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Abstract

Esterases have recurrently been implicated in insecticide resistance in Helicoverpa armigera but little is known about the
underlying molecular mechanisms. We used a baculovirus system to express 14 of 30 full-length esterase genes so far
identified from midgut cDNA libraries of this species. All 14 produced esterase isozymes after native PAGE and the isozymes
for seven of them migrated to two regions of the gel previously associated with both organophosphate and pyrethroid
resistance in various strains. Thirteen of the enzymes obtained in sufficient yield for further analysis all showed tight binding
to organophosphates and low but measurable organophosphate hydrolase activity. However there was no clear difference
in activity between the isozymes from regions associated with resistance and those from elsewhere in the zymogram, or
between eight of the isozymes from a phylogenetic clade previously associated with resistance in proteomic and
quantitative rtPCR experiments and five others not so associated. By contrast, the enzymes differed markedly in their
activities against nine pyrethroid isomers and the enzymes with highest activity for the most insecticidal isomers were from
regions of the gel and, in some cases, the phylogeny that had previously been associated with pyrethroid resistance.
Phospholipase treatment confirmed predictions from sequence analysis that three of the isozymes were GPI anchored. This
unusual feature among carboxylesterases has previously been suggested to underpin an association that some authors
have noted between esterases and resistance to the Cry1Ac toxin from Bacillus thuringiensis. However these three isozymes
did not migrate to the zymogram region previously associated with Cry1Ac resistance.
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Introduction

The cotton bollworm Helicoverpa armigera has evolved resistance

to several classes of chemical insecticides over the last 50 years and

some of these resistances remain problematic for control despite

the widespread uptake of transgenic cotton varieties expressing

various insecticidal Bt (Bacillus thuringiensis) toxins [1–3]. Although

cytochrome P450s are often also involved [4], esterases have

recurrently been implicated in metabolic resistance to the major

organophosphate (OP) and synthetic pyrethroid (SP) insecticides

[1,5–11] and even, in some literature, to the Cry1Ac Bt toxins

[12–15]. Resistance factors attributed to the esterases vary widely

among studies but can be high (.100 fold) for both OPs and SPs.

The evidence from over 30 studies implicating esterases in OP

and SP resistance has usually taken the form of the synergism of

the insecticides by esterase inhibitors, higher levels of in vitro

esterase activities with artificial substrates like naphthyl acetate and

p-nitrophenyl acetate, and more intense staining of certain esterase

isozymes in extracts of resistant strains [9]. Notably, several

different isozymes have been implicated in the latter for each class

of chemistry, with some studies individually implicating up to three

different bands and additional differences found between studies

[9–11]. There may be some overlap between the isozymes

implicated in the two sets of resistances but the evidence on this

remains equivocal because of the use of multi-resistant strains in

some studies, as well as differences in electrophoretic methods

between several of them.

The fact that the resistances are so often associated with greater

esterase isozyme intensities has led some authors [5,7,13] to

suggest that the mechanisms may involve enhanced sequestration

and, in the case of the OPs and SPs, detoxification of the

insecticides, via the overexpression of esterases that can bind and

possibly hydrolyse them. There is ample precedent for such

mechanisms in the case of OP resistance; in particular the well

studied cases of OP resistant aphids and culicine mosquitoes

[16,17] show how heavily over-expressed esterases with tight OP
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binding capability and some, albeit slow, OP hydrolytic activity

can confer high levels of protection. We are unaware of any direct

precedents for such a mechanism in the case of SP resistance,

although there is strong evidence that some insect esterases can

hydrolyse SPs with quite high efficiencies in vitro [18–20]. In the

case of resistance to the Cry1Ac Bt toxin it is suggested that

membrane-associated esterases in the larval gut may provide

alternate binding sites for the toxin and thereby provide some

protection for the target sites for the toxin [13]. Direct empirical

evidence for this mechanism is currently scarce but there has been

speculation that GPI-anchored esterases in the midgut may be

involved [21].

Three recent studies have begun to investigate the mechanisms

for some of the esterase-resistance associations in H. armigera at a

molecular level. An EST and proteomic analysis by Teese et al.

[21] was able to associate particular esterase EST sequences with

certain bands from an insecticide susceptible strain that lay in the

same zones of the esterase zymogram that other workers had

found to be more intensely staining in OP, SP and Bt resistant

strains. Wu et al. [10] then applied a similar proteomic approach

to an SP resistant strain, finding that a specific isozyme zone that

was more intensely staining in this strain was associated with four

closely related but paralogous esterase ESTs. They then used

quantitative rtPCR to show that all four of the cognate esterase

genes were over-expressed by a few to several fold in larval

midguts and fat bodies of the resistant strain as compared to a

susceptible control strain. A subsequent native Western and

proteomic analysis by Han et al. [11] showed over-expression of

several esterase isozymes from a larger (at least 10 gene) clade

(named Clade 1 by Teese et al. [21]) containing the four genes

identified by Wu et al. [10] in both an OP resistant strain and a

second SP resistant strain as compared to a susceptible strain.

There was some overlap between the esterases over-expressed in

these two resistant strains and the four identified by Wu et al. [10].

This paper provides baseline biochemical data on possible

mechanisms underlying the esterase-based components of the

various H. armigera resistances. Specifically 14 of the 30 full length

esterase ESTs so far described for the species have been expressed

in a baculovirus system and their products characterised

biochemically. Thirteen produced in sufficient quantity were

subject to activity and/or binding assays with OPs, SPs and some

other substrates and three were tested empirically for GPI

anchoring.

