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The aphid Myzus persicae is a destructive agricultural pest that displays an exceptional ability
to develop resistance to both natural and synthetic insecticides. To investigate the evolution
of resistance in this species we generated a chromosome-scale genome assembly and living
panel of >110 fully sequenced globally sampled clonal lines. Our analyses reveal a remarkable
diversity of resistance mutations segregating in global populations of M. persicae. We show
that the emergence and spread of these mechanisms is inﬂuenced by host–plant associations,
uncovering the widespread co‐option of a host-plant adaptation that also offers resistance
against synthetic insecticides. We identify both the repeated evolution of independent
resistance mutations at the same locus, and multiple instances of the evolution of novel
resistance mechanisms against key insecticides. Our ﬁndings provide fundamental insights
into the genomic responses of global insect populations to strong selective forces, and hold
practical relevance for the control of pests and parasites.
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nsect pests damage agricultural production, endanger food
security, and transmit diseases that harm crop plants, livestock, and humans. Although pesticides provide an important
tool for controlling crop pests and disease vectors, a wide range of
pest species have repeatedly shown the capacity to overcome
them through the evolution of resistance1–3. In many cases,
resistance now represents the single greatest threat to the sustainability of insect pest control1,2,4. Consequently, new strategies
and tools to combat resistance, underpinned by a greater
understanding of the ecological and evolutionary processes
involved, are urgently required. In this battle against pesticide
resistance recent technological advances in genome sequencing
provide promise that a new era of research, employing powerful
genomic interrogation of global insect populations, can provide
new insight into the molecular and evolutionary response of pests
to selection1,5.
Aphids are hemipteran insects that are of particular applied
importance as plant pests, causing tens of millions to billions US$
of yield loss per annum across a wide range of food and commodity crops6. Aphids are also exceptional models for the study
of a range of fundamental ecological and evolutionary topics,
including reproductive mode variation, insect-plant interactions,
virus transmission, phenotypic plasticity, symbiosis, and insecticide resistance2,7. Research on this important group of insects has
been greatly facilitated by the publication of draft genome
sequence assemblies for a number of aphid species7–11. However,
to date, studies of genetic variation within aphid populations have
primarily used a limited number of molecular markers or candidate gene-based approaches12,13.
One of the most economically important aphid crop pests
worldwide, and an emerging insect research model, is the peach
potato aphid, Myzus persicae (Sulzer). The status of this species as
a pest is enhanced by its global distribution, remarkable efﬁciency
as a vector of more than 100 different plant viruses, and its
extremely broad host range14. Indeed, the exceptional ability of
M. persicae to colonise over 100 plant species from 40 diverse
families suggests that it is a rare example of a true generalist8.
This contrasts with other aphid species which tend to specialise
on a limited number of hosts6, and/or consist of several hostadapted biotypes / races, that specialise on a subset of the total
host range13. While clonal lineages of M. persicae can colonise
distantly related host species in the laboratory8,15, certain races
that have adapted to feed on tobacco can be morphologically and
genetically differentiated from M. persicae sensu stricto (s.s.), and
have been formally named as M. persicae subsp. nicotianae16,17.
This clearly suggests that host races/subspecies do form in
M. persicae sensu latu (s.l.), however, whether this is true for other
host plants, and the impact of this on gene ﬂow and genetic
differentiation is poorly understood.
In common with many invertebrates, M. persicae acts as a host
for mutualistic symbionts. Like other aphids, M. persicae feeds on
the phloem sap of plants and thus relies on the intracellular
mutualistic bacterium Buchnera aphidicola to provide essential
amino acids that are missing or rare in its diet. In addition to its
obligate association with B. aphidicola, M. persicae may develop
facultative associations with additional bacterial symbionts that
can provide other ecological beneﬁts18. However, to date, the
frequency of these secondary symbionts in populations of
M. persicae worldwide remains unknown.
The control of M. persicae worldwide has relied almost
exclusively on the use of synthetic insecticides, and this has led to
the evolution of resistance to multiple classes of chemistry2. At
least seven independent mechanisms of resistance have been
described in this species to date, including mutation of insecticide
targets in the aphid nervous system, enhanced expression of
insecticide detoxifying enzymes and reduced penetration of
2

insecticide through the cuticle (reviewed in2). However, the
ecological and evolutionary factors inﬂuencing the emergence
and spread of these mechanisms in global populations of M.
persicae has never been investigated. M. persicae has also evolved
mechanisms to overcome natural insecticides, such as the secondary metabolites produced by plants. The best example of this
is the tobacco-adapted subspecies, M. p. nicotianae, that exhibits
high levels of resistance to nicotine, the potent natural insecticide
produced by this plant19.
The extent of resistance in M. persicae currently represents a
major threat to its sustainable control, with just a handful of
insecticides retaining efﬁcacy2. Thus, it is increasingly important
to understand the underlying processes and mechanisms involved
in the evolution of resistance to older and recently deployed
compounds, to guide the development of effective strategies to
prolong the life of current and future insecticides. Here, we
addressed this need by generating a population genomic resource
for M. persicae comprising a high-quality chromosomal-scale
genome assembly together with resequenced genomes of 127
clonal aphid lines collected from all continents where crops are
grown. We leverage this combination of ﬁne-scale genome-wide
data with large-scale sampling across geographic and host divides,
to investigate both the mechanisms underpinning insecticide
resistance, and ecological and evolutionary factors inﬂuencing its
emergence and spread. Speciﬁcally, our analyses of this population genomic dataset addressed the following key questions:
1. Based on the aphid clones sequenced, to what extent are M.
persicae populations structured by geography and/or host
plant association?
2. How does observed population structure inﬂuence the
emergence and spread of insecticide resistance genes, and is
there evidence for the co-option of host plant adaptations
during the evolution of resistance to synthetic insecticides?
3. How repeatable is resistance evolution: (i) To what extent is
resistance a consequence of single versus multiple alternative resistance mutations? (ii) Do resistance mutations
typically arise once and spread, or have multiple independent origins?
4. Can we leverage our new genomic and biological resources
to uncover novel resistance to recently introduced insecticides and characterise the underpinning genetic
architecture?

Results and discussion
Generation of genomic resources for M. persicae. To enhance
the accuracy of population genomic and genome-wide association
studies in M. persicae, we generated a chromosome-level genome
assembly of the M. persicae s.s. clone G00620. Almost 40 Gb of
PacBio single-molecule real-time (SMRT) sequencing data were
assembled into 773 contigs, with an N50 of 3,162,279 bp. These
contigs were then categorized and ordered into six chromosomescale scaffolds, corresponding to the haploid chromosome number of this species21, using in vivo chromatin conformation
capture (HiC) data (Fig. 1a). This resulted in a ﬁnal assembly of
391 Mb, with 95.7% of assembled content contained in the six
scaffolds, and a scaffold N50 of 69.9 Mb (Supplementary Table 1).
DNAseq data derived from M. persicae males and asexual females
were used to identify the X chromosome (scaffold 1), as described
previously9. The completeness of the gene space in the assembled
genome was assessed using the Benchmarking Universal SingleCopy Orthologues (BUSCO) pipeline22, with 97.3% of the
Arthropoda test gene set found to be present as complete single
copies (Supplementary Table 1). Thus, the new G006 assembly
(G006v2) represents a near complete and highly contiguous
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Fig. 1 New biological and genomic resources for the aphid Myzus persicae reveal the genome-wide patterns of genetic variation in clones sampled from
across the world. a Chromosome-scale genome assembly of M. persicae clone G006. Heatmap shows frequency of HiC contacts along the genome
assembly. Blue lines indicate super scaffolds and green lines show contigs, with the X axis showing cumulative length in millions of base pairs (Mb).
b Geographic origin and sequence coverage of the 127 resequenced clones of M. persicae used in this study. c Circular plot of genome-wide genetic
variation in a global sample of 127 M. persicae clones. The outermost circle represents the 6 chromosome-sized super-scaffolds of the genome assembly,
with scaffold 1 the X chromosome. Moving inwards the circles represent: gene density, SNP density, GC and AT% over 100 kb non-overlapping windows.

