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Abstract

Fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae) is an invasive and important pest of multiple crops
including grains and vegetables. The moth was first detected in Australia in 2020 and has since established populations
across the north of the continent with further spread expected. Surveys for parasites and pathogens impacting Australian
fall armyworm populations were undertaken between 2020 and 2025. Here, we report on two distinct genetic lineages of
parasitic nematode of the family Mermithidae collected from S. frugiperda caterpillars during this period. Because the
specimens available were post-parasitic juveniles, they could not be reliably identified morphologically beyond the family
level. Phylogenetic analyses using two ribosomal (18S, 28S) and one mitochondrial (COI) gene demonstrated the presence
of two distinct species-level lineages (one in Queensland and one in the Northern Territory) but they did not resolve the
taxonomic position of either. Thus, neither lineage can be reliably assigned to any known genus and are therefore given
informal placeholder assignments: Mermithidae sp. FA-QLD and Mermithidae sp. FA-NT. Mermithid nematodes likely
represent an important component of natural population regulation for fall armyworm and join a growing list of organisms
which have been found parasitising this moth in Australia.
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Introduction

The fall armyworm Spodoptera frugiperda (Lepidoptera:
Noctuidae) is a seriously damaging pest of grains and other
crops such as vegetables, cotton and sugarcane (Montezano
et al. 2018). The moth is native to the Americas but since
2016 has spread to over 80 countries, primarily in Africa,
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Asia and Oceania (Maino et al. 2021; Nguyen et al. 2021;
Piggott et al. 2021; Qi et al. 2021; Rane et al. 2023; FAO
2025). Fall armyworm was first detected in Australia in 2020,
initially in the Torres Strait and Far North Queensland, and
has subsequently spread west to the Northern Territory and
Western Australia, and south through Queensland to New
South Wales, Victoria and Tasmania (Piggott et al. 2021; Qi
et al. 2021; Rane et al. 2023). Fall armyworm has estab-
lished populations across northern Australia and some more
southernly locations and, as eradication is not considered
feasible, further spread throughout the continent appears
inevitable (Qi et al. 2021). This species thus represents a
serious threat to multiple Australian agricultural industries
and requires management.

Control of fall armyworm relies primarily on synthetic
insecticides and genetically modified crops containing tox-
ins derived from the soil bacterium Bacillus thuringiensis
(Montezano et al. 2018). However, various populations
of fall armyworm exhibit resistance to insecticides and B.
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thuringiensis toxins (Togola et al. 2018; Sisay et al. 2019)
and such resistance has already been detected in Australian
fall armyworm (Bird et al. 2022; Tay et al. 2022). Because
of the negative impacts of pesticides on environmental
health and an increasingly restrictive regulatory landscape,
there is a critical need for the development of new and inte-
grative management strategies for pests such as fall army-
worm. Parasitic organisms as biocontrol agents are likely to
represent an important component of such future strategies.

Numerous parasites and pathogens have been reported
from fall armyworm in its native range in the Ameri-
cas, including viruses, fungi, wasps, flies and nematodes
(e.g., Ashley 1979; Ashley et al. 1982; Hamm et al. 1986;
Molina-Ochoa et al. 2003). Escape from the Americas has
not, however, resulted in fall armyworm escaping parasites
and disease. Viruses, fungi, wasps, flies and nematodes have
already been reported parasitising fall armyworm across its
invasive range (Sisay et al. 2019; Firake and Behere 2020;
Koffi et al. 2020; Sun et al. 2020; Otim et al. 2021; Fagan-
Jeffries et al. 2024). In Australia, the entomopathogenic
fungi Metarhizium rileyi has been observed parasitising
fall armyworm in the field (AusVeg 2020). Twelve species
of parasitoid wasps have also been formally reported from
fall armyworm in Australia, five of which were considered
new to science (Fagan-Jeffries et al. 2024). Furthermore,
Fagan-Jeffries et al. (2024) noted that several parasitoid
flies had been collected, although they have not yet been
further reported on. Additional parasites and pathogens of
fall armyworm in Australia also await reporting.