Materials and Methods

Esterases Selected for Expression
Fourteen full-length H. armigera esterase genes from a total of 30

recovered from a midgut cDNA library [10,21] were expressed in

the baculovirus system. All these genes were from the Australian

GR strain, which is fully susceptible to OPs, SPs and the Cry1Ac

toxin of Bt (R. Mahon pers. comm.). Eight of them (CCE001b,

001c, 001d, 001f, 001g, 001h, 001i, 001j) were from Clade 1 and

these included three of the four (CCE001d, 001i and 001j but not

001a, which we were unable to express in soluble active form)

found to be over–expressed in a Chinese SP resistant strain by Wu

et al. [10]. The other six (006a, 006b, 014a, 016a, 017a and 025a)

were selected to represent diverse other clades in the phylogeny

produced by Teese et al. [21]. Seven of the 14 (001c, 001d, 001i,

001j, 006a, 017a and 025a) have been linked previously to specific

esterase isozymes in the proteomic experiments of Wu et al. [10],

Han et al. [11] and Teese et al. [21]. Twelve of the 14 expressed

esterases were predicted by various algorithms to be secreted

soluble proteins (most of the Clade 1 enzymes plus 006a, 006b and

025a) or attached to membranes by GPI anchors (001f, 001g,

016a) [21]. The other two were predicted to be intracellular, either

cytoplasmic (014a) or transported to the mitochondria (017a).

Baculovirus Expressions
Gateway-compatible entry vectors were constructed for the

untagged expression of all genes of interest, using their native start

and stop codons with the addition of an efficient translation

initiation sequence immediately 59 of the start codon. Each of the

genes was transferred into linear Autographa californica nucleopoly-

hedrosis virus (AcNPV) DNA (see Fig. S1). The two negative

control constructs used were uninfected Sf9 cells and AcNPV-

GUS, expressing b glucuronidase [18,19]. AcNPVs expressing the

wild-type and G137D and W251L mutants of the blowfly E3 gene

[18,22] were used as positive controls in some experiments.

Transfection of Sf9 cells with AcNPV constructs and preparation

of soluble intracellular extracts from high titre stocks were carried

out essentially as per Heidari et al. [22] and Devonshire et al. [23],

the major modification being the addition of a second centrifu-

gation step (5,000 g, 60 min) after cell lysis to further clarify the

samples. Some other minor modifications for one experiment are

noted below.

Phosphatidylinositol-specific phospholipase C (PI-PLC)

treatment. A modified version of the assay of Incardona and

Rosenberry [24] was used to determine whether three enzymes

which sequence analysis [21] predicted to contain a GPI anchor

(CCE-001f, 001g and 016a) did in fact do so. Sf9 cells were seeded

onto polystyrene 6-well plates (Becton-Dickinson, USA) at a

density of 26108 cells per well in 2 ml of Sf900 II serum-free

media. After one hour to allow cell attachment, cells were infected

with either AcNPV-001g, AcNPV-001f, AcNPV-016a or AcNPV-

eGFP at a multiplicity of infection (MOI) of 5. The media was

discarded after 48 hours and the cells gently washed with warm

phosphate-buffered saline (PBS). The cells were then incubated for

90 minutes in 0.3 ml PBS only, or PBS containing 0.3 U.ml21

phosphatidylinositol-specific phospholipase C (PI-PLC). The

liquids were then collected and clarified by centrifugation at

11,000 g for 5 minutes. The adhered cells that remained were also

harvested, by adding 0.5 ml of homogenisation buffer (50 mM

Tris/Cl pH 8.0, 1 mM EDTA, 0.5% Triton X-100 and 20% w/v

sucrose) to each well, followed by mechanical scraping with a

pipette tip, and lysis by vortexing. Both the supernatants and cell

extracts were stored under sterile conditions for less than a week at

4uC before carboxylesterase and acetylcholinesterase (AChE)

activity assays were performed.

In total there were four differences between the transfection and

extract preparation procedures in this PI-PLC experiment and

those outlined in the previous section for the other experiments

herein. For the PI-PLC experiment we used static as opposed to

suspended liquid cultures as seed cultures, we transfected at a

multiplicity of infection (MOI) of 5 as opposed to 2, harvesting was

done at 48 versus about 72 hours and cells were lysed by vortexing

rather than repeated passage through a 21 g needle.

Enzyme Assays
Native polyacrylamide gel electrophoresis (PAGE) and carbox-

ylesterase staining with 1-naphthyl acetate (1-NA) were conducted

as described by Han et al. [11]. Staining for AChE activity was

performed using the method of Li et al. [25].

Spectrophotometric assays for carboxylesterase activity against

1-naphthyl acetate were carried out for the PI-PLC experiment

above using the methods of Mastropaolo and Yourno [26]

adapted to a microplate layout. Reactions were carried out at

28uC in a final volume of 200 ml containing 5–20 mL of enzyme

Biochemistry of Helicoverpa esterases
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sample, 500 mM 1-naphthyl acetate, 2% v/v ethanol and 16PBS

in a UV-Star 96-well microplate (Greiner Bio-One, Switzerland).