assembly and a signiﬁcant improvement on the existing short
read assembly of this clone (G006v1)8 (Supplementary Table 1).
Structural genome annotation using a workﬂow incorporating
RNAseq data predicted a total of 23,214 protein-coding genes in
the assembly. Of these, 21,899 were successfully assigned functional annotations based on BLAST searches against the nonredundant protein database of NCBI and the InterPro database.
To generate a population genomic resource for aphid research
we assembled a collection of 127 clones of M. persicae s.l. derived

from 19 countries covering all continents except Antarctica
(Fig. 1b, Supplementary Data 1). The clones were collected from
14 host plants encompassing a range of agriculturally important
crops. Of the assembled clones, ~110 are maintained as asexual
lineages in the Bass laboratory. These are available to other
researchers as live cultures or preserved material, providing an
excellent resource for genotype–phenotype association studies.
All clones were sequenced using Illumina paired-end sequencing
to an average coverage of 40X (Fig. 1b, Supplementary Data 1),
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with data mapped to the reference chromosome-level assembly of
G006v2, and a collection of >30 reference genomes of known
insect symbionts and a number of viruses known to infect
aphids23,24 (see methods).
We identiﬁed a total of 45,627,645 high-quality biallelic single
nucleotide polymorphisms (SNPs) comprising 14,647,103 nonreference-homozygous and 30,980,542 heterozygous variant calls.
This represents, on average, one variant every 9 bp of the single
copy genome of M. persicae. For each clone, variant density was
similar across the ﬁve autosomes averaging between 3.2 and 3.6
SNPs every 1 kb of genomic length (Fig. 1c). SNP density was
lower on the X chromosome (2.8 SNPs every kb, Fig. 1c), which
may reﬂect the greater purifying selection of deleterious recessive
alleles on X in hemizygous (X0) males25. Variants were
distributed evenly across the autosomes, however, a marked
reduction in SNP frequency was observed towards the ends of the
X chromosome (Hi-C Scaffold 1, Fig. 1c), which contain a high
density of repetitive DNA9. Pairwise comparisons of genetic
distance between the sequenced clones (Supplementary Data 2)
identiﬁed two clones from the US, S75 and S126, as most similar,
with 101 and 92 unique variant sites respectively, and clone S6
from the UK and clone S107 from the US the most divergent,
with 35,365 and 59,698 unique variant sites respectively.
Metagenomic analysis of the microbial component present in
the sequence data revealed that, as expected, all clones carry the
primary symbiont Buchnera aphidicola (Supplementary Data 3).
With respect to other microbes, while several of the clones were
found to be infected with the densovirus MpDNV, they were
found to be essentially free of secondary symbionts (Supplementary Data 3). This ﬁnding suggests that secondary symbionts may
play a less important role in enhancing the (context-dependent)
ﬁtness of M. persicae when compared to other aphid species26.
Geography and host plant inﬂuence M. persicae population
structure. To investigate the ecological and evolutionary factors
inﬂuencing the emergence and spread of insecticide resistance in
M. persicae, we ﬁrst explored population structure in our dataset.
A maximum likelihood (ML) phylogenetic analysis of more than
1 million neutrally evolving SNPs recovered highly supported
monophyletic clades (bootstrap values of >95%), structured by
host plant association, and, to a lesser extent, geographic location
(Fig. 2a, and Supplementary Fig. 1). Almost all (26/27) clones
from tobacco were contained in a single clade, despite their
diverse geographic origin (5 countries and 4 continents). This
supports the hypothesis that a single ancestral lineage successfully
established and diversiﬁed on this host12,27. Signiﬁcant hostassociated clustering was also apparent for clones from peach/
nectarine (i.e. Prunus persica), with 46/51 clones occurring in the
P. persica dominated clades. Loose groupings of clones from other
host species were also observed. For example, 5 out of 10 clones
from pepper grouped in a single highly supported clade, while 6
out of 11 clones from oilseed rape grouped with a single clone
from broccoli and a single clone from tomato, and a further 3
oilseed rape clones formed an exclusive grouping. Nested within
host plant groupings, clones also frequently grouped in subclades
on the basis of country of origin. Further investigation of the
phylogenetic relationships between the sequenced clones by
neighbour-net network analysis supported the topology of the ML
tree, and the clustering of clones on the basis of host plant and
geography, while displaying evidence of reticulate evolution
among deeper splits, consistent with the lower clade support
values observed for more basal nodes in the ML phylogeny
(Supplementary Fig. 2).
PCA analyses reinforced the observed phylogenetic patterns,
with clones clustering by certain host plants (tobacco and peach)
4

