodes examined so far. It can form a
hairpin structure, but the loop does not contain a run of
Ts. The motif was also found in NCR1 on the opposite
strand, with a few mismatch pairings, and it is also pre-
dicted to form a stable hairpin structure. Within this 30 bp
motif there is a smaller 5 bp motif: TCCCC. There are two
copies of the TCCCC. It is also present twice in NCRS
(i.e., AT-rich control region) outside of the repeated copy
of NCR3c. A TCCCC motif has been found in the D-
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Loop of some mammals (e.g., pigs and cattle) (Douzery
& Randi, 1997) and some birds (Randi & Lucchini, 1998;
Eberhard et al., 2001), and this motif has been function-
ally associated with termination of nascent H strand dur-
ing mtDNA replication (Dufresne et al., 1996; Ritchie &
Lambert, 2000; Pie et al., 2008; Wang et al., 2011; Shi et
al., 2012); whether this motif has a similar function in the
H. bacteriophora mtDNA replication needs experimental
evidence.

The presence of three copies of the 498 bp NCR3
sequence in the H. bacteriophora mitogenome most prob-
ably confers a selective advantage, since the mode of
evolution in metazoan mtDNA has been selection for
small genome size (Attardi, 1985), and non-functional
sequences would be expected to be eliminated relatively
quickly due to the more rapid rate of replication of com-
pact mitogenomes (Schirtzinger et al., 2012; Kinkar et
al., 2019). Moreover, an assay for the presence of the
NCR3 by PCR and DNA sequencing confirmed its exis-
tence in seven other Heterorhabditis species: H. megidis
(MW512820), H. zealandica (MW512821), H. marela-
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tus (MWS512822), H. downesi MW512823), H. taysearae
(MW512824), H. mexicana (MW512825) and H. indica
(MW512826), with nearly 100% nucleotide sequence
identity with H. bacteriophora (MW512819) (Supple-
mentary Fig. S2), although the number of repeated copies
was not determined. This suggests concerted evolution of
NCR3 region among Heterorhabditis species.

In total, there are five NCR in the H. bacteriophora
mitochondrial genome (Fig. 1). Sequence analysis indi-
cates that there is sequence homology between different
NCR (Fig. 3). For example, the first 107 nucleotides of
NCR2 overlap with positions 360-498 of NCR3 (99%
identity). NCR3 itself overlaps with positions 1444-1941
of NCR4 (99% identity) and positions 99-593 (99% iden-
tity) of NCRS. There are two equally plausible scenar-
ios that may have led to this NCR sequence arrange-
ment. The first involves the duplication of NCR3, three
times with subsequent rearrangement/insertion to NCR4
and NCRS regions. The third duplicated copy of NCR3
was then cleaved, resulting in NCR2. Alternatively, NCR2
may be the progenitor copy that duplicated and inserted
into NCR3a, followed by two subsequent duplications of
NCR3a and insertion into NCR4 and NCRS5 regions.

Duplications of the control regions of mtDNA mole-
cules have been described in diverse species of vertebrates
such as fish (Inoue et al., 2003; Tatarenkov & Avise 2007),
reptiles (Kumazawa et al., 1996; Quian et al., 2018) and
birds (Schirtzinger et al., 2012), as well as in ostracods
(Ogoh & Ohmiya, 2007), insects (Shao & Barker, 2003;
Li et al., 2017), arachnids (Shao et al., 2005), squids
(Tomita et al., 2002; Jiang et al., 2018) and the cestode
Echinococcus granulosus (Kinkar et al., 2019). Three
nearly identical copies of a ca 500 bp of non-coding
region have been reported in the squid Loligo bleekeri, for
which several stem and loop structures could be predicted
(Tomita et al., 2002). These authors suggested these sec-
ondary structures may play a role in the mtDNA repli-
cation or transcription processes. Recently Jiang et al.
(2018) found that eight of the nine squid species inves-
tigated share the same genome organisation as L. bleekeri
and also possess three dispersed putative control regions.
In a study of 114 species of parrots, Schirtzinger et al.
(2012) found that 76 species had a single mtDNA control
region as is typical of birds generally, but a duplication
of the mtDNA control region had occurred in 38 parrot
species. Phylogenetic analysis identified at least six inde-
pendent origins of these control region duplications and,
interestingly, there were no reversions to a single con-
trol region state in any of these six clades. The authors
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postulate that the advantage of having a second control
region overrides selection for compactness, possibly by
allowing for faster replication of the mtDNA molecule
(Schirtzinger et al., 2012). Similarly, the presence of two
additional dispersed copies of the control region NC3
sequence may perhaps confer a replicative advantage to
H. bacteriophora mtDNA, particularly during the phase of
rapid growth and reproduction within the insect cadaver.

