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Perspectives on gene copy number variation
and pesticide resistance
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Abstract

Although the generation of evolutionary diversity by gene duplication has long been known, the implications for pesticide
resistance are just now beginning to be appreciated. A few examples will be cited to illustrate the point that there are many
variations on the theme that gene duplication does not follow a set pattern. Transposable elements may facilitate the process
but the mechanistic details are obscure and unpredictable. New developments in DNA sequencing technology and genome
assembly promise to reveal more examples, yet care must be taken in interpreting the results of transcriptome and genome
assemblies and independent means of validation are important. Once a specific gene family is identified, special methods gen-
erally must be used to avoid underestimating population polymorphisms and being trapped in preconceptions about the sim-
plicity of the process.
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The increase in gene number by whole-genome or subgenome
duplication over evolutionary time is a major factor in the increase
of complexity in multicellular organisms. A great deal of theoreti-
cal and empirical effort has been devoted to the birth and death
processes of gene families, the fate of duplicate copies such as
subfunctionalization or neofunctionalization, the relative impor-
tance of these processes in regulatory versus structural genes,
the interaction of selection and genetic drift in the dynamics of
gene turnover, and the consequences of gene loss."? These issues
also are of practical interest when it comes to pesticide resistance,
because an increasing number of examples can be attributed to
ancient or modern gene duplication that has been brought to
light by intense recent selection in agricultural ecosystems. Until
recently, point mutations in target-site resistance, and upregula-
tion or point mutations in detoxifying enzymes have received
most of the attention as mechanisms of pesticide resistance. Here
we update the most comprehensive review on gene duplication
for insecticide resistance® and add recent information on herbi-
cide resistance and fungicide resistance to illustrate the diversity
of gene duplication events, before providing an opinionated per-
spective on the use of recent improvements in DNA sequencing
technology for the optimal study of gene copy number variation
in pest populations.

1 ANCIENT AND RECENT GENE
DUPLICATIONS IN INSECTICIDE RESISTANCE

Ancient gene duplication events have created several insecticide tar-
gets, and functional redundancy in target subunits can have unex-
pected consequences for resistance. One example is the nicotinic
acetylcholine receptor (nAchR), which has been targeted by many
active compounds including nicotine, neonicotinoids, sulfoxamines,

butenolides and spinosyns. The functional receptor is a pentamer
of similar subunits which were generated by ancient duplication
events of an ancestral protein. Different pentameric assemblages of
the subunits are found in different tissues and developmental stages;
interchangeable subunits are partially functionally redundant but
allow for specialized properties in different contexts. The a6 subunit
has the highest affinity for spinosyn, and knockouts of the a6 subunit
cause resistance in Drosophila melanogaster* and in Plutella xylos-
tella’ Instead of lethality, which would result from deletion of a
single-copy target such as the voltage-gated sodium channel, viabil-
ity and resistance results because the a6 subunit is replaced by
another subunit, constituting a functional pentamer with lower bind-
ing affinity to the insecticide [Fig. 1(A)l. Thus, ancient gene duplica-
tion has provided the insect with additional options to respond to
insecticide selection. There are parallels with Rdl, the GABA-gated
chloride channel, the target of cyclodiene insecticides, where differ-
ent copies exhibit different sensitivities to the insecticide in aphids®
and Drosophila.”

Gene duplication is going on all the time, and another insecti-
cide target, acetylcholinesterase, illustrates the consequences of
old and new gene duplications. An ancient gene duplication
event has provided the ancestral insect with two acetylcholines-
terase genes, Ace-1 and Ace-2. Ace-1 is expressed at the choliner-
gic synapse, and is inhibited by organophosphorus (OP) and
carbamate insecticides. The higher Diptera including Drosophila
have lost Ace-1, and Ace-2 functions at the cholinergic synapse
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Figure 1. Schematic depiction of gene duplication and copy number variation in pesticide resistance. (A) Deletion of the spinosyn-binding a6 subunit of
the nicotinic acetylcholine receptor confers resistance by substitution of another pre-existing a subunit. (B) Duplication of a pesticide target gene followed
by a resistance-conferring mutation allows the new copy to escape inhibition. (C) Duplication of a gene encoding a detoxifying enzyme increases the
amount of enzyme. (D) Gene duplication and neofunctionalization produces a new detoxifying enzyme. (E) Unequal crossing-over generates an enzyme
with a new detoxifying function (CYP337B3). (F) Duplication of the gene encoding the pesticide target or a decoy protein increases the amount of func-
tional target to viable levels.

