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1 SUMMARY

This study seeks to generate further details and to elucidate pathways of incursion and patterns of population
genome diversity and dynamics of the invasive fall armyworm (FAW) Spodoptera frugiperda within Australia’s
agricultural landscape, following its successful establishment as a novel invasive global pest species since
January 2020. While the project was impacted by the COVID-19 pandemic especially with respect to sourcing
FAW populations from both within Australia (e.g., from Western Australia), and from international
collaborators (e.g., Thailand, Indonesia, Cambodia, Solomon Islands, Norfolk Island), samples obtained from
Northern Territory and the eastern states of Australia (Queensland, New South Wales, and Victoria), as well
as from New Zealand nevertheless provided novel insights on pest population movements and highlighted
anthropogenic impact across both spatial and temporal scales.

Highlights from this project included:

e A comprehensive population genomic survey of northern and eastern FAW populations in Australia

e The first genomic analysis of New Zealand invasive FAW individuals

e Evidence of high genetic diversity in Australia FAW population through detection of high numbers of
C-strain and R-strain mitochondrial genome haplotypes

e Expected patterns of admixture homogenisation were not observed in recent Australia (i.e., AUS_22)
populations; instead, unexplained clusters in some populations from NSW, QLD and WA were
detected.

e Genetic differentiation analyses identified substructure within Australian populations, whereby QLD
populations were more similar to NT populations, than neighbouring populations

e Genomic evidence of bridge-head populations in Asia/Southeast Asia that were focal points of FAW
population movement towards Australia/New Zealand.

e Dynamic and fluid population composition, unexplained by natural processes such as drift and
adaptation

¢ |dentifying gaps in regional biosecurity, leading to multiple anthropogenically derived introgressions
into Australia, and therefore highlighting a need for future studies that consider regional genetic
diversity

¢ More selection analyses are required to understand the impact of regional genetic diversity on genes
of biosecurity importance, e.g., are there FAW populations exhibiting evidence of harbouring genes
with detrimental effects?



2 Background

The highly polyphagous agricultural New World lepidopteran pest Spodoptera frugiperda (fall armyworm,
FAW) had undergone range expansion across the Old World regions (Africa, Asia, Oceania) in recent years.
International scientific and agricultural communities, plant health protection organizations, and government
agencies have largely accepted the axiom of the pest’s ‘west-to-east’ spread due to its chronological order
of reporting since officially detected in western Africa in 2016 (Goergen et al., 2016). Acceptance of the west-
to-east spread of FAW across the Old World implies also accepting that this spread originated from West
Africa, and that the founding population carried limited genetic diversity as detected based on single gene
markers such as based on partial mitochondrial DNA (e.g., cytochrome oxidase subunit | (mtCOI); cytochrome
B (cyt b), cytochrome oxidase subunit Ill (mtCOlll) genes (Cock et al., 2017; Nagoshi et al., 2018; Otim et al.,
2018) and/or partial Triose Phosphate Isomerase (TPI) nuclear gene (Nagoshi, 2010; Nagoshi et al., 2019b).
Genomic surveys (Rane et al., 2022a; Schlum et al., 2021; Tay et al., 2021b; Tay et al., 2022d) however,
supported multi-directional introductions and significant genetic diversity in various invasive FAW
populations from Africa and Asia (India, China) analysed, as reflected also from bioassay experiments and
resistance gene characterisation (e.g., Boaventura et al., 2020; Deshmukh et al., 2020; Eriksson, 2019; Guan
et al., 2021; Lv et al., 2021; Tay et al., 2021a; Tay et al., 2022c; Yainna et al., 2021).

Disentangling between single vs. multi-directional spread of the FAW has significant implications on
implementation and adoption of guidelines and policies necessary to protect plant health and agricultural
productivity. The importance of attributing the correct incursion and spread pathways for the FAW based on
well-supported science-based evidence are of two folds, acceptance of a ‘west-to-east’ spread could
therefore: (i) result in on-going and/or future incursions in affected countries not being realised, and could
lead to introductions of new genetic traits that could negatively impact agricultural and horticultural output,
and (ii) limit the understanding and expectation of global pest introduction pathway complexities, thereby
impeding global efforts to protect plant health due to increasing risks of introducing novel plant pests and
diseases.

In Australia, the FAW was officially reported from Bamaga, northern Queensland, on 31-January 2020,
followed by rapid detections also in Strathmore, Queensland, on 19-February 2020, and in Western Australia
(WA) in March 2020. Since this initial stage of detections, this pest has progressively been reported
southward along the eastern and western coastal regions, extending as far south as Victoria and Tasmania,
including Norfolk Island in the Pacific, leaving South Australia as the only mainland Australian state currently
not yet affected by this pest. Reverse trajectory study (Qi et al., 2021) as well as based on simple untested
assumption (Wan et al., 2021) have suggested that the current Australian FAW populations involved a single
pathway into Australia and originated from a single population source from Indonesia. With this simplistic
assumption of a single introduction and founder event, the FAW populations in Australia would therefore
reasonably be expected to harbour limited genomic diversity, and would also exhibit widespread genome
harmonization between populations.

Population genome surveys of the initial FAW populations in Australia from Western Australia (WA),
Northern Territory (NT), Queensland (Qld), and New South Wales (NSW), representing generations from the
first year since FAW'’s arrival in Australia, identified distinct genomic signatures between Australian
populations (Rane et al., 2022a; Tay et al., 2022b; Tay et al., 2021b), supported also by bioassay studies
involving WA and Qld populations (Tay et al., 2021a; Tay et al., 2022b; Tay et al., 2022c), and suggested
multiple introduction pathways from Southeast Asia (SEA) into Australia, as well as establishment of
genetically distinct and diverse FAW populations in Asia/SEA. The genome databases of Tay et al. (2022d)
and Rane et al. (2022a; b; c) of populations from the Far East (i.e., South Korea), SEA (i.e., Malaysia,
Philippines, Vietnam, Laos, Myanmar), Pacific (i.e., Papua New Guinea (PNG))/Oceania (i.e., Australia), Asia
(China, India), Africa (Uganda, Malawi, Benin, Tanzania), and from the pest’s native ranges (Brazil, Peru,
Mexico, French Guiana, Guadeloupe, Puerto Rico, Florida, Mississippi) represent valuable resources to help
address priority knowledge gap of: (i) how on-going natural migration events from Asia/SEA regions impact



on the genetic diversity of established FAW populations in Australia, and (ii) what are the patterns of
population movements within Australia at both spatial and temporal scales?

2.1 Objectives

The objectives of this study are of two folds:

(1) to apply established population genomic analysis pipeline to understand the genetic contributions of
new migrants to the established Australia FAW populations, and

(2) to understand the level of population connectedness between FAW populations in Australia.

3 METHODS

3.1 Samples

We sourced additional Australia FAW populations from WA, NT, QLD, NSW, and Victoria (VIC) to infer
population gene flow patterns and connectivity using population and evolutionary genomic approaches. We
also incorporated population genomic data established by Tay et al. (2022d) and by Rane et al. (Rane et al.,
2022a; b; ¢) (and where possible, incorporated also other published whole genome sequencing data involving
various native and invasive range FAW populations) to assist with achieving the project objectives. Currently
whole genome sequencing dataset for invasive FAW populations have been report from China, Africa, (Guan
et al., 2021; Gui et al., 2020; Schlum et al., 2021; Xiao et al., 2020; Zhang et al., 2022) and also the various
New World native ranges (e.g., Gui et al., 2020; Schlum et al., 2021). Finally, we will also attempt to seek
additional populations representing more recent invasive populations such as from the Pacific and from New
Zealand (NZ). The list of new material received for this project are provided in Table 1 below, and their map
locations are as shown in Fig. 1.

Table 1: Spodoptera frugiperda (FAW) populations from Australia and New Zealand used in this project.
Australia FAW populations listed here represent 2" year populations post incursion, and New Zealand
population represent the first-year population since its first report in April 2022.