Conclusions

We describe here the mtDNA genome of H. bacte-
riophora, the first description of a complete mtDNA
sequence for a member of the family Heterorhabditidae.
This genome contains the typical chromadorean comple-
ment of 12 protein-coding genes, 22 tRNA genes and two
rRNA genes; however, it is 18 128 bp long and is thus
larger than most chromadorean mitogenomes, which typ-
ically range from 13 to 15 kb. The relatively large size of
the H. bacteriophora mitogenome results from the pres-
ence of five non-coding regions (NCR1-NCRS5), which
make up 26.7% of the genome. NCRS, the largest non-
coding region (2154 bp), has the highest AT content and
is most likely the control region. The complete 498 bp
sequence of NCR3 also occurs in the NCRS (control
region) sequence and the NCR4 sequence. The occur-
rence of three conserved copies of a relatively large dis-
persed repeat sequence has not been previously observed
in nematodes, although duplications of mtDNA control
regions have been described in diverse species of verte-
brates and invertebrates. It may be possible that the three
copies of the 498 bp NCR3 sequence correspond to three
dispersed putative control regions that have been retained
because they confer a replicative advantage to the H. bac-
teriophora mtDNA molecule. Heterorhabditis bacterio-
phora has an idiosyncratic mtDNA gene order that differs
from that of C. elegans in having a translocation of a block
of seven genes located between nad3 and nad5, as well
as a change in the position of a block of four tRNAs.
This H. bacteriophora genome will provide a useful refer-
ence resource for designing primers to conduct population
genetic studies and for investigating and understanding
the molecular and evolutionary biology of nematode mito-
chondrial genomes. Further research is needed to address
the functional significance of the non-coding regions, the
mechanisms by which the NCR3 sequence has been trip-
licated in the mitochondrial genome of H. bacteriophora
and has been conserved in the mitogenomes of other He-
terorhabditis species.
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Supplementary Fig. S1. Amplification strategy of the Heterorhabditis bacteriophora mtDNA fragments sequenced in this study. The
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dkk kkkhhkhkkkkkhk ok hhkkkdkk hhhkkkkd hhkhhkk ko k ko hk ko
zealandica GATGAATGCTATAAGGTCCCTACCTTACAGGACCC AGGCCTA AAGG 180
megidis GGTGAATGCTATAAGGTCCCTACCTTACAGGACCAC AGGCCA AGGG 180
indica GGTGAATGCTATAAGGTCCCTACCTTACAGGACCAC AGGCCA AGGG 180
bacteriophora GGIGAATGCIATAAGGCCCCIACC! TACAGGACCAC I'TAGGCCTA AGGG 180
marelatus GGTGAATGCTATAAGGTCCCTACCT TACAGGACCAC AGGCCTA AGGG 180
downesi GGTGAATGCTATAAGGTCCCTACCT TACAGGACCAC AGGCCTA AGGG 180
taysearae GGTGAATGCTATAAGGTCCCTACCT TACAGGACCAC AGGCCTA AGGG 180
mexicana GGTGAATGCTATAAGGTCCCTACCT TACAGGACCAC AGGCCTA AGGG 180
* kkkdkkkkhdkhkhokd khkkhok ko koo hhkkhkhkk ko khkkhkhdk hok
