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Part 3 – Final Report 

Background 

1. Outline the background to the project. 

Worldwide the cotton aphid, Aphis gossypii (Hemiptera:Aphididae), is a highly polyphagous 

species that inflicts serious damage to a broad range of agricultural, horticultural and greenhouse 

crops (Blackman and Eastop 2000). Damage may be directly via feeding on the phloem sap of 

young plants leading to significant yield reductions (Blackman and Eastop 2000); indirectly via the 

transmission of plant virus diseases (Blackman and Eastop 2000, CABI 2005); and lastly through 

honeydew contamination of the open boll lint (Schepers 1989) which can severely downgrade 

cotton fibre quality (Miller et al. 1994).  

The pest status of A. gossypii in Australian cotton has steadily increased since the 1990’s when it 

was considered a late season secondary pest suppressed by insecticides used against other insect 

species (Wilson 1996). The introduction of Bt-transgenic cotton into Australia in the 1990’s, which 

contains a toxin deadly to the primary cotton insect pest Helicoverpa spp., significantly reduced the 

number of insecticide sprays required for their control (Fitt 2003). These sprays were inadvertently 

controlling secondary pest populations including A. gossypii, which consequently increased (Wilson 

1996). In the late 1990s significant damage from A. gossypii via the transmission of the poleovirus 

Cotton Bunchy Top (CBT) disease (Reddall et al. 2004) led to reduced aphid tolerance by growers, 

and an increase in the number of targeted sprays against them. These sprays led to resistance in pest 

populations of A. gossypii that have caused the chemical control to fail. Spray failures against 

aphids can permanently tarnish Australia’s reputation for producing high quality lint if failures lead 

to ‘sticky cotton’. Failures also increase grower costs and the likely hood of unforeseen 

environmental consequences. 

Recently in Australian cotton there have been failures against aphids belonging to the neonicotinoid 

insecticide group (Herron and Wilson 2011). This group is among the most effective chemical class 

for control of sucking insect pests (Jeschke and Nauen 2008). Like nicotine, they act on the 

nicotinic acetylcholine receptors (nAChRs) of insects where they mimic the agonistic action of 

acetylcholine (Ach), an abundant neurotransmitter, to cause irreversible hyper-excitation and death 

(Matsuda, Buckingham et al. 2001). In Australian cotton two neonicotinoid compounds, 

(thiamethoxam and imidacloprid) provide up to 92% of all insecticide seed treatment and are used 

by industry to provide seedling cotton protection against a range of sucking and chewing pests 

(Mass 2012, AVPMA 2013a). Thiamethoxam is by far the most popular with an estimated share of 

80% of all seed treatment use (Herron and Wilson 2011). The neonicotinoid insecticide clothianidin 
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(Shield®) was registered for use in Australian cotton in the 2008-09 cotton season (AVPMA 

2013b). It has established itself as the most effective foliar neonicotinoid insecticide for control of 

the green mirid Creonaties dilutus and A. gossypii due to fast knockdown and competitive pricing 

(Sumitomo Chemical Australia 2010). It became clear with the neonicotinoid failures that the 

sustainable management of A. gossypii in Australian cotton was at risk. As a result, research to 

restore neonicotinoid efficacy was seen as an industry priority as part of an integrated program to 

better manage mites and mirids in Australian cotton. 

To restore efficacy of neonicotinoid insecticides, an understanding of their resistance status, along 

with the underlying resistance mechanisms was considered necessary. Outside Australia, target site 

insensitivity was found to confer high level resistance to neonicotinoids in the closely related green 

peach aphid Myzus persicae (Bass et al. 2011). A point mutation of the nAChR β1 subunit (Loop D) 

(termed R81T) resulted in an arginine to threonine substitution at amino acid position 81 (Bass et al. 

2011). As M. persicae and A. gossypii share close homology in their genetic make-up, it is 

reasonable to assume that mutations in R81T may also be associated with neonicotinoid resistance 

in A. gossypii. If an R81T link is not found then the role of metabolic detoxification in conferring 

resistance would need to be explored.  

In summary, this study will produce improved resistance management of neonicotinoid insecticides 

by increasing the repertoire of knowledge we currently have regarding insecticide resistance 

mechanisms in Australian A. gossypii. By firstly understanding the status of neonicotinoid 

resistance, we may then elucidate its underlying genetics so that development of a molecular 

diagnostic for rapid and precise monitoring of resistant genotypes within a population is achievable. 

Importantly, this information can significantly contribute to the design and application of 

sustainable pest management strategies; the ultimate aim of which are to restore efficacy of 

chemical compounds so that their value is not lost to agriculture.     

Objectives 

2. List the project objectives and the extent to which these have been achieved, with 

reference to the Milestones and Performance indicators.  

2.1 Objective 1: PhD study on neonicotinoid resistance 

2.1 Milestone 1: PhD student enrolled  

2.1.1 Performance indicator 1.1: Enrolled student on site at EMAI  

Objective met: Ms Kate Marshall enrolled at the University of Technology with PhD candidature 

confirmed in January 2012. Ms Marshall was previously employed by NSW DPI so was 

immediately on site at the Elizabeth MacArthur Agricultural Institute (EMAI). 
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2.2 Objective 2: Determine the practical consequence of neonicotinoid resistance in the field 

2.2 Milestone 2: Determine the practical consequence of resistance of neonicotinoid resistance in 

the field. 

2.2.1 Performance indicator 2.1: Relate the phenotypic expression of resistance detected via 

bioassay to potential field control failures via a glasshouse based trial.    

Objective met: This objective was met via two randomized complete block design (RCBD) efficacy 

glasshouse trials completed at EMAI. The first trial required potted cotton plants grown from 

thiamethoxam treated seed (Cruiser® and Cruiser Extreme®) to be challenged with thiamethoxam- 

susceptible and -resistant A. gossypii to see if aphids could complete their development. Against 

susceptible A. gossypii each treatment was highly effective providing control of >90% for 42 days. 

For resistant A. gossypii the study found continued use of either thiamethoxam treatment would 

select for resistant phenotypes and probably restrict the useful life of neonicotinoid insecticides 

against this pest. As all of the seed treatments currently registered for control of A. gossypii on 

cotton belong to the neonicotinoid mode of action (MoA) group 4A, management options including 

alternative chemical rotations are very limited. At-planting or in-furrow granular insecticides are 

one possible alternative to seed coated treatments but their use must be carefully considered 

requiring a second RCBD trial. This was achieved with an organophosphate at-planting side 

dressing utilizing phorate (Thimet®), effective at controlling a range of sucking insect and mite 

species present in seedling cotton. Thus, in the second trial, side-dressing of cotton seed with 

phorate 200 g/kg (Thimet®) was investigated as a replacement for established neonicotinoid seed 

treatments. The trial found phorate to effectively provide plants with protection from pirimicarb-

susceptible A. gossypii but against pirimicarb-resistant A. gossypii, control was not statistically 

different to that of untreated cotton plants (P>0.05). This was critical information as it demonstrated 

cross resistance between phorate and pirimicarb. To maintain the effectiveness of pirimicarb and 

phorate in Australian cotton their use must be carefully managed. As a result of this second trial, it 

was recommended that the first foliar spray applied to cotton following a phorate side dressing 

should not be pirimicarb or any other insecticide affected by insensitive cholinesterase (Ace1) type 

resistance. 

2.3 Objective 3: Molecular genetics 

2.3 Milestone 3: Molecular genetics used to characterise neonicotinoid resistance  

2.3.1 Performance Indicators 3.1: Molecular genetics identifies a single point mutation  

Objective met: Molecular genetic techniques were employed to elucidate a region of DNA known 

to contain a mutation conferring resistance to neonicotinoid insecticides. The point mutation termed 
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R81T, is located in the loop D region of the nAChR β1 subunit and has been found previously in M. 

persicae from Europe and A. gossypii from China and Korea to cause neonicotinoid resistance. 

Thus, in three thiamethoxam-resistant A. gossypii strains (F 101, Glen twn S and Carr) studied here 

from Australia the R81T mutation was proposed as the likely causal mechanism of resistance. 

Unexpectedly however, PCR amplification of that mutation site and comparative sequence analysis 

between susceptible (Sus F 96) and resistant strains revealed that the R81T mutation was not 

correlated with resistance in Australian A. gossypii. Therefore, metabolic detoxification was 

investigated as an alternate resistance causing mechanism using the synergist piperonyl butoxide 

(PBO). This new avenue of research was completely successful and the use of PBO in tandem with 

thiamethoxam in bioassays either completely or partially suppressed resistance, suggesting that 

thiamethoxam resistance in Australian A. gossypii from cotton is at least in part, mediated by 

overexpression of metabolic detoxification enzymes.  

Detoxification as the cause of neonicotinoid resistance in A. gossypii was further studied via 

Illumina next generation sequencing (NGS) technology. The aim was to identify differentially 

expressed genes (DEGs) in response to thiamethoxam stress, by comparing the transcriptomes of 

thiamethoxam-resistant strains (F 101, Glen twn S and Carr) to the reference susceptible strain (Sus 

F 96). Bioinformatics analysis revealed a number of significantly differentially expressed genes in 

resistant strains as candidates for a role in thiamethoxam resistance (P≤0.001). Transcript 

expressions (CL1190 and CL1418) were confirmed by quantitative real-time PCR (qRT-PCR) and 

the trends in gene expression observed by qRT-PCR matched those of the Illumina expression 

profiles. Unfortunately initial sequencing did not detect any allelic variants in the gene sequence (of 

transcripts CL1190 and CL1418) which may have corresponded with the increased level of gene 

expression observed in RNA-Seq and qRT-PCR analysis. However, there is great potential for 

future research to build on this study to develop a molecular diagnostic for thiamethoxam 

resistance. This would provide a rapid and cost effective assay for monitoring of resistant genotypes 

in the field.  

2.4 Objective 4: PhD degree 

2.4 Milestone 4: PhD Degree finalised 

2.4.1 Performance Indicator 4.1 PhD written, examined and passed 

Objective met: A thesis has been written and submitted to the University of Technology for 

examination. Supervisors Dr. Grant Herron and Prof. Steven Djordjevic both consider the thesis 

well written and good quality with Prof. Djordjevic noting ‘well done’.   

Methods [Note: The following methods section has been condensed from the attached thesis (Appendix E)].  
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3. Detail the methodology and justify the methodology used. Include any discoveries in 

methods that may benefit other related research. 

3.1 General methods 

3.1.1 Aphid collection and culturing 

Aphid strains were collected by researchers, CRC Regional Extension Officers, consultants and 

growers from commercial cotton fields or cotton plants in the vicinity of commercial crops. All 

were sent to the bioassay laboratory at Menangle (EMAI) and each field strain was cultured 

separately on pesticide-free cotton at 25 ± 4°C under natural light. Strain integrity was assured by 

maintaining populations in purpose built insect proof cages. A reference laboratory susceptible 

strain (Sus SB) collected from an unsprayed source was maintained under insecticide-free 

conditions and its susceptibility to several chemicals has been documented (Herron et al. 2001). A 

second susceptible strain Sus F 96 was collected off commercial cotton in the Queensland (QLD) 

region of St. George during 2011 and has previously been shown susceptible to a range of 

chemicals used for A. gossypii control (Herron et al. 2013). Field strains F 101 and Glen twn S were 

collected during the 2010-11 growing season off cotton from St. George (QLD) and Toobeah 

(QLD), respectively. In 2012, a third field strain termed Carr was collected off cotton in Moree 

New South Wales (NSW). Lastly, strain Mon P was collected off commercial cotton and had 

previously been determined to be pirimicarb resistant (Herron et al. 2013).   

3.1.2 Pressuring 

Each resistant strain was routinely pressured (every 8-12 weeks) whilst they were maintained in 

culture to prevent reversion from resistant to susceptible. Pressuring required a potted insecticide 

free cotton plant to be placed into a fume cupboard where it was insecticide sprayed to run off. 

Once the sprayed plant had dried it was transferred into a cage of the correct chemical / strain 

combination so that A. gossypii could infest it (as was done with routine culturing above). This was 

achieved by picking at random 30-40 leaves from the old plant and placing them onto the newly 

sprayed plant. Importantly, when a newly sprayed plant was placed into a cage the old plant was 

immediately removed so there was no unsprayed harbourage for susceptible aphids.  