and geographic location (Figs. 2b, 2c, and Supplementary Fig. 3).
ADMIXTURE28 analysis partitioned genetic variation into 12
genetic clusters distributed worldwide (i.e., optimal K = 12,
Supplementary Fig. 4), and again suggested that population
structure in global M. persicae s.l. is inﬂuenced by host plant and
geographic location (Fig. 3a). Haplotype-based analysis using
ﬁneSTRUCTURE29, which provides greater power to detect
subtle levels of genetic differentiation29, supported two levels of
genetic structure, at a higher level differentiation by host plant,
and at a ﬁner scale by geographic location (Fig. 2d). Two large
clusters broadly encompassed clones from tobacco and peach
respectively, however, other clones again exhibited a degree of
clustering on the basis of other hosts, such as pepper and oilseed
rape. Finer clusters were frequently based on geographic location
with a high degree of co-ancestry commonly observed among
samples collected from the same country (Fig. 2d). Finally, to
formally test the hypothesis that host plant and geography play a
signiﬁcant role in partitioning genetic variation in M. persicae s.l.,
hierarchical analysis of molecular variance (AMOVA) based on
pairwise FST values was performed. This analysis conﬁrmed that
both host plant and geography are signiﬁcant factors in
structuring M. persicae s.l. populations (p = <0.0001 in both
cases), explaining 6.3% and 5.3% of the total variation in the data
respectively (Supplementary Table 2).
Taken together, our population genomic analyses provide evidence
of genetic differentiation in globally sampled M. persicae s.l. based on
geography and host plant association. However, they also reveal
signiﬁcant admixture and high connectivity between populations. In
terms of geography, particularly strong migration and/or gene ﬂow
was evident between certain populations in Southern Europe and
Northern Africa, and certain populations in Europe and Asia with
those in Australia (Fig. 3b). Previous studies have suggested that
long-distance migration is uncommon in M. persicae16,30. Thus, the
spread of genotypes over distant geographic areas is likely a result of
anthropogenic factors, including long-distance transport and trade,
and the globalization of agriculture. Our analyses of the inﬂuence of
host plant on M. persicae s.l. population structure worldwide provide
the ﬁrst whole-genome level support for a tobacco-adapted race/
subspecies (i.e. the M. p. nicotianae taxon), the legitimacy of which
has been previously called into question31,32. Our results also imply a
degree of genetic differentiation in lineages associated with other host
plants, namely peach, pepper and oilseed rape. However, it is
important to acknowledge that the patterns we observe for clones
derived from these host plants require further investigation due to
current limitations in sampling across different host plants and
regions. Speciﬁcally, with the exception of M. persicae clones from
tobacco and peach, sample sizes for clones derived from other host
plants in this study are small (in all cases n < 11) (Supplementary
Data 1). Thus, further more extensive sequencing of clones from
other hosts is required to determine the precise status and inclusivity
of these groupings.
To explore the genomic landscape of divergence among putative
host-associated populations of M. persicae, and identify candidate
genomic regions exhibiting signatures of selection associated with
host–plant use, we calculated FST, Tajima’s D and nucleotide diversity
(π) statistics in windows of 10 kb across the ﬁve autosomes, and
scanned for hard and soft selective sweeps using the homozygosity
statistic H12 using a 1000 SNP sliding window33. This analysis
revealed a heterogeneous pattern of divergence, with interspersed
peaks and valleys (Fig. 4), consistent with the results of genome scans
conducted on host-associated populations of several other insect
species34. H12 analysis revealed several peaks across all ﬁve
autosomes as candidate targets of selection differentiating host
lineages, with high FST values and reduced Tajima’s D and nucleotide
diversity in the majority of these regions providing additional
evidence that these loci may be involved in adaptive divergence
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Fig. 2 Phylogenetic relationship and population structure of 127 M. persicae clones. a Maximum likelihood phylogeny based on >1 M biallelic SNPs. Data
from two samples of Myzus cerasi were used as an outgroup. The geographic origin of clones and the host plant from which they were collected are
indicated by coloured circles and squares respectively. Clone identiﬁcation numbers (corresponding to Supplementary Data 1) are also included. For a
representation of the tree as a phylogram see Fig. S1. b, c Principal component analysis of genetic diversity between clonal lines with samples coloured by
host plant (b) or geographic origin (c). d Coancestry heatmap of the sampled clones derived from ﬁneSTRUCTURE analysis. The scale shows the degree of
shared genetic chunks between the lines (lower, yellow, to higher, blue). The maximum a posteriori (MAP) tree generated by ﬁneSTRUCTURE showing the
relationship between samples is shown above the heatmap. The geographic origin of clones and the host plant from which they were collected are
indicated by the outer and inner coloured rectangles respectively (see PCA keys for interpretation of colours).

(Fig. 4). Curation of genes residing in 15 of these peaks per autosome
identiﬁed genes encoding a range of biological functions, including
olfactory recognition, digestion, detoxiﬁcation and excretion, and
nucleic acid binding (Supplementary Data 4). The function of these
genes suggests roles in host plant recognition and exploitation;

however, further functional analyses are required to test this
hypothesis. It is also important to acknowledge that genetic
differentiation between insect host-plant lineages at speciﬁc loci can
result from a range of extrinsic and/or intrinsic factors that may be
functionally unrelated to host–plant specialization35. For example, in
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Fig. 3 Genetic structure in globally sampled M. persicae. a Admixture analysis of genetic structure and individual ancestry. Colours in each column
represent the inferred proportion of ancestry when K is varied from 2 to 12, the most likely number of predicted genetic clusters (K = 12) is indicated by a
box. The geographic origin of clones and the host plant from which they were collected are indicated above and below the structure plot by coloured circles
and squares respectively. b Geographic representation of genetic structure in the clones when grouped by country of origin (K = 12).

aphids genetic differentiation associated with host use may also be
inﬂuenced by variation in reproductive mode. Speciﬁcally, M.
persicae clones from peach represent cyclical parthenogens (CP) that
reproduce sexually once a year. In contrast, clones from ﬁeld crops
may be CP, obligate parthenogens (OP) that reproduce asexually all
6

year round, or functional parthenogens (FP) exhibiting a range of
variation in their ability to produce sexual morphs36,37. This variation
can result in genetic divergence between CP and OP/FP clones as a
consequence of reproductive isolation, and potentially in genes
controlling reproduction. Thus, future experimental validation of the

COMMUNICATIONS BIOLOGY | (2021)4:847 | https://doi.org/10.1038/s42003-021-02373-x | www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02373-x

ARTICLE

Fig. 4 Genomic divergence and signatures of selection associated with host plant use in M. persicae. Panels from bottom to top display nucleotide
diversity (π), Tajima’s D, FST, and H12 values across the 5 autosomal chromosomes of M. persicae for the main host plant groups (oilseed rape (OSR),
peach, tobacco, pepper and potato), see Supplementary Data 1 for sample sizes. H12 scan: Each data point represents the H12 value calculated based on a
1000 SNP window. Red points highlight the top 15 peaks at each scaffold. Fixation index (FST), Tajima’s D, and nucleotide diversity (π): smoothed lines
were estimated based on a 10 kb chromosomal window.

reproductive capacity of the clones sampled from ﬁeld crops in this
study is required to explore the inﬂuence of reproductive mode on
observed host-associated genetic divergence.
Insecticide resistance mechanism in global populations of M.
persicae. The subdivision of a single insect species into populations
that specialize on speciﬁc host plants (such as tobacco-adapted M.
persicae) can lead to partial reproductive isolation between host races
and thus reduced gene ﬂow. In the case of insect crop pests, this can
have signiﬁcant applied implications. For example, barriers limiting
genetic exchange can strongly affect the emergence and spread of
genes conferring resistance to insecticides. To explore the evolution of
insecticide resistance in worldwide samples of M. persicae, and the
extent to which host-plant associations have inﬂuenced its development, we ﬁrst interrogated our genomic data for known resistance
mutations. Speciﬁcally, we examined the following ﬁve known
mechanisms: (a) voltage-gated sodium channel (VGSC) knock-down
resistance (kdr) mutations L1014F, M918T, M918L, that lead to
pyrethroid resistance38–41; (b) the acetylcholinesterase enzyme
mutation S431F, conferring resistance to dimethylcarbamates42,43; (c)
the γ-aminobutyric acid (GABA) receptor resistant to dieldrin (Rdl)
mutation A302G, conferring resistance to cylodiene insecticides44; (d)
the nicotinic acetylcholine receptor mutation R81T, conferring highlevel resistance to neonicotinoids45; and, (e) mutations leading to
ampliﬁcation of the CYP6CY3 gene, which confers moderate levels of
resistance to neonicotinoids19,46.
Most resistance mechanisms were found to be globally
distributed with the exception of the recently emerged mutation
R81T, which was only observed in clones from France, Italy,
Greece and Spain (Fig. 5a, Supplementary Data 1), and the
M918L mutation encoded by the codon ctg47, which was
restricted to the western Mediterranean basin (Tunisia, Spain,
France and Italy). For certain mutations, such as S431F, no strong

