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Abstract

In response to environmental and human-imposed selective pressures, agroecosystem pests frequently undergo rapid evolution, with some
species having a remarkable capacity to rapidly develop pesticide resistance. Temporal sampling of genomic data can comprehensively capture
such adaptive changes over time, for example, by elucidating allele frequency shifts in pesticide resistance loci in response to different pesticides.
Here, we leveraged museum specimens spanning over a century of collections to generate temporal contrasts between pre- and post-insecticide
populations of an agricultural pest moth, Helicoverpa armigera. We used targeted exon sequencing of 254 samples collected across Australia
from the pre-1950s (prior to insecticide introduction) to the 1990s, encompassing decades of changing insecticide use. Our sequencing approach
focused on genes that are known to be involved in insecticide resistance, environmental sensation, and stress tolerance. We found an overall lack
of spatial and temporal population structure change across Australia. In some decades (e.g., 1960s and 1970s), we found a moderate reduction
of genetic diversity, implying stochasticity in evolutionary trajectories due to genetic drift. Temporal genome scans showed extensive evidence of
selection following insecticide use, although the majority of selected variants were low impact. Finally, alternating trajectories of allele frequency
change were suggestive of potential antagonistic pleiotropy. Our results provide new insights into recent evolutionary responses in an agricultural
pest and show how temporal contrasts using museum specimens can improve mechanistic understanding of rapid evolution.
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Introduction classes (Ahmad, 2007). Its high resistance capability can
be linked to a wide geographic distribution (encompassing
Africa, southern Europe, Asia, Australia, and New Zealand)
and an ability to affect cotton crops, which have been
extensively exposed to insecticides (Jouflen et al., 2012). In
Australia, insecticide resistance was first noted in H. armigera
in the early 1970s, shortly after widespread intense nonspe-
cific pesticide use. This included resistance to DDT (Dichloro-
Diphenyl-Trichloroethane), parathion, endosulfan, endrin,
and carbaryl (Wilson et al., 2018). Despite ongoing reports of
resistance, pest control regimes remained almost exclusively
reliant on such insecticides until the early 1980s, when inte-
grated pest management approaches were adopted (Wilson et
al., 2018). Genetically modified cotton was introduced in the
late 1990s, however, pesticide use is still currently widespread
in horticulture and grains (Bird, 2018; Walsh et al., 2022).
Insecticide resistance generally evolves by one of two main
physiological mechanisms: (1) regulatory changes that enhance
metabolism of the insecticide by increased activity of detoxifying
enzymes, such as cytochrome P450s, glutathione-S-transferases,

Some invasive and pest species show a remarkable ability to
overcome novel environmental conditions that would otherwise
constrain their survival in introduced ranges, with rapid post-in-
troduction evolution directly contributing to invasion success
(Reznick et al., 2019). Historical genomic data from museum
and herbarium collections can provide a rich source of historical
material to track adaptive evolutionary changes through time
and shed light on the genetic architecture of adaptation to sud-
den environmental shifts (Benham & Bowie, 2023). Such data
are especially valuable for understanding evolutionary responses
of pest species within agroecosystems, where intense anthro-
pogenic pressures like pest control practices often drive rapid
evolutionary change (Cohen et al., 2022; Fritz et al., 2018).
However, the extent to which genomic patterns of selection and
drift in agricultural pests have been affected by the sequential
use of insecticides with different mechanisms of action is unclear.

A major agricultural pest, the cotton bollworm (Helicoverpa
armigera (Hubner, [1805])) is well known for repeated and
rapid evolution of resistance globally across various pesticide
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and carboxylesterases (e.g., Schmidt et al., 2010); and (2) muta-
tion of the insecticide target protein, which makes it less sen-
sitive to the actions of the insecticide (e.g., Osta et al., 2012).
Although some single-gene regulatory and/or mutational path-
ways underlying insecticide resistance have been elucidated,
whether these typically arise before or after the introduction
of insecticides and/or whether they occur in tandem with other
beneficial mutations (i.e., via polygenic adaptation) is uncertain.
Additionally, the geographical and genetic complexity of resis-
tance evolution can obscure understanding of fitness costs and
trade-offs for resistance to different classes of insecticides.