3.2 Bioassay 

3.2.1 Chemicals tested 

Aphids were treated with commercial proprietary formulations of clothianidin (Shield®), 

thiamethoxam (Actara®) or PBO (Endura PB 80 EC-NF).  
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3.2.2 Methodology 

Adult apterous aphids were tested by placing them in a 35 mm Petri dish on an excised cotton plant 

leaf disc fixed in agar (Herron et al. 2001). Briefly, batches of thirty aphids per leaf disc were then 

sprayed with a single discriminating dose (to separate susceptible from resistant) of insecticide with 

the aid of a Potter spray tower (to yield percent insecticide susceptible). All tests were replicated 

and included a water-only sprayed control. After spraying, clear plastic film was used to cover the 

Petri dishes, which were then maintained at 25 ± 0.1°C in 16:8 L:D for 24 h. Mortality (unable to 

walk when prodded) was evaluated with the aid of a stereo microscope by counting the number of 

live aphids on the leaf disc and subtracting the survivors from the pre-treatment count. To yield full 

log-dose probit regressions from which resistance factors (RFs) could be calculated, serial 

concentrations of formulated thiamethoxam selected to achieve 0 < x < 100% were sprayed using 

the methods outlined above. Each full log-dose probit regression was replicated three to four times 

(on different days) and included a water only sprayed control that produced <10% mortality.  

For synergist bioassays, methodology was the same as insecticide only tests except PBO was 

prepared in reverse osmosis (RO) water at a rate of 0.2 mL PBO / 100 mL RO water and that was 

used in all synergist study insecticide dilutions (in place of water alone).  

3.3.3 Analysis 

For discriminating dose tests percent mortality was calculated to yield percent susceptible. Log-

dose probit analysis was done without replicate pooling using a stand-alone probit program 

developed by Barchia (2001) that ensured variability between replicates is taken into account during 

the analysis. The program applies the method of Finney (1971) including data adjustment for 

natural mortality (Abbott 1925). Significant heterogeneity is identified using a χ2 test. If significant 

at the 5% level the variance of the estimated parameter is scaled by the corresponding heterogeneity 

factor equal to the residual mean deviance (Finney 1971). RFs were calculated by dividing the LC50 

of the resistant strain by the LC50 of a reference susceptible strain. The corresponding 95% 

confidence interval (CI) of the calculated LC50 ratio was used to determine significance (Robertson 

et al. 2007). 

3.4 Glasshouse trial 

3.4.1 Chemicals tested 

Cotton seed treatments included: Untreated Control (cotton seed variety Sicot 71); two 

thiamethoxam containing seed treatments: 2.76 g a.i./kg seed (Cruiser®); 5.52 g a.i./kg seed (Cruiser 

Extreme®) and the organophosphate at-planting side treatment; phorate 200 g/kg (Thimet®). For the 

thiamethoxam trial approximately 60 seeds of the following treatment groups: untreated control; 
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Cruiser®; and Cruiser Extreme® were individually planted into plastic pots (11.5cm diameter) filled 

with NativeMix™ premium potting mix (180 treated pots in total) and held in a room maintained at 

28 ± 2˚C (Figure 1). In the phorate trial, approximately 60 seeds of treatment groups: untreated 

control and Thimet® (side dressing of phorate equivalent to 3 kg/ha) were planted (120 treated pots 

in total) and maintained as above.  

 

Figure 1 Approximately sixty seeds of each treatment group were individually into plastic pots and 

held in a growth room under grow light (that appears purple). 

3.4.2 Methodology  

At planting and on another three occasions over the following six days 150 mL of water was poured 

over the soil surface of each pot. During the trial, pots were watered by filling their saucers when 

necessary. When dicotyledons emerged [week after planting (termed Day 0)], six pots from each 

treatment group were transferred onto individual saucers in insect proof cages maintained at 25 ± 

4˚C and subject to natural light.  

Strains were randomized to cages (“whole-plots”) and treatments were randomized to two and three 

pot positions within cages (“sub-plots”) for phorate and thiamethoxam trials, respectively, forming 

a RCBD. Two apterous adult aphids (susceptible or resistant) were placed onto each of the plants 

within each cage and each cage contained only susceptible or resistant aphids. On Day 7 all leaves 

were removed from each plant and final aphid numbers were counted with the aid of a stereo 

microscope. This process was repeated with new plants at weekly intervals until Day 49 by which 

time susceptible aphids could survive on both thiamethoxam treatments.  



  9 of 308 

3.4.3 Analysis 

Trial analysis was done via generalised linear mixed models in ASReml (Gilmour et al. 2009). The 

response (number of aphids) was analysed as quasi-poisson (over-dispersed Poisson with log link) 

for each trial using a mixed model comprising fixed strain, treatment (within strain) and linear day 

effects and all associated interactions. Also analysed were random factor day effects and 

interactions with treatment: strain, strain by treatment, as well as cage, cage by day and position. 

Wald type F-tests for fixed terms in the model are reported, as well as contrasts to test for treatment 

efficacy and interactions between treatment efficacy and (linear) day. 

The Henderson-Tilton formula (Henderson and Tilton 1955), was used to calculate the corrected 

percentage efficacy of each insecticide treatment against susceptible and resistant A. gossypii.  

3.5 PCR amplification of the R81T mutation site  

3.5.1 Methodology 

Briefly, RNA was extracted from individually pooled samples of 200 adult apterous female aphids 

for each of the different field strains and transcribed to cDNA. Following cDNA synthesis, each 

extraction was subject to PCR amplification using primers designed to amplify a 350 bp fragment 

covering the R81T mutation site. Resultant PCR products for each strain were sequenced by the 

Australian Genomic Research Facility (AGRF). 

3.5.2 Analysis 

Sequencing data of each strain were aligned to a reference imidacloprid resistant A. gossypii strain 

(IMI-R) (GenBank accession number: JQ627836) containing the R81T mutation using the 

sequencing software program Sequencher®. 

3.6 Transcriptome analysis 

3.6.1 Assembly and functional annotation 

Approximately 10-20 µg total RNA per strain (Sus F 96, F 101, Glen twn S and Carr) were sent to 

the Beijing Genomics Institute (BGI), Shenzhen, China for cDNA library construction and Illumina 

sequencing using the HiSeq™ 2000 platform.  

3.6.2 Gene ontology (GO) and Clusters of orthologous groups (COGs) classification 

Transcriptome de novo assembly was carried out using the Trinity short reads assembling program 

(Grabherr et al. 2011). Unigene sequences were annotated using the following protein databases: 

non-redundant (NR) protein database in NCBI, Swiss-Prot, Kyoto Encyclopedia of Genes and 

Genomes (KEGG) and COGs using BLASTX searches (e-value<0.00001). The BLAST results 

were used to perform a tentatively functional annotation of the unigenes. ESTScan software was 
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also used to determine the annotation of sequences that were not aligned to any of the databases 

mentioned above (Iseli et al. 1999). Functional annotation by GO terms (GO; 

http://www.geneontology.org) was analysed with the program Blast2GO program (Conesa et al. 

2005).  

3.6.3 Quantitative RT-PCR  

Four differentially expressed transcripts between thiamethoxam resistant and susceptible strains 

were selected for independent validation of their gene expression via qRT-PCR. Total RNA was 

isolated from susceptible (Sus F 96) and resistant (F 101, Glen twn S and Carr) strains and then 

used in subsequent cDNA synthesis reactions. Synthesized cDNAs were used as templates for qRT-

PCR in a 7500 Real-Time PCR Detection System. Gene specific primers were designed using 

Primer3Plus and synthesized by Sigma Aldrich®, Australia.  

3.6.4 Analysis 

3.6.4.1 Transcript expression differences between resistant and susceptible transcriptomes 

To compare the transcriptomes from resistant and susceptible A. gossypii, gene expression levels 

were calculated by mapping clean reads to the reference transcriptome using SOAPaligner / SOAP2 

(http://soap.genomics.org.cn/soapaligner.html) (Li et al. 2009). The expression level for each gene 

was calculated by using the RPKM method (Reads Per kb per Million reads) (Mortazavi et al. 

2008). The transcript fold change was then calculated by the formula of log2(Res_ 

RPKM/Sus_RPKM). Genes were classified as differentially expressed using an algorithm derived 

from “The significance of digital gene expression profiles” (Audic and Claverie 1997). False 

discovery rate (FDR) ≤ 0.001 and the absolute value of log2Ratio ≥ 1" were thresholds used to 

judge the significance of gene expression difference. 

3.6.4.2 Quantitative RT-PCR 

Fold changes in gene expression between resistant and susceptible strains were derived by the 

comparative cycle threshold (CT) method using the endogenous control β-actin to standardize 

expression (Livak and Schmittgen 2001).  

Results [Note: The following results have been condensed from the original thesis (Appendix E)].  

4. Detail and discuss the results for each objective including the statistical analysis of results. 

4.1 Objective: Relate the phenotypic expression of resistance detected via bioassay to potential field 

control failures via a glasshouse based trial 

4.1.1 Bioassay 
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4.1.1.1 Discriminating dose tests 

Strain F 101 contained the lowest frequency of thiamethoxam susceptible individuals (47%) whilst 

strain Carr contained the highest frequency of susceptible individuals (82%) (Table 1). Against 

clothianidin, strain F 101 also contained the lowest proportion of susceptible individuals (67%), 

whilst strains Carr and Glen twn S contained 92 and 96%, respectively. Discriminating dose tests 

with thiamethoxam at pressuring rates of 0.05 g a.i./L for strains F 101 and Glen twn S and 0.1 g 

a.i./L for strains Carr, confirmed that resistant phenotypes in each strain were maintained for the 

duration of this study. 

Table 1 Resistance detection (percent susceptible) in A. gossypii strains Sus SB, F 101, Glen twn S 

and Carr using bioassay [Thia (thiamethoxam) and Clo (clothianidin)] methodology.   

Strain Thia 
0.02* 

Clo 
0.05* 

Sus SB 100% 100% 

F 101 47% 67% 

Glen twn S 67% 96% 

Carr 82 92% 

* Dose sprayed in g a.i./L; results control corrected according to Abbott (1925)  

4.1.1.2 Full log-dose probit tests 

For strains F 101, Glen twn S and Carr full log-dose probit analysis yielded RFs of 49.20- (95% CI 

35.43-68.33), 51.31- (30.55-86.19) and 85.00- (65.29-110.66) fold against thiamethoxam, 

respectively, when initially field collected (Figure 2). As indicated by overlapping 95% CIs at the 

LC50 level no significant difference between strain responses was observed. Strains F 101, Glen twn 

S and Carr all showed significant heterogeneity (P<0.05) (as indicated by χ² values of 33.01, 91.63 

and 49.59, respectively) and so were not a good fit to the probit model with excessive heterogeneity 

accounted for by a scaled fiducial limit calculation. Regression slope values for strains F 101 (1.59 

± 0.16), Glen twn S (1.18 ± 0.20) and Carr (2.18 ± 0.19) were less than that of Sus SB which had 

the highest slope value recorded at 2.40. 

4.1.2 Glasshouse efficacy trial (related output may be found in Appendix D) 

4.1.2.1 Thiamethoxam 

Both Cruiser® and Cruiser Extreme® provided 100% protection of strain Sus F 96 for 14 days 

(Figure 3). On Cruiser® treated seed control of strain Sus F 96 remained very high (>90%) until day 

49 where residual efficacy was reduced to 87%. In contrast, residual efficacy of Cruiser Extreme® 

provided greater control at 49 days of 93%. Cruiser Extreme® also provided higher initial protection  
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Figure 2 Dose response for thiamethoxam-resistant strains (F 101, Glen twn S and Carr) compared 

to a reference susceptible strain (Sus SB) against thiamethoxam (Actara 250 g/kg) 

compared to Cruiser® (Figure 3). Against resistant A. gossypii, neither treatment provided adequate 

control. Indeed, from day 28 the effectiveness of Cruiser® against resistant strain Glen twn S was 

similar to untreated cotton (Figure 3). 

4.1.2.2 Phorate 

Phorate provided robust protection of strain Sus F 96 for the duration of the trial, with control only 

decreasing below 90% at day 35 (Figure 4). From day 42, phorate provided residual control of 81%, 

decreasing to 67% control at day 49.  Pirimicarb resistant strain Mon P survived well on phorate 

treated cotton from day 0 (Figure 4). Population size of strain Mon P when challenged with phorate 

showed no statistical difference compared with untreated cotton suggesting cross resistance (Figure 

4).   