association by host plant was observed (Fig. 5b, Supplementary
Data 1). However, in several other cases we observed signiﬁcant
patterns of association between resistance genes and speciﬁc hostdifferentiated populations as outlined below.
Mechanisms of resistance to neonicotinoid insecticides and
widespread co-option of a host–plant adaptation. The tobaccoadapted lineage, M. p. nicotianae, exhibits resistance to nicotine, the
natural insecticide produced by tobacco19. Using a transcriptomic-led
approach we have previously implicated the ampliﬁcation of the
cytochrome P450 gene CYP6CY3 in resistance to this
allelochemical46. However, the number of origins of this mechanism
and the extent to which it occurs in M. persicae on tobacco or other
host plants remains unclear. Interrogation of our dataset revealed that
CYP6CY3 ampliﬁcation is ubiquitous in clones collected from
tobacco (Fig. 5b, Supplementary Data 1). This ﬁnding provides
additional evidence of the importance of this mechanism in allowing
M. persicae to utilise this host plant. However, we also observed
CYP6CY3 ampliﬁcation at high frequency in clones derived from
other host plants (Fig. 5b, Supplementary Data 1). The presence of
this mechanism in clones from non-tobacco hosts likely results from
the ﬁtness beneﬁts it provides in the presence of neonicotinoid
insecticides19. We have previously demonstrated that CYP6CY3 is
tandemly duplicated in M. p. nicotianae as a large amplicon of ~325
kb creating characteristic breakpoints identifying the region46. To
investigate the number of evolutionary origins of this mutation, we
searched for the presence of these conserved markers in the
sequenced dataset and observed a perfect association of the exact
breakpoint with the presence of CYP6CY3 ampliﬁcation in all clones
(Supplementary Data 1). The ﬁnding that the mechanism of
CYP6CY3 ampliﬁcation is identical in all clones, regardless of geographical origin, strongly supports a single origin of CYP6CY3
ampliﬁcation in M. p. nicotianae, that subsequently spread into M.
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Fig. 5 Insecticide resistance mechanisms in global M. persicae. a, b Frequency of eight resistance mutations in M. persicae collected from different
countries (a) and host plants (b). Signiﬁcant (p < 0.05) associations between speciﬁc resistance mutations and host-differentiated populations are denoted
using a star (Fisher’s exact test). Signiﬁcance applying to a speciﬁc codon is indicated in brackets. See Supplementary Data 1 for sample sizes. c
Identiﬁcation of novel resistance mutations in domain II of the voltage-gated sodium channel (VGSC) in M. persicae that confer resistance to pyrethroid
insecticides. A schematic of the VGSC is shown above a nucleotide alignment illustrating the nature and position of two new mutations that both result in
the same M918I substitution. For reference the wildtype sequence and the mutations leading to the amino acid substitutions reported previously at this
position in resistant M. persicae are also displayed in the alignment.

persicae s.s. around the world following the introduction of neonicotinoids. In further support of this, while all clones from tobacco,
even those collected prior to the introduction of neonicotinoids in
1991, have ampliﬁed CYP6CY3, the 6 clones in the dataset from nontobacco hosts that were collected prior to 1991 lack this mechanism
8

(Supplementary Data 1). Thus, our data suggest that a pre‐existing
host adaptation has been co‐opted as a resistance mechanism, and
neonicotinoid resistance, previously a co‐incidental pleiotropic effect,
has become the major selective force driving the geographic expansion of this trait.
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More recently, an additional mechanism of resistance to
neonicotinoid insecticides has emerged in M. persicae resulting
from an amino acid substitution, R81T, in the target-site of this
insecticide class, the nicotinic acetylcholine receptor45. We ﬁnd
this mechanism to be signiﬁcantly associated with clones derived
from peach (Fisher’s exact test p = <0.001, Fig. 5b, Supplementary
Data 1), and haplotype analysis suggested this mechanism has a
single origin, consistent with its recent, localised emergence
(Supplementary Fig. 5). Intriguingly, this mutation was only
observed in clones displaying CYP6CY3 ampliﬁcation (Supplementary Data 1). This suggests that R81T emerged on a genetic
background of CYP6CY3 overexpression, and that the association
has been maintained, despite the fact that the two mutations
occur on different chromosomes. The continued selection for
clones with both mechanisms suggest they provide strong ﬁtness
beneﬁts in combination, consistent with previous work suggesting
the mechanisms may act in synergy to confer high levels of
resistance to neonicotinoids45. Thus, the evolution of resistance to
neonicotinoids in M. persicae likely represents an adaptive walk
with a metabolic mechanism originating from host-plant
adaptation, ﬁrst co-opted to confer moderate resistance, with
subsequent evolution of target-site resistance acting in concert to
confer potent insecticide resistance. Notably, and in contrast to
the distribution of CYP6CY3 ampliﬁcation, the pattern of R81T
prevalence observed in Europe suggests barriers to gene ﬂow
between aphids on tobacco and those on peach. Speciﬁcally, while
clones collected from peach in several countries carry this
mechanism, sympatric populations from tobacco do not, even
when collected from the same vicinity and at the same time
(Supplementary Data 1). Thus, while the distribution of
CYP6CY3 ampliﬁcation suggests that given sufﬁcient time, in
the face of strong selection, alleles conferring strong ﬁtness
beneﬁts can spread between host-associated populations, the
distribution of R81T suggests that barriers to gene ﬂow between
speciﬁc host-associated populations can slow the rate of transfer
of such alleles.
Mechanisms of resistance to pyrethroid insecticides—multiple
origins and novel mutations. Resistance to the widely used
pyrethroid insecticides in M. persicae is conferred by amino
acid substitutions in the voltage gated sodium channel, with
three amino acid substitutions previously described in resistant
populations: (i) the kdr mutation L1014F, and the two superkdr (skdr) variants, (ii) M981T, and (iii) M918L38–41. In the
case of M918L, two different forms have been described encoded by the codons ctg or ttg41,47. In the current study, all three
amino acid substitutions were observed at varying frequencies
and in multiple combinations in populations across the sampled range, with the exception of M981L_ctg (see above)
(Fig. 5a, Supplementary Data 1). Contrasting patterns were
observed in the distribution of the two skdr variants. M918T,
which was described ﬁrst2, was signiﬁcantly associated with
clones from peach (Fischer’s exact test, p = <0.001), where it
was found at high frequency. In contrast, this mutation was
observed at only very low frequency in pepper and tobacco, and
was not found in any clones from oilseed rape, where the
alternative skdr variant M918L (encoded by ttg) was common.
While our sample size of clones derived from oilseed rape is
small, this ﬁnding mirrors that of previous studies of M. persicae from this host plant, which also failed to identify M918T
in populations on oilseed rape in France41,48. Thus, further
sequencing of sympatric M. persicae populations from peach
and OSR is warranted, to conﬁrm if barriers to resistance gene
ﬂow exist between populations on these host plants, and if so
how these operate.
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In addition to the previously described kdr/skdr mutations, our
analyses also uncovered a novel mutation in the VGSC at amino
acid position 918. This results in the replacement of the wild-type
methionine at this position with isoleucine (Fig. 5c). All clones
with this mutation carried it in the heterozygous state, in
combination with either the wildtype allele M918, or one of the
two other skdr alleles L918 and T91840,41. Furthermore, the
M918I mutation was observed in clones both with and without
the kdr L1014F mutation (Supplementary Data 1). While the
M918I substitution has not been previously reported in
M. persicae it has been described in other pyrethroid resistant
strains of insects49,50. In addition, VGSC isoforms of mammals,
which exhibit low sensitivity to pyrethroids, encode isoleucine at
the equivalent position, and substitution of isoleucine for
methionine at this position in the rat IIA α‐subunit causes a
100‐fold increase in sensitivity to pyrethroids51. This both
demonstrates the causal role of M918I in resistance and suggests
the isoleucine at this position in the VGSC of mammals, at least
in part, explains its low sensitivity to pyrethroids51. Thus, in this
instance, M. persicae has evolved resistance by becoming more
‘mammalian-like’, overcoming, at least in part, the insectspeciﬁcity of this insecticide class.
The discovery of the novel M918I mutation means that a total
of three independent amino acid substitutions have arisen at the
same position in M. persicae, each conferring nerve insensitivity
to pyrethroid insecticides. The repeated evolution of distinct skdr
mutations in M. persicae is thus an excellent demonstration of the
remarkable evolvability of this species. It also illustrates how
strong and continuous selection pressure imposed from insecticide use can lead to a diversity in the ‘evolutionary solutions’ to
the same environmental challenge, even in highly conserved and
functionally constrained, insecticide target proteins.
Remarkably, two alternative codons encoding isoleucine were
observed in the 13 clones carrying M918I (5 clones with the
codon ATT and 8 clones with the codon ATA) (Fig. 5c,
Supplementary Data 1), strongly suggesting that the same amino
acid substitution has independently evolved on at least two
occasions. Thus, while haplotype analysis failed to resolve the
precise number of times each unique kdr and skdr mutation
observed in the sampled clones have emerged (Supplementary
Fig. 6), the discovery of ﬁve different mutations at the M918 locus
indicates that skdr resistance has independently evolved at least
ﬁve times in global populations of M. persicae.
Population genomics of variation in sensitivity to a recently
introduced insecticide. Because of the widespread resistance in
M. persicae to older classes of insecticide, growers are increasingly
reliant on just a handful of newer modes of action for control.
One such compound is spirotetramat, which belongs to the
tetronic/tetramic acid (cyclic ketoenol) family. The efﬁcacy of this
insecticide is not compromised by pre-existing resistance to older
insecticide classes and, to date, no examples of M. persicae with
resistance to spirotetramat have been described52,53. To explore
the utility of the living clone library and matched genomic
resources developed in this study for genotype-phenotype mapping we examined the response of 110 M. persicae clones to two
concentrations of this insecticide (0.25 ppm and 0.5 ppm)
(Fig. 6a). For 109 of the clones a gradient in response to treatment
with 0.25 ppm spirotetramat was observed ranging from 5% to
100% mortality. This clearly demonstrates the considerable phenotypic variation in sensitivity to low concentrations of this
insecticide among clones. However, this variation in tolerance is
unlikely to impact on control in the ﬁeld, as when treated with 0.5
ppm spirotetramat mean mortality across the tested clones was
>90%, with no clones exhibiting mortality <55%. In contrast, a
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Fig. 6 Population genomics of variation in sensitivity to a recently introduced insecticide. a Sensitivity of 110 clones of M. persicae to two concentrations
(0.25 ppm and 0.5 ppm) of the insecticide spirotetramat. Error bars display 95% conﬁdence intervals (n = 4 biological replicates, each comprising 10
aphids). b, c Identiﬁcation of a novel resistance mutation in a highly conserved region of the acetyl-CoA carboxylase (ACC) enzyme carboxyltransferase
(CT) domain in M. persicae that confers resistance to spirotetratmat. A schematic of the ACC enzyme is shown above an amino acid alignment illustrating
the position of an alanine to valine substitution in clone 20 (that exhibits marked resistance to spirotetramat) that was not observed in any of the other M.
persicae clones. To illustrate the conserved nature of the alanine at this position across insects the sequences of several other insect species are included in
the alignment.