Australian museums harbour a geographically extensive
collection of H. armigera spanning >100 years. This includes
specimens obtained before the application of insecticides
(prior to the 1950s) and spans the use of various chemi-
cal classes through time as they have been introduced to
the Australian market. Here, we used museum samples of
Australian H. armigera collected between 1903 and 1995
to investigate patterns of evolutionary change through time.
Leveraging the annotated reference genome of H. armigera
(Pearce et al., 2017), we used a high-throughput targeted cap-
ture approach (Jones & Good, 2016) to extract a specific set
of genes that are known to be involved in insecticide resis-
tance, xenobiotic metabolism, environmental sensation, and
tolerance (ffrench-Constant, 2013; Gao et al., 2022; King &
MacRae, 2015; Vieira & Rozas, 2011) (Table 1). Using these
data, we assessed changes in genetic diversity, population
structure, and allele frequency over time (i.e., before and after
the introduction of insecticides) with a view towards examin-
ing shifting signatures of recent positive selection.

Materials and methods

Moth sample collection and temporal population
definition

A total of 254 pinned specimens of H. armigera were obtained
from several museums and government departments across
Australia (Supplementary Table S1). After confirming a lack

Table 1. List of the genes used in the reference-based target capture
sequencing of historical samples of Helicoverpa armigera, showing
number per gene family.

Role Gene family n
Pesticide targets/ ABC transporters (ABCs) 54
detoxification
Cadherins (CADs) 37
Carboxyl/cholinesterases 103
(CCEs)
Glutathione-S-transferases 42
(GSTs)
Ion channels (ICHs) 63
Lipases (LIPs) 93
Cytochrome P450s (P450s) 136
Serine proteases (SERs) 230
Uridine diphosphate glucu- 46
ronosyltransferases (UGTs)
Environmental Chemosensory receptors 424
sensation/tolerance (CRPs)
Heat shock proteins 41
(HSPs)
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of continent-wide population structure (see Results), a total
of six “temporal populations” were defined as: pre1950s
(1903-1945), 1950s (1950-1959), 1960s (1960-1969),
1970s (1970-1979), 1980s (1980-1989), and 1990s (1990-
1995) which corresponded closely to the time before insec-
ticides were used in Australia (pre1950s), and to the use of
different classes of insecticides through time (Figure 1A).

DNA extraction and exon capture library
preparation

A modified “salting-out” protocol (Sunnucks & Hales, 1996)
was followed to extract genomic DNA. We used standard
NGS library preparation steps but included several modifi-
cations due to the fragmented nature of the starting material
(see Supplementary Methods for full details) and sequenc-
ing was carried out on an Illumina NextSeq500 (75 bp PE)
at the Biomolecular Resource Facility (Australian National
University). Baits were designed with target full exons of 1,269
genes (extracted from the H. armigera annotated genome,
“Harm_1.0,> ~337 Mb; GenBank assembly accession:
GCA_002156985.1; Pearce et al., 2017) in eleven gene families
known to be involved in insecticide resistance and xenobiotic
metabolism (ffrench-Constant, 2013; Gao et al., 2022), and
environmental sensation and tolerance (King & MacRae, 2015;
Vieira & Rozas, 2011) (Table 1). Because insecticide resistance
can involve gene variation and/or regulatory changes, our cap-
ture design also encompassed regions upstream of the loci of
interest to capture potential regulatory genomic features, such
as promoters and enhancers or linked variants.

Bioinformatic processing

Quality control of raw reads was performed using FastQC
v.0.10.1 (Andrews, 2010). Trimmomatic v.0.36 (Bolger et al.,
2014) was then used to remove adapters, low quality bases
and reads with lengths <36 bp. Trimmed reads were aligned
to the Harm_1.0 H. armigera reference genome using the
bwa v.0.7.5a mem algorithm (Li & Durbin, 2009) using read
group information and default parameters. Duplicate reads
were removed using picard v.2.10.6, and low quality and
ambiguous alignments were removed with samtools v.1.5 (Li
et al., 2009). Finally, ngsCAT v.0.1 (Lopez-Domingo et al.,
2014) was used to obtain various metrics of alignment quality
associated with the targeted genomic regions.