State Population Code Number Date
New South Wales Narrabri FAW-], 3, ..., 10 9 10 Dec 2021
Narrabri FAW-11, ..., 30 20 17 Dec 2021
Narrabri FAW-31, ..., 40 10 21 Dec 2021
Queensland Carmila FAW-150, ..., 154 5 25 Jan 2022
Gordonvale FAW-155, ..., 159; 178, ...181 9 06 Jan 2021
Mirriwinni FAW-174 1 13 Jan 2022
Home Hill FAW-160, 161, 245, 246 4 22-26 Oct 2021
Brandon FAW-240, .., 244 5 22 Oct 2021
FAW-235, ..., 239 5 26 Oct 2021
FAW-140, 141, 143, 144 4 18 Nov 2021
FAW-145, ..., 149 5 01 Dec 2021
FAW-247, ..., 251 5 07 Dec 2021




North Inneston | FAW-175-177, 252, ..., 258 10 25 Jan 2022
Innisfail FAW-162, ..., 166, 182, 229-231 9 17 Dec 2021
Maryville FAW-167, ..., 173, 232 8 09 Dec 2021
Ayr FAW-259, ..., 263, 265, ..., 268 9 13 Apr 2022
Bundaberg FAW-269, ..., 278 10 01 Mar 2022
Gatton FAW-279, 282, ..., 287 7 07 Feb 2022
Kairi FAW-289, ..., 298 10 17 Feb 2022
Kingaroy FAW-299, ..., 308 10 29 Mar 2022
Victoria Various FAW-P315, P317, ..., P338 23 15 Sep 2020 -7 Apr 2022
Northern Territory | Ali Curung FAW-41, ..., 45 5 Jan 2021
FAW-139, 220, ..., 228 10 Mar 2021
FAW-46, ..., 49 4 Sep 2021
FAW-309, ..., 314 6 Sep-Oct 2021
Alice Spring FAW-233, 183, ..., 186 5 Jan 2021
FAW-315, ..., 322, 185, 186 10 Mar-Apr 2021
FAW-323, ..., 327, 190, 191 7 May-Jun 2021
FAW-60, ..., 64 5 Sep 2021
FAW-65, 66 2 Oct 2021
Darwin FAW-67-69, 192, ..., 194 7 Jan 2021
FAW-72-74, 329 4 Feb 2021
FAW-196, ..., 204, 234 10 Apr 2021
Douglas-Daly FAW-205, ..., 214 10 Feb 2021
FAW-76, ..., 85 10 Mar 2021
Kathrine FAW-86, ..., 90 5 Mar 2021
FAW-91, ..., 95 5 Apr 2021
FAW-96, ..., 100 5 Jul 2021
FAW-215, ..., 219 5 Sep 2021
Ti Tree FAW-101, ..., 106 6 Feb 2021
FAW-111, ..., 115 5 May 2021
FAW-126-128 3 Sep 2021
FAW-129, ..., 133 5 Oct 2021
FAW-134, .., 138 5 Nov 2021
New Zealand Auckland FAW-P310, ..., P313 4 April 2022

Note: A total of 35 FAW samples failed to sequence successfully, likely due to inadequate genomic quality as a result of
poor sample preservation. These failed samples were excluded from downstream evolutionary and population genomic
analyses.



Fig. 1: FAW populations from invasive ranges included in this study. (1a) FAW populations from Tay et al.
(2022d) and Rane et al. (2022a). (1b) New populations (blue circles) of FAW from Australia (Northern
Territory (NT), Queensland (Qld), New South Wales (NSW), Victoria (Vic)) representing 2" year post
incursion, and from New Zealand (NZ) representing 1 detected population. Australia FAW populations in
red circles represent year-1 incursion and have been reported and analysed in (Rane et al., 2022a). The map
was created from MapChart <https://www.mapchart.net> and modified using PowerPoint for Mac v16.68.
Fig. 1a was modified from Rane et al. (2022a) and used with authors’ permission.
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3.1.1 DNA extraction

DNA extraction and whole genome sequencing for all the 313 samples was carried out following the approach
described in Rane et al. (2022a) and Tay et al. (2022d). Sequencing of the samples was carried out at AGRF
or Azenta.



3.1.2 Sequence analyses

Genome sequencing data for each individual were pre-processed to remove contaminants using Trim Galore!
(v 0.6.6; https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned to published S.
frugiperda rice genome (v1.0) (Gouin et al., 2017) using bwa_mem?2 (v2) (Vasimuddin et al., 2019). We used
SAMBLASTER (v 0.1.26) (Faust & Hall, 2014) to remove duplicate alignments and SAMtools (v1.9) (Li et al.,
2009)) for sorting processed sequence data. Variants were predicted using BBMap (v38.90) (Bushnell, 2014)
and normalised using bcftools (1.9) (Li et al., 2009). Variants were subsampled using regions flanking the 870
single nucleotide polymorphisms (SNPs) from Tay et al. (2022d) for further analyses to minimise batch
effects.

3.1.3 Confirmation of species identity

Complete mitochondrial DNA genomes (mitogenomes) of all Australia putative Spodoptera frugiperda
samples representing post 1 year incursion, as well as the candidate 1°t year New Zealand FAW individuals
from Auckland region were assembled, aligned, and annotated to confirm assembly quality and to identify
the 13 protein coding genes (PCGs) vs. RNA genes (22 tRNAs, 2 rRNAs) and the A-T rich region representing
the origin of replication. Confirmation of the S. frugiperda species status and individual strain identities (i.e.,
C-strain (previously Corn-preferred) vs. R-strain (previously Rice-preferred); see Tay et al., (2022a)) was
through the partial mitochondrial DNA cytochrome oxidase sub-unit | (mtCOI/) gene identity using BLASTN
search (Altschul et al., 1990). Confirmed S. frugiperda trimmed and concatenated mitogenomes (see below)
were categorised into frequencies and identity using FaBOX (Villesen, 2007; Table 2).

3.14 Mitogenome phylogenies

All C-strain and all R-strain FAW individuals were separately grouped within Geneious Prime Version 2022.2.2
(Biomatters Ltd., Auckland) and processed separately. All grouped mitogenomes were aligned using MAFF
Align (Katoh et al., 2002; Katoh & Standley, 2013) using default parameters (mafft —-maxiterate 1000 --
localpair) for trimming to remove all RNA genes (22 tRNAs, 2 rRNAs), intergenic, and the A-T rich regions. To
infer the mitochondrial genome phylogenies of all C-strain and R-strain FAW, we concatenated all 13 trimmed
protein coding genes (PCGs) with partition for phylogenetic inference using 1Q-Tree (Minh et al., 2013;
Trifinopoulos et al., 2016), with node support estimated using 1,000 UF-Boot replications (Minh et al., 2013).

3.1.5 SNPs selection

To reduce ascertainment bias, the samples were then pruned to remove all samples with >30% missing data
and SNP’s with less than 20% missing data to create the final SNP set containing 278 individuals and 870
multi-allelic SNP’s. All the multiallelic SNPs were used to calculate population statistics using PLINK 2.0
(https://www.cog-genomics.org/plink/2.0/).

3.1.6 Principal Component Analysis

Principal Component Analysis (PCA) was also carried out to increase interpretability of the large and complex
FAW genomic dataset through maximising variance by creating new uncorrelated variables and to aid in
visualisation. PCA based on the 870 SNPs was performed using PLINK 2.0 and visualised using ggplot2
(Wickham, 2016). The PCA was restricted to samples from Australia and New Zealand to identify any
underlying clustering, which might suggest sequential, or independent introductions.


https://www.cog-genomics.org/plink/2.0/

3.1.7 Gene flow analysis

Furthermore, Fsr were estimated between pairs of populations using the Hudson correction (Bhatia et al.,
2013) to minimise the effect of rare alleles. This was used to compare disparate populations that were more
likely to possess unique (i.e., rare) and novel alleles with the same statistical confidence. This correction
approach therefore helped to minimise rare-allele effects that could artificially inflate and bias Fsr estimates
(i.e., between populations with different rare allele compositions) since closely related populations would be
less likely to have rare alleles. Due to low sample size in some populations, the Fsr’s were corrected to deliver
an absolute estimate and account for rare alleles relegating the need for a Chi-Square based significance test.

Admixture analyses were carried out using the ‘admixture’ package (Alexander et al., 2009) using 595 bi-
allelic SNP’s (where there were only two possible alleles across all the 727 individuals). The analyses were
visualised using the POPHELPER app (https://pophelpershiny.serve.scilifelab.se/) and labels clarified using
Microsoft PowerPoint.

4 RESULTS

4.1 Mitochondrial genome analyses

A total of 20 C-strain and 240 R-strain individuals were identified from new Australia and New Zealand
samples processed for this project. Full mitochondrial genomes of all current samples showed similar lengths
as previously reported in Tay et al. (2022d) and Rane et al. (2022a) with minor nucleotide length variations
occurring at the intergenic and the A-T rich regions. Categorisation of trimmed and concatenated PCG
sequences (11,195bp) that included previously characterised mitogenomes (Rane et al., 2022a; Tay et al.,
2022d) identified a total of 75 and 34 unique C-strain and R-strain mitochondrial genomes, respectively,
despite that there were more R-strain individuals detected (n = 240) than there were C-strain individuals
(n=20). Interestingly, combining the two partial mtCO/ haplotypes previously reported in the NT FAW
populations (i.e., MW454865, MW454866) by Piggott et al. (2021) and the 20 C-strain individuals resulted in
three unique partial mtCO! haplotypes (Fig. 2), with 19 of the 20 C-strain individuals from this study sharing
the same partial mtCO/I sequence identity as MW454866. Taken as a whole, full mitogenome characterisation
from our study and the partial mtCO/ gene characterisation from Piggott et al. (2021) identified 20 C-strain
mitochondrial haplotypes representing 20 C-strain maternal lineages in Australia.