zealandica ATATGAGTTA ATGCTAAAAAG] CAAAG ATCTGTGTAATATTT-TT 239
megidis ATATGAGTTA ATGTCAAAAAG CCATG CTACCATGTGATA' A 240
indica ATATGAGTTA ATGTCAAAAAG CCATG CTACCATGTGATA' A 240
bacteriophora TATATGAGITA ATGTCAAAAAG CCATG CTACCATGTGATA A 240
marelatus ATATGAGTTA ATGTCAAAAAG CCATG CTACCATGTGATA A 240
downesi ATATGAGTTA' ATGTCAAAAAGTTTTCCATG CTACCATGTGATA A 240
taysearae ATATGAGTTA ATGTCAAAAAG CCATG CTACCATGTGATA A 240
mexicana ATATGAGTTA ATGTCGAAAAG CCATG I'TCTACCATGTGATA A 240
e ok e o o e e e ok o e ok o ok ok ek b dhkkhdkkhkdkhkd & hkkdkkdk *k & * kkk ok
zealandica ATATTATTTATTGAAATTTAGATCTATGAGGTCACTTCTATTGTAGAAG-~-ATGTTARAT 297
megidis GITTAACTGAAATT TAGATCATTAAGGTCATTTCIC AGAAAAGTGTTAAAT 300
indica ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGITTAAAT 300
bacteriophora ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGITAAAT 300
marelatus ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGTTAAAT 300
downesi ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGTTAAAT 300
taysearae ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGTTAAAT 300
mexicana ATTAACTGAAATTTAGATCATTAAGGTCATTTC AGAAAAGTGTTAAAT 300
* kk kk ok hkkkkkhkkkokhok * hkkkkk hkkk ko & * ok ek e ok
zealandica AA' ATATTAG AC Ammmmmm—— AAATCTAATAGGTAAATCTATCTT 349
megidis ATATTTTGTGTTAG] ATA' ATTTATAAATCTAATAAGT--TTTAATCTT 358
indica ATACTTTGTGTTAG ATA' ATTTATAAATCTAATAAGT=--TTTAATCTT 358
bacteriophora 'CIATA GIGTTAG ATA' ATTTATAAATCTAATAAGT--TTTAATCTT 358
marelatus I'TTATA GIGITAG ATA ATTTATAAATCTAATAAGT-=TTTAATC 358
downesi ATA GIGTTAG ATA ATTTATAAATCTAATAAGT--TTTAATCTT 358
taysearae ATA GIGTTAG ATA A ATAAATCTAATAAGT == AATC 358
mexicana ATA GIGTTAG ATA' ATTTATARATCTAATAAGT-=TTTAATCTT 358
* kk dkdk k kkkhkhkhkkhhkdkk & khkkhkkkkkhhkhk ki * ek kk ok
zealandica CIGCT=-ATAA ATAGCTTAGTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 408
megidis CTGCTATAA' ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
indica CTGCTATAA' ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
bacteriophora C GCIATAA ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
marelatus CTGCTATAA' ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
downesi CTGCTATAA' ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
taysearae CTGCTATAA ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
mexicana CTGCTATAA' ATAGCTTATTAATTAA ATAATTAAGAAAGGAGGAGGCAGGAG 418
ek ok ok ek ke gk ok ko hhkkkkhkkkkhhhkhhhhhhhhh kb ok h ko hdkk ko
zealandica cceeeecr e AGGGTTAAAAAAATGAAGACTGCCTATAATATGTIG 463
megidis cicec-criie AGGGTTAAAAAAATGAAGACTGCCTATAATATGTTG 472
indica cicee-criicic AGGGTTAAAAAARATGAAGACTGCCTATAATATGTIG 472
bacteriophora C CCC-C1C AGGGTTAAAAAAATGAAGACTGCCTATAATATGTTG 472
marelatus cicece-crie AGGGTTAAAAAAATGAAGACTGCCTATAATATGTTG 472
downesi CTCCC-CTTTC AGGGTTAAAAAAATGAAGACTGCCTATAATATGTTG 472
taysearae cicce-c C AGGGTTAAAAAAATGAAGACTGCCTATAATATGTTG 472
mexicana cicee-criie AGGGTTAAAAAARATGAAGACTGCCTATAATATGTTG 472
d dkkk hhkkkdkkhk hhkkhhhkkkkh ko ko ko kok koo k