4.1.3 Discussion 

4.1.3.1 Bioassay 

Results confirm neonicotinoid resistance in three field strains of A. gossypii used so demonstrating 

their suitability for use in the following experimental work. Each strain contained thiamethoxam 

resistant individuals and demonstrated LC50 resistance levels greater than those previously linked to 

field control failure (Herron and Wilson 2011). Herron and Wilson (2011) documented the highest 

LC50 level RF against thiamethoxam at 22-fold in their field strain (Elra) collected from the Darling 

Downs (QLD) in the 2007-08 cotton season. Here, strain Carr collected off cotton from Moree 

(NSW), yielded the highest LC50 level RF of 85-fold some three seasons later.    
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Figure 3 Fitted trend for the thiamethoxam analysis, for each strain by treatment combination 

(thiamethoxam at 5.52 g a.i./kg seed, Cruiser Extreme®
 Insecticide Seed Treatment; thiamethoxam 

at 2.76 g a.i./kg seed, Cruiser®  Insecticide Seed Treatment; untreated cotton seed, variety Sicot 71). 

The solid line represents the fitted trend, with dotted lines representing the 95% confidence interval. 

The raw data for each replicate is numbered 1 to 3 in each panel (with replicates 1 and 3 shifted 

slightly left and right, respectively, to avoid overlap). 
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Figure 4 Fitted trends for the phorate analysis, for each strain by treatment combination (phorate 

equivalent to 3 kg/ha, Thimet® 200 G Systemic Granular Insecticide; untreated cotton seed, variety 

Sicot 71). The solid line represents the fitted trend, with dotted lines representing the 95% 

confidence interval. The raw data for each replicate is numbered 1 to 3 in each panel (with 

replicates 1 and 3 shifted slightly left and right respectively, to avoid overlap). 

Each of the strains used were collected from sites where neonicotinoid insecticides had been used 

either directly for A. gossypii control or used against other insect pests such as C. dilutus whereby 

A. gossypii was indirectly selected. This study indicates that between the 2007-08 and 2011-12 

cotton seasons, continued use of neonicotinoid insecticides caused resistance to increase in A. 

gossypii. In the 2010-11 cotton season, foliar applications of neonicotinoids, including 

thiamethoxam and clothianidin rose to 7.5% of the total foliar application in Bollgard II planted 

cotton (APVMA 2013). This increase was largely attributed to the registration of clothianidin 

(Shield®) in 2008-09 for control of C. dilutus and A. gossypii (Sumitomo Chemical Australia Pty 
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Ltd 2010). Furthermore, the percentage of cotton seed planted that was coated with a neonicotinoid 

insecticide rose from 80 to 92% between seasons 2008-09 and 2011-12 (APVMA 2013).  

4.1.3.2 Glasshouse trial 

Results clearly show that formulated thiamethoxam at either rate (2.76 g a.i./kg seed and 5.52 g 

a.i./kg seed) is highly effective against neonicotinoid susceptible A. gossypii and continues to be a 

viable option for aphid control. Results support previous studies investigating the efficacy of 

thiamethoxam against susceptible A. gossypii with Maienfisch et al. (2001) finding rates between 

105-350 g a.i./100 kg seed gave excellent control for 21-45 days. Further, Prasanna et al. (2004) 

found thiamethoxam 70WS at a rate of 2.85 g a.i./kg seed effective until 40 days post seedling 

emergence. In contrast to neonicotinoid susceptible A. gossypii, neither rate of thiamethoxam gave 

adequate control against neonicotinoid resistant A. gossypii. It is likely then that the ongoing and 

widespread reliance on neonicotinoid seed treatments will continue to select for resistant genotypes. 

Cross resistance between members of the neonicotinoid MoA group 4A in A. gossypii has been 

reported elsewhere (Wang et al. 2007, Shi et al. 2011) and suggests that control of resistant 

populations is likely to be lost if neonicotinoid use is not better managed. The Insecticide 

Resistance Management Strategy (IRMS) for control of sucking insect pests of cotton recommends 

chemical rotation as the primary strategy for control of resistant A. gossypii (Mass 2012). Other 

well defined strategies in the IRMS such as use of refugia for control of Helicoverpa spp. are 

limited in their practicality for A. gossypii due to its short life cycle and there being no sexual phase 

of reproduction in Australia (Smith et al. 2006) for outcrossing. If chemical rotation is maintained 

over successive generations, then in the absence of selection the resistant population should return 

to susceptibility. It should be mentioned that this strategy relies on a fitness cost to be associated 

with resistance causing resistance frequencies to decrease with time. Fortunately, reversion to 

susceptibility in the absence of insecticide pressure has been noted in laboratory strains of 

neonicotinoid resistant A. gossypii [see attached thesis (Appendix E)]. This would suggest that at 

least in some populations of A. gossypii, genes conferring neonicotinoid resistance do not become 

fixed.  

Neonicotinoid seed dressings are primarily targeted against other pests where they continue to 

provide cost-effective control (Mass 2012), so restricting their use without a viable alternative is 

impractical. Phorate is registered for the control of A. gossypii at planting and has previously been 

shown to control neonicotinoid resistant A. gossypii as it possesses a distinct MoA to neonicotinoid 

insecticides (Herron et al. 2013). However, established cross resistance between the 

organophosphate and carbamate chemical classes via Ace1 type resistance will select for high level 

resistance in A. gossypii pest populations if used sequentially and will lead to control failures 
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(Herron et al. 2001, Andrews et al. 2004, Benting and Nauen 2004). The IRMS lists the carbamate, 

pirimicarb as a favourable first foliar spray for use against A. gossypii due to its softness on 

beneficials (Mass 2012). However, Herron et al. (2013) suggested that pirimicarb-resistant A. 

gossypii would not be controlled by phorate. The results of the glasshouse trial confirm those 

laboratory findings. If phorate is to successfully substitute for a neonicotinoid seed dressing its 

interaction with pirimicarb must be carefully considered. If phorate is used to control neonicotinoid 

resistant A. gossypii then pirimicarb, or any other chemical associated with Ace1 type resistance, 

should not immediately follow as the first foliar spray.  

4.2 Objective: Molecular genetics  

4.2.1 PCR amplification of the R81T mutation site (for related publications please see Appendix C)  

Amplification of the loop D region of the nAChR β1 subunit gene produced 350 bp of quality 

cDNA sequence in strains Sus F 96, F 101, Glen twn S and Carr (Figure 5). Comparative sequence 

analysis between strains Sus F 96, F 101, Glen twn S, Carr and the reference A. gossypii strain IMI-

R (Imidacloprid resistant, GenBank accession number: AFH00994.1) identified that the region 

amplified was the loop D region of the nAChR β1 subunit gene. Sequences belonging to two 

additional aphid species: the Soybean aphid Aphis glycines (GenBank accession number: 

JN681174.1) and M. persicae (GenBank accession number: AJ251838.1) (Figure 5), were also 

included for further validation. Unexpectedly, the amino acid substitution at position 81, resulting in 

an arginine (R) to threonine (T) substitution was present in strain IMI-R (China) but absent in 

Australian strains Sus F 96, F 101, Glen twn S and Carr (Figure 5).  

4.2.2 Dose responses with and without synergist  

For strains F 101P, Glen twn SP and CarrP [where P denotes that strains were routinely pressured 

while maintained in laboratory culture over a three year period) (see Appendix E: Chapter 2)] full 

log-dose probit analysis yielded RFs of 4.00- (2.53-6.32), 7.37- (4.44-12.23) and 7.53- (5.52-10.27) 

fold against thiamethoxam, respectively (Table 2). As indicated by overlapping 95% CIs at the LC50 

level no significant differences between strain responses were observed. Calculated LC50 values 

ranged from a low of 0.00030 g/L to a high of 0.00056 g/L in strains F 101P and CarrP respectively 

(Table 2). Significant synergism was observed for the P450 inhibitor, PBO, in strains F 101P, and 

CarrP as indicated by non-overlapping 95% CIs at the LC50 level (Table 2). The LC50 values of 

strains F 101P and CarrP were lower in the presence of PBO when compared to Sus F 96 suggesting 

complete synergism of resistance. In strain Glen twn SP the LC50 of thiamethoxam in the presence 

of PBO was slightly higher than in strain Sus F 96. In contrast, in strain Sus F 96, the effect of PBO 

was negligible.  
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Figure 5 Amino acid alignment of a partial sequence of the nAChR β1 subunit containing the R81T 

mutation site. Strains include: Sus F 96, F 101, Glen twn S, Carr, IMI-R (Imidacloprid resistant, 

GenBank accession number: AFH00994.1), and A. glycines (GenBank accession number: 

JN681174.1) and M. persicae (GenBank accession number: AJ251838.1). A conserved loop (Loop 

D) within the ligand binding domain is marked by a red box. The R81T mutation is marked in bold. 

Table 2 Probit mortality data for thiamethoxam + PBO against A. gossypii strains thiamethoxam-

susceptible F 96 and thiamethoxam-resistant pressured F 101P, Glen twn SP and CarrP. 

                                              Treatment 

 Thiamethoxam Thiamethoxam + PBO 

Strain No. of aphids 
treated 

LC50 
(95% FL) 

RRa 
(95% CI) 

No. of 
aphids 
treated 

LC50  
(95% FL) 

RRa  
(95%CI) 

Sus F 96 544 0.000074      
(0.000063-     
0.000086) 

- 568 0.000061 
(0.000050-
0.000072) 

- 

F 101P 607 0.00030 
(0.00017-
0.00044) 

4.00 
(2.53-6.32) 

542 0.000052      
(0.000014-     
0.00011) 

0.85 
(0.33-2.19) 

Glen twn SP 598 0.00055      
(0.00029-     
0.00084) 

7.37  
(4.44-12.23) 

523 0.00017      
(0.000096-     
0.00024) 

2.74 
(1.68-4.47) 

CarrP 585 0.00056-      
(0.00042     
0.00072) 

7.53    
(5.52-10.27) 

601 0.000015      
(0.000001-     
0.000053) 

0.24  
(0.039-1.51) 

FL, fiducial limits; CI, confidence intervals; aRR = LC50 resistant strain/ LC50 susceptible strain 
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4.2.3 Discussion 

Target site insensitivity via mutations in nAChR subunits have repeatedly been implicated as causal 

mechanism(s) of neonicotinoid resistance in many insect species (Liu et al. 2005, Bass et al. 2011, 

Shi et al. 2012, Puinean et al. 2013, Kim et al. 2015). Those reports demonstrated a reduced binding 

affinity of neonicotinoid compounds at their target site as one of the main reasons for resistance. 

Surprisingly then, sequencing data presented here shows that mutation R81T (in loop D of the 

nAChR β1 subunit) responsible for resistance in aphid species overseas is not present in Australian 

strains. Encouragingly, it is consistent with the recent finding of Pan et al. (2015) who demonstrated 

a thiamethoxam resistant strain of A. gossypii, was also not linked to the R81T mutation (Pan et al. 

2015).  

It is interesting then that strains of A. gossypii where the R81T mutation has been demonstrated 

seem to anecdotally show resistance strongly correlated to imidacloprid (Shi et al. 2012, Koo et al. 

2014). Although there is confirmed cross resistance between members of the neonicotinoid MoA 

group 4A (Wang et al. 2007), the spectrum of resistance displayed between members is 

confounding; some reports show evidence of cross resistance between all group 4A members (Koo 

et al. 2014) and others demonstrate resistance to one and susceptibility to another (Shi et al. 2011). 

For example, Shi et al. (2011) demonstrated no cross resistance in an imidacloprid resistant strain of 

A. gossypii to dinotefuran, clothianidin or thiamethoxam. Similarly, preliminary discriminating dose 

data here [obtained via treating whole cotton plants with 0.004 g a.i./L imidacloprid (Confidor®) 

200 g/L and transferring resistant aphids to the treated plant once dried] also demonstrated that 

strains F 101, Glen twn S and Carr were susceptible to imidacloprid. 