Of the 240 R-strain FAW individuals from Australia and New Zealand that were successfully sequenced (236
Australia, 4 New Zealand; Table 1), there were 23 unique (i.e., not reported by Tay et al. (2022d) and Rane et
al. (2022a)) mitogenome haplotypes detected in this study from 128 of the 240 individuals. A total of 112
FAW (n = 103 and n = 9) clustered with two mitogenome haplotypes that were previously reported from
other invasive ranges (Africa, Asia, SEA, and Pacific/Australia; see Rane et al. (2022a)).

Fig. 2: Extracted and aligned mitochondrial DNA cytochrome oxidase sub-unit | (mtCOl) partial gene
sequences from 20 C-strain FAW individuals and aligned with the two partial mtCO/ haplotypes (MW454865,
MW454866) identified by Piggott et al. (2021). Square red boxes indicate nucleotide changes. A total of three
partial mtCOI gene haplotypes were identified, with the MW454865 haplotype (Piggott et al., 2021) from a
Northern Territory (NT) individual being the most divergent. Nucleotide length and positions in base pairs
are shown.
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Table 2: Summary of unique C-strain and R-strain Spodoptera frugiperda mitogenome haplotypes from
11,195 bp of 13 concatenated protein coding genes (PCGs).

Strain Haplotype number Frequency Note
C-strain 1,3,4,6,7,8,9, 28, 35, 36, 39, | 1each Each haplotype is unique
40,41,72,74,75
2 2 Two individuals in this unique haplotype
10 1 Included: Malawi, Laos, Philippines, Myanmar,
Malaysia, Vietnam
33 1 (FAW-247) | Included: Malawi, Laos, Philippines, Myanmar,
Malaysia, Vietnam, Benin
R-strain 13, 15, 17, 18, 19, 20, 21, 22, 23, | 1 each 17 unique haplotypes detected in 17 AUS_22
26, 27,28, 29,31,32,33,34 individuals
12 8 AUS_22 FAW-14, 191, 25, 27, 317, 37, 61, 63)
14 2 Two AUS_22 individuals (FAW-143, 282)
16 93 93 AUS_22 individuals
24 2 Two AUS_22 individuals (FAW-48, 165)
25 3 Three individuals (FAW-207, 307, 334)
30 3 Three AUS_22 individuals (FAW-34, 40, 179)
2 103 Total of 217 samples Included: PNG, Myanmar, Laos,

Australia, Vietnam, Philippines, South Korea)

11 9 1AUS_21sampleand 9 AUS_22 samples (FAW-19, 22,
84,106, 157, 181, 208, 219, 312)

Inference of C-strain (Fig. 3) and R-strain (Fig. 4) mitogeneome phylogenies also included previously
characterised mitogeneomes from Tay et al. (2022d) and Rane et al. (2022a) to assist with identifying novel
haplotypes (i.e., representing previously unrecognised maternal lineages) being detected in this study in
Australia FAW populations. While it is tempting to attempt to infer the source populations of Australia
invasive FAW based on the C- and R-strain mitogenome phylogenies, it is nevertheless important to keep in
mind that the overall low bootstrap support values for majority of branch nodes, largely due to the low
number of informative nucleotide sites in the mitogenomes of S. frugiperda as a whole.

The concatenated mitogenome phylogenies in Figs. 3 and 4 are therefore best serve to inform of novel
haplotypes representing previously unknown maternal lineages in Australia, and which could indicate
continued arrivals of novel FAW populations. The report of Tay et al. (2022b; Fig. 2a) that applied a
metabarcoding approach for high density landscape-wide FAW-population mtCOI/ strain identification
surveyed 225 FAW from WA to detect three C-strain individuals (i.e., 1.33%) in the 2020 Kununurra WA
populations. Similarly, Piggott et al. (2021) surveyed 45 adult male FAW individuals representing early
incursion stage populations (18 March 2020 — 29 April 2020) from NT, and identified the C-strain composition
of 4.44% (i.e., 2/45). Rane et al. (2022a) characterised a total of 109 Australia FAW samples between 03
March 2020 to November 2020 and did not detect any C-strain individual. The early-stage C-strain FAW
frequencies in Australia therefore appeared low (i.e., 6 C-strain FAW detected from a total of 379 (= 1.58%)).
Contrasting these early incursion phase population diversity survey results, the current C-strain detection
rate is approximately 5x greater (i.e., ((20/256)x100%)/1.58% = 4.94) in the second year post incursion and
with apparent greater C-strain haplotype diversity.
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Fig. 3: Concatenated mitogenome phylogeny (11,195 bp) of C-strain Spodoptera frugiperda (FAW) detected
in this study and in previous studies of Tay et al. (2022d) and Rane et al. (2022a). A total of 20 FAW from this
study have the C-strain mitogenomes as indicated by orange branches. Arrows indicate unique mitogenome
haplotypes. Arrows within red box are shared haplotypes with multiple individuals. Black branches are C-
strain mitogenomes previously reported (Rane et al., 2022a; Tay et al., 2022d). Bootstrap values are shown
for 87-100% (red circles) and for 74-86% (grey circles) from 1,000 UF-Boot (Minh et al., 2013).

[ FAW-2T4 =
-strain SO
[BE30-COAN

e _comn
Mal_SPA02_corn
LacaT _com
5 Mym_¥Z3_com
. Phil_23_com
] hym_TK1_cam
Mym_AB2_com
015-com
hym_KPT3_corn

Bootstrap values e

N0 -CORN
FAW-270 (=]
FAW-318 &=

- 87-100% _‘ P

FROS-CORN

PR12-CORN
FAW-B0

- 74-86% ) g

FAW-218
FAW-310
UF20-COAN
PR31-CORN

FAW-282
FAW-205 E
48 FAW-T8
=
=

UFIS-CORN
UF21.COAN
UFD1-COAN
PRIS-CORN
Q> PR20-CORN
UF03-COAN

o

UBA0B-CORN
UA01-CORN
UM07-CORN
UGOE-CORN
Lan12_com

Fnil_35_com

T Mym_KT3_cam
. Mal_SP03_com

UG13-CORN
PRI1B-CORN
UF07-COAN
UMOS-COAN
21 PRI15-CORN
MOC35.CORN
WA 1-CORN
MXAT-CORN
W4Z-CORN
5 MX44-CORN
. M43 CORN
MXAS-CORN
MXAB-CORN
MOAE-CORN
MXAD-CORN
PEO7-COAN
CHIE-CORN
(s - UM0S-CORN
"¢ PEC4-CORN
PEDS-COAN
FPEDZ-COAN
PE10-CORAN
BCE1-CORN
BA20-CORN
UF02-CORAN
|2 UF24-CORN
UF22.CORN
00 UF11-COAN
Un05-CORMN
BC36-CORN
R BCS5-CORN
00 > BCA1-CORN
PE1S-COAN
PE16-CORN
PEOS-COAN
> PA33-CORN
PE12-COAN
UM02-COFN
PE13-COAN
(> PA1E-CORN
PRO1-CORN
PEVI-COAN
BC40-CORN
I BCEE-CORN
PE0S-COAN
PE0S-CORN
PE01-COAN
PE14-COAN
PRI2-CORN
PEDI-CORAN
BRO1-CORN
(> BADE-CORN
BA25-CORN
BC40-CORN
UF0E-CORAN
UF04-COAN
UF23-COAN
W1 E-CORN
Vie20_com
Mym_KT1_cam
Viels_com
Phil_22_com
UG03-CORN

cil

G FAW-132

Tt

11



Fig. 4: Concatenated mitogenome phylogeny of R-strain Spodoptera frugiperda (FAW) detected in this study
and in previous studies of Tay et al. (2022d) and Rane et al. (2022a). A total of 25 mitogenome haplotypes
were identified from 240 AUS_22 and 4 New Zealand FAW individuals, of which 23 mitogenome haplotypes
were unique (i.e., not detected in the studies of Tay et al. (2022d) and Rane et al. (2022a)). FAW individuals
in black branches are R-strain mitogenomes previously reported (Rane et al., 2022a; Tay et al., 2022d), green
branches are current Australia and New Zealand FAW individuals that shared mitogenome haplotypes with
Asia, Africa, Southeast Asia, Pacific, and Australia FAW individuals that were previously reported in Tay et al.
(2022d) and Rane et al. (2022a). Mitogenome haplotypes with multiple (i.e., > 2) FAW individuals are in red
boxes. Bootstrap values from 1,000 UF-Boot (Minh et al., 2013) are shown for 87-100% (red circles) and for
74-86% (grey circles).
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4.2 Admixture analysis

Admixture analysis at K=5 returned the best CV value (Fig. 5) and suggested that the broad clusters in QLD
remained largely consistent across populations representing the initial incursion (Fig. 5; labelled in red as
AUS_21) and year-2 post incursion (Fig. 5; labelled in blue as AUS_22). However, there appeared to be an
enrichment for cluster 4 in QLD, which was predominantly found in the AUS_21 Burdekin population. Cluster
4 has since exhibited strong enrichment in all populations in the AUS 22 NT and contrasting the
AUS_21_NT_Bluey’s Farm population. For cluster 5, initially present in relatively high abundance across all
AUS_21 populations, has reduced in abundance in all AUS 22 NT populations, while persisted in all
AUS_22_QLD populations. Finally, the AUS_22_NSW_Narrabri population at K=5 exhibited the most novel
genome admixture pattern, especially with cluster 1 but lacking cluster 4 for some samples. There appeared
to be two or more separate population clusters in the AUS_22_NSW_Narrabri population, similar to the
AUS 21 WA _Kununurra and AUS 21 QLD_Strathmore populations which also appeared to consist of
multiple population clusters (see also PCA section, Fig. 6).