Pest Manag Sci 2022; 78: 12-18 © 2021 The Author. wileyonlinelibrary.com/journal/ps
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



http://wileyonlinelibrary.com/journal/ps

®)
SCI

where science
meets busi

instead. Much time was wasted in the effort to clone the ortholog
of Drosophila Ace-2 from other insects, until linkage mapping in a
mosquito revealed the second gene, Ace-1, which harbored the
mutations conferring resistance to organophosphorus insec-
tides.® Mutations in Ace-1 are now known to be responsible for
most target-site resistance to OPs and carbamates in non-
drosophilid insects. Three independent recent tandem duplica-
tions of Ace-1 itself have provided the mosquito Culex pipiens with
the best of both worlds; a mutant enzyme with decreased inhibi-
tion by insecticides and the wild-type enzyme with optimal
hydrolysis of acetylcholine at the synapse® [Fig. 1(B)].

In the malaria mosquito Anopheles gambiae, the 203-kb chro-
mosomal region containing the amplified Ace-1 gene contains
11 other genes and exists in a variable number of tandem cop-
ies.'® Different configurations have different fitness costs in the
absence of insecticide, and a variant that deletes the 11 other
co-amplified genes but not Ace-1 (termed ‘adaptive deletion’) is
spreading in West Africa and introgressing into the closely related
species An. coluzzii.'""'? In the spider mite Tetranychus evansi, a
point mutation in Ace-1 conferring insensitivity to chlorpyrifos
also confers a lower fitness in the absence of the insecticide,
which is compensated for by an increase to eight to ten copies
in some resistant strains.'® A similar situation occurs in the related
Tetranychus urticae.'* Thus, gene amplification itself has intrinsic
fitness consequences which can be modified by subsequent
genetic changes.

Gene duplication of detoxicative enzymes including cyto-
chromes P450 can enable resistance, simply by increasing the
amount of functional enzyme [Fig. 1(C)], or by allowing one of
the daughter copies to evolve a new function [Fig. 1(D)]. Neonico-
tinoid resistance in the aphid Myzus persicae is conferred by over-
expression of the gene for CYP6CY3, partly due to an increased
gene copy number.'”” The same enzyme has enabled some
tobacco-feeding races of M. persicae to efficiently detoxify nico-
tine, which was interpreted as a pre-adaptation to neonicotinoid
insecticides.'® Expression of the gene for CYP6G1 of
D. melanogaster is increased by copy number variation as well
as previously documented transcriptional enhancement due to
upstream insertions of transposable elements.'”'® The gene for
CYP6ER1 has been duplicated in some populations of the brown
planthopper Nilaparvata lugens, and allelic variants of some of
the duplicates encode enzymes that can metabolize imidacloprid.
Resistance is conferred both by neofunctionalization due to
amino acid substitutions, and preferential expression of the active
enzyme.'®

An unusual variant on this theme is found in pyrethroid-
resistant Helicoverpa armigera. An ancient duplication event has
endowed H. armigera with two genes in a tandem array,
CYP337B2 and CYP337B1, which encode active P450 enzymes
with ~#75% amino acid identity. Whether by chance or by a previ-
ous gene conversion event, the DNA sequence of the two genes is
nearly identical in a common region, and unequal crossing-over
between the genes in this position has generated a new chimeric
gene for CYP337B3, with the first 177 amino acids originating
from CYP337B2 and the remaining 315 from CYP337B1 [Fig. 1
(D). The chimeric CYP337B3 enzyme can detoxify fenvalerate
and related synthetic pyrethroids by hydroxylating the 4’ carbon
of the phenoxyphenol group, whereas neither parent enzyme
CYP337B1 or CYP337B2 has this enzymatic activity.”° Bidirectional
site-directed mutagenesis in the N-terminal region differing
between the two enzymes has shown that no single amino acid
substitution or combination of a few substitutions can turn
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CYP337B1 into a functionally active CYP337B3; thus, the unequal
crossing-over has suddenly created a new enzymatic function
by saltational evolution.?’