In Australia, both imidacloprid and thiamethoxam are available as pre germination seed treatments; 

however, 80% of cotton seed planted is coated with thiamethoxam (Herron and Wilson 2011). For 

that reason, it may be considered that the limited use of imidacloprid in Australian cotton may be 

responsible for the metabolic resistance detected rather than target site resistance associated with 

imidacloprid. Clearly, in this study there is reasonable evidence to suggest that neonicotinoid 

resistance is at least in part, mediated by metabolic detoxification enzymes. Such a conclusion is 

consistent with the findings of Khan et al. (2015) who demonstrated that PBO increased toxicity of 

thiamethoxam against a laboratory selected resistant strain of house fly Musca domestica, (Khan et 

al. 2015). In their study Khan et al. (2015) demonstrated via biochemical analyses that mixed 

function oxidase activity in their thiamethoxam resistant strain was significantly higher than their 

susceptible strain, suggesting that P450-mediated resistance was involved. Monoxygenase based 

resistance has also been detected in thiamethoxam resistant western flower thrips Frankliniella 

occidentalis again based on significant PBO synergism (Gao et al. 2014). Furthermore, in the 
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closely related aphid species M. persicae, pre-treatment with PBO via topical bioassays 

substantially synergised the effect of four neonicotinoid insecticides in a neonicotinoid-resistance 

clone of M. persicae (5191A clone) (Puinean et al. 2010). In their resistant 5191A clone, over-

expression of a single P450 gene was revealed and attributed at least in part, to gene amplification 

(Puinean et al. 2010). In complete agreement then to the above studies, survival times of 

thiamethoxam resistant aphids were observed to be at least decreased in the presence of PBO and in 

two strains complete susceptibility was restored.  

Overall, this study demonstrated the potential of synergists to reverse resistance in some instances. 

However, when using synergists alone, the inclusion of positive data only is often not enough to 

attribute resistance to a specific detoxifying enzyme (Raffa and Priester 1985). This is because 

synergists are often capable of detoxifying more than one resistance associated enzyme. For 

instance, past studies have shown that PBO does not exclusively synergise P450s and instead has 

been shown to effectively synergise resistance-associated esterases linked to pirimicarb in A. 

gossypii (Bingham et al. 2008) and spinosad resistance in F. occidentalis (Herron et al. 2014). Thus, 

extending this study to the transcriptome level to identify changes in gene expression of transcripts 

relating to metabolic detoxification as outlined in the following section would be extremely 

beneficial.  

4.3 Objective: Molecular genetics 

4.3.1 Illumina sequencing and sequence assembly 

To obtain a comprehensive transcriptome of A. gossypii when under thiamethoxam stress, a total of 

39, 33, 31, and 29 million raw reads were obtained from strains Carr, Sus F 96, F 101, and Glen twn 

S, respectively after filtering out dirty raw reads. When pooled, the total number of raw reads 

obtained from the four individual transcriptomes totalled 143,723,328 and 132,159,760 clean reads 

de novo assembled. A total of 37,167 contigs were assembled with an N50 length of 906 bp. The 

contigs were further assembled into 31,042 unigenes with an N50 of 1337 bp.   

4.3.2 GO and COGs classification 

Of these unigenes a total of 23,372 (89.75% of all distinct sequence), 16506 (63.38%) and 15460 

(59.37%) transcripts were annotated to NR, Swiss-prot, and KEGG, respectively. The identified A. 

gossypii unigenes were most similar to the pea aphid Acyrthosiphon pisum and a high degree of 

sequence homology (91.6%) between these species was revealed.  

GO analysis identified 10,488 transcripts (40.27%) which were categorized into 48 GO terms 

consisting of three domains: “biological process”, “cellular component” and “molecular function”. 

Of the 48 terms, “cellular process”, “metabolic process”, “cell”, “binding” and “catalytic activity” 
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were over-represented, whilst “extracellular matrix part”, “antioxidant activity” and electron carrier 

activity” were under-represented. The terms “cell killing”, “virion”, “virion part” and “channel 

regulator activity” were absent. 

All assembled unigenes were aligned to the COG database for functional prediction and 

classification. COG analysis identified a total of 7,633 transcripts (29.31%) classed into 25 

functional categories, the largest five being “general function prediction only” (2572 genes), 

“transcription” (1249 genes), “replication, recombination and repair” (1247 genes), “translation, 

ribosomal structure and biogenesis” (1014 genes) and “carbohydrate transport and metabolism” 

(987 genes). “RNA Processing and Modification” (83 genes), “Extracellular structures” (6 genes) 

and “Nuclear transport” (4 genes) represented the smallest categories. 

4.3.3 Network of unigene 

31042 unigenes were mapped to the reference canonical pathways in the KEGG database and 15460 

of them obtained KEGG annotation and assigned to 255 pathways. Among them, the “metabolic 

pathway” was the largest group (2109 unigenes, 13.64%), followed by “RNA transport” (549, 

3.55%), “focal adhesion” (516, 3.34%) and “regulation of actin cytoskeleton” (491, 3.18%). In 

contrast, the following pathways contained <10 unigenes: “Phenylalanine, tyrosine and tryptophan 

biosynthesis” (9, 0.06%), “Vitamin B6 metabolism” (8, 0.05%), “D-Arginine and D-ornithine 

metabolism” (6, 0.04%), “Lipoic acid metabolism” (5, 0.03%), “Thiamine metabolism” (5, 0.03%), 

“Lysine biosynthesis” (4, 0.03%), “D-Glutamine and D-glutamate metabolism” (2, 0.01%) and 

finally “Caffeine metabolism” with only one unigene (1, 0.01%). 

4.3.4 Differential expression and pathway analyses in resistant vs susceptible strain combinations 

4.3.4.1 Sus F 96 vs F 101 

The results revealed 24,299 genes with significantly differential expression levels between Sus F 96 

and F 101 (Figure 6). Among them, 24,265 (99.86%) and 34 (0.0014%) genes were down-regulated 

and up-regulated, respectively, in strain F 101 compared to Sus F 96.  

Providing further insights into twenty of the most differentially up-regulated genes between strain 

Sus F 96 and F 101 (Table 3), significant matches included the gene homologous to one that 

encodes a hypothetical protein in the red imported fire ant Solenopsis invicta; hypothetical protein 

in the Florida carpenter ant Camponotus floridanus; replicase polyprotein of Ascaris suum (large 

roundworm of pigs); polyprotein-like protein of a Tsetse fly sp., Glossina morsitans morsitans; and 

ten predicted functional genes, including five heat shock protein 68-like (A. pisum), partial; two 

heat shock protein 70 B2-like (A. pisum) and three similar to gag-pol polyprotein (rust red flour 

beetle, Tribolium castaneum).  The  six remaining  genes  had no functional  annotation. The top ten  
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Figure 6 Number of DEGs expressed between susceptible (Sus F 96) and thiamethoxam-resistant 

(F 101, Glen twn S and Carr) A. gossypii strains. 

down-regulated genes in strain F 101 compared to Sus F 96 (Table 3) included one gene 

homologous to exoribonuclease 1 (A. pisum) and eight predicted functional genes: major facilitator 

superfamily domain-containing protein 6-like isoform 1 (A. pisum); oligopeptidase A-like (A. 

pisum); protein msta, isoform A-like (A. pisum); two genes encoding probable multidrug resistance-

associated protein lethal(2)03659-like (A. pisum); hypothetical protein LOC100159424 (A. pisum); 

ATP synthase subunit alpha-like (Common eastern bumblebee, Bombus impatiens); and protein 

toll-like (A. pisum). In total, twelve down-regulated genes had no functional annotation. 

DEGs between Sus F 96 and F 101 were characterized into three groups from the GO classification: 

cellular component; molecular function; and biological process. The results showed that 3843, 6112 

and 5472 DEGs were annotated to 299, 570 and 2054 GO terms of cellular component, molecular 

function, and biological process, respectively (corrected P-value ≤1).  

To further categorize, the DEGs were significantly enriched to fourteen cellular components, in 

which “ribonucleoprotein complex” was most strongly presented and the category, “cell” was the 

largest represented with 3010 DEGs (78.3%). The DEGs were significantly enriched to ten 

molecular functions, two which contained the majority of DEGs: “catalytic activity” (3775, 61.8%)  

and “binding” (3598, 58.9%). Under the umbrella of “biological process”, twenty three significantly 

enriched GO terms were reported between Sus F 96 and F 101. Those associated with “metabolic 

process”  (3438,  62.8%)  and  “cellular  process”  (3979,  72.7%)  accounted  for  the  two  largest  
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Table 3 Top D
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Unigene6303
a 

8.66 
1.54E-08 

- 

Unigene19540
a 

8.23 
2.15E-05 

- 

Unigene19346
a 

8.10 
1.93E-06 

- 

Unigene16958
a 

7.96 
0.000237 

- 

Unigene8236
a 

2.72 
2.48E-24 

EFZ13460.1|hypothetical protein SIN
V_12007 [Solenopsis invicta] 

Unigene21349
a 

2.54 
1.77E-05 

EFN
72115.1|hypothetical protein EAG_00326 [Cam

ponotus floridanus] 

Unigene10453
a 

2.52 
0 

ADY39838.1|Replicase polyprotein [Ascaris suum
] 

Unigene10452
a 

2.46 
0 

ACY69873.1|polyprotein-like protein [Glossina m
orsitans m

orsitans] 

Unigene10451
a 

2.39 
0 

- 

CL2116.Contig3
a 

2.37 
2.93E-131 

XP_001951915.1|/PREDICTED: heat shock protein 70 B2-like [Acyrthosiphon pisum
] 

Unigene17291
a 

2.25 
4.37E-28 

XP_001807263.1|PREDICTED: sim
ilar to gag-pol polyprotein [Tribolium

 castaneum
] 

Unigene16335
a 

2.15 
1.14E-07 

- 

Unigene22183
a 

2.15 
0.000216 

XP_001807263.1|PREDICTED: sim
ilar to gag-pol polyprotein [Tribolium

 castaneum
] 

Unigene21691
a 

2.12 
1.77E-07 

XP_001807662.1|PREDICTED: sim
ilar to putative gag-pol protein [Tribolium

 castaneum
] 

Unigene5014
a 

2.12 
9.45E-14 

XP_001951915.1|PREDICTED: heat shock protein 70 B2-like [Acyrthosiphon pisum
] 

CL2116.Contig5
a 

2.06 
1.56E-22 

XP_003248918.1|PREDICTED: heat shock protein 68-like, partial [Acyrthosiphon pisum
] 

Unigene7780
a 

2.04 
3.91E-25 

XP_003248918.1|PREDICTED: heat shock protein 68-like, partial [Acyrthosiphon pisum
] 

Unigene11682
a 

1.97 
1.60E-11 

XP_003248918.1|PREDICTED: heat shock protein 68-like, partial [Acyrthosiphon pisum
] 

Unigene10435
a 

1.90 
3.05E-13 

XP_003248918.1|PREDICTED: heat shock protein 68-like, partial [Acyrthosiphon pisum
] 

CL2116.Contig6
a 

1.89 
7.44E-26 

XP_003248918.1|PREDICTED: heat shock protein 68-like, partial [Acyrthosiphon pisum
] 
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GeneID 
log

2  Ratio
1 

(Res/Sus) 
FDR 

Blast nr 

CL857.Contig2
b 

-10.75 
1.39E-65 

XP_001948792.2|PREDICTED: m
ajor facilitator superfam

ily dom
ain-containing protein 6-like isoform

 1 [Acyrthosiphon pisum
] 

Unigene15451
b 

-10.60 
1.63E-31 

XP_001945759.1|PREDICTED: oligopeptidase A-like [Acyrthosiphon pisum
] 

Unigene17197
b 

-10.33 
7.25E-19 

- 

Unigene5422
b 

-10.32 
7.36E-21 

XP_003245146.1|PREDICTED: protein m
sta, isoform

 A-like [Acyrthosiphon pisum
] 

Unigene19845
b 

-10.28 
3.34E-18 

- 

Unigene18246
b 

-10.21 
3.38E-19 

- 

Unigene1782
b 

-10.12 
3.46E-23 

- 

Unigene1872
b 

-10.07 
1.54E-17 

- 

Unigene17759
b 

-10.05 
1.50E-15 

- 

Unigene18414
b 

-10.03 
7.58E-29 

- 

Unigene15063
b 

-10.03 
3.12E-13 

- 

Unigene19824
b 

-10.00 
1.52E-16 

N
P_001155946.1|exoribonuclease 1 [Acyrthosiphon pisum

] 

Unigene7980
b 

-9.95 
1.62E-25 

XP_001948961.2|PREDICTED: probable m
ultidrug resistance-associated protein lethal(2)03659-like [Acyrthosiphon pisum

] 

Unigene18326
b 

-9.94 
7.48E-24 

XP_001948736.2|PREDICTED: probable m
ultidrug resistance-associated protein lethal(2)03659-like [Acyrthosiphon pisum

] 

Unigene884
b 

-9.93 
6.89E-15 

- 

Unigene19195
b 

-9.92 
7.00E-16 

XP_001943554.1|PREDICTED: hypothetical protein LO
C100159424 [Acyrthosiphon pisum

] 

Unigene17685
b 

-9.92 
1.60E-22 

- 

Unigene18285
b 

-9.85 
1.48E-14 

XP_003492803.1|PREDICTED: ATP synthase subunit alpha-like [Bom
bus im

patiens] 

Unigene18341
b 

-9.84 
1.50E-15 

XP_003243866.1|PREDICTED: protein toll-like [Acyrthosiphon pisum
] 

Unigene18832
b 

-9.79 
3.26E-16 

- 

Unigene19121
b 

-9.76 
3.22E-15 

- 
aU

p-regulated transcripts; bD
ow

n-regulated transcripts;  1R
atio, R

PK
M

 of resistant/R
PK

M
 of susceptible sam

ples. R
PK

M
, reads per kilo bases per 

m
illion reads. 
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represented terms, although the term “carboxylic acid metabolic process” (p-value 0.00570) was 

strongly presented. KEGG enrichment analysis revealed 11716 DEGs between Sus F 96 an F 101 

which were assigned to 254 pathways. DEG enrichment analyses showed that the first four 

pathways that involved up- or down-regulated genes in response to thiamethoxam stress were 

“Ribosome” (104 unigenes), “Protein processing in endoplasmic reticulum” (257 unigenes), 

“Metabolic pathways” (1766 unigenes) and “RNA transport” (366 unigenes). 