single clone collected in Queensland, Australia exhibited a
marked difference in its response to spirotetramat, and,
remarkably, was unaffected (0% observed mortality) by either
concentration of this insecticide.
The identiﬁcation of a single resistant clone provided insufﬁcient
power for genome-wide association analyses (GWAS). Thus, to
investigate the mechanistic basis of resistance in this clone we
interrogated sequence reads mapped to the gene encoding the target
of spirotetramat, the acetyl-CoA carboxylase enzyme (ACC, EC
6.4.1.2) (Fig. 6b). This analysis revealed a single non-synonymous
mutation (gCt > gTt) in the heterozygous state at position 2,226 in
the Queensland clone that was not observed in any of the other
sequenced clones. This mutation results in an alanine to valine
substitution and occurs at an amino acid residue in a highly
conserved region of the ACC carboxyltransferase (CT) domain
(Fig. 6b, c). Signiﬁcantly, while previously undescribed in aphids, the
same amino acid substitution at the equivalent position has very
recently been described in spirotetramat resistant strains of the
whiteﬂy Bemisia tabaci54 and the model nematode C. elegans55,
demonstrating repeated evolution of the same resistance mechanism
across phylogeny. Furthermore, the creation of Drosophila melanogaster lines with the alanine to valine mutation in the orthologous
ACC gene by CRISPR-Cas genome editing has shown that this
mutation confers potent (>800-fold) resistance to spirotetramat, and
strong cross-resistance to other ketoenols54. Together, these studies
provide unequivocal evidence of the causal role of this mutation in
10