We were unable to follow through in the spatial genomic changes in the WA population due to loss of year-
2 samples in transit. The unique population clustering at spatial and temporal scales detected in Australia
FAW populations sampled during the early stages (i.e., from March 2020 (Rane et al., 2022a) to May 2022
(this study)) highlights the need for ongoing monitoring of population structure and diversity in Australia’s
agricultural landscape. Admixture analysis based on the 870 nuclear SNP loci is consistent with the
mitochondrial haplotype analysis, and suggests that Australia FAW populations involved multiple founders,
with a possible explanation being novel and ongoing introduction of genomic compositions (e.g., also evident
from the greater C-strain mitogenome diversity detected in AUS_22 samples), even in 2022. The expected
population level genome homogenisation at these early stages of the pest’s introduction events was not
observed between NT and eastern state populations (Fig. 5), highlighting limited inter-population admixture.
Additional chromosome level analysis is needed to elucidate kinship, detailed admixture patterns and
microspatial gene-flow.

Fig. 5: Admixture analysis of Australia and New Zealand Spodoptera frugiperda populations based on 870
single nuclear polymorphism (SNP) loci. Populations representing year-1 incursions have been extensively
analysed in Rane et al. (2022a) and are labelled in red as ‘AUS_21’. Populations representing post year-1
incursions are labelled in blue as ‘AUS_22’. Optimal genetic cluster of K=5 was identified from the CV value.
See main text for detailed interpretation.
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4.3 Gene flow analysis via Fst

Population gene flow patterns were used to infer population connectivity (i.e., sub-structure) between initial
year (i.e., AUS_21) and subsequent (i.e., AUS_22) FAW populations from WA, NT, QLD, NSW, and VIC (Table
3). Overall, and contradictory to the assumption that Australia FAW populations were the result of a single
initial Queensland incursion event (e.g., Qi et al., 2021; Wan et al., 2021), gene flow patterns suggested
limited population connectivity between various year-1 populations (AUS_21), and between AUS_21
populations vs. most of AUS 22 populations, with most of these pairwise comparisons showing overall high
Fst values (i.e., red>orange>yellow colour cells). Furthermore, the NSW and NT AUS_21 populations (from
Wee Waa, and Bluey’s Farm, respectively; Table 3) remained highly sub-structured when compared with
most other Australia FAW populations across both sampling periods (i.e., AUS_21; AUS_22), except Home
Hill in QLD and the NZ samples.

AUS_22 NT populations generally showed gene flow with QLD, NSW, and VIC populations, while population
substructure in QLD populations was detected, especially for the Home Hill population in QLD. The New
Zealand population (see Table S1) which was sampled in April 2022 from Auckland region showed weak
population substructure when compared with Australia populations that were sampled between March and
May 2020 from Queensland and WA, but lacked evidence of gene flow when compared with Australia FAW
populations sampled between January 2021 and May 2022. Concurrently, the NZ and Home Hill populations
showed a near equivalent differentiation to extant AUS populations yet remained differentiated when
compared to each other.

While low Fsr values with other Asian (e.g., China, India) and various SEA populations (e.g., Laos, Myanmar,
Malaysia, Philippines, Vietnam) may suggest connectivity with various invasive populations, the small NZ
sample (n = 4) nevertheless limited our ability to interpret the extent of gene flow between Australia, SEA
and Asia FAW populations. There is also a lack of data to aid our understanding of gene flow between WA
FAW populations both at spatial and temporal scales due to the 2" year samples being lost by the courier
company.

When comparing Fst estimates of AUS_21 and AUS_22 populations to the Asian populations, there is an
overall reduced differentiation between the AUS_22 populations and Asian populations, compared to the
AUS_21 samples. In some cases, AUS_22 populations displayed high similarity to Asian populations than
AUS 21 samples from the same state. Finally, it was noted that while the AUS_22 populations had a greater
similarity to populations in SEA, the NZ population bears marked genetic similarity to the South Korean
population, further highlighting the substructure noted in the recent survey.

4.4 Principal Components analysis

The Principal Components Analysis (PCA) carried out using AUS_21, AUS_22 and NZ samples provided further
clarity to support signatures of multiple introductions (Fig. 6). These populations largely clustered together,
which is a noticeable behaviour of invasive populations as previously described (Rane et al., 2022a; Tay et al.,
2022d).

Most significantly, the AUS_21 populations demonstrated a greater spread along the PC’s 2 and 3, whereas
the AUS_22 populations were largely clustered in the basal cluster. Of note, were the two AUS 21
populations (Strathmore in QLD and Kununurra in WA) that presented satellite clusters (i.e., ‘group 2’ clusters
in Fig. 6), with several samples also present in the basal cluster. In the AUS_22 populations, this behaviour
was only demonstrated by the NSW Narrabri population (i.e., Narrabri ‘group 2’ cluster in Fig. 6), reinforcing
the observations from the admixture analysis and Fsr’s. The NZ populations were also clustered in the basal
cluster, though a sample size of 4 was not sufficient to draw extensive conclusions.
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Table 3: Fsr estimates of gene flow between Australia FAW populations from 1 year of the pest incursion
(AUS_21 samples) and the 2" year post incursion (AUS_22 samples). Fst estimates are represented by colour
heat map (Red>Orange>Yellow>Light Green>Dark Green). Population locations are shown in Fig. 1 and
detailed in Rane et al. (2022a) and Tay et al. (2022d).
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Note: No Statistical tests were enforced here due to overall smaller population sizes in many sub-populations.
The Hudson correction should account for it since it incorporates a Fishers exact test. For Fsr estimates
involving New Zealand (NZ) samples please see the full Fsr table in Table S1.

Fig. 6: Principal Component Analysis (PCA) of Spodoptera frugiperda (FAW) populations from Australia
(AUS_21, AUS_22) and New Zealand.
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5 CONCLUSION

This study identified unique C- and R-strain mitogenomes in recent AUS_22 populations to highlight the
diverse FAW population compositions across its Old World invasive ranges. The findings also supported
potential on-going movements of FAW between Asia/SEA and Australia. Admixture analyses showed that
there were unique genetic clusters in both AUS 21 and AUS 22 populations, while the expected
homogenisation of AUS 21 and AUS_22 populations based on the widely assumed rapid spread of the pest
was not realised, at least for Australia scenarios. Australia and New Zealand populations continued largely as
C- and R-strain hybrids, although some individuals from WA (AUS_21) and from NSW (AUS_22) appeared to
lack hybrid signatures. Furthermore, admixture analyses also identified unexplained genetic clusters in, e.g.,
Kununurra WA, Strathmore QLD, and Narrabri NSW (Fig. 5; see also Fig. 6 of PCA)). QLD AUS_22 populations
showed the highest similarity to extant AUS_21 populations as seen from the cluster composition and
following analyses. Therefore, of all the populations in Australia, AUS_22 populations from QLD are the only
populations with a strong signature of being derived from AUS_21 populations, with few exceptions. These
patterns also suggest that the population composition is highly dynamic and fluid, given the lack of
consistency between genomic surveys in consecutive years.

Fst analysis suggested movements of NT populations into QLD populations while there was a general lack of
admixing within the QLD populations. Microspatial gene flow analysis using high chromosomal delineated
density genomic markers would be needed to further dissect this observation. Patterns of pairwise Fsr also
indicated the presence of four outliers (AUS_21: Bluey’s Farm and Wee Waa; AUS_22: Home Hill and NZ).
These populations bore little to no similarities to existing AUS populations, but showed a similar pattern of
differentiation across the study samples. This could indicate bridge-head populations in Asia/SEA that are
focal points of FAW population movement towards Australia/NZ (Guillemaud et al., 2011; Rane et al., 2022a).
Diverse insecticide resistance alleles and resistance profiles have been reported in Africa and Asia FAW
populations (e.g., Boaventura et al., 2020; Deshmukh et al., 2020; Eriksson, 2019; Guan et al., 2021; Lv et al.,
2021; Zhang et al., 2020), and more recently also reported in WA and QLD populations based on bioassay
studies and whole genome analyses (Tay et al., 2022c). This population genomic study of post year-1
incursion of FAW in Australia therefore further provided evidence to demonstrate the significant genetic
diversity in invasive FAW populations across Africa and Asia/Pacific regions. This high genetic diversity profile
of invasive-range FAW is congruent to the signature of multiple introductions (e.g., Arnemann et al., 2019;
Jiang et al., 2022; Jones et al., 2019; Tay & Gordon, 2019; Tay et al., 2022c; Tay et al., 2022d), and further
supported the need to improve regional biosecurity capacity, given the likely on-going introduction into
Australia of populations with novel genomic compositions that could include genes of economic and
biosecurity importance, including better adaptation to diverse ecoclimatic conditions in new geographic
habitats.