Members of the nematode family Mermithidae have
been reported parasitising fall armyworm outside of its
native range, including in Africa (Ahissou et al. 2021),
India (Firake and Behere 2020) and China (Sun et al. 2020).
The life cycles of mermithids comprise both free-living
and parasitic stages (Petersen 1985; Kaiser 1991). In ter-
restrial species, adults dwell in the soil where they mate, and
females produce eggs. Depending on species, females may
either release eggs into the soil or migrate to the surface and
lay eggs on vegetation (e.g., Kaburaki and Imamura 1932;
Christie 1936; Baker 1983). In the former life-cycle strat-
egy infective juveniles hatch from the eggs, search for and
infect, suitable hosts. In the latter strategy, the host becomes
infected by consuming the eggs. Developmental time for the
parasitic juveniles varies between species, ranging from one
to 12 weeks (Hagmeier 1912; Cobb 1926; Christie 1936,
1937; Poinar and Gyrisco 1962; Cuthbert 1968). After com-
pleting development, the post-parasitic juvenile ruptures
a hole in the host cuticle through mechanical pressure;
this process almost always kills the host (Petersen 1985).
After emergence, post-parasitic juveniles migrate into the
soil, where they moult and mature into adults. The broad
host specificity of many mermithid species (Nickle 1972;
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Petersen 1985; Kaiser 1991) has clearly facilitated parasit-
ism of fall armyworm across its invasive range. Here, we
report on the first collections of mermithid nematodes from
Australian fall armyworm populations.

Methods

Fall armyworm caterpillars were collected between 2020
and 2025 from crops (e.g., sweet corn, sorghum, capsicum)
and weeds in commercial operations and experimental field
plots in the tropical north of Australia: Queensland (Bowen
and Burdekin regions) and the Northern Territory (Darwin
and Katherine regions). Collections occurred primarily dur-
ing the wet season (November-April). Caterpillars were
collected alive and transported to the laboratory where they
were maintained in individual containers at 25-28 °C and
60-80% relative humidity until they matured to adult moths
or parasites were detected. Density of fall armyworm was
not estimated in the field so no data on infection prevalence
is available. Emerged nematodes (Fig. 1) were preserved in
80-100% ethanol. Nematodes were preliminarily identified
as post-parasitic stages of nematodes in the family Mermi-
thidae based on general morphological characteristics of the
family: highly elongate and slender macroscopic body with
excessive coiling and a piercing stylet in the stoma (Nickle
1972). Because post-parasitic juvenile mermithids have few
taxonomic characters and cannot usually be identified to
species (Nickle 1972; Kaiser 1991), no further morphologi-
cal studies were undertaken.

Genomic DNA was extracted from specimens using
DNeasy Blood and Tissue kits (Qiagen®) following the
manufacturer’s instructions. Three molecular markers
were targeted: the mitochondrial cytochrome c¢ oxidase I
(COI) gene region, the small subunit ribosomal RNA (18S
rRNA), and the large subunit ribosomal RNA (28S rRNA).
These markers were chosen as they are the most commonly
employed barcodes for the identification of nematodes. The
COlI region was amplified using the forward primer JB3 (5'-
TTTTTT GGG CAT CCT GAG GTT TAT-3") (Bowles et al.
1992) and reverse JBS (5'-AGC ACC TAA ACT TAAAAC
ATA ATG AAA ATG-3') (Derycke et al. 2005). The 18S
region was amplified in two fragments, with the first frag-
ment using the forward primer G18S4 (5'-GCT TGT CTC
AAA GAT TAA GCC-3') (Blaxter et al. 1998) and reverse
R18Tyll (5'-GGT CCA AGA ATT TCA CCT CTC-3')
(Chizhov et al. 2006) and the second fragment using the for-
ward primer F18Ty12 (5-CAG CCG CGG TAATTC CAG
C-3") (Chizhov et al. 2006) and reverse R18Ty12 (5'-CGG
TGT GTA CAA AGG GCA GG-3') (Chizhov et al. 2000).
The 28S region was amplified using the forward primer
D2A (5'-ACA AGT ACC GTG AGG GAAAGT TG-3') and



Two unknown species of Mermithidae (Nematoda) parasitising fall armyworm Spodoptera frugiperda...

Page3of9 20

Fig. 1 Mermithid nematodes
(Mermithidae sp. FA-NT)
emerging from a fall army-
worm (Spodoptera frugiperda)
caterpillar. Specimens collected
near Darwin, Northern Territory,
Australia. Photograph credit:
Wathsala Ratnayake, NT DITT.
Scale bar =1 mm

reverse primer D2B (5'-TCG GAA GGA ACC AGC TAC
TA") (Nunn 1992). PCR and clean-up followed Huston et
al. (2023) and was the same for all three gene regions. PCR
products were sent to the Biomolecular Resource Facil-
ity, Australian National University, Canberra, for Sanger
sequencing and sequenced using the amplification primers.
Resultant reads were assembled and edited using Geneious
Prime® v2025.0.3 (Biomatters).