Enzymes were diluted to 100 mL in 16 PBS pre-incubated at

28uC. Immediately prior to commencing the assay, an ethanolic

solution of 1-naphthyl acetate was diluted to 1 mM (4% v/v

ethanol) in warm 16 PBS. Reactions were started by adding

100 ml of this substrate solution to the diluted enzyme. Formation

of 1-naphthol was monitored by recording the change in

absorbance at 235 nm for 10 min in a SpectraMax 190 plate

reader (Molecular Devices, USA). Extracts of uninfected Sf9 cells

representing equivalent pre-harvest cell densities were used as

negative controls in these assays.

The other quantitative enzyme assays below used either

uninfected Sf9 cells or AcNPV-Gus constructs as negative controls.

For each dilution of each enzyme assayed, a dilution of the control

extract representing an equivalent pre-harvest cell density was

used and the activity for this control was subtracted from the value

for the test enzyme under these conditions. The controls had

minimal activities in all the assays below.

Spectrophotometric microplate assays for AChE activity [27,28]

were carried out at 28uC in a final volume of 200 ml containing
20 mL of enzyme sample (2.361023 U of acetylcholinesterase

from human erythrocytes (Sigma) was used as a positive control),

1 mM 5,59-dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma),

0.5 mM acetylthiocholine iodide (Sigma) and 16 PBS in a

polystyrene 96-well microplate (Greiner Bio-One). Enzymes were

pre-incubated in the microplate at room temperature with DTNB

for 20 min, then 28uC for a further 5 min, whereupon the reaction

was started by the addition of 20 ml of substrate. Absorbance at

405 nm was monitored for 20 min in a SpectraMax 190 plate

reader.

Fluorometric assays for the hydrolysis of the OPs dimethyl 4-

methylumbelliferyl phosphate (dMUP, [23]), and diethyl 4-

methylumbelliferyl phosphate (dEUP, Sigma) were conducted as

previously described [20,22,23]. These assays provide measures of

substrate turnover rate and the concentration of expressed enzyme

active sites (enzyme titre) via the burst equation;

P~A 1{e{kobst
� �

zvt

where P is the product formed, A is the amplitude of the burst

phase (enzyme titre), kobs is the rate constant of the burst phase (ie

the rate of substrate binding), v is the substrate hydrolysis rate once

the enzyme has become saturated and t is time [29]. Initial

estimates of A, kobs and v made as per Coppin et al. [20] were

refined with the solver function of Excel (Microsoft) so as to

minimise the residual sum of squares. The rate of substrate

turnover under saturating conditions (kcat [23]) was then

calculated as the ratio v/A.

Assays for the hydrolysis of SPs – esfenvalerate (Sigma) and the

eight individual isomers of cypermethrin – were carried out by

monitoring substrate loss by HPLC. The cypermethrin isomers

were prepared from technical grade beta-cypermethrin or

cypermethrin (both AK Scientific, USA) by the Analytical and

Preparative Enantioselective Chromatography Facility, University

of Queensland, Australia. A methanolic solution of SP substrate

was diluted to 200 mM (1.5% v/v methanol) in 25 mM Tris-HCl,

pH 8.0 and 50 mL of the resulting emulsion was dispensed into

separate microfuge tubes for each time point (0, 30, 60 and

120 min) and pre-incubated at 30uC for 5 min. Expressed

enzymes were diluted to 0.5% v/v in pre-warmed (30uC) 25 mM

Tris-HCl, pH 8.0. Reactions were started by adding 50 mL of

diluted enzyme to each reaction tube and incubating at 30uC.
Reactions were stopped by the addition of 100 mL of acetonitrile

and vortexing. Samples were then centrifuged at maximum speed

in a benchtop microfuge (Eppendorf) for 10 min to sediment

protein debris before transferring 150 mL of the supernatant into a

300 mL glass insert within a 2 ml autosampler vial (Agilent, USA).

5 mL of each reaction was injected on an Agilent ZORBAX

Eclipse XDB-C18 column (2.1630 mm, 3.5 mm) using an Agilent

1200 series HPLC. All substrates were separated isocratically with

65:35 acetonitrile/0.5% acetic acid in water (v/v) at 1 mL.min21

and monitored at 200 nm. Given the complexities in dealing with

substrates of such low aqueous solubility (sub- to low micromolar

[18]), results are simply presented as rates of substrate loss rather

than estimates of formal kinetic parameters.

Results

Native PAGE Analysis of Expressed Proteins
Native PAGE with carboxylesterase staining revealed distinct

isozyme phenotypes for all 14 of the expressed esterases (Fig. 1).

Although most of the proteins had been predicted to be secreted

(see above), all but one of them were still contained in the soluble

intracellular fraction at the time of harvest (, three days post

infection). The one exception was 006b, whose product was better

visualised in the media (data not shown). In broad terms our results

concur with those of Tsubota et al. [30] in this respect; they

expressed six esterases from the silkworm Bombyx mori in the

baculovirus/Sf9 system and found most were still associated with

the soluble intracellular fraction even though their sequences

generally contained secretion signals. This is consistent with the

progressive deterioration of the post-translational processing

machinery for secreted proteins as virus replication proceeds in

the cell.

Four of the 14 esterase genes (001b, 001h, 001j, 006b) each

produced a single banded isozyme phenotype and six others (001c,

001d, 001i, 014a, 016a, 017a) each generated 2–4 closely migrating

isozymes (separated by Rm values of 0.03 to 0.07) that typically

formed a larger zone of activity as staining progressed (Fig. 1).