Temporal population genomic analysis

To take genotype uncertainty into account, genomic analyses
predominantly used Analysis of Next Generation Sequencing
Data (ANGSD) software, v.0.931-11 (Korneliussen et al.,
2014). We implemented standard population structure meth-
ods, including a principal component analysis (PCA) and
admixture analysis and explored the impact of data quality on
population structure using a PCA. Linkage disequilibrium (LD)
was calculated (complete exons and flanking regions) from
each chromosome using ngsLD v.1.1 (Fox et al., 2019). One-
dimensional folded site-frequency spectra (SFSs) were inferred
directly from genotype likelihoods for each temporal popula-
tion using realSFS, and used to estimate nucleotide diversity
[Watterson’s theta, 0, (Watterson, 1975)]; and Tajima’s esti-
mator, 0_, (Tajima, 1989) and Tajima’s D (T ; Tajima, 1989).
We also generated allele frequency estimates for each temporal
population and calculated pairwise F, for all possible tempo-
ral population pairs. Further details on all population genomic
analyses are provided in Supplementary Methods.
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Figure 1. Temporal and spatial population genomic structure in Helicoverpa armigera in Australia. (A) Geographic distribution of historical samples
used in this study. (B) Principal components analysis, with samples coloured by time according to the key at the right of the plot. Each data point
in the PCA represents an individual specimen. The first and second two principal components (PCs) explain 4.11% and 0.45% of the total genetic
variance, respectively. (C) Genetic clustering by individual across time based on admixture analyses at K= 2. In (C), each individual is partitioned
into coloured segments that indicate cluster membership and the y-axis ranges from 0 to 1. Pie charts in (A) represent the sum of all individuals’
membership in each cluster at each general locality on the map (proximate individual sample localities were pooled for clarity). Admixture results
are plotted for the inferred best number of clusters (K = 2), with results for K= 3 provided in Supplementary Figure S1. The grey horizontal bars at
the top of the admixture plot in (C) indicate the first use (left hand side) and first noted resistance (right hand side) of/to five classes of insecticides

(DDT = Dichlorodiphenyltrichloroethane; SPs = synthetic pyrethroids; CYCs = cyclodienes; OPs = organophosphates; CARs = carbamates). The number

of individuals in each temporal population is as follows: pre1950s = 35; 1950s = 26; 1960s = 67; 1970s = 68; 1980s = 28; 1990s = 30.

Signatures of recent positive selection

We used two approaches to detect candidate SNPs involved
in local adaptation. We first used a PCA-based approach
in the R package PCAdapt v.4.1.0 (Luu et al., 2017) with-
out any prior definition of populations. Using the resulting
scree and score plots, we retained two PCs. We computed
test statistics and p-values using a minimum minor allele fre-
quency (MAF) of 0.05 and chose SNP outliers by applying a
Bonferroni correction to the p-values, setting a false discovery
rate of 5%. We then ran PCAdapt in a population-specific
manner to identify outliers in each decade (see Supplementary
Methods). Second, we identified outlier SNPs by computing
F., between pre- and post-insecticide populations, defin-
ing F outliers as those whose value was higher than three
standard deviations above the mean for the given population
comparison (Maiorano et al., 2018; Pintus et al., 2014). For
both PCAdapt and F_. methods, we counted the number of
times outlier SNPs were present in each functional gene group
and evaluated the degree of overlap in SNPs across decades.

Additionally, we annotated the SNP outliers that were com-
mon between PCAdapt and F to provide a list of candidate
genes potentially under selection in each decadal population.

Changes in allele frequency through time

Changes in allele frequency over time were examined using
the PCAdapt outliers and two decadal comparisons: pre1950s
vs. 1960s vs. 1980s; and pre1950s vs. 1980s vs. 1990s—the
decades with the most complete data allowing comparison
through time (since not all sites were variant across all decades
likely due to stochastic variation in sequencing coverage and
SNP calling) (Figure 1). We took the average allele frequency
for each decade generated by realSFS, returning three values
for each allele (e.g., a value for pre1950s, 1980s, and 1990s)
and then the change across those three values was evaluated if
it exceeded a 5% threshold (i.e., all changes <0.05 were con-
sidered nonsignificant). We then subset the allele frequency
data into different allele frequency change classes: “mono-
tonic increase,” “monotonic decrease,” “alternating” (i.e.,
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allele frequency went up then down across time periods, or
down then up), and “no change.”