Australian populations of H. armigera are still polymorphic at the
CYP337B locus. Both types of chromosomes, one carrying the tan-
dem array CYP337B2-CYP337B1 and the other carrying only
CYP337B3, are present and individual genotypes (B2B1/B2B1,
B2B1/B3 or B3/B3) can be detected by polymerase chain reaction
(PCR) with primers flanking the junction region. Because the
unequal crossing-over was assumed to be an extremely rare
event, it was surprising to find CYP337B3 in pyrethroid-resistant
H. armigera from Pakistan,? as well as in most H. armigera popu-
lations worldwide.?® Even more surprising was the evidence that
up to eight separate unequal crossing-over events had produced
a CYP337B3 allele of local origin.?®> This would indicate that
unequal crossing-over is not as rare as assumed previously, and
might be happening in other P450 clusters in H. armigera and
other organisms. CYP337B3 also is crossing species boundaries,
as there is population genetic evidence for its introgression from
invasive H. armigera into the closely related Helicoverpa zea in
Brazil. >

Massive gene amplification of carboxylesterases that either
hydrolyze the OP insecticide or sequester it away from the target
acetylcholinesterase was seen >30 years ago in Culex mosqui-
toes®® and Myzus aphids.?® In the latter case, separate measure-
ment of esterase activity following trapping with a specific
antibody, of gene copy number by pulsed-field electrophoresis
and quantitative PCR, and of methylation status by methylation-
sensitive restriction enzymes had to be used to untangle the com-
plicated relationship between gene copy number and amount of
enzyme.

More recently, a 100-kb duplicated region containing five car-
boxylesterase genes has been discovered in South-east Asian
populations of the dengue vector Aedes aegypti, and copy num-
ber variation documented by a multiplex TagMan assay, hinting
at a fitness trade-off between OP resistance and the burden of
expressing so much enzyme.”’

It has been suggested that the voltage-gated sodium channel,
the target of Dichlorodiphenyltrichloroethane (DDT) and pyre-
throid insecticides, has been duplicated in some mosquitoes,?®3°
but convincing full-length sequence of both copies currently is lack-
ing. However, two sodium channel genes were recently identified
in the flour beetle Tribolium castaneum, although not specifically
associated with pyrethroid resistance.®’

2 HERBICIDE RESISTANCE

Of the many mechanisms of herbicide resistance that have been
uncovered over the past 20 years,*> massive gene amplification
of the herbicide target and the surrounding genes is the most
bizarre [Fig. 1(F)]. Amaranthus palmeri is a highly competitive
weed that has rapidly evolved resistance to glyphosate, which tar-
gets the enzyme 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS), a key enzyme in the biosynthesis of aromatic amino acids
found in plants but not animals. Resistance by increased EPSPS
activity eventually was traced to amplification not only of the
EPSPS gene itself, but a contiguous surrounding region that could
be mapped by sequencing overlapping bacterial artificial chro-
mosome (BAC) clones from a resistant isolate.>* This 400-kb repli-
con, termed the EPSPS cassette, is itself duplicated up to 100-fold
in some accessions. It contains EPSPS and 58 other genes,* as well
as the Ac transposase putatively responsible for the initial
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generation of the replicon. Syntenic comparisons of the EPSPS
region with partial genome assemblies of other weed species
revealed transposable elements in common that also might be
involved in replicon generation or amplification. A separate study
showed that these high-copy-number replicons exist as extra-
chromosomal circular DNA molecules (eccDNAs) that are associ-
ated with but not integrated into chromosomes, and that are
transmitted to daughter cells both through mitosis and meosis.>
Another study in Amaranthus tuberculatus found a likely indepen-
dent set of replicons, some of which were integrated into a chro-
mosome and others comprising an extra separate chromosome.*®
EPSPS copy number can vary within a single Amaranthus plant.>’
Extrachromosomal inheritance has not been documented in
other weed species so far, but the existence of non-Mendelian
inheritance of EPSPS copy number in barley grass from South
Australia is suggestive >