Both these classes of phenotype are common among eukaryote

esterases [31,32]. The other four genes (001f, 001g, 006a, 025a)

produced multiple bands with a wider range of Rm values, albeit

each of them produced one dominant band. Previous work on

insect esterases has explained multiple closely migrating bands

encoded by single genes in terms of alternate glycosylation states

for secreted enzymes [31], while more distantly migrating

isozymes from single genes have been variously attributed to

monomer/dimer differences [33], radical post-translational effects

such as GPI anchoring [34] and, very occasionally, alternate start

or splice sites [30]. As noted above most of our esterases have

secretion signals and all that do have at least two consensus N-

linked glycosylation sites [21]. Teese et al. [21] also found three of

the esterases we have expressed have consensus sequences for GPI

anchoring (001f, 001g, 016a; see above). Tsubota et al. [30] also

found that the B. mori orthologue of 014a was subject to both

alternate start sites and alternate splicing.

Seven of the genes studied here had also been matched to larval

isozymes in the proteomic experiments of Wu et al. [10], Han et al.

[11] and Teese et al. [21] and there was good agreement between

the phenotypes of the baculovirus products and the proteomics for

four of these (001c, 006a, 017a and 025a; Fig. S2). The differences

for the other three, 001d, 001i and 001j, could be due to genetic

polymorphism, since the genes for the current work come from an

Australian strain and Wu et al. [10] and Han et al. [11] studied

Chinese strains, or to incomplete recovery of bands in the

proteomics in the case of Teese et al. [21] (who only extracted part
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of the zymogram profile and therefore may have missed the major

products of some genes).

Testing for GPI-anchors in Three of the Esterases
Teese et al. [21] proposed that some fraction of the enzyme

produced by four H. armigera esterase genes (001f, 001g, 002a and

016a) could be anchored to the surface of the cell membrane by a

GPI-anchor because they contained consensus hydrophobic C-

terminal recognition sequences for cleavage of the protein prior to

attachment of the glycophospholipid anchor. Three of the

putatively GPI anchored esterases, 001f, 001g and 016a, were

expressed in this study; 002a lacks all three ‘catalytic triad’

residue(s) and is assumed to be catalytically inactive [21]. Two of

the three we have expressed (001f and 001g) were amongst those

showing relatively complex isozyme profiles on native PAGE that

could at least in part reflect different steps in the anchoring process

(see Fig. 1 and above).

The diagnostic test for a GPI-anchored protein involves

treatment with a specific phospholipase C (PI-PLC) [35]. This

assay has been previously used to confirm the GPI-anchor of

AChE from Drosophila melanogaster [24]. We have found that PI-

PLC treatment of Sf9 cells expressing 001f, 001g and 016a results

in significant solubilisation of carboxylesterase activity (t4 = 43.54,

P,0.001, t4 = 5.87, P= 0.014 and t4 = 3.80, P= 0.031 respective-

ly) and increased staining of isozymes at the appropriate Rm values

(Fig. 2). These data provide strong evidence that a proportion of

each of these three esterases is GPI-anchored. Spectrophotometric

assays showed none of 001f, 001g and 016a to have any detectable

activity towards the artificial AChE substrate, acetylthiocholine

(data not shown), suggesting that the recombinant enzymes would

not be efficient AChE alternatives.

Interestingly, the untreated 001g extracts in this experiment did

not show the multiplicity of isozyme bands evident in the original

electrophoretic comparisons in Figure 1, albeit those for 001f and

Figure 1. Isozyme profiles of the 14 heterologously expressed esterases on native PAGE. All expressed enzyme samples were derived
from the soluble intracellular fraction. Loading volumes were optimised for each sample in order to best display the isozyme pattern, with between
46105 (014a) and 2.56106 (001b and 006b) cell equivalents loaded per lane. 106 cell equivalents were loaded in the GUS control lanes (directly
comparable to 001c, 006a, 017a and 025a), a A homogenate of 5th instar larvae (,15 GR individuals). b The total number of esterase active sites
loaded in each lane as calculated from the titration values (see Table 1). c Rm values of major isozymes (b) for each expressed esterase.
doi:10.1371/journal.pone.0065951.g001

Table 1. Titration values and turnover rates (kcat) for the two
OPs dEUP and dMUP for 13 expressed H. armigera esterases
and the three E3 control enzymes.

Enzyme Titre (mM)
kcat (dEUP)
(min21.103)

kcat (dMUP)
(min21.103)

001b 3.2 (0.4) 24.6 (2.9) 15.5 (0.6)

001c 4.3 (2.0) 13.0 (2.5) 26.5 (2.7)

001d 3.6 (1.3) 9.4 (1.6) 11.4 (1.2)

001f 8.6 (1.1) 14.0 (2.0) 16.6 (3.2)

001g 1.4 (0.5) 21.9 (1.7) 27.9 (1.8)

001h 2.7 (0.3) 19.3 (0.7) 27.2 (3.8)

001i 1.6 (0.4) 19.0 (3.5) 15.5 (2.1)

001j 2.2 (0.1) 13.3 (1.1) 29.7 (2.2)

006a 1.1 (0.2) 14.0 (0.8) 11.7 (2.9)