Newly generated sequences were first confirmed as
representing species of the Mermithidae through com-
parison against the NCBI GenBank database via BLAST
(Altschul et al. 1990). Intraspecific variation among
newly generated sequences was evaluated through align-
ment using MUSCLE (Edgar 2004) as implemented
in MEGAI11 (Tamura et al. 2021). Newly generated
sequences representing all unique variants detected for
each gene region were aligned with those of other mem-
bers of the Mermithidae using MUSCLE and MEGA11
as above. Best-fit nucleotide substitution models for
phylogenetic analyses were evaluated for the COI, 18S
and 28S datasets using MEGAI11 and the GTR+G sub-
stitution model was selected for all three. Phylogenetic
analyses were performed on XSEDE (Towns et al. 2014)
accessed through the CIPRES portal (Miller et al. 2010),
using sequences of two species of the Mononchida as
outgroup taxa. Majority-rule consensus trees were con-
structed using Bayesian inference (BI) and maximum
likelihood (ML) analyses. Bayesian inference was per-
formed using MrBayes v3.2.6 (Ronquist et al. 2012)
with default priors and four chains sampled every 1,000
of 10,000,000 generations; the first 2,500 samples were
discarded as burn-in. Maximum likelihood analyses were
performed using RAXML (Stamatakis 2014) with 1,000
bootstrap pseudoreplicates. Combined BI/ML trees were
edited and annotated in Adobe Illustrator CS6.

Results

Small numbers of mermithid nematodes were collected
from fall armyworm in each year between 2020 and 2025.
We generated molecular sequence data for each of the three
targeted gene regions for three individual mermithids from
Queensland and four individual mermithids from the North-
ern Territory. Comparison of sequences from Queensland
and the Northern Territory indicated the presence of two dis-
tinct mermithid species-level lineages, one present at each
locality. These species are hereafter referred to as Mermi-
thidae sp. FA-QLD and Mermithidae sp. FA-NT. No intra-
specific variation was detected in the 18S and 28S sequence
data for either species. COI sequences of Mermithidae
sp. FA-QLD differed from one another by 2—4 bp (<1%);
those of Mermithidae sp. FA-NT differed from one another
by 0-1 bp (<1%). Mermithidae sp. FA-QLD differed from
Mermithidae sp. FA-NT by 84-89 bp (22-23%), 26-27 bp
(2%), and 90-91 bp (12-13%) in the COI, 18S and 28S gene
regions, respectively. Representative sequences are depos-
ited on GenBank under the accession numbers PX132607-
PX132611 (COI); PX132969, PX132970 (18S); PX132971,
PX132972 (28S).

Most nodes were poorly resolved across all phylogenetic
analyses, with abundant polytomies and repeated instances
of non-monophyly for multiple genera. Overall, analyses did
not permit placement of either Mermithidae sp. FA-QLD or
Mermithidae sp. FA-NT into a named genus. Tree topolo-
gies derived from BI and ML analyses of the COI dataset
(Fig. 2) were largely congruent. Sequences of Mermithidae
sp. FA-QLD and Mermithidae sp. FA-NT resolved in a large
clade comprised of species of Agamermis, Hexamermis,
Ovomermis sinensis, Thaumamermis sp., Pheromermis sp.,
Romanomermis iyengari, Strelkovimermis spiculatus and
several unidentified mermithids with strong support in BI.
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scale-bar indicates the expected
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GenBank accession number
presented before taxa name.
Taxa sequenced in the present
study are presented in bold and
highlighted
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However, this clade formed an eight-way polytomy and the
relationships between Mermithidae sp. FA-QLD, Mermi-
thidae sp. FA-NT and other mermithids in the group were
unclear. Bl and ML analyses of the 18S dataset (Fig. 3) also
produced generally congruent topologies, but the positions
of Mermithidae sp. FA-QLD and Mermithidae sp. FA-NT
were not resolved. These two species once again clustered
with species of Agamermis and Hexamermis, but with no
support. Notably, the sequences of the QLD and NT species
were not resolved in the supported clade which included
sequences of Ovomermis sinensis, a known mermithid para-
site of fall armyworm (Sun et al. 2020). Results of BI and
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OP328787 Thaumamermis sp.
OW| 0Op328788 Thaumamermis sp.