4.3.4.2 Sus F 96 vs Glen twn S 

The comparison between Sus F 96 and Glen twn S also revealed significant variations in 

expression. A total of 21,835 genes, including 184 (0.0084%) up-regulated genes and 21,651 

(99.16%) down-regulated genes were identified (Figure 6). Among the twenty most up-regulated 

genes (Table 4), matches included the gene homologous to that which encodes GL24774 of ferment 

fly Drosophila persimilis (N-glycan biosynthesis), glutaredoxin-like (glutathione dependent 

reductase of A. pisum), and also eight predicted functional genes (maltase 2-like (A. pisum); A. 

pisum hypothetical proteins LOC100575926, LOC10056912, LOC100574103; centrosomal protein 

of 78 kDa-like (A. pisum); similar to SET domain and mariner transposase fusion of Hydra spp., 

Hydra magnipapillata; and deoxynucleotidyltransferase terminal-interacting protein 1-like (A. 

pisum)). Ten highly up-regulated genes had no functional annotation. Of the top twenty down-

regulated genes (Table 4), nine had no functional annotation and eleven were predicted functional 

genes: A. pisum hypothetical proteins LOC100571774 partial, LOC100162722, LOC100574363, 

LOC100163439 and LOC100164810; nose resistant to fluoxetine protein 6-like (A. pisum); 

bifunctional purine biosynthesis protein purH-like (B. impatiens) (protein coding gene of IMP 

cyclohydrolase activity); x-ray radiation resistance- associated protein 1-like (A. pisum); probable 

multidrug resistance-associated protein lethal-like (A. pisum) [ATP-binding cassette, subfamily C 

(CFTR/MRP), member 4] and phosphatidylinositol 3-kinase catalytic subunit type 3-like (A. pisum) 

(enzymes involved in cellular functions). 

GO analysis between Sus F 96 and Glen twn S revealed 3543, 5652 and 5064 DEGs annotated to 

294, 556 and 1975 terms of cellular component, molecular function and biological process, 

respectively (corrected P-value ≤1). DEGs were significantly enriched to fourteen cellular 

components, in which “cell” represented the largest with 2792 genes (78.8%). The terms 

“intracellular” with 2479 (70%) and “ribonucleoprotein complex” with 267 genes (7.5%) were 

strongly presented with p-values of 2.85e-08 and 6.41e-08, respectively. Of those DEGs enriched to 

ten molecular functions, “binding” and “catalytic activity” were again the largest represented terms 

with 3323 (58.8%) and 3488 (61.7%) genes, respectively. Twenty three significantly enriched terms 
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 as retrieved from
 the G

enB
ank are indicated (B

last nr).  

GeneID 
log

2  Ratio
1 

(Res/Sus) 
FDR 

Blast nr 

Sus F 96 vs Glen tw
n S 

 
 

 

Unigene6303
a 

9.45 
5.14E-14 

- 

Unigene5141
a 

8.90 
1.54E-09 

- 

Unigene17389
a 

8.80 
2.93E-09 

- 

Unigene15492
a 

8.61 
1.75E-06 

XP_001948285.2|PREDICTED: m
altase 2-like [Acyrthosiphon pisum

] 

CL1027.Contig2
a 

8.58 
7.98E-05 

- 

Unigene14552
a 

8.48 
3.80E-24 

XP_002027279.1|GL24774 [Drosophila persim
ilis] 

Unigene15706
a 

8.44 
7.98E-05 

- 

Unigene1875
a 

8.16 
6.29E-06 

XP_003241394.1|PREDICTED: hypothetical protein LO
C100575926 [Acyrthosiphon pisum

] 

Unigene19078
a 

8.12 
7.98E-05 

XP_003245035.1|PREDICTED: centrosom
al protein of 78 kDa-like [Acyrthosiphon pisum

] 

Unigene19346
a 

8.00 
6.29E-06 

- 

Unigene22343
a 

7.99 
4.23E-05 

- 

Unigene19540
a 

7.98 
0.000151 

- 

Unigene21014
a 

7.97 
0.000151 

XP_003247256.1|PREDICTED: hypothetical protein LO
C100569128 [Acyrthosiphon pisum

] 

Unigene22887
a 

7.78 
2.24E-05 

XP_002161449.1|PREDICTED: sim
ilar to SET dom

ain and m
ariner transposase fusion [Hydra m

agnipapillata] 

Unigene22994
a 

7.77 
7.98E-05 

XP_003247311.1|PREDICTED: hypothetical protein LO
C100574103 [Acyrthosiphon pisum

] 

CL1361.Contig3
a 

7.65 
4.27E-10 

XP_003242396.1|PREDICTED: deoxynucleotidyltransferase term
inal-interacting protein 1-like [Acyrthosiphon pisum

] 

Unigene19111
a 

7.62 
0.000284 

- 

Unigene22875
a 

7.57 
0.000535 

- 

Unigene20767
a 

7.04 
0.000535 

XP_003241394.1|PREDICTED: hypothetical protein LO
C100575926 [Acyrthosiphon pisum

] 

CL273.Contig1
a 

7.00 
3.32E-06 

N
P_001155375.1|glutaredoxin-like [Acyrthosiphon pisum

] 
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GeneID 
log

2  Ratio
1 

(Res/Sus) 
FDR 

Blast nr 

Unigene13938
b 

-11.58 
1.36E-36 

- 

Unigene13783
b 

-11.06 
2.39E-52 

- 

Unigene11861
b 

-10.95 
4.36E-51 

- 

Unigene15683
b 

-10.76 
1.10E-40 

XP_003244579.1|PREDICTED: hypothetical protein LO
C100571774, partial [Acyrthosiphon pisum

] 

Unigene5239
b 

-10.71 
1.30E-30 

XP_001946997.2|PREDICTED: hypothetical protein LO
C100162722 [Acyrthosiphon pisum

] 

Unigene16205
b 

-10.54 
2.27E-40 

XP_003244577.1|PREDICTED: nose resistant to fluoxetine protein 6-like [Acyrthosiphon pisum
] 

CL218.Contig3
b 

-10.39 
4.48E-23 

CBY13234.1|unnam
ed protein product [O

ikopleura dioica] 

Unigene19845
b 

-10.28 
4.01E-17 

- 

Unigene932
b 

-10.17 
4.48E-23 

- 

Unigene16990
b 

-10.11 
1.95E-17 

- 

Unigene16507
b 

-10.10 
3.40E-21 

XP_003492800.1|PREDICTED: bifunctional purine biosynthesis protein purH-like [Bom
bus im

patiens] 

Unigene1872
b 

-10.07 
1.69E-16 

- 

Unigene18414
b 

-10.03 
3.70E-27 

- 

Unigene18254
b 

-9.99 
3.95E-33 

XP_003243328.1|PREDICTED: hypothetical protein LO
C100574363 [Acyrthosiphon pisum

] 

Unigene18905
b 

-9.94 
1.09E-13 

XP_003243746.1|PREDICTED: x-ray radiation resistance-associated protein 1-like [Acyrthosiphon pisum
] 

Unigene18326
b 

-9.94 
1.89E-22 

XP_001948736.2|PREDICTED: probable m
ultidrug resistance-associated protein lethal(2)03659-like [Acyrthosiphon pisum

] 

Unigene17020
b 

-9.83 
5.32E-19 

- 

Unigene18322
b 

-9.76 
1.47E-15 

XP_001943231.1|PREDICTED: phosphatidylinositol 3-kinase catalytic subunit type 3-like [Acyrthosiphon pisum
] 

Unigene19719
b 

-9.69 
8.10E-12 

- 

Unigene19097
b 

-9.67 
4.62E-18 

XP_001950522.1|PREDICTED: hypothetical protein LO
C100163439 [Acyrthosiphon pisum

] 

Unigene17628
b 

-9.65 
3.39E-11 

XP_001943487.1|PREDICTED: hypothetical protein LO
C100164810 [Acyrthosiphon pisum

] 
aU

p-regulated transcripts; bD
ow

n-regulated transcripts;  1R
atio, R

PK
M

 of resistant/R
PK

M
 of susceptible sam

ples. R
PK

M
, reads per kilo bases per 

m
illion reads. 
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of the category biological process were reported between Sus F 96 and Glen twn S. Similarly, the 

terms “cellular process” (3677, 72.6%) and “metabolic process” (3203, 63.3%) were the largest 

represented. “Metabolic process” was also very strongly presented (p-value 0.00273), along with 

“translation” (176, 3.5%) which was slightly stronger (p-value 0.00031) than “metabolic process”. 

Lastly, 10764 DEGs were assigned to 254 KEGG pathways. DEG enrichment analyses showed that 

the first four pathways that involved up- or down-regulated genes in response to thiamethoxam 

stress were “Ribosome” (104 unigenes), “Metabolic pathways” (1637 unigenes), “Herpes simplex 

infection” (159 unigenes) and “Shigellosis” (88 unigenes). 

4.3.4.3 Sus F 96 vs Carr 

Finally, comparative analysis between Sus F 96 and Carr revealed 11,498 genes with significant 

expression profile changes, including 583 (5.1%) up-regulated genes and 10,915 (94.9%) down-

regulated genes (Figure 6). Of the twenty most up-regulated genes (Table 5), eight were predicted 

function genes: A. pisum hypothetical protein LOC100573940, LOC100574035, LOC100574264 

isoform 1, LOC100573859, LOC100574035 and LOC100570532; and A. pisum maltase 2-like 

(alpha glucosidase). Two genes have defined functions: A. pisum ACYPI000014 (cathepsin B) and 

GL24774 (D. persimilis N-glycan biosynthesis) and the remaining ten had no functional annotation. 

Among the ten most down-regulated genes (Table 5), eighteen had no functional annotation, one 

was homologous to hypothetical protein of the Gulf Coast tick, Amblyomma maculatum and one 

gene had predicted function to A. pisum hypothetical protein LOC100571804.  