Changes in MAF ratios in coding regions through
time

To examine signatures of selection at the level of genes, we
analyzed changes in non-synonymous/synonymous MAF
ratios through time. We first converted per-decade genotype
likelihoods to minor allele frequencies using ANGSD. We
then converted these to variant calls using a custom Perl script
(Supplementary Methods), and annotated them using SnpEff
v.5.1d (Cingolani, Platts, et al., 2012) and the H. armigera ref-
erence genome. Gene information was extracted using SnpSift
v.5.1d (Cingolani, Patel, et al., 2012) and analyzed in R. We
then removed genes with low support (see Supplementary
Methods) and calculated the mean MAF for non-synonymous
and synonymous sites for all genes to estimate a base rate
of MAF change. Finally, we calculated the ratio of non-
synonymous to synonymous MAFs per gene for each decade
to identify a change in temporal rate relative to the base rate
that would be indicative of positive selection.

Results

Population genomic structure and admixture

PCA did not reveal significant overall clustering related to any
Australian territorial states, with populations from different
geographic regions clustering together. However, the analysis
revealed certain levels of local clustering that may be related
to decades. Notably, some of the individuals from the 1960s
and 1970s collections, which coincides with the start of heavy
nonspecific pesticide use, could be distinguished in the PCA
plot (Figure 1B). The first PC explained 4.11% of total vari-
ance while the second PC explained only 0.45% (i.e., close
to random).

Admixture analysis identified K = 2 as the optimal level of
clustering and no geographic or temporal separation of the
clusters. At K =2, there was proportionally lower admix-
ture within the 1970s collections (7 = 68) compared to other
decades (Figure 1A,C; see Supplementary Figure S1 for the
K = 3 results).

Genomic characteristics

One-dimensional folded SFSs exhibited overall consistent
patterns across different decades, with singleton alleles most
prevalent and a general exponential decline for more frequent
classes of alleles, and implied high genomic diversity in all
studied populations (Supplementary Figure S2). However,
population genomic statistics, including 0, and 0_, showed
variable genomic diversity across the sampled loci through
time, with lower values in the 1960s and 1970s (0,: 4.29-4.41;
0,:2.50-2.66) and higher values in the pre1950s, 1980s, and
1990s (8 6.27-6.90; 6_: 3.60-3.98) (Table 2). Nucleotide
diversity (0,,) showed a significant difference across the tem-
poral populations (See Supplementary Methods). Tajima’s D
(T,) was negative for all populations (Table 2), indicating
an excess of low-frequency variants suggestive of potential
demographic events, such as sudden population expansion or
selective sweeps.

Population differentiation

Genome-wide differentiation between temporal populations
was low (Supplementary Table S2). The least differentiated
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Table 2. Estimates of population genomic diversity indices across
populations of Helicoverpa armigera collected in different decades.
Numbers in parentheses indicate standard deviation.

Population Diversity statistics
Watterson’s Tajima’s Tajima’s D (T))
theta (6 estimator (6 )
Pre1950s 6.279 (11.793) 3.694 (6.344) -1.268 (0.560)
1950s 6.906 (14.274) 3.609 (6.776) -1.474 (0.595)
1960s 4.415 (8.445) 2.666 (5.012) -1.047 (0.638)
1970s 4.296 (8.064) 2.502 (4.573) -1.085 (0.631)
1980s 5.005 (9.059) 3.322 (5.797) -1.067 (0.621)
1990s 6.444 (12.068) 3.987 (7.164) -1.243 (0.584)

pairs of populations were the pre1950s vs. 1950s (mean
F;=0.014) and 1950s vs. 1970s (mean F  =0.014), while
the most differentiated pairs of populations were the 1960s
vs. 1970s, and 1960s vs. 1980s (mean F_ =0.022 for both
pairwise comparisons). Due to high levels of spatial genomic
homogeneity across our study area, these pairwise tempo-
ral differences are unlikely to be associated with sampling
location.

Signatures of recent positive selection
SNP outliers

PCAdapt identified the highest number of outliers in the 1960s
(n = 1,388; including 483 unique) and 1980s (n = 5,387; 935
unique) (Table 3). The lowest number of outliers was detected
for the pre1950s samples (7 = 16 total and unique; Table 3).
We found statistically significant variation in the number of
total and unique outliers across consecutive decades based on
chi-square tests (p-value < 0.05), except for the pre1950s and
1950s populations (Supplementary Table S3). Exploring the
total number of PCAdapt outliers for each functional gene
category showed that all gene categories had low numbers of
outliers (7 = 0-5) in samples from the pre1950s and 1950s
(Figure 2; Table 4). Samples from the 1960s had consider-
ably more outliers per category (7 = 10-103), with the num-
ber dropping in the 1970s (7 = 2-30), increasing considerably
in the 1980s (7 = 24-267) and dropping again in the 1990s
(n = 1-42) (Figure 2; Table 4).