014a 4.2 (1.1) 18.3 (0.7) 21.7 (1.1)

016a 0.7 (0.2) 18.1 (3.0) 22.9 (2.7)

017a 2.8 (1.5) 3.0 (0.2) 6.3 (1.2)

025a 1.2 (0.4) 9.3 (1.4) 8.4 (2.2)

E3 WT 4.2 (3.0) 8.8 (1.0) 13.3 (0.7)

E3 W251L 1.3 (0.3) 27.5 (3.3) 182.9 (7.3)

E3 G137D 1.5 (0.4) 92.4 (3.7) 144.3 (6.8)

The data for each enzyme are based on an average of two biological replicates
(different expressions) and six technical replicates (different assays). All data are
given as means with standard errors. The titration values are taken from the
dEUP data, however there was no significant difference between the estimates
from the dEUP and dMUP data sets. The enzymes are ordered according to their
phylogenetic relationships as presented in Wu et al. [10] and Teese et al. [21].
doi:10.1371/journal.pone.0065951.t001
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016a did so. We suspect that minor differences between the

experiments in the transfection and extract preparation proce-

dures (eg in MOIs and incubation times; see Materials and

Methods) would have led to differences in the degree of virus

replication and hence in the disruption to post-translational

processing. This could in turn lead to differences in isozyme

profiles. We do not know why such differences occurred for 001g

but not the other two enzymes; further work will be required to

elucidate the details of the processing of these three GPI-anchored

esterases.

Associations with Isozymes Previously Associated with
Resistance
Several studies have previously associated resistance to OPs, SPs

and less commonly to the Cry1Ac Bt toxin with more intense

staining of particular esterase isozymes (see Introduction).

Isozymes with a wide range of mobilities across the isozyme

profile have been implicated. Most of the studies have used

different electrophoretic methods from those used herein, so

precise comparisons with the Rm values of our heterologously

expressed enzymes are not possible in those cases. However the

work of Han et al. [11] was based on precisely the same

electrophoretic methods as herein and we have also calibrated

the results of Wu et al. [10] against our methods by running their

extracts under our conditions [11]. Moreover we find that the

methods of Gunning et al. [5,13], and Campbell [36] generate

broadly similar electrophoretic profiles and Rm values (within

,0.03 for most of the profile) to ours, albeit we were not able to

use precisely the same extracts or strains in these comparisons

(data not shown). Fig. 3 therefore compares the Rm values from

Gunning et al. [5,13], Wu et al. [10], Han et al. [11] and Campbell

[36] to those of the major isozymes produced by our 14

heterologously expressed esterase genes.

Fig. 3 shows that OP and SP resistances have each been

associated with four major regions (Rm 0.22–0.27, 0.32–0.35,

0.39–0.43 and 0.46–0.51), with Cry1Ac resistance also associated

with the second of these (0.32–0.35). Of particular significance to

the current study, the first region (0.22–0.27) includes the 014a

enzyme expressed herein (as well as proteomic matches to 016a,

016b and 017a), while the third region (0.39–0.43) includes the

001c, 001g, 001h, 001i, 006b and 025a expressed herein (plus

proteomic matches to 001g, 001j and 025a). However, none of the

enzymes expressed herein (and only the one proteomic match – to

001c) corresponds to the second region, associated with Cry1Ac

resistance. It is notable that none of the three GPI anchored

proteins 001f, 001g and 016a expressed herein corresponds to this

region, since the expectation of Teese et al. [21] was that the

esterases associated with Cry1Ac resistance would be GPI

anchored.

OP and SP Hydrolase Activities
We have determined the activities of 13 of the heterologously

expressed enzymes for two model OPs, eight resolved isomers of

the SP cypermethrin and the major insecticidal isomer of another

SP, fenvalerate. Too little enzyme was available in the 006b

extracts to include them in these analyses.

All 13 of the enzymes tested had low but measurable activities

against the diethyl OP dEUP and the dimethyl OP dMUP

(Table 1). Several had activities that were at least two fold higher

than the wild-type E3 enzyme from OP susceptible L. cuprina.

However none had activities approaching the values associated

with the two mutant E3 enzymes that confer resistance on that

species (W251L associated with resistance to dimethyl OPs and

G137D associated with resistance to both diethyl and dimethyl

OPs (Table 1) [22,23,37,38]. As noted above, the GR strain from

which our H. armigera esterase genes were obtained is susceptible to

OPs. The eight esterases from the Clade (1) which Wu et al. [10]

and Han et al. [11] had associated with xenobiotic resistance did

not yield higher OP hydrolase activities as a group than did those

from the other Clades tested, although some Clade 1 enzymes (eg

001g, 001h and 001j) in the third zymogram region associated

with OP resistance in the previous section did yield values in the

higher range of those obtained.

Notably one of the latter (001h) also bore the equivalent of the

W251L substitution that enhances the OP hydrolase activity of L.

cuprina E3. However two others in our data set which also bore this

substitution (001c and 001i) did not show notably high OP

hydrolase activities. By comparison, Cui et al. [39] found that

seven of the eight insect esterases they mutated in vitro to carry this

substitution had at least somewhat higher OP hydrolase activities

than the corresponding wild-type enzymes.