Supplementary Fig. S2. ClustalX multiple sequence alignment of NCR3 from eight Heterorhabditis species: H. bacteriophora, H.
downesi, H. marelatus, H. megidis, H. zealandica, H. taysearae, H. mexicana and H. indica. Conserved nucleotide positions are

indicated by *.
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The mitochondrial genome of Heterorhabditis bacteriophora

Supplementary Table S1. Mitochondrial fragments and primer pairs used in this study for PCR amplification of the Heterorhabditis
bacteriophora mitochondrial genome, as well as the studies from where the primer sequences were obtained.

Fragment name Tm (°C) Primer name Primer sequence Reference

Mt-1 *62 nad6F 5'-GAGTTATTTGAATTTTGATCCTATAAAGAGTAGG-3'  EST (Dolan, 2001)
*#68/4 min  atp6R 5'-CAAACTCAGCTAATTCATAAACTGCCTC-3/ EST (Dolan, 2001)

Mt-2 *62 atp6F 5'-GGTTAGAGAATTTTCTCGTCCTTTAGC-3 EST (Dolan, 2001)
**68/10 min  cox2R 5'-GTCCTCACGCTAAGACTGCC-3 Present study

Mt-3 *62 cox2F 5'-GGCAGTCTTAGCGTGAGGAC-3’ Present study
*#68/10 min  nad5R 5'-GGAGTAGGCGCTCTTATAGC-3' EST (Dolan, 2001)

Mt-4 *62 nad4F 5'-GGCTGCTTATTCTTCTGTTACCC-3/ Present study
**68/10 min  nad5R 5'-GGAGTAGGCGCTCTTATAGC-3 EST (Dolan, 2001)

Mt-5 *56 atp6F 5'-GGTTAGAGAATTTTCTCGTCCTTTAGC-3 EST (Dolan, 2001)
*%68/10 min  MB39R (nad4) 5-CAAAGAATAATAAAAAGATACCAA-3 Liu et al., 1999

Mt-6 *56 nad5F 5'-GGTTTAAATTCTAAAGGGTTTAC-3 EST (Dolan, 2001)
**60/3 min  nad6R 5'-CATCTCAGAAATAACACCAG-3 Present study

* Annealing temperature.
** Extension temperature/time.

Supplementary Table S2. Mitochondrial genome size and AT-rich region (length, location, and percentage A + T content) among
some representative groups of chromadorean and enoplean nematodes.

Nematode species GenBank Genome AT AT location A+ T % Reference
accession size (bp) length  (between)
number (bp)

Class Chromadorea

Order Rhabditida
Heterorhabditis bacteriophora NC_008534 18128 2154 trnA-trnP 83.4 Present study
Heterorhabditis indica NC_040293 18128 2154 trnA-trnP 83.4 Mandadi et al. (2019),

sequence from GenBank NCBI

Caenorhabditis elegans NC_001328 13794 466 trnA-trnP 93.1 Okimoto et al. (1992)
Ancylostoma duodenale NC_003415 13721 268 trnA-trnP 90.1 Hu et al. (2002)
Necator americanus NC_003416 13604 173 trnA-trnP 83.2
Strongyloides stercoralis NC_005143 13758 469 trnD-nad1 85.0 Hu et al. (2003a)
Cooperia oncophora NC_004806 13636 304 trnA-trnP 85.5 Van der Veer & de Vries (2004)
Steinernema carpocapsae NC_005941 13925 554 trnW-trnE 79.2 Montiel et al. (2006)
Haemonchus contortus NC_010383 14055 465 trnA-trnP 89.4 Jex et al. (2008)
Steinernema glaseri AP017464 13851 1525 trnS2-trnN 84.4 Kikuchi et al. (2016)
Steinernema kushidai APO017465 15182 643 trnS2-trnT 79.7
Steinernemas litorale AP017466 21403 6260 trnN-trnT 72.3
Ostertagia trifurcata MK?227249 14151 113 trnR-trnV 80.1 Ahmad et al. (2019)