GO analysis revealed that 1503, 2371 and 2092 DEGs were annotated to 217, 392 and 1436 GO 

terms of cellular component, molecular function and biological process, respectively (corrected P-

value ≤1). DEGs were significantly enriched to seventeen cellular components, in which “intrinsic 

to membrane” was most strongly presented and “cell” the largest category represented with 1113 

DEGs (74.1%). Further, DEGs were significantly enriched to ten molecular functions, two of which 

contained the majority of DEGs: “catalytic activity” (1393 genes, 58.8%) and “binding” (1332, 

56.2%). For the GO category, biological process, twenty three significantly enriched terms were 

reported between Sus F 96 and Carr. “Cellular process” (1498, 71.6%) and “metabolic process” 

(1242, 59.4%) contained the largest number of represented terms. Interestingly, the terms “cellular 

response to hormone stimulus” (p-value 0.87749) and “cellular response to endogenous stimulus” 

(p-value 0.87749) were the most strongly presented. Between strains Sus F 96 vs Carr, 4728 DEGs 

were assigned to 252 KEGG pathways. DEG enrichment analyses showed that the first four 

pathways that involved up- or down-regulated genes in response to thiamethoxam stress were 

“Cardiac muscle contraction” (61 unigenes), “Fatty acid elongation” (29 unigenes), “Neuroactive 

ligand-receptor interaction” (96 unigenes) and “Glycerophospholipid metabolism” (69 unigenes).  
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Table 5 Top D
EG

s betw
een thiam

ethoxam
 resistant (C

arr) and susceptible (Sus F 96) A. gossypii strains. Transcript ID
, log

2 R
atio, FD

R
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orthologue gene nam
e in the appropriate organism

 as retrieved from
 the G
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log
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(Res/Sus) 
FDR 

Blast nr 
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Unigene13810
a 

10.83 
7.49E-174 

XP_003242198.1|PREDICTED: hypothetical protein LO
C100573940 [Acyrthosiphon pisum

] 

Unigene5980
a 

10.76 
2.60E-21 

- 

Unigene6303
a 

10.67 
2.73E-33 

- 

Unigene14552
a 

10.49 
8.45E-101 

XP_002027279.1|GL24774 [Drosophila persim
ilis] 

Unigene15492
a 

10.41 
4.98E-22 

XP_001948285.2|PREDICTED: m
altase 2-like [Acyrthosiphon pisum

] 

Unigene1320
a 

10.04 
6.67E-25 

XP_003242199.1|PREDICTED: hypothetical protein LO
C100574035 [Acyrthosiphon pisum

] 

Unigene1246
a 

10.01 
6.32E-19 

XP_001948285.2|PREDICTED: m
altase 2-like [Acyrthosiphon pisum

] 

Unigene5979
a 

9.86 
1.46E-11 

- 

Unigene16958
a 

9.84 
2.09E-14 

- 

Unigene18503
a 

9.82 
5.65E-18 

XP_003242202.1|PREDICTED: hypothetical protein LO
C100574264 isoform

 1 [Acyrthosiphon pisum
] 

Unigene19840
a 

9.62 
1.31E-31 

XP_003242197.1|PREDICTED: hypothetical protein LO
C100573859 [Acyrthosiphon pisum

] 

Unigene20836
a 

9.59 
3.20E-13 

XP_003242199.1|PREDICTED: hypothetical protein LO
C100574035 [Acyrthosiphon pisum

] 

Unigene17389
a 

9.58 
4.53E-16 

- 

Unigene4404
a 

9.54 
3.82E-10 

- 

CL1560.Contig2
a 

9.48 
5.34E-60 

XP_003244804.1|PREDICTED: hypothetical protein LO
C100570532 [Acyrthosiphon pisum

] 

CL1027.Contig2
a 

9.41 
2.91E-08 

- 

CL1708.Contig1
a 

9.29 
4.91E-12 

BAH70886.1|ACYPI000014 [Acyrthosiphon pisum
] 

Unigene19111
a 

9.28 
1.66E-12 

- 

Unigene22140
a 

9.28 
2.21E-10 

- 

Unigene5141
a 

9.26 
1.66E-12 

- 
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GeneID 
log

2  Ratio
1 

(Res/Sus) 
FDR 

Blast nr 

Unigene13938
b 

-11.58 
3.31E-42 

- 

Unigene16132
b 

-10.92 
7.07E-50 

XP_003241320.1|PREDICTED: hypothetical protein LO
C100571804 [Acyrthosiphon pisum

] 

CL893.Contig3
b 

-10.87 
2.34E-32 

- 

Unigene4253
b 

-10.69 
2.89E-31 

- 

Unigene17599
b 

-10.66 
1.02E-28 

- 

Unigene16085
b 

-10.62 
4.39E-25 

- 

Unigene17405
b 

-10.44 
2.89E-23 

- 

Unigene185
b 

-10.42 
1.25E-31 

- 

Unigene17753
b 

-10.34 
2.35E-24 

- 

Unigene19845
b 

-10.28 
1.23E-19 

- 

Unigene18008
b 

-10.18 
1.89E-21 

- 

Unigene16661
b 

-10.18 
6.51E-35 

AEO
35729.1|hypothetical protein [Am

blyom
m

a m
aculatum

] 

Unigene17266
b 

-10.08 
6.50E-19 

- 

Unigene1872
b 

-10.07 
6.50E-19 

- 

Unigene18414
b 

-10.03 
2.89E-31 

- 

Unigene18907
b 

-9.97 
4.17E-17 

- 

Unigene951
b 

-9.92 
6.09E-15 

- 

Unigene19766
b 

-9.90 
2.66E-15 

- 

Unigene660
b 

-9.77 
4.36E-21 

- 

Unigene8883
b 

-9.71 
2.43E-11 

- 

Unigene19129
b 

-9.67 
3.21E-14 

- 
aU

p-regulated transcripts; bD
ow

n-regulated transcripts;  1R
atio, R

PK
M

 of resistant/R
PK

M
 of susceptible sam

ples. R
PK

M
, reads per kilo bases per 

m
illion reads. 
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4.3.5 Candidate resistance (detoxification) genes 

The expression of transcripts encoding potential resistance genes is shown in Figure 7.  

 

Figure 7 Expression profiles of detoxification-related proteins in RNA-seq analysis of A. gossypii 

strains: thiamethoxam resistant strain (F 101, Glen twn S and Carr) compared to a reference 

susceptible strain (Sus F 96). CE, carboxylesterase; GST, glutathione-S-transferase; P450, 

cytochrome P450-dependent monoxygenase. 

Only strains Glen twn S and Carr contained up-regulated genes relating to known insecticide 

detoxification mechanisms, when compared to Sus F 96. Of these, all were contained to the P450 

family, with 6 (Unigene15803, CL627, Unigene4712, CL1190, CL1418 and Unigene12819) and 7 

(Unigene15803, CL627, CL1190, Unigene4712, Unigene12819, CL1418 and Unigene12511) genes 

up-regulated in strains Glen twn S and Carr, respectively (Figure 7). Of these, three had predicted 

similarity to CYP305A1 (Unigene15803, CL627 and Unigene4712), two to CYP6K1 (CL1190 and 

CL1418) and two to CYP6A13 (Unigene12511 and Unigene12819). Based on predicted matches, all 

were contained within the CYP2 and CYP3 clans. In contrast, strain F 101 contained no up-

regulated genes in the carboxylesterase (CE), P450 or glutathione-S-transferase (GST) gene 

families and instead contained the highest number of down-regulated genes with 15, 54 and 30 

down-regulated CEs, P450s and GSTs, respectively. It should be noted that contigs CL1190 and 

CL1418, although not significantly differentially expressed in strain F 101, were up-regulated in 

strain F 101, and significantly in strains Glen twn S and Carr, when compared to Sus F 96. No 

GSTs were found up-regulated in any of the resistant strains compared to Sus F 96. Down regulated 

GSTs showing similarity to the delta, omega, sigma and theta classes were found in some resistant 

strains. Finally, no CEs were up-regulated in resistant strains compared to Sus F 96. 
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Seven nAChR subunit gene sequences, including α1, α2, α3, α4, α7, β1, and β2 were matched 

against known genes. All nAChR subunit genes were downregulated in resistant strains, compared 

to Sus F 96 (Table 6).  

Table 6 List of differentially expressed nAChR subunit genes among thiamethoxam resistant (F 

101, Glen twn S and Carr) and susceptible (Sus F 96) A. gossypii strains. Transcript ID, orthologue 

gene name in the appropriate organism as retrieved from the GenBank are indicated (Blast nr) and 

log2 Ratio are indicated.  

GeneID Blast nr log2 Ratio1 

  Sus F 96 F101 Glen twn S Carr 

Unigene11848 CAA57476.1|nicotinic acetylcholine 
receptor alpha subunit [Myzus persicae] 

23.72323 4.896363 6.761522 9.049615 

Unigene10018 AFP55242.1|nicotinic acetylcholine 
receptor alpha 4 subunit [Aphis glycines] 

15.53073 3.691985 3.774305 6.830007 

Unigene12372 AEV54111.1|nicotinic acetylcholine 
receptor alpha 2 subunit [Aphis gossypii] 

21.63213 2.951797 3.539873 7.879289 

CL1326.Contig2 AFP55243.1|nicotinic acetylcholine 
receptor beta 1 subunit [Aphis glycines] 

3.810137 1.117733 1.642734 1.910338 

Unigene6313 AEV54111.1|nicotinic acetylcholine 
receptor alpha 2 subunit [Aphis gossypii] 

16.03923 3.036168 2.950106 5.5476 

Unigene10203 AFH00994.1|nicotinic acetylcholine 
receptor beta 1 subunit [Aphis gossypii] 

9.206973 2.114636 3.02445 3.922346 

Unigene12768 ABR21379.1|nicotinic acetylcholine 
receptor alpha 3 subunit [Aphis gossypii] 

20.29044 5.893415 5.272609 8.498577 

CL834.Contig2 AEO91541.1|nicotinic acetylcholine 
receptor alpha 2 subunit [Aphis glycines] 

1.891482 0.294408 0.752958 0.845874 

Unigene20148 AEV54113.1|nicotinic acetylcholine 
receptor alpha 4-2 [Aphis gossypii] 

3.469474 1.103186 2.209797 2.448757 

CL1326.Contig1 AFP55243.1|nicotinic acetylcholine 
receptor beta 1 subunit [Aphis glycines] 

0.362329 0.05965 0.194163 0.260799 

Unigene1409 AEV54113.1|nicotinic acetylcholine 
receptor alpha 4-2 [Aphis gossypii] 

4.203021 2.126141 1.06472 2.002179 

Unigene20625 AEV54113.1|nicotinic acetylcholine 
receptor alpha 4-2 [Aphis gossypii] 

4.651564 1.422168 1.234458 1.616667 

CL834.Contig1 CAA57477.1|nicotinic acetyl choline 
receptor alpha-subunit [Myzus persicae] 

- - - 0.024128 

1Ratio, RPKM of resistant/RPKM of susceptible. RPKM, reads per kilo bases per million reads. 

4.3.6 Quantitative RT-PCR  

Four unigenes, of which two had identified functions relating to detoxification (Contig ID 1190 and 

1418) and two matched an RNA virus (RhPV6) of the bird cherry-oat aphid Rhopalosiphum padi  

(Contig ID 10451 and 10452) were selected for further validation. The over-transcription of genes, 
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CL1190 and CL1418, identified from RNA-Seq analysis experiments were confirmed by qRT-PCR 

in all strain comparisons, although expression ratios obtained from qRT-PCR were frequently 

higher than those obtained from RNA-Seq analysis (Figure 8). In contrast, expression ratios 

obtained from qRT-PCR for Unigenes 10451 and 10452, although showing similar trends in up-

regulation of expression to RNA-Seq analysis were much smaller in value (Figure 8). 

 

Figure 8 Validation of gene expression of four transcripts selected from RNA-Seq analysis. (a) The 

fold change (log2Ratio) for genes from RNA-Seq analysis between strain comparisons: F 101/Sus F 

96; Glen twn S/Sus F 96; and Carr/Sus F 96 (b) The fold change of each gene was calculated by 

qRT-PCR using the comparative CT method. 

 



  33 of 308 

4.4 Discussion 

The aim of this study was to investigate insecticide resistance mechanisms associated with 

neonicotinoid resistant A. gossypii from Australian cotton. In the present de novo assembly, a total 

of 132,159,760 clean reads from the pooled transcriptomes of thiamethoxam resistant and 

susceptible A. gossypii strains were generated resulting in a dramatically increased repertoire of 

resistance-related genes in A. gossypii under thiamethoxam stress. Clean reads were assembled into 

37,167 contigs and from this 31,042 unigenes were assembled of which 23,372 matched known 

genes. Therefore, this study has generated a comprehensive transcriptome resource for A. gossypii 

that has characterized the expression of numerous important transcripts encoding proteins involved 

in insecticide resistance. Consequently, this study will contribute to future research relating to 

molecular characterization of insecticide resistance mechanisms of A. gossypii and other insect 

pests.  

P450s function in insects as enzymatic proteins involved in a vast number of metabolic processes 

including insecticide detoxification (Li et al. 2006, Schuler 2011). Although metabolic resistance 

mediated by overexpression of P450s may be triggered by modifications in cis/trans regulatory 

elements or post translational events (Bass and Field 2011), correlations between gene amplification 

and overexpression of P450s have been implicated (Puinean et al. 2010, Faucon et al. 2015). 