resistance to ketoenols. The discovery of this mutation means that at
least eight independent mechanisms of resistance to insecticides
belonging to six different classes have now been identiﬁed in M.
persicae. Notably, the majority of these mechanisms have been shown
to involve single genes/mutations of large effect, rather than multiple
genes of minor effect. This ﬁnding is consistent with theory, which
suggests that selection for phenotypes outside the normal phenotypic
distribution favours a monogenic response, i.e. a rare allele at a single
locus that can confer substantial resistance immediately56,57.
The discovery of resistance to spirotetramat in M. persicae is
concerning as this compound remains one of just a handful of
insecticide modes of action that have, to date, not been
compromised by resistance. Fortunately, the lack of the mutation
in any of the other sequenced clones, including 10 from Australia,
suggests we have detected resistance at an early stage. This, in
combination with characterisation of the underpinning mechanism of resistance, will facilitate the development of diagnostic
assays to monitor for spirotetramat resistance in global populations of M. persicae. Such information is a prerequisite for the
development and deployment of strategies to manage the spread
of resistance and preserve the life of this important insecticide.
Linkage disequilibrium. The characterisation of resistance to
spirotetramat described above demonstrates the utility of the
M. persicae clone library and matched genomic resources for
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phenotype-genotype association using a candidate gene approach.
However, in the absence of a priori candidates, the power of
GWAS to accurately detect causal variants is strongly inﬂuenced
by population structure (see above) and linkage disequilibrium
(LD)58. To inform future GWAS we examined the extent of LD in
clones collected from peach and tobacco in Italy and Greece
(where our sample sizes are largest) at two scales: the level of
the autosome, and at three insecticide resistance gene loci (sites of
the kdr+skdr, S431F, and R81T mutations). Long range LD
analysis across all autosomes revealed low to moderate levels of
average LD in the populations (mean r2 values of 0.08–0.39)
(Fig. 7a–d), consistent with the levels of LD reported for other
insects59–61. LD decayed rapidly with distance achieving background levels within 11.5 kb on average (Fig. 7e-h). Consistent
with this, the average length of LD blocks for the different
autosomes/populations was short, ranging from 6.7 to 16.3 kb
(Supplementary Table 3). The levels of long range LD varied with
chromosome, and to a greater extent by population, (Fig. 7) with
LD higher in populations from tobacco, especially from clones
from tobacco in Italy, compared to the two populations from
peach. This ﬁnding likely reﬂects differences in the frequency of
sexual reproduction in these populations37,62, and thus the
capacity for recombination to reduce LD. In addition, the differences in LD in populations from peach and tobacco in Italy
could be explained, at least in part, by the demographic history of
these populations. While further analyses are required to investigate this in detail, the distribution of allele frequencies across
polymorphic sites of each autosome, summarised as the site frequency spectrum (SFS), displayed a similar proﬁle in the populations from peach and tobacco, characterized by a majority of
low frequency variants (Supplementary Fig. 7). This provides
initial evidence that the differences in LD in the populations are
not explained by marked changes in the size of the two populations over time.
Across the three resistance loci, mean r2 values ranged from 0.2
to 0.5 in clones from peach, whereas in clones from tobacco mean
r2 values were around 0.1. The highest mean r2 values were
observed at the R81T loci in clones from peach (0.5), and this
correlates with the fact that the R81T mutation is observed in
clones from peach but not tobacco. However, as revealed by the
grid plot (Supplementary Fig. 8c), the R81T mutation is not
positioned in any haploblock suggesting other associated
polymorphisms are responsible for the high mean r2 value across
this loci. Similarly, the MACE and kdr/skdr mutations do not
occur in any signiﬁcant haploblock, suggesting any association
between these resistance mutations and ﬂanking polymorphisms
has been broken down by recombination.
In summary, the differences in LD in clones from different host
plants/countries will need to be considered in future association
analyses. However, the generally low levels of long-range LD
observed in our analyses are favourable for GWAS as they
facilitate the precision with which causal variants associated with
a phenotype of interest can be identiﬁed.
Conclusions
The chromosome-scale assembly, resequenced genomes, and
living library of more than 110 M. persicae clones generated in
this study represents a powerful resource for further research on
aphids. Future use of this resource should consider the genetic
background of the sampled clones, which, as a global collection,
encompasses high phenotypic and genetic heterogeneity. While
capturing more variation, this reduces mapping power relative to
a collection of individuals from a single sexual population58.
Nevertheless, we envisage the sequenced panel has strong
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potential to provide a range of insights into the evolution and
genetic basis of many of the remarkable biological traits exhibited
by aphids. In the current study we have leveraged this resource to
advance understanding of the evolution of insecticide resistance
in an important insect pest at a global scale, uncovering both
mechanisms underpinning resistance and ecological factors that
inﬂuence its emergence and spread.
Our data reveal that global populations of M. persicae s.l.
exhibit evidence of genetic differentiation on the basis of geography and host-plant association. The subdivision of a single
insect species into populations that specialize on different hosts,
while maintaining an appreciable rate of gene ﬂow, (i.e. host races
or biotypes) can have a range of evolutionary and applied
implications63. Thus, the ﬁrst whole genome-level support for a
tobacco-adapted subspecies in M. persicae s.l. provided in this
study is signiﬁcant. The genetic divergence of M. persicae on
other host plants implied by our analyses also warrants further
investigation, including additional sequencing of sympatric
populations of M. persicae from peach and non-tobacco secondary host plants.
Our investigation of the extent to which host-associated populations in M. persicae have inﬂuenced the development of insecticide resistance provides several examples that the strong selection
pressure exerted by insecticide use can overcome any constraints to
gene ﬂow resulting from host plant specialization. This has resulted
in the pervasive presence of many resistance mechanisms in this
species worldwide. However, we also uncover cases where the
evolution and spread of resistance appears to have been inﬂuenced
by barriers to gene ﬂow between certain host-associated populations, a ﬁnding that has implications for resistance risk assessment
and management4. Investigation of the relationship between hostplant association and insecticide resistance in M. persicae has also
provided insight into fundamental questions concerning adaptation
to novel selective pressures and the origins of novel traits. Speciﬁcally, our ﬁndings demonstrate that adaptations enabling insect host
range expansion can provide a source of genetic novelty than can be
rapidly co-opted to provide widespread resistance against synthetic
insecticides.
Analysis of the molecular basis of insecticide resistance in this
study revealed repeated evolution of novel mutations at the same
resistance loci, and uncovered novel mechanisms against key
insecticides. The repeatability of evolution is a long-standing
fundamental question in evolutionary biology, and, in the context
of resistance, also has important practical implications4. Our
characterisation of mutations that confer resistance to pyrethroid
insecticides reveals surprising intraspeciﬁc diversity in the evolutionary response of a global insect pest to insecticide selection.
The reliability of molecular diagnostics used to inform resistance
management depends on whether different populations have
evolved the same or different resistance mechanisms. In this
regard our ﬁndings demonstrate that de novo resistance mutations arising in pest populations may show low repeatability, and
thus highlight the importance of regularly sampling diverse pest
populations for resistance mechanisms, even after resistance has
emerged.
In the battle against resistance, detecting the mechanisms that
compromise control at an early stage is critical, as it allows interventions to be introduced that limit the spread of resistance
mechanisms before they become ﬁxed in a population. Our characterisation of resistance to the recently introduced insecticide
spirotetramat, and identiﬁcation of the causal mutation involved,
demonstrate the power of population genomic interrogations to
detect resistance at an early stage. Such knowledge is vital if we are
to prolong the life of current and future insecticides in order to
sustainably control highly damaging global insect pests.
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Fig. 7 Average long-range linkage disequilibrium (LD) and LD decay over distance for all autosomes of M. persicae from peach and tobacco in Italy and
Greece. Distribution of r2 is plotted separately for all autosomes in clones from a peach-Greece, b peach-Italy, c tobacco-Greece and d tobacco-Italy. See
Supplementary Data 1 for sample sizes. Individual points in the box plot represent mean r2 values in 100 KB windows along the entire length of autosomes.
r2 values are plotted as a function of distance (LD decay) across all autosomes in e peach-Greece, f peach-Italy, g tobacco-Greece and h tobacco-Italy
clones.

Materials and methods
Aphid clones. Full information on the 127 M. persicae s.l clones used in this study
is provided in Supplementary Data 1. These include both deﬁned subspecies of M.
persicae s.l., i.e. M. persicae s.s. (clones that are not adapted to tobacco) and M. p.
nicotianae (the tobacco-adapted subspecies). Aphids were collected opportunistically by the authors of this manuscript and their collaborators, and are derived
from 14 host plants (primarily from agriculturally important crops) in 19 countries
(Fig. 1b, Supplementary Data 1). Of these, 110 are continuously maintained in the
Bass laboratory as asexual lineages on individual Chinese cabbage leaves (Brassica
napus L var chinensis cv Tip-Top) in small plastic cups maintained at 18 °C under a
16:8 h light:dark regime. These are available to other researchers as live cultures or
preserved material upon request from the corresponding author.
12