Order Ascaridida
Ascaris suum NC_001327 14284 886 trnS2-trnN 84.7 Okimoto et al. (1992)
Anisaki simplex NC_007934 13916 515 nad4-cox1 87.2 Kim et al. (2006)
Ascaridia galli NC_021642 13977 610 trnC-trnN 80.0 Liu et al. (2013)
Ascaridia columbae NC_021643 13862 563 trnC-trnN 77.7

Order Spirurida
Onchocerca volvulus NC_001861 13747 312 cox3-trnA 85.3 Keddie et al. (1998)
Dirofilaria immitis NC_005305 13814 362 cox3-trnA 85.9 Hu et al. (2003b)
Brugia malayi NC_004298 13657 283 cox3-trnA 85.1 Ghedin et al. (2007)
Spirocerca lupi KC305876 13780 400 cox3-trnA 88.5 Liu er al. (2013b)
Camallanus cotti NC_036308 17901 237 trnH-trnR 77.2 Zou et al. (2017)

Vol. 0(0), 2021 17



S.0. Regeai et al.

Supplementary Table S2. (Continued.)

Nematode species GenBank Genome AT AT location A+ T % Reference
accession size (bp) length  (between)
number (bp)

Order Oxyurida
Enterobius vermicularis NC_011300 14010 675 trnS2-trnl 79.9 Kang et al. (2009)
Wellcomia siamensis NC_016129 14128 511 trnS2-trnN 92.3 Park et al. (2011)
Passalurus ambiguous NC_028345 14023 613 trnS2-trnN 91.7 Liu et al. (2016)

Order Tylenchida
Pratylenchus vulnus NC_020434 21656 6847 cox1-trnH 72.9 Sultana et al. (2013)
Meloidogyne graminicola NC_024275 20030 5063 trnS2-trnM 84.1 Sun et al. (2014)
Meloidogyne arenaria NC_026554 17580 1023 trnD-trnM 80.5 Humphreys-Pereira & Elling

(2015)

Meloidogyne javanica NC_026556 18291 1025 trnD-trnM 80.9

Class Enoplea

Order Dorylaimida
Xiphinema americanum NC_005928 12626 95 nad3-nad4L 72.0 He et al. (2005)
Xiphinema pachtaicum NC_033869 12489 140 nad4L-nad3 75.0 Palomares-Rius et al. (2017)
Xiphinema rivesi NC_033869 12624 95 nad3-nad4L 73.0
Longidorus vineacola NC_033867 13519 92 nad4L-nad3 70.0

Order Mermithida
Romanomermis culicivorex NC_008640 26194 7376 nad4-trnS2 77.6 Powers et al. (1993)
Thaumamermis cosgrovei NC_008046  19-34 kb 401 nadl-cytb 73.0 Tang & Hyman (2007)
Hexamermis agrotis NC_008828 24 606 3296 trnY-atp6 78.0 Tang et al. (2007), sequence

from GenBank NCBI

Order Trichinellida
Trichinella spiralis NC_002681 16706 1232 nadl-nad2 71.7 Lavrov & Brown (2001)
Trichuris discolor NC_018596 13904 126 nadl-trnK 74.6 Liu et al. (2012)
Trichinella nelsoni NC_025753 15278 722 nadl-trnK 74.7 Mohandas et al. (2014)

The sequences for Heterorhabditis indica (GenBank accession number NC_040293) and for Hexamermis agrotis (GenBank accession
number NC_008828) were retrieved directly from NCBI.
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