According to previous research, the P450 gene families involved in up-regulation and amplification 

are CYP4, CYP6 and CYP9 (belonging to the CYP3 and CYP4 clans). 

In the present study, seven differentially expressed P450 unigenes (Contig ID 627, 1190, 1418, 

4712, 12511, 12819 and 15803) were observed belonging to the CYP2 and CYP3 clans that were 

up-regulated in strain Carr, and six of these up-regulated in Glen twn S (not contig 12511). In strain 

F 101, only two transcripts (Contig ID 1190 and 1418) were up-regulated when compared to Sus F 

96 (although not significantly differentially expressed). Therefore, the transcriptome analysis 

presented here centred on the role of contigs 1190 and 1418, despite one of the three strains not 

being significantly differentially expressed, although still up-regulated. These transcripts were 

predicted as the cytochrome P450 gene 6K1 (CYP6K1), and when blast searched against the NCBI 

database showed 68% and 82% similarity in amino acid sequence to CYP6K1 of A. pisum 

(XP001948421.1). Contig 1190 matched the amino acid sequence of XP001948421.1 from 1-271 

and of the same sequence contig 1418 matched from position 272-514. In the hemipteran insects, 

the silverleaf whitefly, Bemisia tabaci and M. persicae, over-expression of two CYP6 P450 genes 

(CYP6CM1 and CYP6CY3 respectively) has previously been linked to resistance of neonicotinoid 

insecticides (Karunker et al. 2008, Puinean et al. 2010, Yang et al. 2013). Transcriptional profiles of 

contigs 1190 and 1418 were validated by qRT-PCR and were found to be highly overexpressed in 
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resistant strains despite significantly lower expression levels obtained from RNA-Seq analysis, 

especially for strain F 101. This may be explained by the well-known underestimation of expression 

ratios by RNA-Seq analysis compared with qRT-PCR (Roberts et al. 2011). Discrepancies in the 

data obtained from RNA-Seq analysis using the Illumina Hi-Seq™ platform and qRT-PCR 

highlight the importance of qRT-PCR validation of RNA-Seq results.    

The expressions of several genes with catalytic/oxidoreductase activity (such as proteins with 

choline or glucose dehydrogenase activity) were differentially transcribed among resistant and 

susceptible strains, suggesting a possible relationship between the insecticide resistance phenotype 

and these physiological processes (Contig ID 273, 324 and 13767). Interestingly, two of these 

genes, contig 324, annotated as choline dehydrogenase and contig 13767, homologous to A. pisum 

gene ACYPI007791 which encodes dehydrogenase/reductase SDR family member 4, are 

constitutively overexpressed in all three thiamethoxam resistant strains. These genes encode 

subunits which function in the mitochondria and belong to complexes of the electron transport and 

respiratory chain. These observations strongly support the hypothesis that mitochondrial 

energy/redox metabolism are among the mechanisms partially responsible for detoxification of 

thiamethoxam. Similar trends in up-regulation of mitochondrial genes were recently reported in the 

African malaria mosquito, Anopheles gambiae after Plasmodium sp. infection (Kumar et al. 2003). 

Among the DEGs, expression levels of Hsp70 family members were dramatically elevated in 

resistant strain F 101 (Contig ID 2116, 5014, 7780, 10435 and 11682). In insects, Hsps are 

modulated in response to a variety of chemical and physical stresses such as heat shock, ultraviolet 

radiation, chemical pesticides, as well as biotic stresses such as viruses, bacteria and fungi (Parsell 

and Lindquist 1993, Feder and Hofmann 1999, Sørensen et al. 2003). Their up-regulation is an 

important part of the cellular stress response induced to maintain stress tolerance and promote cell 

survival through refolding proteins and preventing their denaturation (Parsell and Lindquist 1993, 

Feder and Hofmann 1999). Up-regulation of Hsps have been shown to contribute to pesticide 

tolerance and resistance (Nazir et al. 2001, Feng et al. 2010, Škerl and Gregorc 2010, Chen et al. 

2014). For instance, in the ferment fly, Drosophila melanogaster and silk worm, Bombyx mori, 

overexpression of Hsp70 was induced by application of the insecticides, chlorpyrifos and pyridalyl, 

respectively (Nazir et al. 2001, Powell et al. 2011). Similarly, in a spirotetramat resistant strain of A. 

gossypii, up-regulation of five putatively designated Hsp70 unigenes was linked to the resistant 

phenotype. Therefore, in A. gossypii, up-regulation of Hsps may be indicative of an adaptive ability 

to protect tissues against oxidate stress induced by insecticides (Pournourmahammadi and 

Abdollahi 2011). Alternatively, as no differentially expressed Hsps were up-regulated in strains 

Carr and Glen twn S, the dramatically increased expression in strain F 101 may be related to other 
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abiotic stressors, such as temperature (Jones and Zhao 2012). Indeed, the Hsp70 family appears to 

be the most prominent contributor to temperature tolerance in insects by enabling increased heat 

tolerance of organisms to protect them from thermal injury and death (Sørensen et al. 2003). This 

has been evidenced in numerous insect species, e.g. the oriental fruit moth, Grapholita molesta 

(Chen et al. 2014); ferment flies: Drosophila buzzatii (Sorensen et al. 1999) and D. melanogaster 

(Nazir et al. 2001); brown planthopper, Nilaparvata lugens (Kim et al. 2008); and the corn 

earworm, Helicoverpa zea (Zhang and Denlinger 2010). 

The ABC transporter superfamily is the largest gene family involved in the transport of various 

substrates across biological membranes, including amino-acids, sugars, lipids, inorganic ions, 

polysaccharides, metals, peptides, toxic metabolites and drugs (Higgins 1992). Differential 

expression of certain transporters of B, C and G subfamilies in humans contributes to multidrug 

resistance of cancer cells against chemotherapeutics (Gottesman et al. 2002): the multidrug 

resistance proteins (MDR and ABCB subfamily) or P-glycoproteins (Gerlach et al. 1986, Dean et 

al. 2001); the multidrug resistance associated proteins (MRPs and ABCC subfamily) (Dean et al. 

2001); and the breast cancer resistance protein (BCRP and ABCG2 subfamily) (Doyle and Ross 

2003). In insects, physiological functions of ABC transporters include roles in molecule transport, 

and functions that affect metabolism, development and also insecticide resistance (Dermauw and 

Van Leeuwen 2014). Some ABC transporters of subfamilies B, C and G have been shown to confer 

resistance to xenobiotics, including insecticides. For example, in the tobacco hornworm, Manducta 

sexta, which feeds on nicotine containing tobacco leaves, nicotine is efficiently excreted by P-

glycoprotein-like multidrug transporters in the Malpighian tubules (Murray et al. 1994). Also, in the 

diamondback moth, Plutella xylostella, down-regulation of a novel ABC transporter gene from 

ABCG subfamily (Pxwhite) is associated with resistance to a Cry toxin, Cry1Ac (Guo et al. 2015). 

In the present study, down regulation of several transcripts (Contig ID 7980 and 18326) that code 

for MRPs and include the ABC transporter cassette motif in their structures, are likely to contribute 

to thiamethoxam resistance in A. gossypii. 

Genetic changes in genes encoding nAChR subunits are regarded as primary determinants of 

neonicotinoid resistance in insects (Liu et al. 2006, Bass et al. 2011, Shi et al. 2012, Puinean et al. 

2013, Koo et al. 2014). In this study, all nAChR subunits identified through transcriptome analysis 

were downregulated in each resistant strain compared to Sus F 96. This is consistent with two other 

studies which have found reduced nAChR subunit expression in neonicotinoid resistant insects, 

including A. gossypii. A transcriptomic survey of thiamethoxam resistant A. gossypii by Pan et al. 

(2015) found downregulation of a nAChR α subunit may contribute to resistance. Elsewhere, in M. 

domestica and N. lugens, imidacloprid resistance is correlated with a reduction in expression levels 
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of the nAChR subunits, α2 and Nlα8, respectively (Markussen and Kristensen 2010, Zhang et al. 

2015). These results suggest that depletion of the nAChR subunits may relate to thiamethoxam 

resistance in Australian A. gossypii.       

In conclusion, this study has contributed a substantial sequence resource for aphids and is likely to 

accelerate insecticide resistance mechanism research in A. gossypii when under thiamethoxam 

stress. Comparative transcriptome analysis identified a catalogue of candidate genes that might be 

involved in conferring neonicotinoid resistance in A. gossypii. In particular, some genes encoding 

Hsps, catalytic/oxidoreductase activity (such as proteins with choline or glucose dehydrogenase 

activity), ABC transporters, cytochrome P450s and nAChR subunits might play crucial roles in 

conferring resistance to neonicotinoid compounds. Among the DEGs, up-regulation of cytochrome 

P450 CYP6K1 and the role it plays in detoxifying thiamethoxam should be further investigated.  
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Outcomes 

6.  Describe how the project’s outputs will contribute to the planned outcomes identified in 

the project application.  Describe the planned outcomes achieved to date. 

The planned outcomes of this project were two-fold: (1) to obtain a better understanding of 

neonicotinoid resistance in A. gossypii to under-pin improved resistance management and restore 

efficacy of neonicotinoid compounds and (2) to train a young scientist in both bioassay and 

molecular based methodologies for resistance detection in arthropod pests. 

Initial study outputs against thiamethoxam resistant A. gossypii found significantly higher resistance 

levels than previously found during the 2007-08 and 2008-09 cotton seasons suggesting selection 

pressure for resistant genotypes was high in Australian cotton. Indeed, when resistant A. gossypii 

were included into a whole plant efficacy trial, resistant aphids were able to survive and reproduce 

on cotton treated with varying rates of thiamethoxam. Importantly, outputs here demonstrated that 

both rates of thiamethoxam provided adequate protection of susceptible A. gossypii with the 

consequent outcome suggesting if the selection pressure for resistant genotypes could be lowered, 

the utility of either neonicotinoid pre-germination seed treatment against susceptible A. gossypii 

could be preserved.  

Outcomes suggest one such way to avoid selection over successive generations is the rotation of 

insecticides between different MoA classes. At-planting or in-furrow granular insecticides are one 

possible alternative to neonicotinoid MoA group 4A seed coated treatments but their use must be 

carefully considered. As phorate is an at-planting side dressing its place in any control strategy is 

fixed i.e. it will always be used first. As resistance management of A. gossypii is based on the 

alternation of chemical groups after each chemical treatment cycle, the first foliar spray can’t 

comprise the IPM friendly carbamate insecticide pirimicarb (Pirimor®), as pirimicarb-resistant 
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aphids were capable of completing their development on cotton seedlings grown with phorate. 

Therefore, if phorate is used to reduce selection pressure against neonicotinoid resistant genotypes, 

the first foliar spray needs to be from a different chemical group other than group 1A and 1B. The 

insecticide diafenthiuron (Pegasus®) (group 12A), like pirimicarb, is selective to beneficial insects 

and predatory mites and is therefore useful in IPM programs. Additionally, sulfoxaflor (group 4C) 

provides adequate control against A. gossypii and has a low toxicity rating to predators, parasitoids 

and bees on cotton.  

Importantly a study output found the R81T point mutation in loop D of the nAChR β1 subunit gene 

associated with neonicotinoid resistance in field populations of A. gossypii overseas was not present 

in Australian A. gossypii implying an alternate mechanism. Subsequent synergist bioassay identified 

a potential metabolic resistance mechanism when application of PBO in tandem with thiamethoxam 

reduced RFs from 7- to >1-fold. The outcome suggests that the addition of a synergist to 

thiamethoxam containing treatments may overcome insecticide resistance in the field and reduce the 

amount of chemical product necessary to control resistant aphids. Given the ever increasing 

difficulty in developing novel insecticide chemistries that target new insecticide targets, the 

development of mixtures of active compounds and their synergists may provide valuable future 

control strategies for A. gossypii.  

Lastly, transcriptome analysis between thiamethoxam resistant and susceptible A. gossypii 

identified several candidate resistance genes linked to thiamethoxam resistance in A. gossypii. The 

up-regulation of transcripts CL1190 and CL1418, [putatively identified as cytochrome P450 gene 

6K1 (CYP6K1)] from my RNA-Seq analysis and subsequent quantitative analysis of transcript 

expression via qRT-PCR, coupled with the synergistic effects of PBO provide the first direct 

evidence of metabolic detoxification acting as the primary causal resistance mechanism against 

thiamethoxam in field strains of A. gossypii. Consequently, this study will contribute to future 

research relating to molecular characterization of insecticide resistance mechanisms of A. gossypii 

and other insect pests. 