Sequencing and de novo assembly of the M. persicae clone G006. A draft
genome of the M. persicae clone G006 was previously assembled using Illumina
short-read sequencing8. Aphids derived from the same asexually reproducing
colony were used as a source to improve the genome assembly of this clone here,
using PacBio single-molecule real-time (SMRT) sequencing and in vivo chromatin
conformation capture (HiC). DNA was extracted from pools of adult aphids using
the Genomic-tip kit (Qiagen) according to the manufacturer’s instructions, and
used to generate long-read PacBio libraries sheared to a target length of approximately 60 kb (following a 30 kb+ protocol). Libraries were sequenced using ﬁve
PacBio Sequel SMRT cells, with ~8.5 gb obtained per SMRT cell totalling nearly
40 gb. The publicly available Illumina short-reads for clone G0068 were also
downloaded from the NCBI short read archive and used for assembly polishing
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and quality assessment. Short read data were trimmed using TrimGalore -v 0.4.064
with the default settings.
For assembly, we trialled several long-read sequence assemblers including
Canu65, wtdbg266, Flye67 and Falcon68. We also investigated the results of merging
the output of these assemblies using quickmerge69, aiming to maximise genome
completeness and minimise duplicated regions caused by under-collapsed
heterozygosity. The best results were obtained using error corrected PacBio reads
derived from Canu -v1.8.0 to assemble with wtdbg2 -v1.0 and Flye -v2.6.0, with the
two assemblies then merged with quickmerge -v0.3. To assess contiguity and gene
completeness in the test and ﬁnal assemblies we used KAT -v1.0.070, and BUSCO
–v4.1422 applying the Arthropoda gene set (n = 1,066). Assemblies were polished
iteratively, after every assembly step, using three rounds of Racon -v1.3.171 using
the long-read data and 3 rounds of Pilon -v1.2272 using the short-read data in
diploid mode. Redundant haplotigs were removed in Purge_haplotigs -v1.0.473.
To scaffold the long-read assembly to chromosomal level, Dovetail HiC libraries
were prepared as described previously74. Brieﬂy, for each library, chromatin was
ﬁxed in situ with formaldehyde in the nucleus and extracted. Fixed chromatin was
digested with DpnII, the 5′ overhangs ﬁlled in with biotinylated nucleotides, and
then free blunt ends ligated. After ligation, crosslinks were reversed and DNA
puriﬁed from the proteins. Puriﬁed DNA was treated to remove biotin that was not
internal to ligated fragments. The DNA was then sheared to ~350 bp mean
fragment size and sequencing libraries were generated using NEBNext Ultra
enzymes and Illumina-compatible adapters. Biotin-containing fragments were
isolated using streptavidin beads before PCR enrichment of each library. The
libraries were sequenced on an Illumina HiSeqX to produce 97 million 2 × 150 bp
paired-end reads, which provided 13,068.91X physical coverage of the genome
(10–10,000 kb pairs).
The long-read de novo assembly and Dovetail HiC library reads were used as
input for the Juicer pipeline75 to identify HiC contacts. The 3D-DNA assembly
pipeline76 was then used to ﬁrst correct mis-assemblies in each input assembly and
then to order contigs into super-scaffolds. As K-mer analysis showed that our draft
assemblies did not contain substantial quantities of duplicated content caused by
the inclusion of haplotigs, the 3D-DNA pipeline was run in “haploid mode” and
with an—editor-repeat-coverage of 4. The initial HiC assemblies were then
manually reviewed using Juicebox Assembly Tools (JBAT) to correct mis-joins and
other errors77. Following JBAT review, the assemblies were polished with the 3DDNA seal module to reintegrate genomic content removed from super-scaffolds by
false positive manual edits, to create a ﬁnal scaffolded assembly. The HiC
assemblies were then screened for contamination with BlobTools78. Finally, a
frozen release was generated with scaffolds renamed and ordered by size with
SeqKit v0.9.179. The ﬁnal assemblies were checked with BUSCO and KAT comp to
ensure the scaffolding and decontamination steps had not reduced gene-level
completeness or removed genuine single-copy aphid genome content.
Annotation of the G006 assembly. Prior to gene prediction the assembly was soft
masked for repetitive elements with RepeatMasker -v4.0.780 using repeat libraries
generated by RepeatModeler -v2.0.2 [https://github.com/Dfam-consortium/
RepeatModeler]. Protein coding genes were predicted using GeneMark-ES
–v4.3.881 and AUGUSTUS –v3.3.082 implemented in the BRAKER -v2.1.283
pipeline using publicly available RNA-seq datasets8,46 as evidence. RNA-seq
datasets were mapped against the repeat masked genome using HISAT2 v2.0.584
with the parameters—max-intronlen 25000 –dtacufﬂinks &—rna-strandness RF
followed by sorting and indexing with SAMtools -v1.385. BRAKER2 was run with
UTR training and prediction enabled with the parameters –softmasking—gff3—
UTR = on. Strand-speciﬁc RNA-seq alignments were split by forward and reverse
strands and passed to BRAKER2 as separate BAM ﬁles to improve the accuracy of
UTR models as recommended in the BRAKER2 documentation. Following gene
prediction, genes that contained in frame stop codons were removed using the
BRAKER2 script getAnnoFastaFromJoingenes.py and the completeness of each
gene set was checked by BUSCO analysis using the longest transcript of each gene
as the representative transcript. Functional annotation of the de-novo predicted
gene models was performed based on homology searches against the NCBI nr and
Interpro databases using BLAST2GO –v5.2.5.
Population sample resequencing and variant calling. Sequence data for 17 of the
clones utilised in this study has been described previously46,86. For the remaining
clones DNA was extracted from pools of 10-20 aphids of each clone using the E.Z.
N.A.® Insect DNA Kit (Omega Bio-tek) and used to construct PCR-free libraries.
Libraries were sequenced on a NovaSeq6000 using a 150 bp paired-end read metric
to an average coverage of 40X. FastQC was used to check the quality of the raw
reads obtained87 and reads were trimmed using TrimGalore64. For species validation sequence data for all clones was aligned to the Cytochrome C oxidase
subunit gene derived from the most recently published M. persicae mtDNA
genome88 using Geneious (Biomatters), and alignments of each clone were
manually inspected. To call variants, data were ﬁrst aligned to the chromosomescale assembly of clone G006 assembly using BWA -v 0.7.1789. PCR duplicate reads
were removed from alignments and the remaining data were sorted using SAMtools -v 1.9.085. Variants were called using the genome analysis toolkit GATK -v
4.1.090 haplotypecaller function. Individual genomic VCF records (gVCF) were
jointly genotyped using GATK’s genotype GVCFs. Genotype calls were ﬁltered for
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minimum depth (DP) of ≥ 10. Variant calls with a minimum genotype quality
(GQ) ≥ 30 were further retained. 45,627,645 high quality allelic variants were
retained after variant calling and ﬁltering of low-quality calls. We used 0.01 as the
minor allele frequency cut-off. The ﬁnal alignment had 1,064,888 columns and 130
rows with 105,979 distinct patterns. Among these, 1,017,412 sites were parsimonyinformative, 33,660 were singleton sites and 13,816 constant sites. The speciﬁc data
ﬁltering steps prior to running population structure and phylogenetic analyses are
explained in the respective sections. Detailed description of the workﬂow used for
the analysis of the population genomic data in this study is available as a Jupyter
Notebook on GitHub https://github.com/cordeiroemg/Myzus_PopGen_Workﬂow.
Analysis of obligate and facultative symbionts. To explore the occurrence and
distribution of bacterial endosymbionts and other microbes present in the sampled
M. persicae clones we used a framework recently developed for metagenomic
analysis of aphids24. Read sets were ﬁrst mapped using BWA-MEM89 to a collection of >30 reference genomes of known aphid symbionts, their associated
plasmids, and a number of viruses known to infect aphids24. Following this
mapping step, several statistics were computed, including mapping rate, average
coverage for each genome, fraction of the reference genome covered by at least ﬁve
reads, and mean edit distance for the reads mapping on each reference genome.
Unmapped reads from this analysis were extracted using Samtools85, low quality
reads were removed using Trimmomatic91, and the remaining reads were taxonomically assigned using Kraken292 and Centrifuge93 to identify microbial
sequences not represented in the collection of reference genomes used in the ﬁrst
round of analysis.
Pairwise comparisons of genetic distance. The genetic divergence between the
sequenced M. persicae clones was initially assessed by creating a simple distance
matrix of pairwise clone comparisons using the generic dist() function in R programming environment -v3.6.1.
Phylogenetic analyses. The VCF ﬁle, with more than 1 million variant sites, was
converted to PHYLIP format using a custom python script. The ﬁnal alignment
had 1,064,888 columns and 130 rows with 105,979 distinct patterns. Among these,
1,017,412 sites were parsimony-informative, 33,660 and 13,816 were singleton and
constant sites respectively. Phylogeny was estimated using maximum-likelihood
(ML) inference in IQTree -v 1.694, using the TVM + F + R5 + ASC substitution
model with correction for ascertainment bias and 10,000 traditional bootstrap
replicates (-cmax 15 -B 10000 -alrt 10000 -bnni -T AUTO). SplitsTree -v4.16.195
was used to create a distance-based split network using the neighbour-net
algorithm.
Population structure and gene ﬂow. SNPs were ﬁltered in Plink 1.996. Only
biallelic SNPs under Hardy-Weinberg Equilibrium using 5% probability were used.
Moreover, only SNPs with 0 missing rate and MAF > 0.05% were included in
genetic structure analyses. Principal Component Analysis (PCA) was performed in
R using the dudi.pca function of the ade4 package97. Model-based analyses
employed ADMIXTURE28 with a range of population sizes explored ranging from
K = 1 to K = 20. The most likely number of genetic clusters was determined by the
inspection of the cross-validation error, in which the smallest value indicated the
best estimate of K. Co-ancestry relationships and ﬁne scale analysis of genetic
structure was explored using ﬁneSTRUCTURE29. To formally test the hypothesis
that host plant and geography play a signiﬁcant role in partitioning genetic variation in M. persicae hierarchical analysis of molecular variance (AMOVA)98 was
performed using Arlequin v. 3.5299. Groups for host plant included peach, tobacco,
pepper, oilseed rape, for geographic location Europe, Africa, Asia, Australia, Asia,
South America, and North America.
Selection scans. Divergent regions of the genome between populations from
different host plants were identiﬁed by calculating pairwise FST values, nucleotide
diversity (π), and Tajima’s D using VCFtools version 0.1.14100. Average values of
FST, π, and Tajima’s D were calculated based on 3 million SNPs. FST values were
also calculated for each individual SNP, and π, and Tajima’s D for non-overlapping
10-kb windows. We further scanned the genome for signatures of selection by H12
analysis, a haplotype-based approach that uses phased SNPs to detect selection
sweeps33, selecting the 15 highest peaks on each autosome, and retrieving lists of
genes within candidate divergent regions from .bff annotation ﬁles.
Sequence analysis of candidate genes. Sequence variation in candidate genes
was manually analysed by mapping reads of each clone to regions encompassing
these genes using BWA89, or the ‘map to reference’ function of Geneious -vR9,
with alignments visualised using the Geneious software suite. Signiﬁcant (p < 0.05)
associations between speciﬁc insecticide resistance mechanisms and hostdifferentiated populations of M. persicae were identiﬁed using Fisher’s exact test
performed in R.
Analysis of linkage disequilibrium and site frequency spectrum. To estimate
the decay of LD on individual autosomes for clones from peach and tobacco from