Somewhat less spectacular but still relevant to weed control are
tandem duplications of up to ten copies of EPSPS in Kochia sco-
paria, which could have originated by repeated unequal
crossing-over at a neighboring insertion containing transposable
elements3®%° Both target-site mutations and a seven-fold
increase in EPSPS copy number were associated with glyphosate
resistance in Poa annua.*' Copy number variation of EPSPS was
one of many factors affecting glyphosate resistance in Eleusine
indica from China.*> However, most studies in glyphosate-
resistant weed species have found no EPSPS copy number varia-
tion, with mutations in the target site or increased metabolism
responsible for the resistance. A different class of herbicides tar-
gets acetyl-CoA carboxylase (ACCase) which is important in fatty
acid biosynthesis, and a five- to seven-fold amplification of the
gene encoding ACCase was found in resistant populations of Digi-
taria sanquinalis.*®

Occurrences of herbicide resistance have presented fewer
examples of copy number variation than insecticide resistance,
probably because many insecticides have been used far longer
than the relatively recent increase in herbicide use for weed con-
trol in herbicide-resistant transgenic crops and the emphasis on
no-till agriculture. Additionally, low-level copy number variation
is harder to document and detect in polyploids. Open questions
include whether the massive gene amplification mechanisms of
Amaranthus species can occur in other plant groups, and whether
‘adaptive deletion’ could occur in the Amaranthus amplicons,
reducing the fitness cost even more.

3 FUNGICIDE RESISTANCE

Although fungicides target a wider variety of molecular targets
than either insecticides or herbicides, reports of gene amplifica-
tion associated with resistance are relatively rare, and confined
to target sites. In some cases, the possibility of horizontal gene
transfer adds additional complications to copy number variation
in fungi. Saccharomyces cerevisiae strains used in wine production
were found to vary in copy number for CUP1, a metallothionene
involved in copper detoxification.* The CCA gene cluster, consist-
ing of genes for cyanase and carbonic anhydrase that detoxify the
fungicide cyanase, varies in copy number across strains of the
Fusarium oxysporum species complex, with evidence of extensive
gene transfer among different isolates.*

The cytochrome P450 CYP51, responsible for a crucial step in
sterol synthesis in fungi, is the target of azole fungicides. Two
paralogs CYP51A and CYP51B exist in filamentous ascomycetes,
but CYP51A was absent in historical samples of the barley
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pathogen Rhynchosporium commune until after 1985 when it
reappeared and spread. Further analysis showed that it was pre-
sentin rare lineages before azole use and was selected to a higher
frequency by the fungicide.*® CYP51 copy number variation of a
point mutation is correlated with azole resistance in the fungus
that causes powdery mildew.*”*®

The relative paucity of examples of copy number variation in
agricultural fungicide resistance cannot be the result of a lack of
attention. Fungicidal resistance mechanisms are much more
diverse and better understood at the molecular level than herbi-
cide or insecticide resistance. Perhaps constraints on genome size
plays a role, as well as the shorter generation time of fungi that
could allow other resistance mutations to increase to fixation
more quickly, obviating the need for a mechanism that produces
resistant variants more slowly.

4 DISCOVERY OF COPY NUMBER
VARIATION IN PESTICIDE RESISTANCE

It is impossible to generalize about the discovery process of these
examples, except that the discovery of gene duplication usually
came as a surprise in a more or less routine examination of the
cause of pesticide resistance. Recent advances in DNA sequencing
methodology promise to speed up the discovery process, but
their limitations and biases must be kept in mind. The cytogenetic
approach should not be overlooked as an option.*>>° When inves-
tigating cases of resistance correlated with overexpression, it is
just important to be rigorous in ruling out copy number variation
when the evidence is weak.

Complex cases of gene duplication can be missed by uncritical
examination of transcriptome or genome sequence. For the
CYP337B genes, the existence of three separate transcripts was
convincingly shown by multiple, old-fashioned cDNA clones,
and would probably have been missed by modern short-read
RNAseq technologies. Transcriptome assemblers such as TRINITY
may produce an abundance of isoforms of the same transcript
simply due to a high degree of nucleotide polymorphism. The
genome organization of the CYP337B cluster was convincingly
shown by sequences of separate BAC clones from an Australian
strain of H. armigera, and not by the published genome sequence
of a related Australian strain which depicted only the
CYP337B2-CYP337B1 haplotype.”’