In general terms the expressed H. armigera esterases show

considerably (often , three logs) higher activity against esfenva-

lerate and the eight cypermethrin isomers than against the OPs

(Table 2). However, the enzymes differ markedly in their relative

activities across the nine SP isomers tested; no enzyme shows

relatively high activity against all nine, and those with relatively

high activity for particular isomers differ considerably among the

nine. Notably also, there is significant activity for each of the three

most insecticidal isomers, with 016a most effective against

1(R)trans-a(S) cypermethrin, this enzyme and 017a most effective

against 1(R)cis-a(S) cypermethrin, and this enzyme plus 001g most

effective against esfenvalerate (ie 2(S)-a(S) fenvalerate). Enzymes

from Clades 16 and 17 were included in the first region associated

Figure 2. PI-PLC-mediated release of esterases from Sf9 cells
expressing 016a, 001g and 001f. Cells expressing the respective
enzymes were incubated with PI-PLC (+) or buffer only (2), and the
carboxylesterase activity associated with the supernatant was measured
(1-NA substrate). For each of the expressed esterases, PI-PLC treatment
significantly increased the amount of soluble carboxylesterase activity
compared to the respective buffer only treatment (indicated with an
asterisk - see text), but did not affect the soluble esterase activity of Sf9
control cells. One representative sample (15 ml) of each treatment was
analysed by native PAGE. No bands were apparent in the Sf9 control
cells (or expressing GFP – results not shown), however in cells
expressing H. armigera esterase, PI-PLC treatment increased the staining
of the (most abundant) isozymes previously associated with these
enzymes (Figure 1). a As per Fig 1. b Specific activity towards 1-NA
(M.min21.g21 total protein) and standard deviations based on three
biological replicates.
doi:10.1371/journal.pone.0065951.g002
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with SP resistance in the preceding Section, and 001g was

included in the third such region.

There is also a phylogenetic basis for some of the variation

among the enzymes in their isomer specificities. For example the

001b/001c/001d/001j subclade all show relatively high activities

for the 1(S)trans-a(S) and 1(S)trans-a(R) pair of cypermethrin

isomers, and the distinct but closely related 016a and 017a show

relatively high activities for the 1(S)cis-a(R) and 1(R)cis-a(S)
cypermethrin isomers. Of particular note given the RT-PCR

evidence of Wu et al. [10] for the relatively high expression of

esterases from the subclade containing 001b, 001c, 001d and 001j

in a fenvalerate selected Chinese line, they all had relatively low

levels of esfenvalerate activity – indeed all except 001g of the eight

Clade 1 esterases tested had relatively low esfenvalerate activities.

No esterase known to contribute to SP resistance in another

species has been characterised biochemically for its SP hydrolytic

activity. Indeed the only other insect esterases characterised in this

way are variants of the E3 enzyme of L. cuprina [18–20], two of

which were used as positive controls in the SP experiments herein.

L. cuprina is not generally exposed to SPs and does not show

resistance to them [40]. Consistent with the findings of Coppin

et al. [20], the E3 wild type enzyme shows relatively low activity for

most of the isomers tested here, but the W251L variant gives much

higher values for two isomers, 1(S)trans-a(S) cypermethrin and

esfenvalerate, than any of the H. armigera esterases tested here. The

activity of this enzyme was about 2 and 4 fold higher than that of

the best H. armigera esterase for those isomers, respectively. There

Figure 3. Comparison of esterase isozymes previously associated with OP, SP or Bt resistance with those expressed herein and
those previously identified by proteomics. On the left is a lane of a native PAGE gel stained for esterase activity loaded with a mass
homogenate of fifth instar H. armigera larvae of the insecticide susceptible GR strain. In the centre of the figure are diagrammatic representations of
regions of activity associated with resistance in strains from China (black) and Australia (grey). The Rm values for four zones of activity recurrently
implicated are then indicated, with the specific esterases implicated in these zones by the heterologous expressions herein or previous proteomic
studies on the right.
doi:10.1371/journal.pone.0065951.g003
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is thus no reason to consider that the SP activities of the H. armigera

esterases would be unusually high.

Discussion

The 14 esterases studied here include eight of the ten so far

identified from the Clade (1) which had been implicated in OP and

SP resistance by proteomic and quantitative rtPCR studies.

However these 14 esterases only constitute about half the known

midgut-expressed esterases already described from this species

[10,21], with the likelihood that at least some more also remain to

be discovered, possibly including in Clade 1. We also note that the

enzymes we have expressed are all from an Australian strain

susceptible to OPs, SPs and Cry1Ac, and there are quite likely to

be allelic differences in the versions of those enzymes associated

with the various resistances in the Australian and Chinese stocks

studied previously. It is therefore unsurprising that the 14 genes we

have expressed only produce isozymes in two of four regions of the

H. armigera esterase zymogram associated with OP and SP

resistance, and none of them produce the isozyme(s) associated

with resistance to the Cry1Ac Bt toxin. Notwithstanding these

qualifications, however, several important insights emerge from

our findings.

We find that all 14 of the esterases could be titrated with our

model OPs, meaning that they bound the OPs with relatively high

affinity. They also show measurable but low OP hydrolytic

activity, generally about two-fold higher than that of the wild type

(susceptible) blowfly E3 esterase. However their activities remain

several fold lower than the values seen for the two E3 mutants

associated with OP resistance in the blowflies. Notably also, there

was little difference in activity between the eight esterases from

Clade 1 and the five from other Clades. One interpretation of

these results could be that OP resistance could be achieved in this

species by wholesale over-expression of large numbers of midgut

esterases, each of which shows tight OP binding and low but non-

negligible OP hydrolase activity.