F., outlier analysis identified a varying proportion of
unique outliers across decades and functional gene groups in
comparison to the pre1950s population (Table 5). The low-
est proportions of unique outliers were found when compar-
ing the pre1950s samples to 1950s (0.05), 1980s (0.07), and
1990s (0.05), with an increase in outliers in the 1960s and
1970s (0.20 and 0.19, respectively). Across comparisons, for
all functional gene groups except ABCs (which remained high
for all decades), the absolute number of F outliers started
off high (7 = 106 out of 114 total for the pre1950s to 1950s
comparisons), dropped below 50 for the 1960s and 1970s
comparisons, then increased to 100 and 97 (0.88 and 0.85 of
the total, respectively) in the pre1950s vs. 1980s and 1990s
comparisons (Table 5).

When comparing the outliers derived from both methods,
almost all of the PCAdapt outliers were represented in F
outlier analysis. The only exceptions were a single outlier (of
96 total) in the PCAdapt 1970s list (HaOG200560; an LIP
gene), and six outliers (of 935 total) in the PCAdapt 1980s list
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Table 3. The absolute number (and proportion in parentheses) of variant sites in the SNP dataset and the number of total and unique outliers identified
overall and per decade, using PCAdapt and following Bonferroni correction. Variations in the number of outliers and number of unique outliers across
consecutive decades were statistically significant based on chi-square tests, except for pre1950s and 1950s, with differences in the number of variant
sites due to SNP calling being performed independently for each decade (i.e., individuals within decades share variant sites that may be absent from
other decades). See Supplementary Table S3 for the full details of the chi-square tests.

Metric prel950s 1950s 1960s 1970s 1980s 1990s
No. variant sites 101,901 (0.0002) 94,673 (0.0002)  1,00,062 (0.0048) 90,035 (0.0011)  1,01,337 (0.0092)  1,24,886 (0. 0013)
No. outliers 16 19 1388 109 5387 316
No. unique outliers 16 17 483 96 935 165
A B
1.007
0.0100 Al 935
M <1950s
M 1950s
M 1960s 075
M 1970s 9]
0.0075
I 1980s
~ 1990s
0.0050 0501
0.251

0.0025

0.0000- 0.00-

ABCs CADs CCEs CRPs GSTs HSPs ICHs LIPs P450s SERs UGTs

Figure 2. Proportion of exons containing PCAdapt SNP outliers. In each panel, numbers are plotted as the proportion of total sites that were identified
as sitting in unique exons for each population and for the total dataset, as indicated by the provided colour key. (A) Overall results (with the total
absolute number of unique exons containing outliers indicated above the bars); and (B) proportions in each of 11 gene family categories [ABCs: ATP-
binding cassette transporters (n = 54), CADs: cadherin genes (n = 37), CCEs: carboxyl/cholinesterases (n = 103), CRPs: chemosensory receptor proteins
(n =424), GSTs: glutathione-S-transferases (n = 42), HSPs: heat shock proteins (n = 41), ICHs: ion channel-related genes (n = 63), LIPs: lipases (n = 93),
P450s: cytochrome P450s (n = 114), SERs: serine-proteases (n = 230), UGTs: uridine diphosphate (UDP)-glucuronosyltransferases (n = 46); total number

of exons: 1,247].

(Ha0G200214 - CCE; HaOG200560 — LIP; HaOG200712,
Ha0G200818,Ha0G200941 - CRPs; Ha0G209424 — ICH).
Both outlier detection methods identified at least one outlier
in each of the studied genes (Table 1). Annotation of the out-
liers common between the two methods identified potentially
adaptive genes (e.g., gustatory and odorant receptors, cyto-
chrome P450, heat shock proteins, ATP-binding proteins,
lipase, GST, and potassium channels; see Supplementary

Table S4).