New sequencing technologies have the potential to uncover
more cases of gene duplication, but must be applied critically.
Whole-genome resequencing efforts with short reads may over-
look copy number variation unless special attention is paid to read
depths. Long-read technologies for de novo genome sequencing
of insects are now being employed in large projects such as the
Ag100Pest initiative of the US Department of Agriculture and
the Darwin Tree of Life of the Wellcome Sanger Institute, but
run the risk of discarding information on copy number variation
in the effort to get a single haploid genome sequence from dip-
loid individuals. If the sequenced individual is heterozygous at
enough positions and DNA sequence from its parents are avail-
able, ‘trio binning’ can be used to separate the two parental hap-
lotypes for separate assembly.>? Published examples include the
wood tiger moth®® and two Amaranthus weed species,”* and
many more in progress are known to the author. For plants, ‘gam-
ete binning’ also can be used for separation of haplotypes but not
necessarily on the basis of parental origin.>®> The development of
whole-genome assembly programs is in constant flux and the
output of several assemblers should be compared critically. The
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limitations of the available technology should be kept in mind; for
example no current technology can fully resolve the repeat struc-
ture of the ribosomal DNA cluster. Replicons in herbicide resis-
tance may approach that complexity, and contain more than
just the herbicide target gene.

Discovery of copy number variation is just the first step; many
additional approaches are required to establish its relevance to
pesticide resistance. What is the pattern of variation in different
populations? How is it related to pesticide use? Are copy number
variants still being generated, or the result of ancient events?
What is the relationship between genome copy number, tran-
script abundance, and protein abundance? How does the exis-
tence of copy number variation impact resistance management
strategies? Interest in these questions is certain to increase as
the role of copy number variation in pesticide resistance attracts
greater interest.

5 CONCLUSIONS

Copy number variation is a normal but only recently appreciated
aspect of genetic variation in natural populations. Gene families
constantly cycle in a birth—death process that creates new copies
by gene duplication and loses them by pseudogenization. Recent
pesticide selection may sometimes favor copy number variants,
but ancient gene duplications also have consequences for evolu-
tionary responses to modern-day selection pressures.

Although copy number of some genes may be constrained by
selection, such as those used in the BUSCO benchmarking pro-
grams, most genes are expected to undergo at least transient
duplications at some time. This means that simply observing
duplicate copies of a putative detoxicative gene is no proof of
causality of resistance,*®” just as observing higher expression
of a putative detoxicative gene is no proof that it contributes to
resistance. When a bona-fide detoxicative reaction is due to
higher activity of an enzyme, the relative contributions of gene
amplification and elevated expression must be teased apart.

Gene duplication does not have to be the final step in pesticide
adaptation. Further evolution to reduce the fitness cost of gene
amplification may occur, especially if there are disadvantageous
dosage effects of other genes trapped in the same replicon. Selec-
tive gene loss is one consequence. Functional divergence of
duplicated copies is another.

Because of the many types of gene duplication, specialized
techniques must be employed for an exhaustive characterization
in many species. Some are more accessible such as in situ hybrid-
ization and others less so, such as fiber-FISH and BAC library con-
struction.®® The importance of molecular cytogenetic techniques
has been highlighted.*® Shotgun genome sequencing with short
reads can be used to roughly estimate copy number from read
depth, whereas long-read techniques such as minlON and PacBio
offer a more exact approach for smaller arrays but analysis of
larger arrays is still complicated.

What consequences could copy number variation have for pes-
ticide resistance management? Are there special techniques that
could be employed to combat it? Suggestions have been made
at scientific conferences that spraying double-stranded RNA on
herbicide-resistant plants could reverse the effects of gene
amplification,®® but this could easily be countered by a further
increase in gene amplification because the mechanisms for repli-
con generation already are present in the pest population. Aware-
ness of copy number variation would be helpful in molecular
methods of diagnosing resistance for monitoring purposes, and
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could be essential in some cases where this becomes the major
resistance mechanism. However, this should not change the fun-
damental strategy of resistance management, to minimize selec-
tion for and maximize the fitness cost of specific resistance
mechanisms. The apparent absence of a fitness cost to EPSPS
gene amplification in A. palmeri should thus be of great concern.>®
The awareness of copy number variation adds one more level of
complexity to devising durable resistance management strategies
for all pesticides, and this can only increase in the future.
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