LN879495 Strelkovimermis spiculatus
MF993321 Pheromermis sp.

OR612938 Mermithidae sp.
CII OR612939 Mermithidae sp.

ML analyses of the 28S dataset were generally similar to
analyses of the COI and 18S datasets; the QLD and NT spe-
cies resolved in a clade comprised largely of species of Aga-
mermis and Hexamermis, but with no clear relationship with
any of these taxa (Fig. 4).

Discussion

Because postparasitic larvae of mermithiids have very few
morphological characters useful for identification (Nickle
1972; Kaiser 1991) and our phylogenetic analyses provide
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{ Fig.3 Bayesian majority-rule consensus tree of the 18S dataset. Bayes-

ian inference (BI) posterior probabilities (pp) for nodes represented
by circles, maximum likelihood (ML) bootstrap support (bs) repre-
sented by squares. Support values less than 0.90 (pp) and 70 (bs) not
shown. The scale-bar indicates the expected number of substitutions
per site. GenBank accession number presented before taxa name. Taxa
sequenced in the present study are presented in bold and highlighted

no further taxonomic resolution, we cannot presently assign
Mermithidae sp. FA-QLD and Mermithidae sp. FA-NT to
any known genus. At the very least, our analyses do provide
some evidence of which groups these two species are not
likely to belong to such as Romanomermis and Mesomer-
mis. Species of these genera are primarily aquatic and par-
asites of mosquitos (Galloway and Brust 1979) and black
flies (St-Onge et al. 2008), respectively. It also seems rela-
tively clear that these two species do not represent Hexa-
mermis sinensis (syn. Ovomermis sinensis) a species which
has been reported to parasitise fall armyworm in China (Sun
et al. 2020). Mermithidae sp. FA-QLD and Mermithidae sp.
FA-NT cluster with species of Agamermis and Hexamermis
consistently across our analyses (although without any sup-
port) and species of both of these genera have been reported
to parasitise larval lepidoptera (Nickle 1972; Petersen 1985;
Kaiser 1991). It is probable that Mermithidae sp. FA-QLD
and Mermithidae sp. FA-NT will fall into one of these gen-
era, but this cannot be confirmed until adults of both species
are found, or future revisionary taxonomic and phylogenetic
work provide a better picture of the mermithid phylogeny.
Mermithid nematodes are important regulators of insects
and other arthropods in aquatic and terrestrial ecosystems
(Nickle 1981; Petersen 1985; Baker 1986; Baker and Cap-
inera 1997). At the end of the parasitic phase of their life
cycle, mermithids almost always kill their hosts and can thus
be useful biocontrol agents (Nickle 1981; Petersen 1985;
Kaiser 1991). Mermithids are especially promising for inte-
grated pest management in agricultural systems because
some species are tolerant of a variety of pesticides and other
agricultural chemicals (Petersen 1985; Kaya 1994). Several
species have been investigated intensively for biocontrol,
primarily those which parasitise mosquitos (e.g., Nickle
1979; Achinelly and Micieli 2011; Alavo et al. 2015). The
mermithid Romanomermis culicivorax was available com-
mercially in North America for the control of mosquitos in
the mid-to-late 1970s under the trade name ‘Skeeter Doom’
(Nickle 1979). The first company marketing R. culicivorax
during this period found that while production was econom-
ical, shipping and handling were not (Cupello et al. 1982;
Petersen 1985). The second company to enter the market
invested significant resources into improving shipping and
handling (Cupello et al. 1982), but subsequently shifted away
from biocontrol research and thus never actually marketed
R. culicivorax (Petersen 1985). Improvements in materials
technologies since the 1980s and the speed and efficiency of
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shown. The scale-bar indicates the expected number of substitutions
per site. GenBank accession number presented before taxa name. Taxa
sequenced in the present study are presented in bold and highlighted

modern shipping along with a critical need for less reliance
on chemical control of pests suggests new investigations
into mermithids as biocontrol agents are warranted.