COMMUNICATIONS BIOLOGY | (2021)4:847 | https://doi.org/10.1038/s42003-021-02373-x | www.nature.com/commsbio

13

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02373-x

Italy and Greece variants were thinned using MapThin -v1.11101 and PLINK
-v1.90b496 used to estimate inter-variant allele count squared correlations (r2).
Plots of r2 as function of distance were created using custom R scripts. The level of
LD at three insecticide resistance loci was examined using HaploView
-v02032021102. PLINK -v1.90b496 was used to initially convert the variants data
into HaploView native format. The site frequency spectrum (SFS) of polymorphisms on different autosomes was estimated using ANGSD -v0.921103.
Haplotype analyses of resistance mutations. Illumina short-reads derived from
each M. persicae clone were mapped against the reference gene sequences encoding
the nicotinic acetylcholine receptor β1 subunit and the voltage-gated sodium
channel using BWA-MEM89. Consensus sequences were called from the BAM ﬁle
for each clone using bcftools -v 1.9 mpileup and consensus utilities104, aligned with
MAFFT -v7.471105 using the –auto mode. FASTA alignments then converted to
PHYLIP format and used to generate phylogenetic trees using IQTree-v 1.694.
Phylogenetic networks were created using the TCS -v1.21 software suite106.

9.

10.

11.
12.

13.

14.
15.

Spirotetramat bioassays. Aphids were age synchronized to generate 3-4 day old
nymphs for testing. To determine optimal discriminating doses for testing the
entire library of M. persicae clones, assays were initially performed on ﬁve representative clones using 7 spirotetramat concentrations spanning 0.0488 ppm – 12.5
ppm. This informed the choice of two discriminating doses – 0.25 ppm and 0.5
ppm—for screening all other clones. The sensitivity of each clone to the two
spirotetramat concentrations, and a non-insecticide control, was tested in a leaf-dip
bioassay using four biological replicates each comprising 10 nymphs. Brassica rapa
leaf discs 37 mm in size were immersed in the appropriate concentration of
insecticide solubilized in acetone and diluted in 0.02% Triton/H2O for 10 s. For
controls, leaves were immersed in diluent minus insecticide. Discs were air-dried
before being placed abaxial side up on 1% agar in discrete pottles, to which 10
nymphs were added. All bioassays were kept at 24 °C ± 1 with a photoperiod of
16:8, and each assay was scored for mortality at 72 hours. Aphids that were unable
to control motor-function (e.g. could not right themselves when ﬂipped) were
recorded as ‘affected’ and were included in mortality data.

16.

Statistics and reproducibility. Statistical analysis of data was performed using R
as described above. For all statistical analysis, data from at least three independent
measurements was used. The exact number of replicates are indicated in individual
ﬁgure captions and the methods.

22.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

24.

Data availability

25.

The sequence data generated in this study has been deposited with NCBI under the Bio
Project ID: PRJNA574571107. For individual accession numbers associated with each
clone see Supplementary Data 1. The genome assembly of M. persicae clone G006 is also
available at AphidBase https://bipaa.genouest.org/is/aphidbase/108. Source data for
ﬁgures are available in Supplementary Data 1 and on Dryad https://doi.org/10.5061/
dryad.vhhmgqnt7. All other data generated during the current study is available from the
corresponding author on reasonable request.
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