Most importantly, this project aimed to train a young scientist in both bioassay and molecular 

genetic methodology used for resistance detection in arthropod pests. This will bridge the gap 

between these disciplines which are essential to effective resistance management. To that end, Ms 

Kate Marshall, now a Research Entomologist with the NSW Department of Primary Industries has 

received proficient training in bioassay and molecular genetic methodologies, as evidenced in the 

attached PhD thesis outcome (Appendix E).  

Please describe any:- 
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a) technical advances achieved (eg commercially significant developments, patents 

applied for or granted licenses, etc.); 

Technical advances included the improved resistance management of neonicotinoid resistant A. 

gossypii. The resistance management strategy was modified to say if phorate is used to control 

neonicotinoid resistant A. gossypii then pirimicarb, or any other chemical associated with Ace1 

type resistance, should not immediately follow as the first foliar spray. This has been included 

into the Cotton Pest Management Guide from 2013-14. 

b) other information developed from research (eg discoveries in methodology, equipment 

design, etc.); and 

This study provided a first step in the development of a molecular based test for neonicotinoid 

resistance monitoring. Two transcripts (CL1190 and CL1418) putatively annotated as 

cytochrome P450 gene 6K1 (CYP6K1) were found over-expressed in each resistant strain. 

Further characterisation of this P450 gene by obtaining the full length gene sequence using 

genomic DNA would be an essential future study to elucidate any potential single nucleotide 

polymorphism(s) (SNP) which may be conferring the resistant phenotype observed. If a link is 

confirmed, the development of a molecular diagnostic to reliably associate this mechanism with 

thiamethoxam resistance would provide a rapid and cost effective assay for monitoring of 

resistant genotypes arising in the field. 

c) required changes to the Intellectual Property register. 

Nil 

Conclusion 

7. Provide an assessment of the likely impact of the results and conclusions of the research 

project for the cotton industry.  What are the take home messages?  

x Improved resistance management: The study found phorate to provide good control against 

neonicotinoid resistant A. gossypii but that potential use pattern was compromised by cross 

resistance between phorate and the carbamate insecticide, pirimicarb (Pirimor®). To achieve 

improved neonicotinoid resistance management phorate use would need to be carefully 

considered if phorate was to be substituted for thiamethoxam containing seed treatments. 

The study concluded that if phorate is used to control neonicotinoid resistant A. gossypii 

then pirimicarb, or any other chemical associated with Ace1 type resistance, should not 

immediately follow as the first foliar spray. 
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x A P450 detoxification mechanism may cause neonicotinoid resistance: Molecular genetics 

found a point mutation (R81T) responsible for neonicotinoid resistance in A. gossypii 

populations overseas was not associated with resistance in A. gossypii collected off 

Australian cotton. Alternatively, synergist bioassays coupled with transcriptome analysis 

(RNA-Seq) between susceptible and resistant A. gossypii suggest an alternative resistance 

mechanism likely mediated, at least in part, by overexpression of a cytochrome P450 gene 

[putatively annotated as the cytochrome P450 gene 6K1 (CYP6K1)]. With further research 

there is potential to develop a rapid and cost effective DNA based assay for monitoring 

neonicotinoid resistance in Australian A. gossypii. Any such assay would be hugely 

beneficial to the Australian cotton industry. 

x Training a young insecticide resistance specialist: The study allowed a young scientist to 

become proficient in both bioassay and molecular genetic methodologies for resistance 

detection in arthropod pest species; thus bridging the gap in a single individual between 

these two (bioassay and molecular genetics) complex but necessary scientific disciplines 

required to detect and manage resistance. Most importantly it has boosted the human 

capacity available to the Australian cotton industry to manage the ongoing problem of 

insecticide resistance. 

Extension Opportunities 

8. Detail a plan for the activities or other steps that may be taken: 

(a) to further develop or to exploit the project technology. 

x Reference susceptible and resistant strains need to be maintained so they can be used in 

future cross resistance studies (i.e. dinotefuran) 

x A fitness cost analysis to determine the stability of neonicotinoid resistance in A. gossypii 

would contribute to effective resistance management (strains used in this study were noted 

to revert despite routine pressuring). 

x Further characterisation of transcripts CL1190 and CL1418 [putatively annotated as the 

cytochrome P450 gene 6K1 (CYP6K1) and associated with thiamethoxam resistance in A. 

gossypii] by obtaining their full length gene sequence using genomic DNA may elucidate 

any potential SNP(s) which may be conferring the resistant phenotype observed. Once 

confirmed a molecular diagnostic can be developed for future neonicotinoid resistance 

monitoring in field populations of A. gossypii.  

(b) for the future presentation and dissemination of the project outcomes. 

Where available, opportunities to present and further disseminate this research will be undertaken.  
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x A final thesis presentation will be given at the University of Technology, Sydney in August 

2016. 

x A second refereed journal publication summarising the transcriptome output (Appendix E: 

Chapter 5) has been drafted with the intention to submit to PLoS Genetics. 

x Contributions will be made to the following cotton industry publications: CottonTails; 

Australian Cottongrower and; Spotlight. 

(c) for future research. 

Dr. Yizhou Chen (NSW DPI) and Ms Kate Marshall (NSW DPI) are preparing a research 

proposal in conjunction with the University of Sydney for either a PhD or Honours study to 

continue the work resulting from this PhD study. It would be focused on two main themes: (1) 

fitness cost analysis to determine if there is any reduced fitness associated with neonicotinoid 

resistant phenotypes in A. gossypii; (2) development of a molecular based assay for detection of 

neonicotinoid resistance in Australian A. gossypii.   

9. A. List the publications arising from the research project and/or a publication plan.  

Thesis 

x *Marshall, K.L. 2016. Characterisation of Neonicotinoid Resistance in the Cotton 

Aphid. Unpublished PhD Thesis, University of Technology Sydney (submitted).  

Refereed journal publications 

x *Marshall, K.L., D. Collins, Y. Chen, G.A. Herron. 2015. Efficacy of two 

thiamethoxam pre germination seed treatments and a phorate side-dressing against 

neonicotinoid- and pirimicarb-resistant cotton aphid, Aphis gossypii (Hemiptera: 

Aphididae) Austral Entomology (54):4 351-357.  

Conference Proceedings 

x *Marshall, K.L. 2012. Eye on aphid resistance pp. 23. In: Spotlight on Cotton R&D, 

Winter 2012. CRDC, Narrabri. 

x *Marshall, K.L., Wilson, L.J. and Herron, G.A. 2012. Do the neonicotinoid seed 

treatments Cruiser® and Cruiser Extreme® control resistant aphids? p. 102. In: 16th 

Australian Cotton Conference, Cotton Research and Development Corporation, 

Broadbeach, Australia, 5th-7th August 2012.  

x Marshall, K.L. 2012. Sustainable cotton management threatened by new insecticide 

resistance. Presented at the: Elizabeth Macarthur Agricultural Institute, Menangle, 

Sydney, 27th November 2012.  
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x Marshall, K.L. 2013. Characterisation of Neonicotinoid Resistance in the Cotton 

Aphid. Presented at the: University of Technology, Sydney, Australia, 22nd November 

2013.   

x *Marshall, K.L, Herron, GA & Chen, Y. 2014. Neonicotinoid Resistance in Cotton 

Aphid from Australia. In: 17th Australian Cotton Conference. Cotton Research and 

Development Corporation, Broadbeach, Australia, 14th – 16th August 2014. 

x Marshall, K.L. 2014. Characterisation of Neonicotinoid Resistance in the Cotton 

Aphid. Presented at the: 17th Australian Cotton Conference, Broadbeach, Australia, 14th 

– 16th August 2014. 

* indicates an output that is given in the Appendix at the end of this report  

B. Have you developed any online resources and what is the website address? 

Outputs produce outcomes made quickly available to industry via the annual Cotton Pest 

Management Guide available at http://www.crdc.com.au/publications/cotton-pest-management-

guide-2013-14. 

Part 4 – Final Report Executive Summary 

Aphis gossypii is a highly polyphagous pest that inflicts serious damage to a broad range of 

agricultural, horticultural and greenhouse crops. In Australia, A. gossypii is a significant pest of 

cotton and is difficult to control with insecticides because of its high propensity to develop 

resistance. Neonicotinoids are among the most effective insecticides used to control A. gossypii but 

the recent detection of resistance threatens their longevity. Consequently, an industry initiative was 

established that aimed to restore neonicotinoid efficacy against A. gossypii through elucidation of 

underlying resistance mechanism(s).  

Bioassay was used to measure thiamethoxam response in three field strains collected from 

commercial cotton. RFs between 49- and 85-fold were produced and resistance was correlated with 

potential field control failures via a RCBD glasshouse efficacy trial. Results showed that resistant A. 

gossypii could complete their development on cotton grown from thiamethoxam-treated seed. A 

second trial investigated the use of phorate (an organophosphate) as an alternative pre-germination 

treatment to thiamethoxam. Phorate effectively controls neonicotinoid resistant A. gossypii but cross 

resistance between phorate and the carbamate insecticide pirimicarb via Ace1 type resistance must 

be carefully considered as part of any sustainable management strategy.  

PCR-Sequencing was employed to identify if mutation R81T known to confer resistance to 

neonicotinoid compounds was present in Australian A. gossypii. Comparative sequence analysis 
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between susceptible and resistant strains confirmed the absence of mutation R81T. Potential 

biochemical mechanisms of thiamethoxam resistance in A. gossypii were then studied using 

synergist bioassays. The use of the synergist PBO in tandem with thiamethoxam completely or 

partially suppressed resistance. This suggests that resistance is at least in part, mediated by 

overexpression of detoxification enzymes that could subsequently be targeted to achieve improved 

field control of resistant aphids.  

High-throughput sequencing of the A. gossypii transcriptome found differences in gene expression 

associated with thiamethoxam resistance. Two transcripts involved in the detoxification of 

xenobiotics (putatively annotated as [cytochrome P450 gene 6K1 (CYP6K1)] were found 

differentially expressed between resistant and susceptible strains. Transcript expression was further 

validated by qRT-PCR and showed a similar tendency in up-regulation of expression. As such this 

gene was identified as the strongest candidate for thiamethoxam resistant A. gossypii.  

In summary, this study has generated a comprehensive transcriptome resource for A. gossypii and 

has provided the first step in the development of a molecular based test for neonicotinoid resistance 

monitoring. However, further studies to confirm the role of this gene in detoxifying thiamethoxam 

are required before a test can be developed. Consequently, this study will contribute to future 

research relating to molecular characterization of insecticide resistance mechanisms in A. gossypii 

and other insect pests. 
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Appendix A: Spotlight contribution 
Marshall, K.L. (2012) Eye on aphid resistance pp. 23. In: Spotlight on Cotton R&D, Winter 2012. 
CRDC, Narrabri. 
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Appendix B: Conference Proceeding 
Marshall, K.L., Wilson, L.J. and Herron, G.A. 2012. Do the neonicotinoid seed treatments 
Cruiser® and Cruiser Extreme® control resistant aphid? p. 102. In: 16th Australian Cotton 
Conference, Cotton Research and Development Corporation, Broadbeach, Australia, 5th-7th August 
2012. 
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Appendix C: Conference Proceeding 
Marshall, KL, Herron, GA & Chen, Y. 2014. Neonicotinoid Resistance in Cotton Aphid from 
Australia. In: 17th Australian Cotton Conference. Cotton Research and Development Corporation, 
Broadbeach, Australia, 14th – 16th August 2014. 
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Appendix D: Refereed Journal Publication 
Marshall, K.L., Damian Collins, Yizhou Chen, Grant A. Herron (2015). Efficacy of two 
thiamethoxam pre germination seed treatments and a phorate side-dressing against neonicotinoid- 
and pirimicarb-resistant cotton aphid, Aphis gossypii (Hemiptera: Aphididae) Austral Entomology 
(54):4 351-357. 
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Appendix E: PhD Thesis 
Kate L. Marshall (2016) Characterisation of Neonicotinoid Resistance in the Cotton Aphid. 
Unpublished PhD thesis. University of Technology, Sydney (as submitted). 
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