Allele frequency trajectories and changes in MAFs for coding
regions through time

The majority of PCAdapt outlier allele frequencies changed
over time in the two comparisons (pre1950s vs. 1960s vs.
1980s; pre1950s vs. 1980s vs. 1990s; see Materials and
Methods), with around 40-50% of allele frequencies chang-
ing from one period to the next (Figure 3). The signal of tem-
poral change was small for most genes except GSTs and HSPs.

The majority of these SNPs were low-impact variants
(median number across functional gene families = 2,046),

while 372 were of moderate impact (Supplementary Figure
S3). After filtering out low-support variants, a histogram of
changes in non-synonymous/synonymous MAF ratios across
decades indicated zero change compared to the base rate of
change for the majority of these ratios (Supplementary Figure
S4). However, significant variability in ratios over time (i.e.,
a change of + 2-fold deviation from the base rate change)
occurred for 21 genes, encompassing eight gene families
(Figure 4; Supplementary Table S5). CRP genes had the high-
est number of significant ratio changes through time (7 = 9),
followed by UGTs (1 = 3), CCEs, ICHs, and SERs (1 = 2), and
GSTs, LIPs, and P450s (7 = 1).

Discussion

We leveraged ~100 years of museum samples of H. armigera
to show that pest populations experienced no major change in
geographically driven population structure through time, but
had a moderate reduction in genetic diversity in decades with
intense applications of nonspecific insecticide use (1960s and
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Table 4. The total number of outliers identified per gene family (n = 1,247) and the absolute number (and proportion per gene family in parentheses) of
outliers identified overall and per decade for each gene family, using PCAdapt and following Bonferroni correction. No statistical test was possible in this
case, since chi-square tests require a minimum of five observations per sample.

Gene family Total in capture All prel950s 1950s 1960s 1970s 1980s 1990s

ABCs 54 8 (0.15) 1(0.02) (0.04) 4(0.63) 8 (0.15) 2 (0.96) 14 (0.26)
CADs 37 5(0.14) 0 (0.00) (0.00) 3(0.62) 6 (0.16) 4 (0.65) 3(0.08)
CCEs 103 14 (0.14) 3 (0.03) (0.02) 1 (0.40) 7(0.07) 5(0.83) 24 (0.23)
CRPs 424 19 (0.04) 1 (0.00) (0.01) 103 (0.24) 13 (0.03) 267 (0.63) 24 (0.06)
GSTs 42 0 (0.00) 0 (0.00) (0.02) 1(0.26) 2(0.05) 2(0.76) 1(0.02)
HSPs 41 3(0.07) 2 (0.05) (0.00) 0(0.24) 2 (0.05) 5(0.61) 3(0.07)
ICHs 63 9 (0.14) 0 (0.00) (0.02) 4(0.38) 6 (0.10) 4(0.70) 7(0.11)
LIPs 93 5(0.05) 1(0.01) (0.01) 3(0.35) 3(0.03) 3(0.78) 7(0.08)
P450s 114 10 (0.09) 2(0.02) (0.01) 1(0.45) 11 (0.10) 4(0.82) 13 (0.11)
SERs 230 27(0.12) 4(0.02) (0.01) 100 (0.43) 30 (0.13) 157 (0.68) 42 (0.18)
UGTs 46 2 (0.04) 0 (0.00) (0.04) 5(0.33) 3(0.07) 6 (0.78) 2 (0.04)

Table 5. Results of the F; outlier analysis. The top row shows the number of unique outliers/number of total outliers, and the association proportion
in parentheses for comparisons between populations collected in the pre1950s (“p50s”) vs. the 1950s (“50s"), 1960s (“60s"), 1970s (“70s"), 1980s
("80s"), and 1990s ("90s"). Subsequent rows show the total number of outliers identified per gene family (n = 1,247), and the absolute number (and
proportion per gene family in parentheses) of outliers identified overall and per decade for each gene family for those same population comparisons,
following Bonferroni correction. Variations in the number of outliers and number of unique outliers across consecutive decades were statistically
significant based on chi-square tests for some of the comparisons. See Supplementary Table S6 for the full details of the chi-square tests.

p50s.50s

p50s.60s

p50s.70s p50s.80s p50s.90s

Gene family Unique outliers/Total outliers 1,099/23,021 (0.05) 421/2,105 (0.20) 447/2,328 (0.19) 983/13,707 (0.07) 1,039/20,748 (0.05)