Existing SEA/Australia FAW genomic results suggest multiple introgression events into Australia and evolving
substructure in the region (Rane et al., 2022a). Increasingly for globally significant agricultural pest species
(e.g., Anderson et al., 2016; Arnemann et al., 2019; Elfekih et al., 2018; Gilligan et al., 2019; Jones et al., 2019;
Lopes-da-Silva et al., 2014; Pozebon et al., 2020; Tay & Gordon, 2019; Tay et al., 2017) and including also the
fall armyworm, analysis of whole genome data is supporting persistent human-assisted introductions even
after initial detections, such as in China (Jiang et al., 2022), Africa (Nagoshi et al., 2019a; Rane et al., 20223;
Schlum et al., 2021; Tay et al., 2022d), and in SEA (e.g., in Malaysia; Rane et al., 2022a). This study of multiple
timeline populations in Australia represents one of the few studies to further demonstrate the importance
of on-going monitoring of pest populations at the genomic level. For Australia and New Zealand, this will
necessarily also include follow-up studies of FAW populations in the SEA and the Indo-Pacific regions. While
we have provided preliminary genomic composition of limited numbers of New Zealand individuals to infer
the pest’s invasion biology, more samples are needed to better elucidate its introduction pathways into the
country, as well as to better understand the evolutionary and adaptation potentials of the pest in New
Zealand.

To better understand the FAW’s ability to rapidly adapt to localised pest management strategies will require

selective sweep analyses as well as episodic selection analysis. Such an analysis would require access to
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comparable global whole genome datasets to differentiate between episodic selection and alleles that
appear under selection, but were instead the result of migration (Messer & Petrov, 2013). Selective sweep
analyses of populations from Australia and surrounding regions (e.g., China, India, Indonesia, Thailand) will
be needed to further assist with developing relevant management solutions to bolster the resilience of
Australia’s and regional agricultural industries. While the genome dataset generated in some recent studies
have been made available (e.g., Guan et al., 2021; Gui et al., 2020; Rane et al., 2022a; Schlum et al., 2021;
Tay et al., 2022¢; Tay et al., 2022d), other whole genome datasets remained unavailable despite publication
status and repeated requests (e.g., Yainna et al., 2021; Zhang et al., 2020). Future research should therefore
target populations where data is currently lacking, to enable understanding of the genomic of adaptation by
the FAW and elucidating microspatial pathways of movement/incursions.

6 ACKNOWLEDGEMENTS

This study was supported by funding from the Australian Government administered by Plant Health Australia
to RR and WTT. The authors acknowledged the support of Dr Helen Spafford and Holly Cattermole from
Western Australia Department of Primary Industries and Regional Development (DPIRD) to assist with
sourcing WA FAW samples. Ammie Foster (CSIRO A&F, Myall Vale) assisted with providing NSW (Narrabri)
FAW samples. Isabel Valenzuela (Agriculture Victoria Research) helped with identifying and providing the
Victorian FAW specimens. The Qld/Vic 2020 samples were all used in Agarwal et al. (2022) (funded by DAFF
project 188450). These were collected by QDAF and AgVic (see acknowledgments section in Agarwal et al.
(2022). The Vic 2022 samples were from the Hort Innovation project MT19014. These were provided to AgVic
by growers/agronomists as part of the FAW LAMP training conducted during that project.

7/ REFERENCES

Agarwal A, Rako L, Schutze MK, Starkie ML, Tay WT, Rodoni BC & Blacket MJ (2022) A diagnostic LAMP assay for rapid
identification of an invasive plant pest, fall armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae). Scientific
Reports 12, 1116. doi: 10.1038/s41598-021-04496-x.

Alexander DH, Novembre J & Lange K (2009) Fast model-based estimation of ancestry in unrelated individuals. Genome
Research 19: 1655-1664. doi:10.1101/gr.094052.109.

Altschul SF, Gish W, Miller W, Myers EW & Lipman DJ (1990) Basic Local Alignment Search Tool. Journal of Molecular
Biology 215: 403-410. doi:DOI 10.1006/jmbi.1990.9999.

Anderson CJ, Tay WT, McGaughran A, Gordon K & Walsh TK (2016) Population structure and gene flow in the global
pest, Helicoverpa armigera. Mol Ecol 25: 5296-5311. doi:10.1111/mec.13841.

Arnemann JA, Roxburgh S, Walsh T, Guedes J, Gordon K, Smagghe G & Tay WT (2019) Multiple incursion pathways for
Helicoverpa armigera in Brazil show its genetic diversity spreading in a connected world. Sci Rep 9: 19380.
doi:10.1038/s41598-019-55919-9.

Bhatia G, Patterson N, Sankararaman S & Price AL (2013) Estimating and interpreting F-ST: The impact of rare variants.
Genome Research 23: 1514-1521. doi:10.1101/gr.154831.113.

Boaventura D, Martin M, Pozzebon A, Mota-Sanchez D & Nauen R (2020) Monitoring of Target-Site Mutations
Conferring Insecticide Resistance inSpodoptera frugiperda. Insects 11, ARTN 545. doi:10.3390/insects11080545.

Bushnell B (2014) BBMap: A Fast, Accurate, Splice-Aware Aligner.: Lawrence Berkeley National Laboratory. .
17



Cock MJW, Beseh PK, Buddie AG, Cafa G & Crozier J (2017) Molecular methods to detect Spodoptera frugiperda in
Ghana, and implications for monitoring the spread of invasive species in developing countries. Sci Rep 7: 4103.
doi:10.1038/541598-017-04238-y.

Deshmukh S, Pavithra HB, Kalleshwaraswamy CM, Shivanna BK, Maruthi MS & Mota-Sanchez D (2020) Field efficacy of
insecticides for management of invasive fall armyworm, Spodoptera frugiperda (). E. Smith) (Lepidoptera:
Noctuidae) on maize in India. Florida Entomologist 103: 221-227. doi:10.1653/024.103.0211.

Elfekih S, Etter P, Tay WT, Fumagalli M, Gordon K, Johnson E & De Barro P (2018) Genome-wide analyses of the Bemisia
tabaci species complex reveal contrasting patterns of admixture and complex demographic histories. PLoS One 13:
€0190555. doi:10.1371/journal.pone.0190555.

Eriksson J (2019) Toxicity bioassays with insecticide formulations used for control of Spodoptera frugiperda
(Lepidoptera: Noctuidae). Vol. Master of Science in Environmental Science with Integrated Pest Management:
North West University, South Africa, p. v+86pp.

Faust GG & Hall IM (2014) SAMBLASTER: fast duplicate marking and structural variant read extraction. Bioinformatics
30: 2503-2505. doi:10.1093/bioinformatics/btu314.

Gilligan TM, Goldstein PZ, Timm AE, Farris R, Ledezma L & Cunningham AP (2019) Identification of Heliothine
(Lepidoptera: Noctuidae) Larvae Intercepted at U.S. Ports of Entry From the New World. J Econ Entomol 112: 603-
615. doi:10.1093/jee/toy402.

Goergen G, Kumar PL, Sankung SB, Togola A & Tamo M (2016) First Report of Outbreaks of the Fall Armyworm
Spodoptera frugiperda (J E Smith) (Lepidoptera, Noctuidae), a New Alien Invasive Pest in West and Central Africa.
PLoS One 11: e0165632. doi:10.1371/journal.pone.0165632.

Gouin A, Bretaudeau A, Nam K, Gimenez S, Aury JM, Duvic B, Hilliou F, Durand N, Montagne N, Darboux I, Kuwar S,
Chertemps T, Siaussat D, Bretschneider A, Mone Y, Ahn SJ, Hanniger S, Grenet AG, Neunemann D, Maumus F,
Luyten I, Labadie K, Xu W, Koutroumpa F, Escoubas JM, Llopis A, Maibeche-Coisne M, Salasc F, Tomar A, Anderson
AR, Khan SA, Dumas P, Orsucci M, Guy J, Belser C, Alberti A, Noel B, Couloux A, Mercier J, Nidelet S, Dubois E, Liu
NY, Boulogne I, Mirabeau O, Le Goff G, Gordon K, Oakeshott J, Consoli FL, Volkoff AN, Fescemyer HW, Marden JH,
Luthe DS, Herrero S, Heckel DG, Wincker P, Kergoat GJ, Amselem J, Quesneville H, Groot AT, Jacquin-Joly E, Negre
N, Lemaitre C, Legeai F, d'Alencon E & Fournier P (2017) Two genomes of highly polyphagous lepidopteran pests
(Spodoptera frugiperda, Noctuidae) with different host-plant ranges. Sci Rep 7: 11816. doi:10.1038/s41598-017-
10461-4.