However, there are also two other viable hypotheses to explain

the data to date. One is simply that we have not yet expressed the

enzymes that are causally involved in resistance. Another is that

the resistance is explained by one or more of the 14 esterases

studied here, but at most only partly by the over-expression of

these genes. Instead it may be due to amino acid substitution(s) in

the version(s) of one or more of these enzymes in OP resistant

strains that enhance their OP hydrolase activities. Substitutions

corresponding to one of the blowfly E3 esterase mutations that

enhance its OP hydrolase activity were in fact found in three of

our Clade 1 esterases, but the OP activities of these three enzymes

were not qualitatively different from those of our other enzymes.

Nevertheless it remains possible that other mutations occur in one

or more of these enzymes in the resistant strains which boost their

OP activities.

There is a fundamental difference between the OPs and SPs in

respect of possible esterase-based metabolic resistance mecha-

nisms. The OPs are hemi-substrates for carboxylesterases and

their binding and slow turn-over by esterases in vivo can effectively

sequester the pesticide [32]. However the SPs are carboxylesters

for which there is no evidence for tight binding but slow hydrolysis

by esterases [41]. There is in fact much less biochemical data on

the interaction of insect esterases with SPs than there is on their

interactions with OPs, but the data available suggest that they can

have quite high turn-overs for SPs [20]. And, while there is

abundant evidence from certain other species (aphids and

mosquitoes in particular) that over-expression of appropriately

located esterases can confer OP resistance via tight binding/slow

turn-over/sequestration [16,17], there is no evidence as yet that

establishes causal links between esteratic activities against SPs and

Table 2. Rates for the hydrolysis of the eight isomers of cypermethrin and esfenvalerate by 13 expressed H. armigera esterases and
two E3 control enzymes.

Enzyme Cypermethrin isomers Esfenvalerate

1(S)trans-a(S) 1(S)trans-a(R) 1(R)trans-a(S) 1(R)trans-a(R) 1(S)cis-a(S) 1(S)cis-a(R) 1(R)cis-a(S) 1(R)cis-a(R) 2(S)-a(S)

001b 37.3 (1.6) 32.3 (2.0) 4.4 (1.7) 7.9 (0.5) 2.1 (0.3) 5.8 (3.6) 3.9 (3.9) 5.4 (1.5) 1.5 (1.5)

001c 36.2 (14.3) 40.4 (6.3) 12.5 (3.5) 1.4 (1.2) 6.6 (6.2) 1.5 (0.9) 1.9 (0.8) 2.4 (1.6) 1.2 (1.2)

001d 16.0 (3.6) 24.6 (4.4) 6.2 (3.7) 3.2 (0.9) 10.1 (9.9) 1.9 (0.9) 4.1 (2.7) 3.4 (1.4) 0.8 (0.5)

001f 3.0 (0.2) 2.8 (0.2) 0.0 (0.0) 0.4 (0.0) 0.2 (0.2) 0.9 (0.9) 1.3 (1.3) 2.7 (0.9) 0.0 (0.0)

001g 12.9 (6.7) 12.8 (2.2) 0.0 (0.0) 8.8 (8.8) 1.3 (1.3) 15.7 (0.3) 9.3 (9.3) 23.2 (12.3) 17.0 (11.4)

001h 5.9 (2.9) 0.6 (0.6) 0.0 (0.0) 3.2 (3.2) 0.0 (0.0) 1.6 (1.6) 10.5 (2.6) 9.1 (9.1) 0.0 (0.0)

001i 2.8 (1.1) 0.0 (0.0) 7.9 (3.0) 2.9 (1.7) 4.7 (4.7) 2.5 (1.6) 4.5 (2.1) 12.3 (4.6) 5.4 (3.6)

001j 32.9 (2.9) 55.1 (3.9) 0.5 (0.5) 9.1 (3.6) 2.2 (1.1) 9.0 (3.5) 11.6 (3.0) 12.4 (1.9) 1.8 (1.8)

006a 0.0 (0.0) 3.0 (3.0) 3.6 (2.1) 0.4 (0.4) 11.8 (11.8) 5.0 (5.0) 7.4 (2.6) 0.0 (0.0) 8.2 (8.2)

014a 2.1 (2.1) 1.7 (1.5) 13.7 (1.6) 3.5 (1.7) 13.1 (6.0) 3.6 (3.6) 9.2 (1.3) 4.4 (2.0) 14.9 (2.6)

016a 0.0 (0.0) 16.0 (16.0) 33.8 (17.7) 3.9 (0.1) 3.2 (3.2) 56.6 (25.2) 34.6 (17.3) 0.4 (0.4) 17.3 (17.3)

017a 0.0 (0.0) 0.0 (0.0) 13.2 (9.2) 3.5 (3.5) 51.9 (45.4) 11.4 (0.3) 41.1 (34.4) 9.1 (9.1) 4.2 (4.2)

025a 0.0 (0.0) 4.8 (4.8) 2.3 (1.9) 16.2 (14.7) 27.6 (22.5) 9.4 (4.9) 11.6 (4.1) 5.3 (5.3) 7.3 (6.5)