Total no. outliers in capture ~ p50s.50s pS0s.60s pS50s.70s pS50s.80s p50s.90s
ABCs 54 3(0.98) 8 (0.89) 9(0.91) 0(0.93) 52 (0.96)
CADs 37 5(0.68) 0(0.54) 9(0.51) 0(0.81) 27 (0.73)
CCEs 103 3(0.90) 7 (0.26) 1(0.30) 5(0.83) 88 (0.85)
CRPs 424 339 (0.80) 3(0.17) 3(0.20) 283 (0.67) 308 (0.73)
GSTs 42 1(0.98) 5(0.36) 0(0.48) 0 (0.99) 1(0.98)
HSPs 41 5(0.895) 0(0.24) 3(0.32) 0(0.73) 0(0.73)
ICHs 63 0(0.79) 8 (0.44) 6(0.41) 4 (0.70) 5(0.71)
LIPs 93 4 (0.90) 2 (0.495) 7 (0.40) 2(0.88) 3(0.89)
P450s 114 106 (0.93) 2 (0.46) 1(0.45) 100 (0.88) 7 (0.85)
SERs 230 182 (0.79) 9(0.30) 7(0.33) 67 (0.73) 175 (0.76)
UGTs 46 2 (0.91) 5(0.33) 8(0.39) 0(0.87) 42 (0.91)

1970s). We further identified extensive signatures of selection
following insecticide use and found evidence of alternating
trajectories of allele frequency change over time.

Spatial and temporal patterns of population
structure and diversity of H. armigera in Australia
Studies on the global population structure of H. armigera
using SNPs obtained from contemporary samples have identi-
fied gene flow and population connectivity at inter-continental
scales (Anderson et al., 2016; Jin et al., 2023). These studies,
similar to previous microsatellite research (Endersby et al.,
2007), also found an absence of discrete spatial population
structure across mainland Australia (Anderson et al., 2016;
Jin et al., 2023). Our targeted capture sequencing of histor-
ical samples confirmed these findings, showing that popula-
tions across mainland Australia were highly admixed, with
no discernible geographic structure at genes likely to be rele-
vant to insecticide resistance. Such notable population genetic

homogeneity can be attributed to the facultative migratory
behaviour of H. armigera, its diverse host range (Jyothi et
al., 2021), and its remarkable ability to disperse across high
altitudes and long distances between different crop-growing
areas (Jones et al., 2015, 2018).

We also found no signal for temporal changes in genetic
diversity across most decades, but observed a moderate
reduction following intense nonspecific insecticide use in
the 1960s and 1970s. Previous microsatellite comparison
of populations in Victoria across 3 years (1999, 2001, and
2004) with differing weather patterns also found no temporal
genetic diversity changes, despite large observed differences in
abundance of H. armigera during the study period (Endersby
et al., 2007). Indeed, the lack of temporal diversity change
observed here may be the result of a large effective popula-
tion size of H. armigera, as found in previous mtDNA stud-
ies (e.g., Behere et al., 2007), and regional mixing—both of
which could have hindered stochastic demographic impacts
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Figure 3. Temporal changes for PCAdapt outliers >5% in allele frequency. Comparison of allele frequencies are shown between pre1950s and: (A)
1960s and 1980s; (B) 1980s and 1990s. See Supplementary Figure S5 for a summarized overview of the “change vs. no change” patterns across

different decades.

that might otherwise have driven shifts in population diver-
sity over time (e.g., Cousseau et al., 2016).

Signatures of selection and drift through time

Evolved resistance in Australian H. armigera has been reported
for all major classes of insecticides (Daly, 1993; Gunning et al.,
1992, 1998), with mechanisms including metabolic resistance
(e.g., upregulation of detoxification enzymes in response to
endosulfan and pyrethroids; Daly, 1993; Gunning & Easton,
1994), and genetic changes that affect the sensitivity of target
proteins to insecticides in response to pyrethroids, organo-
phosphates and carbamates (Daly, 1993; Gunning et al.,
1992, 1998). Our temporal genome scans identified dynamic
trends in the number of outlier loci across different decades.
The pre1950s and 1950s samples had the fewest SNP outli-
ers, possibly indicating a baseline condition in the absence of
major insecticide pressure. However, a rise in genomic outli-
ers during the 1960s was followed by a decline in the 1970s,
a striking increase in the 1980s, and a subsequent drop in
the 1990s. Two nonexclusive causes, including genetic drift
associated with demographically driven initial reductions in
genetic diversity and/or adaptive responses to heterogeneous
selection pressures through time, could explain these trends
and we elaborate on these below.