Guan F, Zhang J, Shen H, Wang X, Padovan A, Walsh TK, Tay WT, Gordon KHJ, James W, Czepak C, Otim MH, Kachigamba
D & Wu Y (2021) Whole-genome sequencing to detect mutations associated with resistance to insecticides and Bt
proteins in Spodoptera frugiperda. Insect Sci 28: 627-638. d0i:10.1111/1744-7917.12838.

Gui FR, Lan TM, Zhao Y, Guo W, Dong Y, Fang DM, Liu H, Li HM, Wang HL, Hao RS, Cheng XF, Li YH, Yang PC, Sahu SK,
Chen YP, Cheng L, He SQ, Liu P, Fan GY, Lu HR, Hu GH, Dong W, Chen B, Jiang Y, Zhang YW, Xu HH, Lin F, Slipper B,
Postma A, Jackson M, Abate BA, Tesfaye K, Demie AL, Bayeleygne MD, Degefu DT, Chen F, Kuria PK, Kinyua ZM, Liu
TX, Yang HM, Huang FN, Liu X, Sheng J & Kang L (2020) Genomic and transcriptomic analysis unveils population
evolution and development of pesticide resistance in fall armyworm Spodoptera frugiperda. Protein & Cell.
doi:10.1007/s13238-020-00795-7.

Guillemaud T, Ciosi M, Lombaert E & Estoup A (2011) Biological invasions in agricultural settings: Insights from
evolutionary  biology and population genetics. Comptes Rendus Biologies 334: 237-246.
doi:10.1016/j.crvi.2010.12.008.

Jiang YY, Zhang YY, Zhou XY, Hong XY & Chen L (2022) Population genetics reveal multiple independent invasions of
Spodoptera  frugiperda (Lepidoptera: Noctuidae) in China. Bull Entomol Res: 1-11.
doi:10.1017/50007485322000190.

Jones CM, Parry H, Tay WT, Reynolds DR & Chapman JW (2019) Movement Ecology of Pest Helicoverpa: Implications for
Ongoing Spread. Annu Rev Entomol 64: 277-295. doi:10.1146/annurev-ento-011118-111959.

Katoh K, Misawa K, Kuma K & Miyata T (2002) MAFFT: a novel method for rapid multiple sequence alignment based on
fast Fourier transform. Nucleic Acids Res 30: 3059-3066. doi:10.1093/nar/gkf436.

18



Katoh K & Standley DM (2013) MAFFT multiple sequence alignment software version 7: improvements in performance
and usability. Mol Biol Evol 30: 772-780. doi:10.1093/molbev/mst010.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R & Genome Project Data
Processing S (2009) The Sequence Alignment/Map format and SAMtools. Bioinformatics 25: 2078-2079.
doi:10.1093/bioinformatics/btp352.

Lopes-da-Silva M, Sanches MM, Stancioli AR, Alves G & Sugayama R (2014) The Role of Natural and Human-Mediated
Pathways for Invasive Agricultural Pests: A Historical Analysis of Cases from Brazil. . Agricultural Sciences 5: 634-
646. doi:http://dx.doi.org/10.4236/as.2014.57067.

Lv SL, ShiY, Zhang JC, Liang P, Zhang L & Gao XW (2021) Detection of ryanodine receptor target-site mutations in diamide
insecticide-resistant Spodoptera frugiperda in China. Insect Science 28: 639-648. doi:10.1111/1744-7917.12896.

Messer PW & Petrov DA (2013) Population genomics of rapid adaptation by soft selective sweeps. Trends in Ecology &
Evolution 28: 659-669. doi:10.1016/j.tree.2013.08.003.

Minh BQ, Nguyen MA & von Haeseler A (2013) Ultrafast approximation for phylogenetic bootstrap. Mol Biol Evol 30:
1188-1195. d0i:10.1093/molbev/mst024.

Nagoshi RN (2010) The Fall Armyworm Triose Phosphate Isomerase (Tpi) Gene as a Marker of Strain Identity and
Interstrain Mating. Annals of the Entomological Society of America 103: 283-292. doi:10.1603/An09046.

Nagoshi RN, Dhanani |, Asokan R, Mahadevaswamy HM, Kalleshwaraswamy CM, Sharanabasappa & Meagher RL (2019a)
Genetic characterization of fall armyworm infesting South Africa and India indicate recent introduction from a
common source population. PLoS One 14, ARTN e0217755. doi:10.1371/journal.pone.0217755.

Nagoshi RN, Goergen G, Plessis HD, van den Berg J & Meagher R, Jr. (2019b) Genetic comparisons of fall armyworm
populations from 11 countries spanning sub-Saharan Africa provide insights into strain composition and migratory
behaviors. Sci Rep 9: 8311. doi:10.1038/s41598-019-44744-9.

Nagoshi RN, Goergen G, Tounou KA, Agboka K, Koffi D & Meagher RL (2018) Analysis of strain distribution, migratory
potential, and invasion history of fall armyworm populations in northern Sub-Saharan Africa. Scientific Reports 8,
ARTN 3710. doi: 10.1038/s41598-018-21954-1.

Otim MH, Tay WT, Walsh TK, Kanyesigye D, Adumo S, Abongosi J, Ochen S, Sserumaga J, Alibu S, Abalo G, Asea G &
Agona A (2018) Detection of sister-species in invasive populations of the fall armyworm Spodoptera frugiperda
(Lepidoptera: Noctuidae) from Uganda. PLoS One 13: e0194571. doi:10.1371/journal.pone.0194571.

Piggott MP, Tadle FPJ, Patel S, Gomez KC & Thistleton B (2021) Corn-strain or rice-strain? Detection of fall armyworm,
Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae), in northern Australia. International Journal of Tropical
Insect Science 41: 2607-2615. doi:10.1007/s42690-021-00441-7.

Pozebon H, Marques RP, Padilha G, M ON, Valmorbida I, Bevilaqua JG, Tay WT & Arnemann JA (2020) Arthropod
Invasions Versus Soybean Production in Brazil: A Review. J Econ Entomol. doi:10.1093/jee/toaal08.

Qi GJ, Ma J, Wan J, Ren YL, McKirdy S, Hu G & Zhang ZF (2021) Source Regions of the First Immigration of Fall Armyworm,
Spodoptera frugiperda (Lepidoptera: Noctuidae) Invading Australia. Insects 12, ARTN 1104.
doi:10.3390/insects12121104.

Rane R, Walsh TK, Lenancker P, Gock A, Dao TH, Nguyen VL, Khin TN, Amalin D, Chittarah K, Faheem M, Annamalai S,
Thanarajoo SS, Trisyono YA, Khay S, Kim J, Kuniata L, Powell K, Kalyebi A, Otim MH, Nam K, d’Alengon E, Gordon
KHJ & Tay WT (2022a) Complex multiple introductions drive fall armyworm invasions into Asia and Australia. Sci
Rep. (revised & resubmitted).

Rane R, Walsh TK, Lenancker P, James W, Gock A, Dao TH, Nguyen LV, Khin TN, Amalin D, Chittarath K, Muhammad F,
Annamalai S, Thanarajoo SS, Trisyono YA, Sathya K, Kim J, Kuniata L, Powell K, Kalyebi A, Otim M, Gordon K & Tay
T (2022b) Complex multiple introductions drive fall armyworm invasions into Asia and Australia: Genome-wide
single nucleotide polymorphic (SNP) loci of fall armyworm (FAW) Spodoptera frugiperda from Southeast Asia, East
Asia, and Pacifi/Australia.: CSIRO Data Access Portal (ed., CSIRO).

19


http://dx.doi.org/10.4236/as.2014.57067

Rane R, Walsh TK, Lenancker P, James W, Gock A, Dao TH, Nguyen LV, Khin TN, Amalin D, Chittarath K, Muhammad F,
Annamalai S, Thanarajoo SS, Trisyono YA, Sathya K, Kim J, Kuniata L, Powell K, Kalyebi A, Otim M, Gordon K & Tay
T (2022c) Complex multiple introductions drive fall armyworm invasions into Asia and Australia: Mitochondrial
DNA genomes of Spodoptera frugiperda from Southeast Asia, East Asia, and Australia: CSIRO Data Access Portal
(ed., CSIRO).