The exact timing of infection and length of development
in Mermithidae sp. FA-QLD and Mermithidae sp. FA-NT is
presently unknown. Anecdotal evidence from rearing field
collected fall armyworm caterpillars suggests the develop-
mental time for these nematodes is probably between four
and ten weeks, like those of other known terrestrial mermi-
thids (Hagmeier 1912; Cobb 1926; Christie 1936; Baker
1983). Thus, infected caterpillars still have the opportunity
to cause significant crop damage before being killed by
these parasites. Biological control using these nematodes
would thus focus more on suppressing population densi-
ties of fall armyworm across years and seasons, rather than
complete elimination at a specific time point.

These two nematode species are already present in some
Australian cropping areas affected by fall armyworm and
have been found parasitising caterpillars across four years.
Thus, fall armyworm is essentially already undergoing bio-
logical control by mermithid parasites at the population level
in at least some areas of Australia’s tropical north. How-
ever, it is still likely that growers can take specific actions
to further promote parasitism of fall armyworm by these
nematodes. The life cycles of Mermithidae sp. FA-QLD and
Mermithidae sp. FA-NT are yet to be elucidated, but rain-
fall is the major factor influencing movement of infective
juveniles as well as female emergence and egg laying, and
higher levels of rainfall stimulate a higher proportion of the
mermithid population to emerge (Baker 1983; Kaiser 1991).
Irrigation could potentially be used to induce parasitism at
desired time points during a growing season. To promote
higher rates of parasitism, strong knowledge of the life his-
tory of these mermithids is needed.

Another potential option is translocation of mermi-
thid species. Mermithidae sp. FA-QLD was found only in
Queensland and Mermithidae sp. FA-NT was found only
in the Northern Territory. Assuming that these species are
truly geographically isolated from one another, translocat-
ing these mermithids could place additional pressure on fall
armyworm populations. Mermithids have been successfully
introduced outside their native range to control mosquitos
in some experiments. The native range of Romanomermis
culicivorax is the southern United States, but this species
was successfully introduced into the northern state of Mary-
land, where a self-sustaining population was established
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despite subzero winter temperatures (Nickle 1979). Other
experiments have introduced Romanomermis culivivorax to
countries beyond North America, including Taiwan (Mitch-
ell et al. 1974; Chen 1976), Thailand (Chapman et al. 1972),
and El Salvador (Petersen 1978; Willis et al. 1980). How-
ever, elucidating the natural history of Mermithidae sp. FA-
QLD and Mermithidae sp. FA-NT would be a critical step
before such translocation activities could be recommended
to ensure for suitable environmental factors and to avoid
potential impact on non-target species.

Mermithids are generally thought to be good biocontrol
candidates because their host-specificity protects non-tar-
get organisms. Mermithids fall along a spectrum of host-
specificity, with some species being capable of infecting
only a single host species, others infecting multiple species
within a genus or family, and others which may parasitise
hosts across multiple orders (Petersen 1985; Kaiser 1991).
Because fall armyworm has only recently arrived in Aus-
tralia on the wing (Qi et al. 2021; Rane et al. 2023), and
Mermithidae sp. FA-QLD and Mermithidae sp. FA-NT
parasitise caterpillars, these nematodes are most likely Aus-
tralian natives with at least generic-level host specificity.
There are several other species of exotic Spodoptera estab-
lished in Australia along with a number of native species
(Nielsen et al. 1996; Braby 2000). For example, Spodop-
tera litura is native to South-East Asia and Oceania and is
a minor pest of cotton in Northern Australia (Farrow and
McDonald 1987; Wilson et al. 2013). It is likely that the
normal hosts of Mermithidae sp. FA-QLD and Mermithidae
sp. FA-NT include native species of Spodoptera. Follow-up
work exploring the host breadth for these two mermithiids
is needed.

Mermithid nematodes can now be added to the growing
list of native and naturalised organisms which have been
found parasitising fall armyworm in Australia. The broad
range of Spodoptera frugiperda establishment across Aus-
tralia also suggests that additional mermithid nematodes
parasitising this moth are likely to be found. Mermithid
nematodes may prove useful for managing populations of S.
frugiperda, along with other biocontrol agents such as fungi
(AusVeg 2020) and parasitoid wasps (Fagan-Jeffries et al.
2024). There is thus a critical need for a thorough investi-
gation into the natural history of the two mermithid nema-
todes reported on here to determine how they may best be
included into fall armyworm management strategies. Cul-
ture methods should also be explored as this may lead to
efficient methods of high-density deployment.
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