Demographic events typically associated with pest species
that undergo major population contractions and subsequent
expansions as selection pressures are imposed and insecticide
resistance builds (i.e., bottlenecks or repeated gene flow), can
drive patterns of allele frequency change (Fritz, 2022; Taylor
etal.,2021). In H. armigera, the slight divergence of the 1960s

and 1970s samples in the PCA plot, along with the identi-
fied reduction of genetic diversity in these two decades, could
be explained by intense insecticide use in these two decades
potentially contributing to an initial reduction in moth popu-
lation sizes, with resulting increased genetic drift and stochas-
ticity in the evolutionary trajectories of populations (Saubin
et al., 2023).

Our temporal genome scans also identified varying numbers
of outlier SNPs, indicative of positive selection throughout
all decades. The majority of these variants had low impacts
on genes and the majority of ratios of non-synonymous to
synonymous MAFs for the functional gene families across
decades were close to zero, indicating that purifying selection
is most likely operating to preserve the amino-acid sequence
(Brookfield, 2000). However, 21 genes from eight gene fam-
ilies (including CCE, UGT, GST, ICH, LIP, P450, SER, and
CRP) showed >2-fold changes in non-synonymous/synon-
ymous MAF ratios from the base rate of change, suggest-
ing strong positive selection (Dong et al., 2019; Yang, 2004)
may be acting on these functionally important genes to facil-
itate rapid responses among moth populations to intense
insecticide-driven pressures across decades. Alternatively, these
allele frequency changes could have arisen due to environ-
mental selective pressures unrelated to insecticides. Gene flow
across a wide geographic scale in Australia has likely resulted in
convergence patterns of allele frequency change in H. armigera.

The changes in numbers of outliers and alternating out-
lier allele frequencies over time are potentially suggestive of
antagonistic pleiotropy—where alleles have opposing effects
between components of fitness in the face of heterogeneous
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selection pressures (Chen & Zhang 2020; Connallon &
Clark, 2012; Kawecki & Ebert 2004). In H. armigera, fitness
benefits associated with insecticide resistance in the presence
of a given insecticide may quickly incur costs when that insec-
ticide was replaced with another that required adaptive alter-
ations in a different gene or gene pathway. Trade-offs between
the maintenance of insecticide resistance alleles and important
life-history traits have been identified in several insect pests
(Hawkins et al., 2019). For example, resistant strains of the
codling moth, Cydia pomonella, showed lower fecundity and
fertility, slower development, and shorter life-spans than their
nonresistant counterparts (Boivin et al., 2001). In Drosophila
melanogaster, seasonal fluctuation in susceptibility to insecti-
cides is suggested to be associated with fitness costs of insec-
ticide resistance factors (Miyo et al., 2000). Further, very high
phytochemical similarity among different insecticides (which
presumably require similar adaptive responses at the genetic
level) has been shown to impede resistance adaptation via
antagonistic pleiotropy in several insect pests (Crossley et al.,

2020). Alternatively, fluctuations in allele frequencies over
time could be due to balancing selection and/or changes in
directional selection in response to changing environmental
selective pressures.

Explicit characterization of the relative roles of adaptive
and demographic processes and their interaction through time
would be a valuable future addition to this research, which
would require whole genome resequencing data and in-depth
demographic analyses that go beyond the scope of our study
design. Even with such data, these analyses can prove chal-
lenging for museum datasets, where geographic specimen
coverage and sample sizes may be poor, while teasing apart
the effects of insecticide and other historical environmentally
driven selective pressures is difficult. For H. armigera, we
were fortunate to have representatives of multiple geographic
regions in each decade, however further work investigating
specific locations across Australia using higher replicates of
temporal and geographic samples—especially for regions
with a well-characterized history of insecticide use and lack
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thereof—would be valuable. Coupled with broader genomic
coverage, such data could also address gene regulatory evo-
lution and the potential role of polygenic selection in rapid
adaptation of H. armigera.

Supplementary material

Supplementary material is available at Journal of Evolutionary
Biology online.
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Supplementary Methods. The genomic datasets used and/
or analyzed in this study are available in McGaughran
(2020) and were deposited in Genbank under BioProject ID
PRJNA1097763.
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