Schlum KA, Lamour K, de Bortoli CP, Banerjee R, Meagher R, Pereira E, Murua MG, Sword GA, Tessnow AE, Dillon DV,
Ramirez AML, Akutse KS, Schmidt-Jeffris R, Huang FN, Reisig D, Emrich SJ & Jurat-Fuentes JL (2021) Whole genome
comparisons reveal panmixia among fall armyworm (Spodoptera frugiperda) from diverse locations. BMC
Genomics 22, ARTN 179. doi:10.1186/s12864-021-07492-7.

Tay WT & Gordon KHJ (2019) Going global - genomic insights into insect invasions. Curr Opin Insect Sci 31: 123-130.
do0i:10.1016/j.c0is.2018.12.002.

Tay WT, James B & Walsh T (2021a) Final Report on Australian Bioassays. Prevention and preparedness for fall
armyworm (Spodoptera frugiperda) - Output 2: CSIRO, p. 31.

Tay WT, Meagher RLJ, Czepak C & Groot AT (2022a) Spodoptera frugiperda: ecology, evolution and management options
of an invasive species. Annu Rev Entomol 68: 299-317. doi:https://doi.org/10.1146/annurev-ento-120220-102548.

Tay WT, Rane R, James B, Gock A, Aryuwandari V, Trisyono YA, Amalin D, Nguyen VL, Dao TH, Annamalai S, Faheem M,
Thanarajoo SS, Khin TN, Chittarath K, Khay S, Kalyebi A, Otim M, Watson A, Fyfield A, Kim J, Kuniata L, Binti Mat M
& Walsh T (2022b) Characterisation of Spodoptera frugiperda (fall armyworm) populations in South-East Asia and
Northern Australia (ACIAR, co-funded with GRDC) CSIRO, p. 99.

Tay WT, Rane R, James B, Gock A, Hang DT, Nguyen VL, Khin TN, Amalin D, Khonesavanh C, Muhammad F, Annamalai S
& Walsh T (2021b) Final report on Southeast Asian and Australian FAW population genomics for biosecurity
preparedness. Prevention and preparedness for fall armyworm (Spodoptera frugiperda) - Output 2: CSIRO/GRDC,
p. 25.

Tay WT, Rane RV, James W, Gordon KHJ, Downes S, Kim J, Kuniata L & Walsh TK (2022c) Resistance bioassays and allele
characterisation inform Spodoptera frugiperda (Lepidoptera: Noctuidae) management and introduction pathways
in Asia and Australia. J Econ Entomol 115: 1790-1805. doi:https://doi.org/10.1093/jee/toacl51.

Tay WT, Rane RV, Padovan A, Walsh TK, Elfekih S, Downes S, Nam K, D'Alencon E, Zhang JP, Wu YD, Negre N, Kunz D,
Kriticos DJ, Czepak C, Otim MH & Gordon KHJ (2022d) Global population genomic signature of Spodoptera
frugiperda (fall armyworm) supports complex introduction events across the Old World. Communications Biology
5, ARTN 297. d0i:10.1038/s42003-022-03230-1.

Tay WT, Walsh TK, Downes S, Anderson C, Jermiin LS, Wong TK, Piper MC, Chang ES, Macedo IB, Czepak C, Behere GT,
Silvie P, Soria MF, Frayssinet M & Gordon KH (2017) Mitochondrial DNA and trade data support multiple origins of
Helicoverpa armigera (Lepidoptera, Noctuidae) in Brazil. Sci Rep 7: 45302. doi:10.1038/srep45302.

Trifinopoulos J, Nguyen LT, von Haeseler A & Minh BQ (2016) W-IQ-TREE: a fast online phylogenetic tool for maximum
likelihood analysis. Nucleic Acids Res 44: W232-235. doi:10.1093/nar/gkw256.

Vasimuddin M, Misra S, Li H & Aluru S (2019) Efficient Architecture-Aware Acceleration of BWA-MEM for Multicore
Systems. 2019 leee 33rd International Parallel and Distributed Processing Symposium (lpdps 2019): 314-324.
doi:10.1109/1pdps.2019.00041.

Villesen P (2007) FaBox: an online toolbox for FASTA sequences. Molecular Ecology Notes 7: 965-968.
doi:10.1111/j.1471-8286.2007.01821.x.

Wan J, Huang C, Li CY, Zhou HX, Ren YL, Li ZY, Xing LS, Zhang B, Qiao X, Liu B, Liu CH, Xi Y, Liu WX, Wang WK, Qian WQ,
Mckirdy S & Wan FH (2021) Biology, invasion and management of the agricultural invader: Fall armyworm,
Spodoptera frugiperda (Lepidoptera: Noctuidae). Journal of Integrative Agriculture 20: 646-663.
doi:10.1016/52095-3119(20)63367-6.

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

20


https://doi.org/10.1146/annurev-ento-120220-102548
https://doi.org/10.1093/jee/toac151

Xiao H, Ye X, Xu H, Mei Y, Yang Y, Chen X, Yang Y, Liu T, Yu Y, Yang W, Lu Z & Li F (2020) The genetic adaptations of fall
armyworm Spodoptera frugiperda facilitated its rapid global dispersal and invasion. Molecular Ecology Resources
20: 1050-1068. doi:10.1111/1755-0998.13182.

Yainna S, Negre N, Silvie PJ, Brevault T, Tay WT, Gordon K, dAlencon E, Walsh T & Nam K (2021) Geographic Monitoring
of Insecticide Resistance Mutations in Native and Invasive Populations of the Fall Armyworm. Insects 12, ARTN
468. doi:10.3390/insects12050468.

Zhang JP, Zhang F, Tay WT, Robin C, Shi Y, Guan F, Yang YH & Wu YD (2022) Population genomics provides insights into
lineage divergence and local adaptation within the cotton bollworm. Molecular Ecology Resources 22(5), 1875-
1891. d0i:10.1111/1755-0998.13581.

Zhang L, Liu B, Zheng WG, Liu CH, Zhang DN, Zhao SY, Li ZY, Xu PJ, Wilson K, Withers A, Jones CM, Smith JA, Chipabika
G, Kachigamba DL, Nam K, D'Alencon E, Liu B, Liang XY, Jin MH, Wu C, Chakrabarty S, Yang XM, Jiang YY, Liu J, Liu
XL, Quan WP, Wang GR, Fan W, Qian WQ, Wu KM & Xiao YT (2020) Genetic structure and insecticide resistance
characteristics of fall armyworm populations invading China. Molecular Ecology Resources 20: 1682-1696.
doi:10.1111/1755-0998.13219.