E3 WT 22.3 (2.5) 11.5 (5.9) 1.8 (1.8) 5.7 (5.7) 0.0 (0.0) 14.8 (1.8) 18.5 (18.5) 10.6 (10.6) 1.9 (1.9)

E3 W251L 108.8 (14.5) 28.3 (4.2) 7.5 (5.4) 11.7 (6.6) 4.1 (2.3) 12.1 (7.7) 35.5 (5.8) 20.0 (8.0) 61.4 (26.6)

The values shown are the mol substrate hydrolysed per mol of enzyme per minute under the conditions of the assay. They are means with standard errors based on an
average of four replicates. The enzymes are ordered according to their phylogenetic relationships as presented in Wu et al. [10] and Teese et al. [21]. Note that the large
standard errors for many estimates reflect the multiplicative effects of the error variances in the estimates of pyrethroid hydrolysing activities and enzyme
concentrations (from Table 1).
doi:10.1371/journal.pone.0065951.t002
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the associations between over-expressed esterases and SP resis-

tance in any insect species.

A major reason for the latter has been the isomeric complexity

of most SPs and the difficulty of carrying out isomer-specific

activity assays. The work herein and that of Coppin et al. [20] on

various variants of the blowfly E3 esterase are in fact the first

comprehensive isomer-specific assays conducted on insect esteras-

es. They show that most of the enzymes can have much higher

activities against SPs than they have against OPs. However, just as

bioassay data [42,43] show qualitative differences between the

isomers in their insecticidal potencies, these data show large

differences between them in their susceptibilities to esteratic break

down. Moreover they show that different esterases vary greatly in

their isomer preferences and, importantly, that some esterases are

relatively active against the most insecticidal 1(R)trans-a(S) and

1(R)cis-a(S) cypermethrin and 2(S)-a(S) fenvalerate (esfenvalerate)

isomers.

It was largely the esterases from the smaller Clades 14, 16 and

17 associated with the Rm 0.22–0.27 region, rather than the more

rapidly migrating Clade 1 esterases, that had the greatest activities

for the insecticidal SP isomers. However one Clade 1 esterase,

001g, migrating in the 0.39–0.43 region associated with SP (and

OP) resistance, also had relatively high activity against esfenvale-

rate – this is the SP most commonly used against both the Chinese

and Australian populations studied for esterase isozyme-SP

resistance associations [9,21]. Interestingly the Clades 14 and 17

enzymes were predicted to be intracellular while the Clade 16 and

001g enzymes are secreted. Both secreted and intracellular

esterases have been linked to OP resistance in various insects

[32] and the same may be true for SP resistance.

Coppin et al. [20] (and see also the controls in our Table 2)

found that substitutions at ten different active site residues of the

blowfly E3 esterase could profoundly alter its cypermethrin and

fenvalerate isomer preferences. Notably in this respect, 001g was

not one of the four Clade 1 esterases which Wu et al. [10] used in

their study but the four they did use (001a, 001d, 001i and 001j),

which had all also shown elevated expression in their resistant

strain, were associated with elevated activity against a naphthyl

derivative of fenvalerate. However the three of these that we have

expressed (001d, 001i and 001j) from a susceptible strain all show

relatively little activity against the most insecticidal form of

fenvalerate. These differences may reflect either the greater

susceptibility of the naphthyl fenvalerate derivative to hydrolysis

or genuine differences between the activity spectra of enzymes

from susceptible and resistant strains, or both.

Unlike the situation for OP resistance, the relatively high overall

activities of the esterases against the SPs and the isomer-specific

differences among them argue against a hypothesis that resistance

is caused by sequestration via wholesale over-expression of midgut

esterases. Hydrolysis seems a much more likely basis for resistance.

However, as with the OP resistance, hypotheses that at least some

of the resistance is due to esterases that we have not expressed or to

greater activities of allelic variants in resistant lines are also viable

for the SPs. Further sequencing and biochemical characterisation

of midgut esterases, including of the versions found in resistant

strains, will be required to resolve these competing hypotheses.

There is good evidence for some low level cross resistance to

OPs and SPs in H. armigera, and at least some evidence that it may

in part be mediated by esterases [9–11]. Our results are consistent

with this proposition to the extent that we find isozymes such as

001g, 014a and 017a from the relevant zymogram zones which

show both tight binding/low activity against OPs and quite high

activities against some of the most insecticidal SP isomers tested.

We have empirically confirmed the predictions of Teese et al.

[21] that three of the H. armigera midgut esterases, 001f, 001g and

016a, are GPI-anchored to cell membranes. This is interesting in

itself, because no insect esterases other than AChE have previously

been shown to have GPI anchors, and our data show that these

enzymes have little or no AChE activity. However it is also

interesting in the context of the associations between midgut

esterase activity and Cry1Ac resistance reported for this species by

Young et al. [12] and Gunning et al. [13,14]. Teese et al. [21]

suggested this might be mediated by the binding of the toxin to N-

acetylgalactosamine (GalNAc) glycans on GPI-anchored esterases

in the midgut, since such glycans are involved in the binding of the

toxin to other GPI-anchored midgut proteins known to be targets

for the toxin. However we find that none of the three esterases in

question sit in the region of the zymogram previously associated

with Cry1Ac resistance. The Teese et al. [21] hypothesis thus only

remains viable if other, as yet undiscovered, esterases possessing

the appropriate glycans and GPI-anchors prove to migrate to the

relevant zymogram region.
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