21



Table S1: Full Fsr values of FAW populations from Australia (AUS_21, AUS_22), New Zealand, and SEA as reported in (Rane et al., 2022a).
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AUS_21_BURDEKIN 0.032 0.039 0.006 0.005 0.005| 0.016 0.009 0.010 0.005 0.008 0.007 0.007/ 0.001 0.004 0.000 0.004 0.003 0.007  0.000 0.002 0.000 0.004 0.006| 0.010 0.013| 0.002 0.002 0.005 0.009 0.005 0.015| 0.017| 0.011 0.005 0.014  0.002
AUS_21_NSW-WeeWaa N/A - 0.022 0.036 0.034| 0.050 0.037 0.039 0.032 0.034 0.036 0.036 0.025 0.030 0.023 0.025 0.027 0.015 0.020 0.032 0.030 0.028 0.033| 0.045 0.044 0.038 0.033 0.023 0.029 0.024 0.037| 0.010| 0.028 0.026 0.040 0.018
AUS_21_NT-Bluey's N/A N/A  0.037 0.038 0.039| 0.054 0.048 0.051 0.039 0.042 0.046 0.045 0.038 0.040 0.029 0.035 0.044 0.024 0.039 0.044 0.040 0.043 0.047| 0.056 0.053 0.046 0.044 0.040 0.042 0.037 0.053| 0.024| 0.041 0.030 0.052 0.035
- i N/A  N/A  N/A | 0.001 0.005| 0.005 0.004 0.006 0.001 0.002 0.001 0.000 0.010 0.007 0.010 0.012 0.008 0.020 0.011 0.007 0.010 0.007 0.004| 0.006 0.006 0.001 0.008 0.003 0.003 0.009 0.006| 0.029| 0.001 0.005 0.008 0.007
AUS_21_QLD-Walkamin i/ / 1/
AUS_21_QLD-strath N/A N/A N/A N/A 0012 0021 0014 0016 0011 0.014 0.013 0.014 0.006 0.008 0.003 0.000 0.009 0.001 0.006 0.008 0.004 0.012 0.012| 0.013 0.018 0.008 0.008 0.011 0.011 0.009 0.023| 0.013| 0.015 0.010 0.014 0.008
AUS_21_WA_Kununarra N/A  N/A N/A N/A N/A | 0017 0.008 0011 0.06 0.011 0.09 0.008 0.003 0.004 0.000 0.005 0.004 0.008 0.003 0.004 0.001 0.008 0.008| 0.014 0.014 0.006 0.003 0.007 0.015 0.006 0.016| 0.018| 0.012 0.007 0.020 0.004
AUS_22_NSW_Narrabri N/A N/A  N/A N/A N/A [N/A | 0.006 0.007 0.003 0.007 0.004 0.005 0.002 0.003 0.005 0.006 0.002 0.015 0.002 0.001 0.000 0.002 0.004| 0.016 0.020 0.010 0.007 0.013 0.020 0.014 0.024| 0.021| 0.023 0.015 0.031 0.012
AUS_22_NT_AliCurung N/A  N/A N/A N/A N/A |N/A N/A 0006 0.011 0.007 0.009 0.008 0.009 0.007 0.014 0.016 0.011 0.018 0.007 0.009 0.012 0.005 0.005| 0.010 0.015 0.001 0.001 0.005 0.009 0.007 0.017| 0.026| 0.012 0.006 0.025 0.004
AUS_22_NT_Asprings N/A N/A  N/A N/A N/A [N/A N/A N/A 0010 0.005 0.007 0.006 0.009 0.007 0.011 0.013 0.009 0.018 0.005 0.008 0.010 0.005 0.005| 0.011 0.015/ 0.001 0.001 0.007 0.011 0.009 0.017| 0.025| 0.016 0.009 0.026 0.005
AUS_22_NT_Darwin N/A N/A N/A N/A N/A |N/A N/A N/A N/A 0013 0013 0.013 0017 0.011 0016 0.017 0.013 0.023 0010 0012 0.013 0.013 0.012| 0.008 0.014 0.003 0.004 0.003 0.001 0.001 0.006| 0.029| 0.007 0.000 0.020 0.006
AUS_22_NT_DouglasDaly N/A N/A N/A N/A N/A |N/A N/A N/A N/A N/A 0009 0008 0.015 0.007 0.012 0.011 0.009 0.019 0.010 0.008 0.011 0.006 0.008| 0.012 0.018 0.002 0.003 0.000 0.002 0.002 0.010| 0.026| 0.010, 0.001 0.024 0.003
AUS_22_NT_Katherine N/A N/A N/A N/A N/A |N/A N/A N/A N/A N/A N/A 0009 0.012 0.007 0.014 0.014 0012 0018 0.008 0.009 0.011 0.006 0.007| 0.010 0.015 0.003 0.001 0.002 0.007 0.005 0.013| 0.028| 0.011 0.005 0.021| 0.001
AUS_22_NT_TiTree N/A  N/A N/A N/A N/A |NJA N/A N/A NA N/A NA N/A 0013 0008 0.013 0.016 0.012 0.021 0.009 0.010 0.011 0.008 0.008| 0.011 0.015 0.002 0.000 0.002 0.007 0.004 0.013| 0.029| 0.012 0.004 0.024| 0.001
AUS_22_QLD_Ayr N/A N/A N/A N/A N/A |N/A N/A N/A NA NA NA N/A N/A 0015 0.018 0.021 0.019 0.028 0.020 0.015 0.015 0.016 0.013| 0.006 0.007 0.006 0.002 0.005 0.000 0.000 0.006| 0.035| 0.005 0.003 0.014 0.007
AUS_22_QLD_Brandon N/A N/A N/A N/A N/A |N/A N/A N/A NA N/A NA N/A NA N/A 0018 0018 0015 0.026 0017 0.016 0.016 0.011 0.008| 0.003 0.006 0.003 0.005 0.002 0.008 0.002 0.013| 0.034| 0.012 0.003 0.018| 0.001
AUS_22_QLD_Bundaberg N/A N/A  N/A N/A N/A [N/A N/A N/A N/A NA NA N/A N/A N/A N/A 0023 0021 0032 0024 0022 0.021 0.020 0.013| 0.001 0.003 0.006 0.010 0.004 0.003 0.001 0.006| 0.040| 0.007 0.003 0.013 0.005
AUS_22_QLD_Gatton N/A  N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA N/A NA NA N/A NA 0022 0033 0019 0022 0024 0017 0.014| 0.001 0.003 0.011 0.014 0.001 0.003 0.001 0.010| 0.041| 0.005 0.003 0.010| 0.002
AUS_22_QLD_Gordonvale N/A N/A  N/A N/A N/A [N/A N/A N/A N/A NA NA NA N/A N/A NA NA NA 0029 0022 0016 0.019 0017 0.012| 0.003 0.006 0.005 0.007 0.003 0.004 0.002 0.009| 0.039| 0.007 0.002 0.018 0.005
AUS_22_QLD_HomeHill N/A N/A N/A N/A N/A [N/A N/A N/A NA NA NA NA NA N/A NA NA NA NA 0025 0025 0.024 0029 0021| 0.006 0.004 0.012 0.021 0.010 0.001 0.012 0.005| 0.047| 0.001 0.006 0.008 0.012
AUS_22_QLD_Innisfail N/A N/A N/A N/A N/A [N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A NA NA NA N/A 0018 0018 0.019 0010 0.000 0.002 0.004 0.010 0.003 0.004 0.002 0.009| 0.040| 0.006 0.001 0.015 0.004
AUS_22_QLD_Kairi N/A N/A N/A N/A N/A [N/A N/A N/A N/A NA NA NA NA NA NA NA NA NA NA N/A 0019 0013 0010} 0.001 0.005 0.005 0.007 0.003 0.010 0.002 0.013| 0.039| 0.011 0.005 0.017  0.000
AUS_22_QLD_Kingaroy N/A N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA N/A NA NA N/A NA N/A NA NA NA N/A 0018 0.011| 0.002 0.005 0.007 0.009 0.002 0.006 0.000 0.010| 0.035| 0.007 0.000 0.017 0.005
AUS_22_QLD_Maryville N/A N/A N/A N/A N/A [NJA N/A N/A NA NA NA NA NA NA NA NA NA NA NA N/A NA NA 0008 0006 0.009 0.003 0.006 0.001 0.005 0.003 0.011| 0.034| 0.008 0.003 0.019 0.002
AUS_22_VIC_AgVic N/A  N/A N/A N/A N/A |N/A N/A N/A N/A NA NA N/A N/A N/A N/A N/A N/A N/A NA NA NA NA N/A |0009 0012/ 0.001 0.003 0.001 0.005 0.003 0.013| 0.030| 0.010 0.004 0.021 0.002
CN_CY N/A N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA N/A NA NA N/A NA N/A NA NA NA NA NA NA |NA | 0004 0005 0005 0016 0012 0.016 0.026 0.019| 0.021 0.018 0.024 0.014
CN_XP N/A N/A N/A N/A N/A |N/A N/A N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA NA NA |NA NA | 0003 0003 0019 0014 0.015 0.027| 0.018| 0.022 0.019 0.025 0.013
CN_YJ N/A N/A N/A N/A N/A [N/A N/A N/A N/A NA NA NA N/A N/A NA NA NA NA NA NA NA NA NA [NA NA N/A 0010 0.008 0.002 0.010 0.017| 0.024 0.014 0.008 0.017 0.005
IND N/A  N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA NA NA NA NA NA NA NA NA NA NA NA NA |NA NA N/A NA | 0004 0001 0003 0.015| 0.030| 0.012 0.008 0.018| 0.001
LAO N/A  N/A N/A N/A N/A INJA N/A N/A N/A N/A NA NA NA NA NA NA NA NA NA NA NA NA NA |NJA NA NA NA NA 0.001 0.007 0.003| 0.016| 0.002 0.003 0.019 0.012
MAL N/A  N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA |NA NA N/A NA N/A NA | 0001 0012| 0.013| 0.008 0.004 0.021 0.004
MYM N/A N/A N/A N/A N/A [NJA N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA NA NA NA |NJA NA NA NA NA NA NA 0.005| 0.017| 0.002 0.004 0.016 0.011
MYS N/A  N/A N/A N/A N/A |N/A N/A N/A N/A N/A NA N/A NA NA N/A NA NA NA NA NA NA NA NA |NA NA NA NA N/A NA N/A NA |0011] 0013 0.009 0.028 0.000
NZ N/A  N/A N/A N/A N/A |NJA N/A N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA NA NA |NA NA NA NA NA NA NA NA [N/A | 0009 0015 0.001 0.020
PHL N/A  N/A N/A N/A N/A [NJA N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA NA NA NA |NJA NA NA NA NA NA NA NA [NA |NA 0.004 0.020 0.001
PNG N/A  N/A N/A N/A N/A |N/A N/A N/A NA N/A NA NA NA NA NA NA NA NA NA NA NA NA NA |NA NA NA NA NA NA NA NA |NA |NA N/A 0017 0.009

SKOR N/A  N/A N/A  N/A  N/A IN/A N/A N/A N/A N/A  N/A  N/A N/A N/A N/A N/A N/A N/A N/A  N/A  N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A N/A |N/A |N/A N/A N/A 0.010
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